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Abstract 

Nuclear transport is a critical process in eukaryotes that has important implications in 

growth and development, cancer progression, disease pathogenesis, and viral infection. 

The classical nuclear import pathway involves the use of the import receptor importin b 

(IMPb) and the adapter molecule importin a (IMPa). These form a complex in the 

cytoplasm which is able to recognise cargo proteins that contain nuclear localisation 

signals (NLSs) to translocate them into the nucleus.  

This PhD aimed to characterise the molecular binding determinants between IMPa and 

cargo molecules that are important in human health and disease. To better understand 

how NLSs are recognised by IMPa, the hitherto poorly appreciated binding determinant 

position 4 (P4) and the role it plays in the IMPa binding interface was explored. The 

findings revealed that P4 can modulate both interaction strength and nuclear targeting 

ability for proteins that bear a minimal NLS, advancing our knowledge of NLS function.  

Important viral-host interfaces were structurally characterised for both DNA viruses 

(Human immunodeficiency virus-1) and RNA viruses (Hendra virus, Nipah virus, 

Dengue virus, and Zika virus), as well as an important protein involved in chromatin 

remodelling and breast cancer disease progression (LSD1). These structures provided 

important information about the binding determinants in the cargo proteins recognised by 

IMPa.  

It is important to note that the human genome encodes for seven isoforms of IMPa 

(a1,a3-8), which display wide varieties of isoform and tissue specific specificity to cargo 

proteins. However, the cargo binding region of IMPa is highly conserved across all 

isoforms and we do not have a comprehensive understanding of the biophysical and 

molecular determinants that dictate the observed cargo specificity by IMPa isoforms. 

Previous studies have elucidated important functional determinants for cargo binding, 

auto-inhibition, regulation and recycling of IMPa, although not all seven isoforms have 

been fully characterised. From the Nipah virus (NiV) and Hendra virus (HeV) W protein 

study a novel isoform specificity mechanism was identified for the IMPa3 isoform in the 

positioning of the C-terminus. Findings from this thesis also validated a previously 

described N-terminus mechanism of IMPa3.  



xii 

Overall, this thesis delineated important cargo recognition mechanisms for IMPa, 

described critical host-pathogen interfaces, and interfaces required for cancer 

progression. Additionally, the described specificity mechanisms for IMPa3 were 

confirmed with the cargo free IMPa3 structure. As more attention has been placed on 

inhibition of nuclear import pathways for treating infections and cancers, these findings 

can potentially be used as a platform in the development of novel therapeutics.  



1 

Chapter 1. Structural Basis for Importin Mediated Nuclear 

Import 

1.1 Nucleocytoplasmic transport 

The primary difference between prokaryotes and eukaryotes is that eukaryotes segregate 

their genetic material inside a double walled organelle known as the nucleus. This 

provides a higher capacity for regulation of gene expression, and separation from 

translational and metabolic processes (Fried & Kutay, 2003; Weis, 2003). Proteins are 

translated in the cytoplasm, but many proteins such as transcription factors, cellular 

splicing machinery and signalling molecules exert their function in the nucleus.  

Nucleocytoplasmic transport is comprised of several steps and enables the active 

transport of proteins into the nucleus (Adam, Marr, & Gerace, 1990; Dirk Görlich & 

Kutay, 1999; Madrid & Weis, 2006; Stewart et al., 2001; Terry, Shows, & Wente, 2007). 

There are two key events in transport; nuclear import, and nuclear export. Both of these 

processes utilise the karyopherin family of proteins which consist of two fundamentally 

distinct groups, karyopherin a’s and karyopherin b’s (Goldfarb, Corbett, Mason, 

Harreman, & Adam, 2004; A. Lange et al., 2007; Stewart, 2007).  

Despite the large variety of cargo molecules that require entry into the nucleus, the 

karyopherin family of proteins is very specific in their recognition and transport of cargo. 

Karyopherin a family members, also referred to as importin a’s, mediate cargo entry into 

the nucleus in complex with the karyopherin b family member importin b1. Many cargoes 

cannot bind the karyopherin b cytosolic receptors directly. The classical nuclear transport 

pathway utilises importin b1 (KPNB1), and cargo binding requires the use of an adapter 

molecule, from the karyopherin a (KPNA) family, these are all interchangeably referred 

to as importin a’s (IMPα) (Goldfarb et al., 2004; Dirk Görlich & Mattaj, 1996; Mattaj & 

Englmeier, 1998; Moroianu, Hijikata, Blobel, & Radu, 1995). IMPa binds the nuclear 

import receptor importin b (IMPb) and also cargo molecules bearing nuclear localisation 

signals (NLSs) that target them for nuclear import (Figure 1.1) (Adam & Geracet, 1991; 

Köhler et al., 1999).  
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Figure 1.1 Nuclear import pathway A) Schematic of the classical nuclear import 
pathway. Cargo molecules bearing nuclear localisation signals are recognised by IMPa 
which is bound to the nuclear import receptor IMPb. The heterotrimer is then translocated 
through the nuclear pore by IMPb and dissociated by Ran-GTP binding IMPb which 
releases IMPa and the cargo protein. B) Schematic of recycling IMPa and IMPb back to 
the cytoplasm to re-enter the nuclear import process. 

 
Cargo is released in the nucleus in a multi-step process. First, Ran-GTP binds IMPb 

which releases the IMPa:cargo complex through an allosteric mechanism (S. J. Lee, 

Matsuura, Liu, & Stewart, 2005; Vetter, Arndt, Kutay, Görlich, & Wittinghofer, 1999). 

Second, IMPa importin b binding (IBB) domain auto-inhibits and dissociates the cargo 

protein with the assistance of NUP50 which increases the off-rate of cargo proteins 

(Fanara, Hodel, Corbett, & Hodel, 2000; Gilchrist, Mykytka, & Rexach, 2002; Matsuura, 

Lange, Harreman, Corbett, & Stewart, 2003; Matsuura & Stewart, 2005). Finally, the 

cytosolic receptors IMPb and adapter molecule IMPa are recycled back into the 

cytoplasm with Ran-GTP or actively exported by CAS, respectively (Y. Chook & Blobel, 

2001; Conti & Izaurralde, 2001; Conti, Müller, & Stewart, 2006; Fahrenkrog & Aebi, 

2003; Dirk Görlich & Kutay, 1999; Macara, 2001; Mosammaparast & Pemberton, 2004; 

Pemberton & Paschal, 2005). 

 

The non-classical nuclear transport pathway utilizes members of the karyopherin b family 

of cytosolic nuclear import receptors, which directly interact with the nuclear pore to 

allow translocation to the nucleus in a Ran-(GTP/GDP) dependent manner (D Görlich, 
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Pante, Kutay, Aebi, & Bischoff, 1996; Newmeyer & Forbes, 1988). The karyopherin b 

family is more diverse as its members can perform nuclear import, export and some 

members are able to perform bi-directional transport. These cytosolic receptors recognise 

nuclear targeting signals. For import NLSs are recognised, and conversely for export to 

the cytoplasm nuclear export signals (NESs) are recognised. Once the cargo molecule has 

been delivered, the receptors are recycled back to their respective subcellular locations to 

recommence the import or export cycle.  

 

These nuclear import pathways have been extensively reviewed, both structurally and 

functionally (Christie et al., 2015; Stewart, 2007). This review is focussed on the 

structures of import receptors and adapters as well as the proposed cargo recognition 

mechanisms that are imperative as the first step of the nuclear import cycle. 

 

1.2 Adapter mediated nuclear transport 

1.2.1 Importin a  

The classical nuclear transport pathway involves the karyopherin a family of proteins, 

which are adapter molecules that allow the indirect interaction of cargo molecules with 

importin β (IMPb) for nucleocytoplasmic transport to occur (Adam & Geracet, 1991; 

Adam et al., 1990; Dirk Görlich & Mattaj, 1996; Köhler et al., 1999; J. D. Nardozzi, Lott, 

& Cingolani, 2010). In humans there exist seven isoforms of IMPa that are divided into 

three sub-families based on sequence conservation (Mason, Stage, & Goldfarb, 2009; 

Pumroy & Cingolani, 2015). The IMPa adapter molecule has increased in number of 

isoforms during evolution as organisms become more complex with more cargoes 

requiring entry into the nucleus, possibly due to the enhanced capacity of regulation 

within the cell (Kamei, Yuba, Nakayama, & Yoneda, 1999).  IMPa proteins, however, 

are unable to mediate transport into the nucleus in isolation. They make an import 

heterodimer with the nuclear import receptor IMPb, and together they are able to carry 

cargo that bind IMPa across the nuclear pore complex (Adam & Geracet, 1991; Dirk 

Görlich, Henklein, Laskey, & Hartmann, 1996; Dirk Görlich, Prehn, Laskey, & 

Hartmann, 1994; Newmeyer & Forbes, 1988).  

 

The classical nuclear transport pathway involves two key interactions; IMPa to IMPb, 

and IMPa to the cargo molecule (J. Moroianu, G. Blobel, & A. Radu, 1996; Moroianu et 
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al., 1995). The first interaction of this pathway, the IMP-b binding (IBB) domain of IMPa  

in complex with IMPb, has been functionally and structurally characterised (Cingolani, 

Petosa, Weis, & Müller, 1999; Dirk Görlich et al., 1996), however, the full IMPa/b 

complex has remained elusive. Additional studies have shown IMPa and IMPb undergo 

mutually induced conformational changes upon association which suggests a dynamic 

complex, probably accounting for the inability of crystallization to provide structural 

insights for the full length IMPa/b complex (Cingolani, Lashuel, Gerace, & Müller, 

2000). The next interaction involves the addition of a cargo molecule bearing an NLS 

which is recognised by IMPa. The cargo:IMPa/b complex is then translocated into the 

nucleus. Once translocation has occurred, Ran-GTP dissociates IMPb from the 

IMPa:cargo complex. With the assistance of the nuclear pore complex protein (NUP50) 

and the internal IBB autoinhibition mechanism which competes for binding to IMPa in 

the NLS recognition groove, the cargo NLS is displaced from IMPa (Kobe, 1999; 

Matsuura & Stewart, 2005; Pumroy, Nardozzi, Hart, Root, & Cingolani, 2012). IMPa is 

then recycled back into the cytoplasm by the cellular apoptosis susceptibility protein 

(CAS) and is ready to recommence the nuclear import process with a new cargo (Y. H. 

Kim, Han, & Oh, 2017; Kutay, Bischoff, Kostka, Kraft, & Görlich, 1997). 

 

1.2.2 Importin a isoforms 

Use of adapter molecule IMPa has increased the level of complexity in organisms. It is 

believed that the human IMPa sub-families (SFa1, SFa2, SFa3) came to be from 

paralogues of plant proteins (closest homology to SFa1) that underwent gene duplication 

events and further specialisation. This is seen best in SFa2 and SFa3, which are most 

similar to each other, but are not found in similar or earlier organisms (Mason et al., 

2009).  

 

The IMPa subfamily 1 (SFa1), consisting of IMPa1 and a8, is of closest homology to 

plant IMPa’s  (Mason et al., 2009). Despite being classed into the same subfamily, the 

human IMPa1 and IMPa8 are drastically different from each other, sharing 55% 

similarity. SFa2 consists of IMPa3 and a4, which share 86% sequence similarity to each 

other. SFa3 consists of IMPa5, a6 and a7, that share 80-84% sequence similarity (Figure 

1.2A) (K. M. Smith, Tsimbalyuk, et al., 2018). However, the NLS interacting core domain 

is 100% conserved across all IMPa’s (Figure 1.2B). Recently IMPa isoforms and their 
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specificity were reviewed and a comprehensive table of interactions was published 

(Pumroy & Cingolani, 2015). As this thesis is investigating the structural basis of 

specificity, only complexes that have been deposited into the protein data bank will be 

analysed in this review.  

 

 
Figure 1.2 Importin a isoforms and conservation A) Importin a isoforms in humans 
and their sub-family divisions. Representative structures from each family are shown 
(bolded). Importin a1 is shown in yellow surface representation (6BVT), importin a3 in 
orange surface representation (6BVZ), importin a7 in red surface representation (4UAD). 
B) Importin a surface representation coloured by conservation, red indicates <30% and 
dark blue 100% similarity. Hendra W NLS shown in green cartoon to highlight NLS 
binding surface (6BWA). 

 
There are two interaction sites on IMPa; one site is in the major NLS binding site and the 

second extending along the C-terminus of IMPa (Matsuura & Stewart, 2005). 

Mutagenesis studies show that both interaction sites are necessary for the N-terminal 

domain of NUP50 to dissociate NLSs from IMPa (Matsuura & Stewart, 2005; Pumroy 

et al., 2012). NUP50 assists in the dissociation of cargo molecules from IMPa by actively 

displacing bound NLSs,  and in complex with IMPa5 reveals stabilisation of the 

degenerate ARM10 which is unique amongst IMPa isoforms (Matsuura & Stewart, 2005; 

Pumroy et al., 2012). 
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1.2.3 Structural basis for importin a mediated cargo recognition 

The second interaction in the classical nuclear transport pathway is that of IMPa, with 

cargo proteins that harbour a NLS to target itself to the nucleus (M. R. Hodel, Corbett, & 

Hodel, 2001; J. Moroianu et al., 1996; Moroianu et al., 1995). Structural elucidation of 

various IMPa isoforms, in the cargo free and cargo bound forms, reveal both conservation 

and diversity amongst binding determinants. This does provide a more comprehensive 

understanding behind isoform specificity (Table 1.1), however, there still remain large 

knowledge gaps of cargo specificity mechanisms for each IMPa isoform.  

 
Table 1.1 Structurally determined human importin a’s 

Gene  Protein Cargo Molecules PDB entry 

KPNA1 Importin a5; 
Karyopherin 
subunit a1 

Human telomerase reverse transcriptase (hTERT) 
(Jeong et al., 2015) 
Nucleoporin Nup50 (Pumroy et al., 2012)  
Influenza A virus polymerase PB2 subunit (F. 
Tarendeau et al., 2007)  

4B18 
 
3TJ3 
 
2JDQ  

KPNA2 Importin a1; 
Karyopherin 
subunit a2 

SV40 large T antigen  
Nucleoplasmin  
Influenza virus PB2 (Pumroy, Ke, Hart, Zachariae, 
& Cingolani, 2015) 
HIV-1 VPR (Miyatake et al., 2016) 
cargo free (K. M. Smith, Tsimbalyuk, et al., 2018) 
Nipah virus W  (K. M. Smith, Tsimbalyuk, et al., 
2018) 
Hendra  virus W  (K. M. Smith, Tsimbalyuk, et al., 
2018) 

1EJL 
1EJY   
4UAF 
 
5B56 
6BVT 
6BW0 
 
6BW1 

KPNA4 Importin a3; 
Karyopherin 
subunit a4 

Import of regulator of chromatin condensation factor 
1 (RCC1) (Sankhala et al., 2017) 
Ran-BP3 (Koyama & Matsuura, 2017) 
Hendra virus W (K. M. Smith, Tsimbalyuk, et al., 
2018) 
Nipah virus W (K. M. Smith, Tsimbalyuk, et al., 
2018) 
Influenza virus PB2(Pumroy et al., 2015)  
Cargo free (K. Smith, Himiari, Tsimbalyuk, & 
Forwood, 2017) 

5TBK 
 
5XZX 
6BW9, 
6BWA, 
6BWB 
6BVV 
 
4UAE 
6BVZ 

KPNA5 Importin a6; 
Karyopherin 
subunit a5 

Ebola VP24 (Xu et al., 2014) 4U2X 

KPNA6 Importin a7; 
Karyopherin 
subunit a6 

Influenza virus PB2 (Pumroy et al., 2015) 4UAD 

Note: There are no reported structures in the PDB for KPNA3 (IMPa4) or KPNA7 
(IMPa8). Only representatives for KPNA2 (IMPa1) are shown above. 
 
All IMPa isoforms contain 10 armadillo (ARM) repeats (Figure 1.3A) organized as a 

right handed superhelix of helices (Figure 1.3B), and a conserved ARM-core domain 

(Figure 1.3C) (Christie et al., 2016; Kobe, 1999; Marfori, Lonhienne, Forwood, & Kobe, 

2012; Marfori et al., 2011). Structure and sequence analysis reveal the majority of 

interactions occur in the ARM-core domain. The ARM-core domain for NLS binding is 
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highly sequence conserved across all IMPa isoforms (Figure 1.3B). The molecular 

binding determinants of structurally resolved IMPa’s (Table 1.1) will be discussed below.  

 

 
Figure 1.3 IMPa architecture. A) ARM domain. B) IMPa1 shown in yellow cylinders 
and bound nucleoplasmin NLS shown in green (1EJY). C) IMPa1 NLS binding sites with 
conserved W/N residues shown and selected conserved residues. The critical P2 lysine is 
shown which forms a conserved salt bridge with D192. 

 

1.2.4 Sub-Family a1: IMPa1 and a8 

The structural basis of specificity for IMPa1 has been extensively studied and reviewed 

(Christie et al., 2016; Marfori et al., 2012). Typically IMPa recognised nuclear 

localisation signals are single stretches (monopartite), or multiple stretches (bipartite) of 

basic amino acids, and are known as classical NLSs (cNLSs) (Marcos RM Fontes, Trazel 

Teh, David Jans, Ross I Brinkworth, & Bostjan Kobe, 2003; Fontes, Teh, & Kobe, 2000; 

Kalderon, Roberts, Richardson, & Smith, 1984; Allison Lange et al., 2007). These cNLSs 

interact in the ARM-core domain of IMPa with conserved Trp/Asn residues. The two 

main ARM-core domains are ARMs 2-4 for major binding site cNLSs interactions, and 

ARMs 7-8 for minor site interactions. There is a conserved salt bridge interaction with 

IMPa1 aspartate residue 192 and the position 2 (P2) lysine of the cNLS (Fontes et al., 

2000; Kobe, 1999). The cNLS major site binding positions are P0 -P6, and minor site 
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binding positions are – P1’ P2’(Fontes et al., 2000). The molecular basis for the role of 

the P4 position in modulating cargo binding to IMPa and nuclear targeting was recently 

determined (K. M. Smith, Di Antonio, et al., 2018). 

 

IMPa1 has been structurally shown to auto-inhibit the NLS binding groove with its IMPb 

binding domain (Kobe, 1999). This autoinhibition is important in-vivo (Harreman, Hodel, 

Fanara, Hodel, & Corbett, 2003).  IMPa1 has a significantly higher autoinhibitory 

function than IMPa3, a5, and a7 (Pumroy et al., 2015). The major NLS interacting 

residues ‘KRR’ in the IBB domains are conserved across all the IMPa isoforms. The 

minor NLS interacting residues ‘RRRR’ are conserved across IMPa isoforms – a1, a5, 

a6, a7. The interacting residues ‘RRXR’ are conserved in SFa2 isoforms (a3 and a4). 

In addition, SFa3 isoforms (a5, a6, and a7) also contain the ‘RRXR’ motif and are 

surrounded by acidic patches with as many as 5 Glu/Asp residues. The ability to 

overcome IBB domain autoinhibition varies greatly among NLS sequences. Monopartite 

NLSs are usually insufficient to overcome IBB autoinhibition, and therefore only bind 

IMPa isoforms in the presence of IMPb. Some cargoes containing highly basic bipartite 

or non-classical NLSs are able to bind IMPa isoforms efficiently in the absence of IMPb. 

Examples of cargoes able to do this include RCC1 (Sankhala et al., 2017), STAT1 (J. 

Nardozzi, Wenta, Yasuhara, Vinkemeier, & Cingolani, 2010), and avian influenza virus 

nucleocapsid protein PB2 (Pumroy et al., 2015).  A recent study suggests that IMPa1 can 

also potentially auto-inhibit cargo molecules from binding by homodimerization, and 

may regulate nuclear import through heterodimerization with other IMPa isoforms 

(Miyatake et al., 2015). Further experimental evidence and validation should be 

performed, such as mutagenesis, to prevent the observed IMPa1 

homodimerization/heterodimerization to assess if there is biological relevance. 

 

IMPa8 is the most recently discovered isoform. Studies have shown it is overexpressed 

in some forms of prostate cancer and appears to play a role in human development (J. B. 

Kelley, Talley, Spencer, Gioeli, & Paschal, 2010; Tejomurtula, Lee, Tripurani, Smith, & 

Yao, 2009). However, as there are no structures available the mechanism of IMPa8 

isoform specificity is unknown. 
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1.2.5 Sub-Family a2: IMPa3 and a4 

There are 7 structures of IMPa3 deposited in the PDB, but no reported structures for 

IMPa4 (Table 1.1). IMPa3 has been solved in cargo free state, and bound to a variety of 

NLSs, the monopartite RanBP3 (Koyama & Matsuura, 2017), bipartite Hendra W and 

Nipah W proteins (K. M. Smith, Tsimbalyuk, et al., 2018), and bipartite/domain of 

RCC1(Sankhala et al., 2017). This collection of structures has allowed for the elucidation 

of three key specificity determinants outlined below. The first two are background 

mechanisms and the third is newly reported results from this thesis, the first mechanism 

is also supported by findings within this thesis.  

 

1.2.5.1 Specificity from hinge domain and flexible N-terminus  

The hinge domain and flexible N-terminus of IMPa3 allows for greater variability in the 

N-terminus orientation, allowing the accommodation of bulky domains near the NLS 

binding groove (Sankhala et al., 2017; K. M. Smith, Tsimbalyuk, et al., 2018). 

Comparisons between the two most extreme cases, the cargo free and RCC1 bound states, 

and cargo free IMPa1 reveal a large range of rotational movement in the IMPa3 N-

terminus (Figure 1.4). 

 

 
Figure 1.4 N-terminal flexibility of IMPa3. Structure of RCC1 (pink) bound to IMPa3 
(green), overlaid with cargo-free forms of IMPa1 (yellow) and IMPa3 (orange). 
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1.2.5.2 Specificity from reduced auto-inhibition 

IMPa3 cannot auto-inhibit itself, which potentially leads to a kinetic advantage of cargo 

being able to directly bind IMPa3 in a pseudo-bimolecular reaction in the absence of 

IMPb (Figure 1.5). The avian influenza virus nucleocapsid subunit PB2 (4UAE) has been 

shown to preferentially associate with IMPa3 and IMPa7 (Gabriel et al., 2011; Pumroy 

et al., 2015; Franck Tarendeau et al., 2007). This preferential association has been 

attributed to the reduced auto-inhibition observed in these isoforms of IMPa. The 

mechanism of specificity proposed with reduced auto-inhibition is believed to provide a 

kinetic advantage to cargo proteins as they are able to directly bind IMPa3 in the absence 

of IMPb. 

 

 

Figure 1.5 IBB auto-inhibition specificity model. IMPa1 (1IAL)  shown in yellow 
cylinder representation, IMPa3 (4UAE) shown in orange, avian influenza virus PB2 
(4UAE) shown in green.  

 

1.2.5.3 Specificity from open conformation of C-terminus 

The HeV/NiV W proteins have specificity towards IMPa3 and a4 (Shaw, Cardenas, 

Zamarin, Palese, & Basler, 2005). The HeV/NiV W protein in complex with IMPa1 and 

a3 reveal an important structural differences for specificity between the IMPa’s which 

lies in positioning of ARMs 7-8 (K. M. Smith, Tsimbalyuk, et al., 2018). The IMPa3 

ARMs 7-8 positioning is in a more open conformation than IMPa1 which is more 

compact. This change in curvature allows more HeV/NiV W NLS interactions to occur 

throughout the entirety of the IMPa3 recognition groove (Figure 1.6).  This prevents W 

from binding through the entirety of IMPa1 as it causes steric clashes which are not 

tolerated.  
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Figure 1.6 Structural basis for IMPa3 specificity in ARMs 7-8. IMPa1 shown in 
yellow cylinder representation (6BWA), IMPa3 shown in orange cylinder representation 
(6BW1), Hendra W NLS bound to these structures is shown in green cartoon 
representation.  

 

1.2.6 Sub-Family a3: IMPa5, a6 and a7 

1.2.6.1 Importin a5 

There are currently three structures available in the PDB of IMPa5. The structure of the 

influenza virus PB2 domain in complex with IMPa5 shows a classical conserved bipartite 

binding interface (F. Tarendeau et al., 2007). The bipartite NLS from hTERT (residues 

222-240) binds the major and minor site of IMPa5 (Jeong et al., 2015). Phosphorylation 

has been shown to positively or negatively regulate the import of cargo molecules (J. D. 

Nardozzi et al., 2010). Phosphorylation of hTERT residue S227, after the 222RRR minor 

site binding region and before the major site 236KRPRR, increases the binding affinity to 

IMPa5 and is necessary for efficient nuclear transport (Chung, Khadka, & Chung, 2012; 

Jeong et al., 2015). The papillomavirus E1 protein, essential for initiation of viral DNA 

replication in the nucleus, is negatively regulated by phosphorylation in the NLS region 

which abrogates binding to IMPa/b (Bian, Rosas-Acosta, Wu, & Wilson, 2007). 

 

1.2.6.2 Importin a6 

The IMPa6 isoform is a target for the Ebola VP24 protein which contains a non-classical 

nuclear localisation signalling region that outcompetes phosphorylated STAT1 for 

nuclear transport without affecting the transport of classical NLS cargo (Leung et al., 
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2006; Mateo, Leung, Basler, & Volchkov, 2010; Valmas, Martinez, Sanchez, & Basler, 

2007; Xu et al., 2014). Structural analysis of the VP24:IMPa6 (ARMs 7-10) complex 

revealed that VP24 directly interacts with importin a6 ARMs 8-10. A total of 2100 Å is 

buried between these molecules in the interaction and the majority of contacts are 

hydrophobic interactions. This is substantial when compared to the classical SV40 NLS 

interaction with IMPa1 which buries ~660 Å (Fontes et al., 2000) and the extensive 

bipartite HeV/NiV W NLS bound to IMPa3 which buries ~1600 Å (K. M. Smith, 

Tsimbalyuk, et al., 2018). Unfortunately, in the absence of a full-length structure of 

IMPa6, other potential mechanisms of specificity are not observable. 

 

1.2.6.3 Importin a7 

Currently, there is only one deposited structure of IMPa7 in the PDB and it is in complex 

with influenza nucleocapsid protein PB2 domain (Pumroy et al., 2015). The PB2 domain 

is important for pathogenesis of the avian influenza virus and absolutely requires access 

to the nucleus. The PB2 domain was found to bind IMPa7 as a bipartite NLS, throughout 

the ARM-core domain. Similar to other IMPa isoform structures IMPa7 has the 

characteristic 10 ARM repeats in the C-terminal cargo binding domain. The analysis of 

IMPa7 and influenza PB2 structure revealed the region of greatest deviation in this 

architecture are ARMs 8-10 as compared to other isoforms (Pumroy et al., 2015). It is 

unclear what role the deviation in ARMs 8-10 of IMPa7 could be playing. As previously 

mentioned, IMPa7 has reduced auto-inhibition ability as compared to IMPa1, and it is 

believed similar to IMPa3 that this is the mechanism of specificity for preferential 

binding of avian influenza PB2 (Pumroy et al., 2015).  This reduced auto-inhibition would 

allow for PB2 to directly bind IMPa7 in the absence of IMPb which could provide a 

kinetic advantage in obtaining access into the nucleus. The limitation on understanding 

IMPa7 specificity binding determinants is a lack of crystal structures with bound cargo 

molecules. Further structural investigations into cargoes that utilize IMPa7 exclusively 

will expand our knowledge in finding determinants that mediate cargo binding 

specificity.  
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1.2.7 Non-classical Snurportin-1 

Another IMPb mediated pathway that utilises an adaptor molecule for interaction with 

cargo, is known as the snurportin-1 pathway (Goette, Stumpe, Ficner, & Grubmüller, 

2009; J. Huber, Dickmanns, & Lührmann, 2002). The IBB of snurportin-1 (residues 25-

65) is similar to that of the IMPa IBB domain described above (Bhardwaj & Cingolani, 

2010; Dirk Görlich et al., 1996; Kobe, 1999; Mitrousis, Olia, Walker-Kopp, & Cingolani, 

2008). There are two crystal forms of the snurportin-1 IBB:IMPb1 complex obtained.  In 

the first complex, snurportin-1 binds to IMPb HEAT repeats 7-12, and in the second 

complex snurportin-1 interacts in an extended conformation at two sites, IMPb1 HEATs 

3-7 and 16-18 (Bhardwaj & Cingolani, 2010; Mitrousis et al., 2008). The second 

snurportin-1 IBB:IMPb complex has a more open conformation with IMPb1 HEATs 12-

19 swung 20 Å from the first complex which had a more closed conformation (Mitrousis 

et al., 2008). Interestingly, snurportin-1 does not require Ran-GTP for dissociation from 

IMPb in the nucleus (J. Huber et al., 2002). 

 

Snurportin-1 protein acts as an adapter molecule that binds IMPb1 and imports ribosomal 

U snRNPs (J. Huber et al., 2002; Strasser, Dickmanns, Lührmann, & Ficner, 2005; 

Wohlwend, Strasser, Dickmanns, & Ficner, 2007). Snurportin-1 is responsible for the 

nuclear import of ribosomal U snRNPs by acting as an adapter molecule for IMPb (Goette 

et al., 2009; Wohlwend et al., 2007). Interestingly, unlike IMPa, dissociation of the 

cargo:snurportin-1:IMPb complex inside the nucleus does not require Ran-GTP binding 

(J. Huber et al., 2002).  Snurportin-1 has been structurally characterised in complex with 

a cargo molecule, and in complex with nuclear export receptors (Table 1.2). There are 

also three structures of the snurportin-1 IBB in complex with IMPb (Table 1.3). Similar 

to IMPa, the snurportin-1 adapter is exported from the nucleus to the cytoplasm to re-

enter the import recycle. The nuclear export of snurportin-1 requires the use of the export 

receptor exportin-1 (CRM1). CRM1 is a member of the karyopherin b family that 

performs export of cargo proteins to the cytoplasm via the recognition of leucine-rich 

nuclear export signals (Fornerod, Ohno, Yoshida, & Mattaj, 1997; Fukuda et al., 1997; 

Stade, Ford, Guthrie, & Weis, 1997). This export pathway is in contrast to IMPa which 

is recycled back to the cytoplasm with CAS (Kutay et al., 1997). The export complexes 

of snurpotin-1 with the nuclear export receptor CRM1 and CRM1/Ran have also been 

solved structurally (Table 1.2). 
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Table 1.2 Structurally determined human snurportin-1 complexes 

Gene  Protein 

names 

Cargo Molecules PDB entry 

 Snurportin-1 m3GpppG-cap dinucleotide TPG (Strasser et al., 2005) 
*CRM1 (X. Dong et al., 2009) 
*CRM1/snurportin/Ran-GTP (Monecke et al., 2009) 

1XK5 
3GB8 
3GJX 

* nuclear export complex 
 
 

1.3 Non-adapter mediated nuclear transport 

The non-classical nuclear transport pathway is mediated by Karyopherin b family 

members, which are cytosolic receptors that directly interact with nucleoporins to allow 

active nucleocytoplasmic transport (Bednenko, Cingolani, & Gerace, 2003; Milles et al., 

2015; Newmeyer & Forbes, 1988). The karyopherin b superfamily of receptors is divided 

into importins and exportins, with two exceptions that are bi-directional transporters 

which can mediate both import and export of cargo molecules. The karyopherin b 

superfamily has low sequence homology amongst the 20 members (<20% identity) and 

consist of HEAT repeats that provide flexibility and are conducive to elongated 

conformations (Fukuhara, Fernandez, Ebert, Conti, & Svergun, 2004; Dirk Görlich & 

Kutay, 1999; Lounsbury & Macara, 1997).   

 

Importin b (IMPb) has been shown to interact with nucleoporin GFLG and FXFG repeats 

during the translocation process (Bayliss, Littlewood, Strawn, Wente, & Stewart, 2002). 

In the nucleus Ran-GTP binds IMPb to release cargo through an allosteric mechanism 

and is then recycled back to the cytoplasm (S. J. Lee et al., 2005). This interaction with 

Ran-GTP has also been structurally characterised for transportin 1 (Y. M. Chook & 

Blobel, 1999), transportin 3 (Maertens et al., 2014) and importin 13 (Bono, Cook, 

Grünwald, Ebert, & Conti, 2010), revealing a conserved structural mechanism of cargo 

release across karyopherin b family members (Dirk Görlich et al., 1997; S. J. Lee et al., 

2005). As there are 20 members of this family found in humans, of which only five have 

been structurally characterised (Table 1.3), there is still a lot of missing structural 

information across this family. 

 
 
 
 
 



 

15 

Table 1.3 Structurally determined human Karyopherin b’s 

Gene  Protein names Cargo Molecules PDB entry 

KPNB1 Importin b1 FxFG Nsp1p (Imasaki et al., 2007) 
Ran-GTP (Vetter et al., 1999) 
PTHrP (Cingolani, Bednenko, Gillespie, & 
Gerace, 2002) 
FxFG Nsp1p (Bayliss et al., 2002) 
 
Importin a1 IBB (Cingolani et al., 1999) 
 
Snurportin1 IBB(Mitrousis et al., 2008) 
Snurportin1 IBB (Wohlwend et al., 2007) 
 
Snurportin1 IBB (Bhardwaj & Cingolani, 2010) 
Snail1 (Choi et al., 2014) 

1F59 
1IBR 
1M5N  
 
1O6O, 
1O6P 
1QGK, 
1QGR 
2P8Q  
2Q5D,  
2QNA  
3LWW  
3W5K 

TNPO1 Transportin 1; 
Karyopherin 
b2 

Ran GPPNHP (Y. M. Chook & Blobel, 1999) 
M9 NLS (B. J. Lee et al., 2006) 
hnRNPM NLS (Cansizoglu, Lee, Zhang, 
Fontoura, & Chook, 2007) 
Cargo free (Cansizoglu & Chook, 2007) 
Cargo free  (Imasaki et al., 2007) 
TAP NLS  (Imasaki et al., 2007) 
TAP NLS  (Imasaki et al., 2007) 
hnRNP D NLS  (Imasaki et al., 2007) 
JKTBP (Imasaki et al., 2007) 
RNA-binding protein FUS 
FUS (TLS) 
S. cerevisiae NAB2 (Soniat et al., 2013) 
HCC1 
Histone H3 (Soniat & Chook, 2016) 
Ribosomal protein L4 (F. M. Huber & Hoelz, 
2017) 
FUS full length (Yoshizawa et al., 2018) 
FUS (371-526) (Yoshizawa et al., 2018) 
FUS (456-526) (Yoshizawa et al., 2018) 

1QBK 
2H4M 
2OT8 
 
2QMR 
2Z5J 
2Z5K  
2Z5M 
2Z5N 
2Z5O 
4FDD 
4FQ3 
4JLQ 
4OO6 
5J3V 
5TQC 
5YVG  
5YVH  
5YVI 

TNPO3 Transportin 3; 
Transportin 
SR2 

ASF/SF2 (Maertens et al., 2014) 
Cargo free (Maertens et al., 2014) 
Ran(Q69L)GTP (Maertens et al., 2014) 
Ran (Tsirkone et al., 2014) 

4C0O 
4C0P  
4C0Q  
4OL0 

IPO4 Importin 4 Cargo free (Yoon et al., 2018) 
Histone H3 (Yoon et al., 2018) 

5XAH 
5XBK 

IPO13* Importin 13 Ran-GTP (Bono et al., 2010) 
Mago-Y14 (Bono et al., 2010) 
UBC9 (Grünwald & Bono, 2011) 
**Ran-GTP-eIF1A (Grünwald, Lazzaretti, & 
Bono, 2013) 

2X19  
2X1G  
2XWU  
3ZJY  

*Bi-directional transporter. **Export complex 
 

1.3.1 Importin b   

Importin b (IMPb) is a super helical protein made up of 19 a-hairpin motifs, known as 

Huntingon, Elongation factor 3, protein phosphatase 2A, and the yeast kinase TOR1 

(HEAT) repeats (Andrade & Bork, 1995). The IMP-b binding (IBB) domains of cargo 
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molecules are characterized by stretches of acidic amino acids, predominantly poly-

arginine (Cingolani et al., 2002; Cingolani et al., 1999; Dirk Görlich et al., 1996). Cargo 

release occurs allosterically upon Ran-GTP binding IMPb at three distinct sites (S. J. Lee 

et al., 2005; Junona Moroianu, GUNTER Blobel, & Aurelian Radu, 1996; Vetter et al., 

1999). The first interaction is between Ran switch II loop and conserved karyopherin b 

HEAT repeats 1-4 (Dirk Görlich et al., 1997), and is observed in all structurally resolved 

complexes (Table 1.3).  The second interaction between Ran and IMPb is predominantly 

electrostatic along HEAT repeats 12-15, with Ran K37 and K152 residues shown to be 

critical for cargo release (S. J. Lee et al., 2005). This interaction is essential to induce the 

conformational change (increase in helicoidal pitch) of IMPb that allows allosteric cargo 

release (Koyama & Matsuura, 2017). In general, the C-terminus of IMPb is where cargo 

molecules bind, and the only other reported exception to this is the PTHrP protein that 

interacts with HEAT repeats 2-11 of IMPb (Figure 1.7) (Cingolani et al., 2002). 

 

 

Figure 1.7 Structurally resolved IMPb:cargo complexes. IMPb shown in cartoon 
representation (pale green), cargoes as ribbons; Ran-GTP (purple), PTHrP (red), FxFG 
(cyan, dark blue, purple), aIBB (maroon), snIBB (blue purple), Snail1 (orange). 
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1.3.2 Transportin 1  

Transportin 1 (TNPO1), also known as karyopherin b2, consists of 20 HEAT repeats and 

recognises cargo proteins that contain a canonical proline-tyrosine nuclear localisation 

signal (PY-NLS). The PY-NLS is structurally disordered, with an overall positive charge, 

with characteristic N-terminal hydrophobic or basic motifs  and a C-terminal R/H/KX2-

5PY motif (Table 1.4) (B. J. Lee et al., 2006). Analysis of PDB deposited crystal structures 

reveal conserved binding determinant interactions for the C-terminal PY-NLS motif. The 

TNPO1 residue E509 side chain and A505 main chain interacts with the cargo residue 

R/H/K. The TNPO1 residue W460 interacts with the cargo PY residues (PL in NAB2).  

 

There are exceptions of cargo that do not follow the PY motif, these include NAB2 and 

the N-terminal tail of histone H3.  In NAB2 it is a PL motif that binds TNPO1 in the PY 

recognition site. The greatest variation in cargo recognised by TNPO1 is the histone H3 

protein as it completely lacks the canonical PY motif but still binds with high affinity 

(Soniat & Chook, 2016).  Another interesting TNPO1 cargo structure is the JKTBP NLS. 

The side chains of the JKTBP NLS, unlike the other structures, are not observable and 

electron density for the main chain of 10 amino acids can be seen. It raises the question 

as to whether there are possibly multiple binding sites in this region for TNPO1 which 

would account for averaging out of side chains in the crystal structure. Overall, despite 

these variations the cargo interactions are all binding on the interior of the TNPO1 C-

terminal HEAT repeats (Figure 1.8). 

 

Table 1.4 Structurally characterised Transportin 1:cargo complexes 

Cargo Molecules Cargo NLS observed in structure PDB entry 

M9 NLS  
hnRNPM NLS  
Nuclear RNA export factor 1 
(TAP)  NLS   
hnRNP D NLS  
JKTBP*  
RNA-binding protein FUS 
FUS (TLS) 
S. cerevisiae NAB2 
HCC1 
Histone H3  
Ribosomal protein L4  
FUS full length 
FUS (371-526) 
FUS (456-526)  

FGNYNNQSSNFGPMGGNFGGRSSGPY 
                              KEKNIKRGGNRFEPYANPTK  
                                                PRVRYNPYTTRP 
 
                            KVSRRGGHQNSYKPY 
YSGQQSTYGKASRGGGNHQNNYQPY 
              GPGKMDSRGEHRQDRRERPY 
                 PGKMDSRGEHRQDRRERPY 
                                                      TRFNPLA 
                                                RGRYRSPY 
                      TGGKAPRKQLATKAARK 
                                                 MLRLNPY              
                   GKMDSRGEHRQDRRERPY     

                 PGKMDSRGEHRQDRRERPY 

                 PGKMDSRGEHRQDRRERPY 

2H4M 
2OT8 
2Z5K,  
2Z5M 
2Z5N 
2Z5O 
4FDD 
4FQ3 
4JLQ 
4OO6 
5J3V 
5TQC 
5YVG  
5YVH  
5YVI 

*Side chains undeterminable from electron density map. Deviations from canonical 
R/H/KX2-5PY motif in bolded red.  
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Figure 1.8 Transportin 1 apo and cargo bound structures. Cylinder representation is used for 
transportin 1 (green) in the unbound (2QMR) and cargo bound forms: Ran (purple; 1QBK), FUS 
(orange; 5YVG, 5YVH, 5YVI). 

 

1.3.3 Transportin 3 

Transportin 3 (TNPO3), and splicing variant Transportin-SR2, are made up of 20 HEAT 

repeats and adopt a circular/toroidal architecture. TNPO3 has three unusual inter-HEAT 

repeat interfaces, HEAT repeat 1 is nearly perpendicular to HEAT repeat 2, and HEAT 

repeats 4 and 10 stack against their preceding HEAT repeats with left-handed twists. 

TNPO3 has been structurally determined in cargo free, Ran-GTP bound forms, and in 

complex with cargo molecule alternative splicing factor/splicing factor 2 (ASF/SF2) 

(Figure 1.9) (Maertens et al., 2014; Tsirkone et al., 2014).  

 

TNPO3 recognises phosphorylated arginine-serine (RS) repeat domains present in a wide 

range of proteins.  One cargo protein is ASF/SF2, a splicing factor that is involved in pre-
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mRNA splicing and 3’ processing and participates in transcription regulation, mRNA 

transport, translation and nonsense-mediated mRNA decay (Long & Caceres, 2009). 

Phosphorylation of ASF/SF2 RS domain is required for TNPO3 recognition by residues 

in and surrounding the arginine rich inner a-helix of TNPO3 HEAT repeat 15 and 

subsequent nuclear import (Lai, Lin, & Tarn, 2001). The TNPO3 cargo proteins are 

predominantly involved in mRNA metabolism, but this pathway is hi-jacked during viral 

pathogenesis with notable examples including the HIV-1 integrase and viral capsid 

proteins (Valle-Casuso et al., 2012). 

 

 

Figure 1.9 Transportin 3 structures. Transportin 3 shown in pale green cylinder 
representation, apo (4C0P). Cargo shown in ribbons, Ran is in purple (4C0Q and 4OL0), 
ASF/SF2 is in pink (4C0O). 

 

Cargo release also occurs via Ran-GTP binding and the TNPO3:Ran-GTP complex 

structure shows TNPO3 HEAT repeats 1-9 forming a cradle structure to accommodate 

Ran, switch loop I and switch loop II (Tsirkone et al., 2014).  The most extensive contacts 

are between Ran switch loop II and TNPO3 HEAT repeats 1-3, and then Ran switch loop 

I binding TNPO3 HEAT repeats 17-18 (Tsirkone et al., 2014).  
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1.3.4 Importin 4 

The importin 4 (IMP4) nuclear import receptor has had residues 694-1078 which span 

the C-terminal 9 HEAT repeats structurally resolved. The IMP4 C-terminus was solved 

in both the cargo free form and bound to the Histone H3 residues 12GGKA (Figure 1.10) 

(Yoon et al., 2018). Histone H3 K14 interacts with IMP4 residues D994 and E998, 

forming two salt bridges, and also interacts with IMP4 residue N960 side chain. Histone 

H3 K14 also forms a main chain interaction with the IMP4 N918 residue side chain. The 

IMP4 N918 residue side chain also binds the amide group of Histone H3 residue A15, 

and IMP4 T881 side chain binds the carbonyl group of Histone H3 residue G12 (Yoon et 

al., 2018). Mutagenesis studies identified the critical binding determinant of the H3 IMP4 

interaction to be the H3 residue K14 (Yoon et al., 2018). There is currently limited 

structural information available on IMP4 and the interactions it has with cargo molecules, 

and as such the recognition binding determinants of this receptor are potentially not yet 

fully characterised.  

 

Figure 1.10 Importin 4 structures. Importin 4 C-terminus (green) shown as cylinder 
representation in apo form (5XAH) and in complex with H3 (pink) in stick form (5XBK) 

 

1.3.5 Importin 13 

Importin 13 (IMP13) is a unique member of the karyopherin b superfamily as it is a bi-

directional nuclear transport receptor. Complexes for both import and export have been 

structurally resolved (Table 1.3, Figure 1.11). IMP13 contains 20 HEAT repeats that 

form a superhelical structure (Bono et al., 2010). The UBC9 cargo protein binds IMP13 
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in the conserved N-terminal Ran-GTP binding domain, differently from the Mago-Y14 

cargo protein that interacts with the C-terminal HEAT repeats 5-20 (Bono et al., 2010; 

Grünwald & Bono, 2011).  

 

 

Figure 1.11 Importin 13 structurally determined complexes. Importin 13 shown in 
cylinder representation (pale green), in complex with cargoes in ribbon representation. 
UBC9 complex in hot pink (2XWU), MAGO in dark blue and Y14 in red (2X1G), Ran 
in purple (2X19), and eIF1A in dark orange (3ZJY). 

 

1.4 Diseases and pathologies of nuclear transport 

Nuclear transport is a highly regulated process that is essential for the functioning of a 

healthy eukarotyic cell. Deregulation of the nuclear transport pathway has been 

associated with various diseases and pathologies, including cancers and viral infections 

(McLane & Corbett, 2009). In cancer, many proteins are up-regulated and imported into 

the nucleus of cells. Tumour suppressor proteins, such as p53, regulate cell survival and 

proliferation and rely on nuclear import to regulate their function (Fabbro & Henderson, 

2003). Epigenetic factors are also affected, for example LSD1 is commonly upregulated 

in breast cancers and found to be predominantly localised inside the nucleus (Boulding et 

al., 2018; Jin et al., 2014).  
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Many viruses have also been shown to hi-jack the nucleus of infected cells as part of their 

viral life cycle and pathogenesis. DNA viruses, such as rhinoviruses and lentiviruses (e.g. 

HIV-1), absolutely require access into the nucleus of cells as part of their viral lifecycle 

(Efthymiadis, Briggs, & Jans, 1998; Musinova, Sheval, Dib, Germini, & Vassetzky, 

2016; Sherman & Greene, 2002). If nuclear import is not achieved then replication cannot 

occur, so many of these viral proteins enter the nucleus by using host nuclear import 

machinery. This caveat of their viral lifecycle provides a promising target for therapeutic 

intervention (Gustin & Sarnow, 2002).  

 

RNA viruses, whilst not requiring entry to the nucleus for replication to occur, often have 

proteins that require nuclear entry to exert their functions. The Hendra virus matrix 

protein requires nuclear entry and ubiquitination to happen for efficient viral budding at 

the plasma membrane  (Bauer et al., 2014; Y. E. Wang et al., 2010). The W protein from 

the Hendra and Nipah viruses have also been shown to modulate the innate immune 

response (Benjamin A. Satterfield et al., 2015). The polymerase and methyltransferase 

protein non-structural protein 5, from the zika virus and dengue virus also enter the 

nucleus of infected cells to subvert innate immune signalling pathways (Fraser, 

Rawlinson, Wang, Jans, & Wagstaff, 2014; Hannemann et al., 2013; Kumar et al., 2013b; 

Ng et al., 2019; Pryor et al., 2007).  

 

1.5 Therapeutic potential of nuclear transport inhibitors 

Therapeutic intervention of nuclear transport pathways to treat various cancers, infections 

and diseases has been a focus in recent years (Alvisi, Rawlinson, Ghildyal, Ripalti, & 

Jans, 2008; Stelma et al., 2016). In particular, the nuclear transporter IMPa has had 

increasing interest as an antiviral and anticancer drug target (Caly, Wagstaff, & Jans, 

2012; Chahine & Pierce, 2009; Kau, Way, & Silver, 2004). There have been a range of 

small molecule broad spectrum and targeted inhibitors identified for the IMPa pathway 

in the literature and these will be discussed below.  

 

Ivermectin was identified as an inhibitor of IMPa/b mediated nuclear import in HIV-1 

and has also been shown to be effective against the dengue virus NS5 protein (Fraser, 

Watanabe, et al., 2014; M. Tay et al., 2013; Wagstaff, Sivakumaran, Heaton, Harrich, & 

Jans, 2012). Another small molecule inhibitor of IMPa/b interaction with dengue and 

zika virus NS5 proteins is the retinoic acid derivative N-(4-hydroxyphenyl) retinamide 
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(4-HPR) (Fraser, Watanabe, et al., 2014; C. Wang, Yang, Smith, Forwood, & Jans, 2017).  

4-HPR has also been shown to modulate the unfolded protein response in dengue virus 

infection and provides protection against antibody dependent enhancement of infection 

in a lethal mouse model (Fraser, Watanabe, et al., 2014). 

 

Bimax1 and bimax2 were the first engineered inhibitors that specifically prevented IMPa 

function in the classical nuclear import pathway (Kosugi et al., 2008). These are both 

broad spectrum classical nuclear transport inhibitors that target all isoforms of IMPa 

(Kosugi et al., 2008). However, problems associated with targeting IMPa include the 

promiscuous binding to cargo proteins, which increases the risk of inhibitors disrupting 

beneficial interactions (Kosyna & Depping, 2018). In recent years, structure guided drug 

discovery using fragment based screening approaches has been used to increase the 

specificity of inhibitors in targeting binding interfaces that minimise disruption to other 

biological processes that require IMPa mediated nuclear import (Holvey, Valkov, Neal, 

Stewart, & Abell, 2015). The TPX2 protein, which controls spindle assembly and is a 

potential anticancer target, binds IMPa at two sites, the major and minor sites. Cargo 

molecules predominantly bind IMPa at the major site, whereas TPX2 principally binds 

IMPa at the minor site. Specifically targeting the minor site of IMPa with inhibitors 

would prevent nuclear entry of TPX2 without entirely disrupting the function of IMPa 

(Holvey et al., 2015).   

 

Another avenue for specifically targeting nuclear import with reduced toxicity is our 

increased understanding of IMPa isoform specificity. Knowledge of cargo specificity and 

IMPa isoform structure and function that has been gained in recent years allows for the 

design of more targeted inhibitors. These inhibitors can be for specific IMPa isoforms to 

disrupt relevant disease signalling pathways. An example of this approach is a peptide 

based on the NLS subunit p50, cSN50.1 that has been shown to bind with nanomolar 

affinity to IMPa5 and only very weakly to other isoforms (X. Y. Liu et al., 2000; 

Zienkiewicz, Armitage, & Hawiger, 2013). The Hendra and Nipah W proteins have been 

shown to interact specifically with IMPa3, and with >50-fold less affinity to IMPa 

isoforms in SFa1 and SFa3 (K. M. Smith, Tsimbalyuk, et al., 2018). These findings posit 

a potential specific and potent inhibitor of pathways mediated by SFa2 (IMPa3/4) which 

could be exploited therapeutically or in studies of cell signalling events (J. Yang et al., 



 

24 

2017). Further structural exploration into the various IMPa isoforms and design of 

targeted inhibitors would greatly benefit drug discovery programs.  

 

1.6 Conclusion 

The molecular mechanisms that govern classical and non-classical nuclear import 

pathways have been well established within the literature. Multiple structural studies have 

aided in elucidating the molecular basis of this critical biological process. These studies 

have increased understanding of important biological pathways and disease pathologies 

that require nuclear import. There is still a need to further understand the molecular 

interactions that occur between cargo proteins and nuclear import receptors.  

 

Non-classical nuclear import of cargo molecules is mediated by KAPb family members. 

Currently 5 of the 20 proteins in this family of nuclear import receptors have been 

structurally characterised. These have provided many important insights into how the 

non-classical pathway functions. There have been many benefits to this increased 

knowledge, and there are still 15 structurally uncharacterised transporters. Elucidation of 

these will provide a better understanding of the subtle differences across the KAPb 

family.  

 

The classical nuclear import pathway has in recent years been explored in regard to the 

roles of the seven IMPa isoforms and how their function occurs in both and isoform and 

tissue specific manner.  The molecular basis of IMPa1, IMPa3 and IMPa5 isoform 

specificities have been identified in the literature. As many of these IMPs have cargo 

specificity and links to various pathologies there is a need to elucidate what these 

mechanisms are to better understand biological function and disease pathogenesis.  

  

Many regulatory proteins and viral proteins have specificity for particular importins 

(IMPa isoforms, KAPb family member) for nuclear import. Understanding these cargo-

importin interactions on a molecular level will provide meaningful insights into many 

biological processes. This increased understanding at a molecular level can also be used 

as a platform for the design of targeted inhibitors to treat human diseases and viral 

infections.  
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1.7 Study hypothesis and aims 

“Structural determination of nuclear import complexes, with a focus on the classical 

importin-⍺/β pathway will elucidate key binding interfaces and assist in the 

understanding of this nuclear transport process which is critical for health and disease” 

 

1. Use X-ray crystallography to obtain structural insights of the full-length importin 

a/b complex. 

2. Obtain crystal structures of important disease related cargo proteins in complex 

with IMPa to identify key binding determinants. 

3. Use structural insights obtained to perform mutagenesis and functional assays. 

Check for binding to the respective import receptor as compared to the wild type 

protein to observe if a loss of function does occur.  
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Chapter 2. General Materials and Methods 

2.1 Materials 

2.1.1 Plasmids 

Table 2.1 Plasmids used in study 

Plasmid Source Description 

pMCSG21 Midwest 
Center for 
Structural 
Genomics 
 

Genes were inserted into this plasmid by ligation 
independent cloning at SSPI sites. All cloned 
constructs contain an T7 promoter, N-terminal 6xHis 
affinity tag, a tobacco etch virus (TEV) protease 
cleavage site, spectinomycin resistance for selection 
of transformants (Eschenfeldt, Stols, Millard, 
Joachimiak, & Donnelly, 2009). 

pET15b Genscript Plasmid contains N-terminal 6xHIS tag, thrombin and 
TEV protease cleavage site, and ampicillin resistance 
for selection of transformants 

pGEX-4T-1 Genscript Plasmid contains N-terminal glutathione-S-
transferase; thrombin and additionally engineered 
TEV protease cleavage site; ampicillin resistance for 
selection of transformants 

TEV protease 
(pRK793)  

David 
Waugh  

Plasmid contains MBP-TEV cleavage site-6xHIS tag-
TEV protease-polyarginine tag. The TEV catalytic 
domain self-cleaves the MBP and contains an auto-
inactivation resistant mutation S219V that improves 
stability (Kapust et al., 2001). 

mouse 
IMPaDIBB 
(pET30a) 

Bostjan 
Kobe  

Plasmid contains N-terminal 6xHIS tag, s-tag, and 
kanamycin resistance for selection of transformants. 
IMPa (Uniprot 52293) lacks the auto-inhibitory 

IMPb binding domain and spans residues 71-529 
(Marfori et al., 2012) 

DENV3 NS5 
(pNICBSA4) 

Dahai Luo, 
Subhash 
Vasudevan 

Plasmid contains N-terminal 6xHIS tag, TEV cleavage 
site, NS5 residues 6-895, and kanamycin resistance for 
selection of transformants (Zhao et al., 2015). 
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Table 2.2 Plasmids codon optimised for expression in E. coli (Genscript) 

Gene Uniprot Residues Plasmid Cloning sites 

IMPa1DIBB (KPNA2) P52292 71-529 pET15b 5’NdeI/3’BamHI 

IMPa3DIBB (KPNA4) O00629 64-521 pET15b 5’NdeI/3’BamHI 

IMPa4DIBB (KPNA3) O00505 64-521 pET15b 5’NdeI/3’BamHI 

IMPa5DIBB (KPNA1) P52294 74-538 pET15b 5’NdeI/3’BamHI 

IMPa6DIBB (KPNA5) O15131 71-536 pET15b 5’NdeI/3’BamHI 

IMPa7DIBB (KPNA6) O60684 73-536 pET15b 5’NdeI/3’BamHI 

IMPa8DIBB (KPNA7) AQ9M74 63-516 pET15b 5’NdeI/3’BamHI 

IMPa1 (KPNA2) P52292 1-529 pMCSG21  SSPI 

IMPa3 (KPNA4) O00629 1-521 pMCSG21  SSPI 

IMPa7 (KPNA6) O60684 1-536 pMCSG21  SSPI 

IMPb (KPNB1) Q14974 1-876 pMCSG21  SSPI 

Mouse IMPa1 (KPNA2) P52293 1-529 pMCSG21 SSPI 

Mouse IMPb (KPNB1) P70168 1-876 pMCSG21  SSPI 

IMPa1DIBB/a3 
(KPNA2/4) 

71-279/ 
271-521 

P52292/ 
O00629 

pET15b 5’NdeI/3’BamHI 

IMPa3DIBB/a1 
(KPNA4/2) 

64-270/ 
280-529 

O00629/ 
P52292 

pET15b 5’NdeI/3’BamHI 

HeV W P0C1C6 409-448 pGEX-4T-1 5’BamHI/3’EcoRI 
NiV W P0C1C7 411-450 pGEX-4T-1 5’BamHI/3’EcoRI 
HeV W BR2 mutant P0C1C6 409-448 pGEX-4T-1 5’BamHI/3’EcoRI 
HeV W BR3 mutant P0C1C6 409-448 pGEX-4T-1 5’BamHI/3’EcoRI 
HeV W BR2/3 mutant P0C1C6 409-448 pGEX-4T-1 5’BamHI/3’EcoRI 

IMPa3DIBB (KPNA4) 
ARM7-8 mutant 

O00629 64-521 pET15b 5’NdeI/3’BamHI 

Prototypical P4[R] NLS - 1-15 pGEX-4T-1 5’BamHI/3’EcoRI 
Prototypical P4[M] NLS - 1-15 pGEX-4T-1 5’BamHI/3’EcoRI 
Prototypical P4[V] NLS - 1-15 pGEX-4T-1 5’BamHI/3’EcoRI 
Prototypical P4[A] NLS - 1-15 pGEX-4T-1 5’BamHI/3’EcoRI 
Prototypical P4[P] NLS - 1-15 pGEX-4T-1 5’BamHI/3’EcoRI 
Prototypical P4[G] NLS - 1-15 pGEX-4T-1 5’BamHI/3’EcoRI 
Zika SPH2015 RdRp 
(aa273-887) 

A0A0X8GJ44 
2793-
3407 

pMCSG21 SSPI 

Zika SPH2015 NS5 
(aa5-903) 

A0A0X8GJ44 
2525-
3423 

pMCSG21  SSPI 

HIV-1 Tat CPP/NLS P04326 48-62 pGEX-4T-1 5’BamHI/3’EcoRI 
LSD1 NLS O60341 104-129 pGEX-4T-1 5’BamHI/3’EcoRI 
LSD1 S111E mutant O60341 104-129 pGEX-4T-1 5’BamHI/3’EcoRI 
LSD1  O60341 104-852 pMCSG21 SSPI 
LSD1 S111E mutant O60341 104-852 pMCSG21 SSPI 
LSD1 K114A mutant O60341 104-852 pMCSG21 SSPI 
Hendra Matrix cNLS O89341 75-94 pGEX-4T-1 5’BamHI/3’EcoRI 
Hendra Matrix bpNLS O89341 235-263 pGEX-4T-1 5’BamHI/3’EcoRI 

Note: Further details regarding the translated protein sequence, MW, extinction 
coefficient and pI are available in Appendices.  
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2.1.2 Molecular biology kits  

QIAprep Spin Miniprep Kit (27106, Qiagen) was used to isolate plasmid DNA at a high-

purity from prepared cultures.  

2.1.3 Bacterial strains 

Table 2.3 Chemically competent E. coli cells utilised in this study 

E. coli strain Genotype 

One Shot TOP10 (Thermofisher 
C404010) 

F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
Δ lacX74 recA1 araD139 
Δ( araleu)7697 galU galK rpsL 
(StrR) endA1 nupG 

BL21 (DE3) pLysS (Davanloo, 
Rosenberg, Dunn, & Studier, 
1984; Studier & Moffatt, 1986) 
(Thermofisher C606003; 
Novagen 69451) 

F–, ompT, hsdSB (rB
–, mB

–), dcm, gal, λ(DE3), 
pLysS, (CamR) 

Rosetta 2 (DE3) (Novagen 71400)  F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pRARE2 
(CamR) 

Rosetta 2 (DE3) pLysS 
(Novagen 71403) 

F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) 
pLysSRARE2 (CamR) 

 

2.1.4 Buffers, solutions and culture media 

All solutions were prepared in deionized water, unless otherwise specified in parentheses. 

All antibiotic stock solutions were stored at -20°C. Buffers were sterilized by filtration 

through a 0.22 µm filter. Culture media and solutions were sterilized by autoclaving for 

20 min at 121 °C. 

 

Table 2.4 Reagent solution compositions 

Stock Solutions Composition Use 

50x 5052 2.5% w/v glucose; 10% 
w/v a-lactose; 25% v/v 
glycerol 

Carbohydrate source for auto-
induction media, induction of 
protein expression 

20x NPS 0.5 M (NH4)2SO4, 1 M 
KH2PO4, 1 M Na2HPO4 

Buffer for auto-induction media 

1M Magnesium sulfate 1M MgSO4 Trace metal for auto-induction 
media 

5g/30mL NaCl 5g/30mL NaCl Osmotic balance of LB broth 
1M IPTG 1M IPTG Induction of protein expression  
Ampicillin 100 mg/mL Selection of transformants 
Spectinomycin 100 mg/mL Selection of transformants 
Kanamycin 25 mg/mL Selection of transformants 
Streptomycin 50 mg/mL Selection of transformants 
Chloramphenicol 37 mg/mL (ethanol) Selection of transformants 
Magnesium chloride 100 mM MgCl Preparation of chemically 

competent E. coli cells 
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Stock Solutions Composition Use 

Calcium chloride 100 mM CaCl2 Preparation of chemically 
competent E. coli cells 

Competent cell 
cryoprotectant 

80 mM CaCl2,  
20% v/v glycerol 

Cryoprotectant for long term 
storage of chemically competent 
E. coli cells 

 
 

Table 2.5 Cell culture media compositions 

Culture Media Composition  

LB broth 1% w/v tryptone, 0.5% w/v yeast extract, 1% w/v NaCl 
Starter culture media LB broth, 0.1% v/v antibiotic stock solution 
IPTG expression media LB broth, 0.1% v/v antibiotic stock solution, 0.001M IPTG 
Auto-induction 
expression media 

1% w/v tryptone, 0.5% w/v yeast extract, 1mM MgSO4, 
1x 5052, 1x NPS, 0.1% v/v antibiotic stock solution 

 

Table 2.6 Buffer compositions 

Buffer Composition Use 

Citrate Buffer 50mM NaCl, 100mM Na 
citrate, pH5.5 

Size exclusion purification of NS5 
IMPa IMPb complex 

His Buffer A 50mM phosphate buffer pH 
8.0 (46.6mM Na2HPO4, 3.4 
mM NaH2PO4), 300mM 
NaCl, 20mM Imidazole 

His affinity purification wash buffer 

His Buffer B 50mM phosphate buffer pH 
8.0 (46.6mM Na2HPO4, 3.4 
mM NaH2PO4), 300mM 
NaCl, 500mM Imidazole 

Elution of HIS-tagged proteins from 
Nickel affinity resin 

GST Buffer 
A/TBS 

50mM Tris pH 8.0, 125mM 
NaCl 

Size exclusion chromatography, 
purification of GST-tagged proteins, 
buffer exchange for crystallisation 
screening 

GST Buffer B 50mM Tris pH 8.0, 125mM 
NaCl, 10mM reduced L-
glutathione 

Elution of GST-tagged proteins 
from glutathione affinity resin 

HEPES Buffer 20mM HEPES, 125mM 
NaCl 

MST experiments – buffer exchange 
of proteins for labelling of primary 
amines 

PBS 
(Amresco) 

Phosphate buffered saline ELISA wash steps to prevent non-
specific binding 

TBST Tris buffered saline pH8.0, 
0.05% Tween-20 

ELISA wash steps to prevent non-
specific binding 
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2.2 General Methods 

2.2.1 Preparation of chemically competent E. coli cells using CaCl2 method 

Chemically competent TOP10 and BL21 (DE3) pLysS E. coli cells for use in 

transformations were prepared using the calcium chloride method. Briefly, cells were 

streaked out on a LB agar plate with appropriate selection antibiotic (TOP10 cells were 

streptomycin resistant; BL21 (DE3) pLysS cells were chloramphenicol resistant) using 

aseptic technique and incubated overnight at 37 °C. One bacterial colony each from the 

E. coli TOP10 and BL21 (DE3) pLysS plates was inoculated into separate 5mL aliquots 

of LB broth with appropriate antibiotic.  As a negative control, 5mL of LB broth with 

appropriate antibiotic was prepared.  Starter cultures were left at 225rpm to incubate 

overnight at 37 ˚C. 

 

In 200mL baffled flasks, 100mL of LB media was prepared and autoclaved. Each flask 

was inoculated with one overnight culture (supplemented with appropriate selection 

antibiotic) and incubated at 37˚C and 225rpm until the OD600nm = 0.6 (~ 3-4hrs) (NB. 

Saturation = 2.0). Approximately half of each of each culture was transferred to a 50mL 

Falcon tube and centrifuged for 6mins at 4000xg and 4˚C.  Supernatant was discarded 

and the other half of the cultures were added to the same respective tube and centrifuged 

for 10mins at 4000xg and 4˚C. Cells were kept on ice from this point onwards during the 

chemical competence procedure. After supernatant was discarded, each cell pellet was 

resuspended in 25mL of ice cold 100mM MgCl2 (first suspended in ~2mL then remaining 

~23mL was added). Each tube was incubated on ice for 10mins, then centrifuged for 

10mins at 4000xg and 4˚C. Supernatant was discarded and the cell pellet of each tube 

was resuspended in 25mL of ice cold 100mM CaCl2 (first suspended in ≈2mL then 

remaining ≈23mL was added). Cells were then incubated on ice for a further 30mins, then 

centrifuged for 10mins at 4000xg and 4˚C. Supernatant was discarded and the cell pellets 

of each tube were resuspended in 10mL of ice cold 100mM CaCl2 plus 20% glycerol 

cryo-protectant (first suspended in 1mL then remaining 9mL was added). Each sample 

was separated into 0.2mL aliquots into sterile pre-chilled Eppendorf tubes and transferred 

immediately to the -80˚C freezer. 

 

2.2.2 Transformation of chemically competent E. coli cells 

Chemically competent E. coli cells were transformed with the desired plasmid (from 

Table 2.1 or 2.2) using the heat shock method. Briefly, 1µL of plasmid was added to 50µL 
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of prepared chemically competent E. coli cells (see 2.2.1) or 10µL for company purchased 

cells (Table 2.3), gently mixed and incubated on ice for 30 mins. Cells were then heat 

shocked at 42 °C for 45 seconds and placed immediately onto ice for 2 mins. For each 

cell tube 250µL of room temperature LB broth was added and cells were left to recover 

at 37 °C for 45 min at 225rpm. After cell recovery, 80 µL of the transformation mix was 

spread onto LB plates containing the appropriate working antibiotic concentration, 

labelled with the date, name, experiment number, construct name and E. coli strain. The 

plates were placed in an incubator set at 37 °C overnight, and then stored at 4 °C. 

 

2.2.3 Plasmid propagation and isolation  

To propagate plasmids, starter cultures of E. coli transformed with the desired plasmid 

were expressed overnight and plasmids isolated using the QIAminiprep kit. Starter 

cultures of a single isolated colony of E. coli Top10 cells (Table 2.1.3) from a transformed 

LB agar plate containing the desired plasmid (Tables 2.1.2.1 and 2.1.2.2) were grown 

overnight at 30 °C in 5mL of LB broth and appropriate antibiotic in a 50 mL Falcon tube 

to allow for suitable aeration. Cells were harvested by centrifugation at 2600 xg for 10 

mins at 4 °C. Supernatant was discarded and cells were resuspended by gently pipetting 

250 µL of P1 resuspension buffer, cells were then transferred to a 1.5 mL microcentrifuge 

tube followed by addition of 250 µL P2 buffer containing LyseBlue.   

 

The sample was mixed gently be inversion, causing the sample to become viscous due to 

release of DNA, and a blue colour change to show there was a high pH that allows the 

separation of genomic DNA from plasmid DNA. This was followed by the addition of 

350 µL buffer N3, which was mixed immediately by gentle tube inversion. Once all traces 

of LyseBlue have disappeared ensuring the sample was properly mixed, as LyseBlue was 

precipitated by Buffer N3, as was the genomic DNA, the sample was then centrifuged at 

RT for 10 min at 11300 xg to pellet cellular debris. After centrifugation, 750 µL of 

supernatant was placed into a QIAprep spin column insert and centrifuged for 45 sec at 

4300 xg so the DNA would be adsorbed onto the membrane.  

 

The spin-column membrane was washed to remove endonucleases with the addition of 

0.5mL wash buffer PB and centrifugation for 45sec at 6700 xg, flowthrough was 

discarded. Salts were then removed by addition of 0.5mL buffer PE and centrifugation 

for 45 seconds at 6700 xg, flowthrough was discarded. To remove residual wash buffer 



 

32 

from the membrane a final centrifugation step for 1 min at 6700 xg was performed and 

flowthrough was discarded.  

 

The final step involved elution of the target plasmid. This was achieved by placing the 

QIAprep column insert into a clean eppendorf tube and adding 50 µL elution buffer 

(buffer EB) into the insert. Following incubation for 1 min, the sample was centrifuged 

6000 xg for 1 min, and the eluted plasmid transferred into a clean eppendorf tube and 

stored at -20 °C. 

 

2.2.4 Recombinant protein expression in E. coli 

To produce the large amounts of protein required for crystallography, functional assays, 

and bead binding, recombinant DNA technologies and expression methods were utilised. 

Two methods of protein expression procedures were utilised due to differences in protein 

yields obtained from different proteins and expression plasmids. 

 

In order to perform large scale expression experiments, starter cultures containing high 

cell densities in the log growth phase were required for inoculating expression media in 

large baffled flasks. Starter cultures were prepared by using a pipette tip to inoculate 5 

isolated colonies from the transformation plate into 5mL LB broth containing the 

appropriate antibiotic. Cells were grown overnight at 30 oC to prevent overgrowth and 

shaking at 225 rpm.  

 

2.2.4.1 IPTG method 

Whilst the auto-induction method was the preferred procedure for protein expression 

because of its easy monitoring and high yields of expression (Studier, 2005), some 

proteins were not as soluble or expressed too quickly leading to improper folding and 

formation of inclusion bodies. In these cases, protein expression was induced by the 

addition of IPTG at an OD600 of 0.6-0.8, and the temperature of the bacterial cultures was 

lowered to reduce the rate of translation and increase solubility (Goulding & Perry, 2003).  

 

From an overnight starter culture, 500 µL was used to inoculate each sterile 2 L baffled 

flask containing 500 µL of appropriate stock antibiotic; 30 mL of NaCl (5g/30mL); 470 

mL of expression media base. The baffled flask was covered with sterile foil and 

incubated on a platform orbital at 37°C and 90 rpm until the flask reached an OD600 
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between 0.6-0.8. The protein expression was then induced by the addition of 500 µL of 

1M IPTG (1 mM IPTG), a gratuitous inducer that binds the lac repressor, enabling the T7 

polymerase to begin protein expression. The induced cells were incubated overnight at 

RT and 90 rpm. Where solubility continued to be a problem, to avoid the formation of 

inclusion bodies, bacterial cultures were grown to an OD600 of 0.4, the temperature 

lowered to 16°C, and expression induced with IPTG when the OD600 reached between 

0.6-0.8. Bacterial cultures were maintained at 16°C and incubated overnight, such that 

the lower temperatures reduced the rate of protein translation and ensured sufficient time 

for correct protein folding.  

 

Similar to the auto-induction method, following expression, the cells were harvested by 

centrifugation at 18 °C and 5400 xg (JLA-9.1 rotor) or 6900 xg (JLA-8.1 rotor). The 

supernatant decanted into waste bottles and sterilised by autoclaving. The cell pellet was 

resuspended in the requisite purification buffer (see above for details) and stored in 50 

mL Falcon tubes at -20 °C awaiting purification. 

 

2.2.4.2 Auto-induction method 

The auto-induction method automatically induces protein expression as E. coli cells 

saturate the growth media and convert from using glucose to lactose as an energy source. 

As the name suggests, this method does not rely on monitoring the growth of the E. coli, 

nor the addition of an inducing agent at a specific time point. Rather, expression 

commenced “automatically” as E. coli cells switched carbohydrate sources and took up 

lactose from the expression media, causing inhibition of the repressor at the lac operator 

sequence, and allowing T7 polymerase to commence gene expression (Davanloo et al., 

1984; Studier & Moffatt, 1986).  

 

From an overnight starter culture, 500 µL was used to inoculate each sterile 2 L baffled 

flask containing 500 µL of 1 M MgSO4, 500 µL of appropriate stock antibiotic, 25 mL of 

20x NPS, 10 mL of 5052, and 470 ml of expression media base. The flask was covered 

with sterile foil and incubated on a platform orbital for 24 hr at room temperature and 90 

rpm. The cells were then harvested via centrifugation at 18 °C and 5,400/6,900 xg using 

JLA-9.1/JLA-8.1 rotors respectively, in a Beckman Coulter centrifuge and the 

supernatant decanted into waste bottles and autoclaved. The cell pellet was resuspended 

in buffer that corresponded to the affinity tag encoded by the plasmid vector, i.e. GST-

tagged proteins were resuspended in GST Buffer A, and His-tagged proteins were 
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resuspended in HIS Buffer A. The resuspended cells were placed in 50 mL Falcon tubes, 

such that each Falcon tube contained cells resuspended from 2 L of expression media, 

and were stored at -20 °C. 

 

2.2.5 Lysing of E. coli cells and preparation for purification 

The E. coli cell suspensions were subjected to two freeze/thaw cycles and the addition of 

1mL lysozyme (20 mg/ml) to lyse the cell wall, followed by the addition of 10 µL DNAse 

(5 µg/mL) to degrade the DNA and reduce the viscosity of the sample. The cell extract 

was centrifuged at  11,800 x g using a JLA-25.5 rotor for 30 min at 10 °C to remove cell 

debris, and further clarified by passage of the supernatant through a 0.45 µL syringe filter. 

 

2.2.6 Purification of proteins 

To isolate the recombinantly expressed proteins, at least two purification processes were 

required. Firstly, isolation of protein using expression tag/substrate affinity, and secondly, 

further purification based upon size to remove contaminants from affinity purification 

and also to allow buffer exchange into a buffer that was more suited for downstream 

applications than the buffers used for affinity chromatography.  

 

2.2.6.1 Nickel affinity chromatography for 6xHIS-tagged protein purification 

To isolate recombinant proteins containing 6xHIS tags, clarified soluble extract from step 

2.2.5 was passed over a HIStrap 5mL column (contains Nickel-NTA resin). For the 

purification of His-tagged proteins from E. coli cell extracts, nickel affinity 

chromatography was employed. The soluble cell extract was injected onto a pre-

equilibrated His-trap column (in HIS buffer A) using a superloop and AKTA FPLC. 

Unbound proteins were removed by washing the column with 10 column volumes of HIS 

buffer A, and then eluted with by applying a gradient elution of HIS buffer B over 5 

column volumes. The elution protein fractions were assessed by SDS-PAGE and pooled 

into a 50 mL Falcon tube. 

 

During the purification procedure, samples were removed for analysis by SDS-PAGE. In 

each case, 10µL samples of whole cell (WC), cell extract (CE), flow through (FT) and 

elution fractions were added to microcentrifuge tubes containing 40 µL of 2x Tris-

Glycerine SDS-PAGE buffer for WC, CE and FT and 10 µL for all other samples. Where 

fusion proteins contained a protease cleavage site allowing affinity tag removal, for 
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example, pMCSG21 contained a TEV cleavage site, TEV was added at a protease to 

target protein ratio of 1:100 (w/w) and sample incubated overnight at 4 °C before further 

purification by size exclusion chromatography (see 2.2.6.4).  

 

2.2.6.2 Glutathione affinity chromatography 

To isolate recombinant proteins containing GST tags, clarified soluble extract from step 

2.2.5 was passed over a GSTtrap 5mL column (contains cross-linked glutathione resin). 

Purification of GST-tagged fusion proteins was performed by lysis and clarification of 

the cell extract as described for His affinity purifications above. The soluble extract was 

injected using a superloop at 0.5 mL/min to allow interaction of the GST-tag onto the 

glutathione GST-trap column calibrated with GST Buffer A using the AKTA FPLC. The 

GST-trap column was washed with 10 column volumes of GST buffer A, and the GST-

tagged protein complex was competitively eluted with GST buffer B containing 10mM 

glutathione. Elution fractions were analysed by analysed by SDS-PAGE and combined 

in a 50 mL Falcon tube. Removal of the GST affinity tag, a procedure for reducing 

crystallisation artefacts, was performed by adding 50 µL Thrombin (0.5 Units/µL) and an 

overnight incubation at 4 °C. Size exclusion chromatography of the protein mixture was 

undertaken as described in 2.2.6.5. 

 

2.2.6.3 Glutathione affinity chromatography and complex formation 

Purification was performed as per 2.2.6.2, however, after the flowthrough has been 

washed out with ~5 column volumes of GST buffer A, the pre-purified importin 

receptor/interaction partner was injected onto the column at 0.5mL/min. Afterwards the 

column was then washed with a further ~5 column volumes of GST buffer A before being 

eluted using GST buffer B (10mM glutathione). Complexes were then treated with 

thrombin overnight, size exclusion was performed as per 2.2.6.5, and then the purified 

complex was passed over the glutathione column once more to remove any contaminant 

GST before concentrating samples and storing at -80 °C. 

 

2.2.6.4 r-aminophenyl-b-D-thiogalactopyranoside affinity chromatography  

To isolate recombinant b-galactosidase-SV40NLS fusion protein from E. coli for a 

scaffold to map the IMPa/b interaction via cryo-EM, r-aminophenyl-b-D-

thiogalactopyranoside agarose beads (Sigma A0414) were used. Harvested E. coli cells 
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were suspended in a buffer B (0.05M Tris-HCl, 0.1M NaCl, and 0.01M MgCl2, pH7.5) 

and lysed with two freeze-thaw cycles. Samples were centrifuged to remove cellular 

debris and supernatant further clarified with a 0.45 µm syringe filter. Soluble extract is 

incubated with r-aminophenyl-b-D-thiogalactopyranoside agarose beads, washed with 

buffer B, and then eluted from the beads using 0.1M sodium borate buffer pH10. Size 

exclusion chromatography of the protein mixture was undertaken as described in 2.2.6.5. 

 

2.2.6.5 Size exclusion chromatography 

Gel filtration chromatography was undertaken on AKTA FPLC using an s200 26/600 

column from GE Healthcare. A maximum protein sample of 12 ml was loaded using a 

superloop, onto a column pre-equilibrated in GST buffer A at a flow rate of 2.5 ml/min. 

Fractions were collected once the UV trace reached a UV absorbance of 20 mAU, and 

fractions were analysed by SDS-PAGE. Samples for SDS-PAGE were analysed by 

combining 10 µL of protein fractions with 10 µL of 2x Tris-Glycerine SDS Page buffer. 

Fractions containing pure protein were combined and concentrated using a 10 kDa 15 ml 

Amicon centrifuge device as per manufacturers protocol. The final purified and 

concentrated protein was stored in 25 µL aliquots at -80 °C. 

 

2.2.7 Protein analysis by SDS-PAGE 

The analysis of samples for SDS-PAGE analysis were performed by combining 10 µl 

samples of the WC, CE, FT and combining with 90 µL of 2x Tris-Glycerine SDS-PAGE 

buffer and 10uL for protein elution samples. The samples were incubated at 95°C for 10 

min and WC, CE, FT samples were vortexed for 5 min. Each sample was then centrifuged 

at 20,000 xg for 10 min and loaded onto a 4-12% Bis-Tris SDS_PAGE gel for 

electrophoresis at 165V for 30 minutes. Proteins were visualised with Coomassie blue. 

 

2.2.8 Crystallization trials 

Hanging drop vapour diffusion method was employed using VDX48 plates with sealant 

(HR3-275, Hampton). The sparse matrix commercial screens utilized include PEG/ION 

(HR2-126, Hampton), PEG/ION 2 (HR2-098, Hampton), Crystal 1 (HR2-110, Hampton), 

Crystal 2 (HR2-112, Hampton), PACT premier (MD1-29, Molecular Dimensions) and 

ProPlex (MD1-38, Molecular Dimensions). Each well had 300µL of reservoir solution 

from the sparse matrix screens, and the hanging drop comprised of 1.5µL reservoir 

solution with 1.5µL protein solution mixed on a siliconized coverslip (HR3-278T, 
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Hampton). The coverslip with 3µL protein reservoir drop was inverted over the reservoir 

and gently sealed by pushing down on sealant. Optimisations were performed by varying 

precipitant concentration, pH, and the use of additives such as DTT if required. All 

chemicals used were sourced from Sigma-Aldrich unless otherwise stated in the methods. 

 

2.2.9 X-ray diffraction data collection and analysis 

X-ray data collection was performed at the Australian synchrotron using the 

macromolecular crystallography beams MX1 and MX2, ADSC 210r and ADSC315r 

detectors, respectively. After January 2017, the MX2 beamline had a detector upgrade 

from an ADSC315r CCD detector to an Eiger 16M detector for collection of X-ray 

diffraction data (Aragão et al., 2018; Cowieson et al., 2015). CBF images were processed 

in iMosflm to index, refine cell lengths and integrate the data into a merged file (Battye, 

Kontogiannis, Johnson, Powell, & Leslie, 2011). H5 files from the new Eiger detector 

were converted to CBF using the script Eiger2CBF before processing with iMosflm. This 

mtz file was then truncated, assessed for point group symmetry and scaled using aimless 

(P. Evans, 2006; P. R. Evans, 2011). The scaled mtz file was then used with a structure 

of high homology to perform phasing by molecular replacement (McCoy et al., 2007). 

The phased maps and model were then put through refinement programs (Afonine et al., 

2012; Winn et al., 2011) and model building was performed with coot (Paul Emsley & 

Cowtan, 2004; P. Emsley, Lohkamp, Scott, & Cowtan, 2010). These iterative model 

building and refinement processes were repeated until the stereochemistry was correct, 

there were no difference map peaks, no unmodeled blobs, the water was correctly placed, 

rotamer and Ramachandran outliers were inspected to determine if electron density 

supported their placement, otherwise stereochemistry restraints were applied. Phenix and 

CCP4 were the two main suites used (Adams et al., 2010; Winn et al., 2011). 

 

2.2.10 GST pulldown experiments 

Each binding experiment was comprised of 100 μL of 30 μM GST or GST-SV40Tag, 

combined with 100 μL of 30 μM of each IMPα variant, and incubated at room temperature 

for 2 h with 50 μL of glutathione-Agarose (G4510, Sigma-Aldrich). The beads were 

centrifuged and washed three times with 1 mL Tris wash buffer (125mM NaCl, Tris pH 

8.0). Samples were centrifuged, the supernatant discarded, and 50 μL sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer containing 

100mM DTT was added to each tube. Samples were heated for 10 min at 95 °C, vortexed 
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for 5 min, centrifuged for 10 min at 17 000 xg and analysed by SDS-PAGE (165 V for 

30 min on a 4–12% Bis-Tris plus gel (Novagen)). 

 

2.2.11 Enzyme-linked immunosorbent assays 

Assays were performed using the 96 well plate PS MaxiSorp non-sterile clear U96 

without lid 300uL/well (Nunc). The method was based on previously published microtiter 

plate assays (Chaston, Stewart, & Christie, 2017). Briefly, 96 well clear plates were 

coated with GST-NLS fusion proteins using bicarbonate/carbonate buffer pH 9.6 for 2 h 

at room temperature. The plates were washed using TBS containing 0.05% v/v Tween20 

(TBST). Blocking was achieved using 5% w/v skim milk in TBST for 2 hr at room 

temperature. Wells were washed three times in TBST buffer and incubated with 

decreasing concentrations of 6x His-tagged IMPa1DIBB (e.g. 800, 400, 300, 200, 100, 

50, 25, and 0 nM) diluted in TBS for 2 hr. The plate was washed three times, blocked for 

2 h, washed a further three times and then incubated for 2 hr with 100 µL a 1/5000 dilution 

of anti-6xHis 4HRP conjugated rabbit polyclonal antibody (Abcam ab1187). The plate 

was washed a further three times before addition of 100 µL of TMB substrate (Sigma 

T4444). The colorimetric reaction proceeded for 20 min before being stopped with 100 

µL of 2M H2SO4, and the absorbance measured at 450 nm using an Epoch microplate 

spectrophotometer (Biotek). One-site specific binding analysis using least squares fit was 

performed using GraphPad Prism version 7.00 for Mac, GraphPad Software, La Jolla 

California USA, www.graphpad.com. 

  

2.3 Chapter 3 – Materials and Methods 

2.3.1 Protein purification 

GST-tagged NLS fusion proteins were expressed in E. coli BL21(DE3) pLysS cells, 

grown overnight in auto-induction medium containing 10 μg/mL ampicillin, 1% tryptone, 

0.5% yeast extract, 1mM MgSO4, 25mM (NH4)2SO4, 50mM KH2PO4, 50mM Na2HPO4, 

0.5% glycerol, 0.05% glucose, and 0.2% α-lactose (Studier, 2005). The cells were 

pelleted and resuspended in 40 ml of GST buffer (50mM Trizma, 125mM NaCl, pH 8.0) 

supplemented with complete EDTA-free protease inhibitor (Roche, Germany). The cells 

were lysed by two freeze-thaw cycles and addition of 1 mg/mL lysozyme and 50 μg/ml 

DNase. Cell debris was removed by centrifugation at 11,800 xg and lysates clarified 

through a 0.45 μm syringe filter. The GST-fusion proteins were then immobilized on a 
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GSH affinity resin, washed to remove non-specifically bound protein were eluted with 

10mM GSH in GST buffer. IMPα1ΔIBB was expressed and purified as previously 

(Roman, Christie, Swarbrick, Kobe, & Forwood, 2013; Teh, Tiganis, & Kobe, 1999).  

 

For crystallization purposes, the GST-fusion proteins were immobilized on a GSH 

affinity resin, washed to remove non-specifically bound proteins, and 20 mg of 

IMPα1ΔIBB passed over the column to allow binding to the respective GST-NLS fusions. 

Proteins were eluted by addition of 10mM GSH supplemented in GST buffer, incubated 

overnight with TEV protease (100 μg) to release the NLS:IMPα1ΔIBB dimer from GST, 

and further purified by size exclusion chromatography. Proteins were then passed over 

the GSH column to remove contaminant GST or uncleaved GST-NLS:IMPα1ΔIBB. 

Eluted proteins were concentrated using an Amicon centrifugal filtration device 

(10,000Da MW cut-off) to 7–15 mg/ml, aliquoted, checked by SDS-PAGE and stored at 

-80 °C. 

2.3.2 ELISA binding assays 

The method was based on previously published microtiter plate assays (Chaston et al., 

2017). Briefly, Nunc Maxisorp 96-well clear plates were coated with 25 nM GST-NLS 

fusion proteins using Tris buffer (125mM NaCl, 50mM Tris pH 8.0) overnight at 4 °C. 

The plates were washed three times with TBS buffer containing 0.05% v/v Tween20 

(TBST), followed by blocking in 3% w/v BSA in TBST overnight at 4 °C. Plates were 

again washed three times with TBST and incubated with decreasing concentrations of 6x 

His-tagged IMPαΔIBB (concentration range 25 nM to 10 μM) diluted in TBS overnight 

at 4 °C. The plate was then washed three times with TBST, and then incubated for 1 hr at 

4 °C with 100 μL of a 1/5000 dilution of S protein-HRP conjugate (Novagen 69047) in 

TBST supplemented with 3% BSA. The plate was washed a further three times before 

addition of 100 μL of TMB substrate (Sigma T4444). The colorimetric reaction 

proceeded for 5 min before being stopped with 100 μ: of 2M H2SO4. Absorbance was 

measured at 450 nm using an Epoch microplate spectrophotometer (Biotek). Assay was 

performed in duplicate and data analyzed using one-site specific binding in GraphPad 

Prism version 7.00 for Mac (GraphPad Software, La Jolla California USA, 

www.graphpad.com). 

2.3.3 Crystallization of NLS peptides complexed with IMPα1ΔIBB 

Crystallization of NLS-P4[R] and NLS-P4[M] peptides in complex with IMPα1ΔIBB 

was achieved using the hanging drop vapour diffusion method, and reservoir solutions 
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containing 10mM DTT and 1M sodium citrate at pH 7.0 and pH 6.0 respectively. The 

crystals of  NLSP4[R]:IMPα1ΔIBB and NLS-P4[M]:IMPα1ΔIBB were flash cooled to 

100 K and diffracted on the MX1 beam at the Australian Synchrotron (Cowieson et al., 

2015) to a resolution of 2.1 Å and 2.6 Å, respectively. Data were integrated using 

MosFLM (Battye et al., 2011), scaled and merged using AIMLESS (P. R. Evans & 

Murshudov, 2013), and solved by molecular replacement using Phaser MR (McCoy et 

al., 2007) with PDB 3UL1 as a model. The structure was refined and solved using Phenix 

(Adams et al., 2010) and COOT (Paul Emsley & Cowtan, 2004). The NLS-P4[R] and 

NLS-P4[M] regions in complex with IMPα1ΔIBB were well solved with R/R-free values 

of 0.17/0.19 and 0.21/0.23, respectively (see Table 3.3 for full data collection and 

refinement statistics). 

2.3.4 Analysis of the interface area relative to NLS/IMPα1ΔIBB complexes 

Interface area (Å2) – was calculated using the Area function of the PISA software  

(Krissinel & Henrick, 2007)  starting from the crystal structures obtained in this study 

(PDB codes: 5KLR and 5KLT), or after substitution of the 5KLR P4 residue with specific 

amino acids, using the simple mutate function available in the Coot software (Paul 

Emsley & Cowtan, 2004). 

 

 

2.4 Chapter 4 – Materials and Methods 

2.4.1 Plasmid preparation  

Tat residues (48GRKKRRQRRRAPQDN62) were codon optimised for expression in E. 

coli and cloned into the PGEX4T-1 vector at BamHI/EcoRI sites with an additionally 

engineered N-terminal TEV site for GST-tag cleavage (Genscript). An isolate of mouse 

IMPα (homologue of human IMPα; 95% sequence identity) that lacks the auto-inhibitory 

N-terminal IMPβ binding (IBB) domain (residues 70–529) and cloned into the pET30 

expression vector has been described previously (Teh et al., 1999). An isolate of mouse 

IMPβ (KPNB1, homologue of human IMPα: 99% sequence identity) was cloned into the 

pMCSG21 vector using protocols described previously (Eschenfeldt et al., 2009; Nanson 

& Forwood, 2014). HIV-1 Tat accession code is AAF35362.1, IMPα is NP_034785.1, 

IMPβ is NP_032405.3. 
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2..4.2 Recombinant Expression and Purification  

Overexpression of IMPα and GST-Tat NLS for functional experiments was performed 

using the autoinduction method according to Studier (Studier, 2005) and purified as 

outlined previously (Patterson et al., 2013). Briefly, recombinant IMPa producing E. coli 

cells were resuspended in His buffer A (50 mM phosphate buffer, 300 mM NaCl, 20 mM 

Imidazole, pH 8), and lysed by two freeze-thaw cycles. The soluble cell extract was 

injected onto a 5mL HisTrap HP column (GE Healthcare) and washed with twenty 

column volumes of His buffer A on an AKTA pure FPLC. The sample was eluted using 

an increasing concentration gradient of imidazole, and eluent fractions were pooled and 

loaded onto a HiLoad 26/60 Superdex 200 column, pre-equilibrated in GST buffer A 

(50mM Tris pH 8, 125mM NaCl). Fractions corresponding to the correct molecular 

weight were collected and assessed for purity by SDS-PAGE.  

 

Recombinant GST-Tat NLS producing E. coli cells were resuspended in GST buffer A 

and lysed by two freeze-thaw cycles. The soluble extract was injected onto a 5mL GSTrap 

FF column (GE Healthcare) and washed with twenty volumes of GST buffer A on an 

AKTA pure FPLC. The sample was eluted with GST buffer A supplemented with 10mM 

glutathione, the eluent fractions were pooled and loaded onto a HiLoad 26/60 Superdex 

200 column, pre-equilibrated in GST buffer A. Fractions corresponding to the correct 

molecular weight were collected and assessed for purity by SDS-PAGE. 

 

2.4.3 GST-pulldown Assay for Affinity Determination  

For determination of the dissociation constant, KD, glutathione agarose beads washed in 

GST buffer A were saturated with purified GST-Tat-NLS/CPP. Beads were washed three 

times in GST buffer A and distributed equally in 10 μL aliquots. To each aliquot, 100 μL 

of two-fold serially diluted IMPα was added, with the initial concentration of 30 μM. One 

additional tube containing 0 μM IMPα was used as a control. The samples were incubated 

for one hour at 4 °C before being washed twice with 1 mL of GST buffer A. Binding was 

assessed by adding 20 μL of tris-glycine sample loading buffer to the beads, boiled for 

10 min, and analysed by SDS-PAGE. Images were recorded using BioRad Gel Doc 

system and processed in ImageJ(Schneider, Rasband, & Eliceiri, 2012). The data was 

normalised across each replicate experiment and data analysed using one-site specific 

binding analysis performed in Prism version 7.0b for Mac, GraphPad Software, La Jolla 

California USA, www.graphpad.com.ientificreports/ 
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2.5 Chapter 5 – Materials and Methods 

2.5.1 Bacterial protein expression and purification 

GST-tagged DENV1 and 4 NS5 peptide bacterial expression constructs were transformed 

into E. coli BL21 (DE3)-pLysS cells (Novagen). From an overnight starter culture, 500 

μL was used to inoculate each covered sterile 2 L baffled flask containing 500 mL 

expression media (1mM MgSO4, ampicillin (100 µg/mL), 5% v/v 20x NPS, 2% v/v 50x 

5052, 1% w/v Tryptone, 0.5% w/v yeast extract). The sterile flask was incubated at RT 

on a platform orbital at 90 rpm for 24 hr. The cells were then harvested via centrifugation 

at 18°C and 5400 xg, and the cell pellet resuspended in GST buffer A. The resuspended 

cells were run on a 4-12% Bis-Tris gel to ensure overexpression of GST-tagged DENV 

NS5 peptide. 

 

Purification of GST-tagged DENV1 T884P peptide construct in complex with mouse 

IMPα lacking the auto-inhibitory importin β binding domain (IMPα1DIBB) (Kobe, 1999) 

was performed using on-column methods. Firstly, the cell suspensions were subjected to 

two freeze/thaw cycles and the addition of 1 mL lysozyme (20 mg/mL) to lyse the cell 

wall, and addition of 10 μL DNase (5 μg/mL) to degrade the DNA and reduce the 

viscosity of the sample. The cell extract was centrifuged at 11,800 xg for 30 min at 10°C 

to remove cell debris, and further clarified by passage of the supernatant through a 0.45 

μm syringe filter. The soluble extract was injected onto a GST Buffer A equilibrated 

GST-trap 5 mL column using a superloop at 0.5 mL/min to allow interaction of the with 

GST-trap column. Following injection, the column was washed with 10 column volumes 

of GST buffer A and purified IMPα1 was injected into column using a superloop at 0.5 

mL/min to allow interaction of IMPα1 with bound GST-NLS. The GST-trap column was 

then further washed with GST buffer A before elution of the complex with GST buffer B 

containing 10 mM glutathione. Elution fractions were analysed by SDS-PAGE, and 

pooled. Removal of the GST affinity tag, a necessary procedure for crystallization, was 

performed by adding 50 μL thrombin (0.5 units/μL) and incubated overnight at 4°C. 

Separation of the GST tag from the DENV 1 T884P C-NLS:IMPα1  complex was 

achieved by gel filtration before concentration to 10 mg/mL and assessment for purity 

using SDS-PAGE. 
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2.6 Chapter 6 – Materials and Methods 

2.6.1 Cloning and Recombinant expression  

Residues 1-352 from Hendra virus matrix protein (Uniprot O89341) were codon 

optimised for expression in Escherichia coli and the synthesised gene was cloned into a 

pET15b vector at 5’NdeI/3’EcoRI cloning sites by Genscript, and regions encompassing 

the monopartite NLS (aa75-95; 75ERSPESGKRKKIRTIAAYPL) and bipartite NLS 

(aa235-263; 235FMLHLGNFVRRAGKYYSVEYCKRKIDRMK), were separately 

cloned into the PGEX4T-1 vector at 5’BamHI/3’EcoRI cloning sites by Genscript. The 

GST-HeV matrix NLS proteins were recombinantly expressed in E. coli BL21 (DE3) 

pLysS cells using auto-induction method at 25 °C. The full-length matrix was also trialled 

for expression in E. coli BL21 (DE3) pLysS cells, using auto-induction and gratuitous 

IPTG method at multiple temperatures. The full-length matrix was also trialled for 

expression in E. coli Rosetta 2 (DE3) cells using the gratuitous inducer IPTG method.  

 

2.6.2 Protein purification, complex formation and crystallization 

To determine the structural basis for the interaction between the nuclear import receptor 

IMPα1DIBB (mouse) and HeV matrix NLSs, both proteins were purified to homogeneity 

and isolated as an equimolar complex using the following series of purifications. The 

nuclear import receptor IMPα was first purified by 6x-His affinity and size exclusion 

chromatography in a TBS buffer (125mM NaCl, 50mM Tris pH8.0). The purified IMPa 

was then loaded onto a column containing purified GST-HeV matrix NLS. The excess 

IMPα1DIBB was removed by washing the column extensively and following elution 

SDS-PAGE analysis was performed. If a complex with IMPa1DIBB was obtained, the 

GST affinity tag was removed by proteolytic cleavage with the TEV protease overnight 

at 4 °C. The mixture was then purified by size exclusion chromatography and then a 

further GST purification, where the IMPα1DIBB:HeV matrix NLS complex (>58 kDa) 

was successfully separated from the contaminant GST (52kDa), resulting in a 

homogenous equimolar complex for crystallization. The crystals were grown in a pre-

determined optimisation condition for IMPa1 (mouse) NLS complexes (Table 2.6.1) (K. 

Smith et al., 2017). 
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Table 2.6.1 Reservoir solution concentrations for HeV matrix monopartite 
NLS:IMPa1DIBB complex optimisation. Note: total reservoir volume is 300µL. 

0.1M 
HEPES 
pH7 
0.5 M  
(NH4)2SO4 

0.1M 
HEPES 
pH7 
0.7 M  
(NH4)2SO4 

0.1M 
HEPES 
pH7 
0.9 M  
(NH4)2SO4 

0.1M 
HEPES 
pH7 
1.0 M  
(NH4)2SO4 

0.1M 
HEPES 
pH7 
1.2 M  
(NH4)2SO4 

0.1M 
HEPES 
pH7 
1.5 M  
(NH4)2SO4 

0.1M 
HEPES 
pH7 
1.8 M  
(NH4)2SO4 

0.1M  
HEPES 
pH7 
2.0 M  
(NH4)2SO4 

 

2.6.3 Data Collection and Structure Determination 

A single crystal was used to collect X-ray diffraction data on the MX2 crystallography 

beamline using the ADSC Quantum 315r detector at the Australian Synchrotron. The 

diffraction data was processed using iMosflm (Battye et al., 2011) and scaled and merged 

using Aimless (P. Evans, 2006; P. R. Evans, 2011). The data was phased by molecular 

replacement using Phaser (McCoy et al., 2007) and Protein Data Bank (PDB) structure 

5KLR as a search model. Model rebuilding and refinement were undertaken in Coot (Paul 

Emsley & Cowtan, 2004; P. Emsley et al., 2010; Winn et al., 2011) and Phenix (Adams 

et al., 2010), respectively.  

 

2.7 Chapter 7 – Materials and Methods 

2.7.1 Plasmids for recombinant protein expression 

The C-terminal domain of HeV (residues 409–448; UniProtKB P0C1C6) and NiV 

(residues 411–450; UniProtKB P0C1C7) with an N-terminal TEV cleavage site 

(ENLYFQS) were codon optimized for expression in Escherichia coli and synthesized 

(Genscript, Piscataway, NJ). These constructs were cloned into pGEX4T-1 vector at 

BamHI and EcoRI sites. IMPα3 and α7 lacking the auto-inhibitory IBB domain (residues 

64–521 and 73–536) were codon optimized for E. coli expression, synthesized and cloned 

into pET15b vector at NdeI and EcoRI sites. The IMPα chimeras lacking the 

autoinhibitory IBB domain (for recombinant expression) were comprised of α1aa71–

279:α3aa271–521 and α3aa64–270:α1aa280–529, with numbering according to 

UniProtKB P52292 and UniProtKB O00629 for IMPα1 and IMPα3, respectively. 

IMPα1ΔIBB, encoding residues 71–529, was cloned in the pET30 vector as described 

previously (Marfori et al., 2011; Teh et al., 1999). 

2.7.2 Recombinant expression and purification 

Plasmids were transformed into BL21 (DE3) pLysS cells and expressed using the Studier 

auto-induction method (Studier, 2005). In brief, starter cultures were inoculated into 2 L 

baffled flasks containing 500 mL of expression media consisting of 1% (w/v) tryptone, 
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0.5% (w/v) yeast extract, 0.5% glycerol, 0.05% glucose, 0.2% (w/v) α-lactose, 0.025M 

NH4SO4, 0.05M KH2PO4, 0.05M Na2HPO4, 1mM MgCl2 and either 100 μg/mL 

ampicillin, or 50 μg/mL kanamycin. Cells were harvested via centrifugation at 6500 xg 

and 18 °C for 30 min and resuspended in phosphate buffer (PB) (20mM imidazole, 

300mM NaCl, 50mM phosphate pH 8.0) or Tris-buffered saline (TBS) (Tris pH 8.0, 125 

mM NaCl) buffer with complete ethylenediaminetetraacetic acid (EDTA)-free protease 

inhibitor. Cells were lysed using two freeze–thaw cycles and addition of 20 mg lysozyme 

and 0.5 mg DNase. 

 

Affinity purifications of 6xHis-tagged IMPαΔIBB were performed by injecting clarified 

cell lysate onto a GE HisTrap 5mL column using PB, washing the column with 15 column 

volumes and then eluting over 5 column volumes using a gradient elution with high 

imidazole PB (500mM imidazole, 300mM NaCl, 50mM phosphate pH 8.0). Affinity 

purifications of GST-tagged proteins were performed on a GST Trap 5mL column using 

TBS, and elution buffer containing 10mM glutathione. All size exclusion purifications 

were performed on a Superdex 200 pg 26/600 column using TBS pH 8.0, and eluted 

proteins were pooled and concentrated using 10 kDa MW centrifuge filters. Complex 

formation was performed as described previously (K. M. Smith, Di Antonio, et al., 2018). 

2.7.3 ELISA 

The method was based on previously published microtiter plate assays (Chaston et al., 

2017). In brief, 96-well clear plates were coated with GST-NLS fusion proteins using 

bicarbonate/carbonate buffer pH 9.6 for 2 hr at room temperature. The plates were washed 

using TBS containing 0.05% v/v Tween20 (TBST). Blocking was achieved using 5% 

(w/v) skim milk in TBST for 2 hr at room temperature. Wells were washed three times in 

TBST buffer and incubated with decreasing concentrations of 6xHistagged IMPαΔIBB 

(400, 300, 200, 100, 50, 25, 12.5 and 0 nM) diluted in TBS for 2 hr. The plate was washed 

three times, blocked for 2 hr, washed a further three times and then incubated for 2 hr 

with 100 μL a 1/5000 dilution of anti-6xHis 4HRP conjugated rabbit polyclonal antibody 

(Abcam ab1187). The plate was washed a further three times before addition of 100 μL 

of TMB substrate (Sigma T4444). The colorimetric reaction proceeded for 20 min before 

being stopped with 100 μL of 2M H2SO4, and the absorbance measured at 450 nm using 

an Epoch microplate spectrophotometer (Biotek). One-site specific binding analysis 

using least squares fit was performed using GraphPad Prism version 7.00 for Mac, 

GraphPad Software, La Jolla California USA, www.graphpad.com. 
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2.7.4 Crystallization 

All crystals were obtained using the hanging drop vapour diffusion method over a 300 

μL reservoir solution. IMPα1ΔIBB was crystallized with 1M NH4SO4, 0.01M DTT, 0.1M 

sodium HEPES pH 7.0. The IMPα1ΔIBB:NiV W complex was crystallized in 0.01M 

DTT, 0.7 M sodium citrate and 0.1M sodium HEPES pH 7.0, with rod-shaped crystals 

forming within 2–3 days. IMPα3ΔIBB was crystallized using 0.2M sodium nitrate, 0.1M 

Bis-Tris propane pH 6.5 and 25% (w/v) PEG 3350. Plate-like crystals formed within 2–

3 weeks. The IMPα3ΔIBB:NiV W complex crystallized in 0.2M lithium nitrate, 20% 

(w/v) PEG3350 conditions with a rod morphology that diffracted to 2.3 Å.  

2.7.5 Data collection and processing 

X-ray diffraction data were collected at the Australian Synchrotron on the MX1 

(Cowieson et al., 2015) and MX2 (Aragão et al., 2018) macromolecular beam lines using 

an ASDC Quantum 210r, ASDC Quantum 315r detector and Eiger 16M detector, 

respectively. Data reduction and integration was performed using iMosflm (Battye et al., 

2011) for data collected using ADSC 210r and ADSC 315r detectors, whereas reduction 

and integration of data collected on Eiger 16M was performed using XDS (Kabsch, 

2010). Merging, space group assignment, scaling and selection of 5% reflections for 

Rfree calculations was done using Aimless (P. Evans, 2006; P. R. Evans, 2011) and the 

CCP4 suite (Winn et al., 2011). Phasing was performed using molecular replacement in 

Phaser MR (McCoy et al., 2007), with PDB 5FC8 (M. Y. Tay et al., 2016) used as a 

search model for IMPα1 cargo-free, IMPα1:HeV W complex and IMPα1:NiV W. The 

IMPα3:HeV W complex was phased using 4UAE as a search model, from which the 

solution was then used as a search model for the IMPα3:NiV W complex. The cargo-free 

IMPα3 structure was phased by placing the N terminus and C terminus domains 

separately. Models were refined using iterative cycles of manual real space coot (P. 

Emsley et al., 2010) and maximum likelihood phenix refine (Adams et al., 2010). Atomic 

coordinates and related structure factors have been deposited to the Protein Data Bank 

with accession codes 6BW1, 6BW0, 6BW9, 6BWA, 6BWB, 6BVV, 6BVT and 6BVZ 

for the IMPα1:HeV W (P212121 space group), IMPα1:NiV W (P212121 space group), 

IMPα3:HeV W crystal form 1 (P1211 space group), IMPα3:HeV W crystal form 2 (P1211 

space group), IMPα3:HeV W crystal form 3 (P212121 space group), IMPα3:NiV W 

(P1211space group), IMPα1 (P212121 space group), IMPα3 (P1211 space group), 

respectively.  
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2.7.6 GST pull-down assay  

Each binding experiment was comprised of 100 μL of 30 μM GST or GST-SV40Tag, 

combined with 100 μL of 30 μM of each IMPαΔIBB variant, and incubated at room 

temperature for 2 hr with 50 μL of glutathione agarose beads (Sigma G4510). The beads 

were centrifuged and washed three times with 1 mL Tris wash buffer (125mM NaCl, Tris 

pH 8.0). Samples were centrifuged, the supernatant discarded, and 50 μL sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer containing 

100mM DTT was added to each tube. Samples were heated for 10 min at 95 °C, vortexed 

for 5 min, centrifuged for 10 min at 17 000 xg and analyzed by SDS-PAGE (165 V for 

30 min on a 4–12% Bis-Tris plus gel (Novagen)). 

 

2.8 Chapter 8 – Materials and Methods 

2.8.1 Plasmids  

The NLS region of LSD1 (UniProtKB O60341; aa104-129) with an N-terminal TEV 

cleavage site (ENLYFQS) was codon optimized for expression in Escherichia coli and 

synthesized (Genscript, Piscataway, NJ). This construct was inserted into a pGEX4T-1 

vector, which contains a GST tag and ampicillin resistance, at the BamHI and EcoRI 

cloning sites. Mutagenesis was performed to generate the LSD1 NLS S111E and K114A 

mutants. 

 

Full length IMPa1 (UniProtKB P52292), IMPa3 (UniProtKB O00629), IMPa7 

(UniProtKB O60684) and IMPb (UniProtKB Q14974) were cloned into the PMCSG21 

vector, which contains a 6xHis tag and spectinomycin resistance, at the SSPI site. LSD1 

(UniProtKB O60341; aa104-852) was also cloned into the pMCSG21 vector at SSPI site 

and mutagenesis was performed to generate S111E and K114A mutants. IMPa3 lacking 

the auto-inhibitory IBB domain (UniProtKB O00629; aa64-521), and IMPa7 lacking the 

auto-inhibitory IBB domain (UniProtKB O60684; aa73-536) were codon optimized for 

E. coli expression, synthesized and cloned into pET15b vector at NdeI and EcoRI sites. 

The mouse IMPa1 lacking the auto-inhibitory IBB domain (UniProtKB P52293; aa71-

529) was cloned into pET30a vector at BamHI and EcoRI sites as described previously 

(Marfori et al., 2011; Teh et al., 1999).  
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2.8.2 Recombinant Expression and Purification 

Plasmids were transformed into BL21 (DE3) pLysS cells and expressed using the Studier 

auto-induction method (Studier, 2005). Starter cultures were inoculated into 2 L baffled 

flasks containing 500 mL of expression media consisting of 1% w/v tryptone, 0.5% w/v 

yeast extract, 0.5% glycerol, 0.05% glucose, 0.2% w/v a-lactose, 0.025 M NH4SO4, 0.05 

KH2PO4, 0.05M Na2HPO4, 1 mM MgCl2, and either 100 µg/mL ampicillin or 50 µg/mL 

kanamycin. Cells were incubated at 25 °C and 90 rpm overnight, then harvested via 

centrifugation at 5,400 xg and 18 °C for 30 min and resuspended in phosphate buffer (PB; 

20 mM imidazole, 300 mM NaCl, 50 mM phosphate pH 8.0) or tris-buffered saline (TBS; 

Tris pH8.0, 125mM NaCl) buffer with complete EDTA-free protease inhibitor (Roche). 

Cells were lysed using two freeze-thaw cycles and addition of 20 mg lysozyme and 0.5 

mg DNase.  

 

Affinity purifications of 6xHis-tagged IMPα were performed by injecting clarified cell 

lysate onto a HisTrap 5 mL column using PB, washing the column with 15 column 

volumes and then eluting over 5 column volumes using a gradient elution with high 

imidazole (500 mM imidazole, 300 mM NaCl, 50 mM phosphate pH 8.0). Affinity 

purifications of GST-tagged proteins were performed on a GST Trap 5mL column using 

TBS, after washing with TBS 20mg of IMPa was injected to allow interaction with LSD1 

to occur. Further washing was performed with TBS to remove excess IMPa and the 

complex was eluted from the column using TBS supplemented with 10 mM glutathione. 

Size exclusion chromatography was performed using a Superdex 200pg 26/600 column 

in TBS mounted on an AKTA. Eluted proteins were pooled and concentrated using 10 

kDa MW centrifuge filters to 10mg/mL and stored at -80 °C. 

 

2.8.3 Crystallization 

All crystals were obtained using the hanging drop vapour diffusion method (3µL drop 

size of 1:1 protein to reservoir mix) over a 300 µL reservoir solution. The crystallisation 

plates used were 48-well siliconized hanging drop vapour diffusion VDX48 plates (HR3-

275, Hampton). The IMPa1DIBB complexes with LSD1-NLSs (WT, S111E) were 

crystallized with 0.7 M sodium citrate, 0.01M DTT, 0.1M sodium HEPES pH 7, with 

rod-shaped crystals forming within 2-3 days. The IMPa3DIBB:LSD1-NLS complex 

crystallized in 0.7 M sodium citrate, 0.01 M DTT, 0.1M sodium HEPES pH 7 with a rod 
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morphology that diffracted to 2.5 Å. The IMPa1DIBB:LSD1-NLS (WT, S111E) 

complexes both diffracted to 2.1 Å. 

 

2.8.4 Data collection and processing 

X-ray diffraction data were collected at the Australian Synchrotron on the MX1 and MX2 

macromolecular beam lines using an ASDC Quantum 210r and Quantum 315r detector, 

respectively (Aragão et al., 2018; Cowieson et al., 2015). Data reduction and integration 

was performed using iMosflm (Battye et al., 2011) for data collected using ADSC210r 

detector. Merging, space group assignment, scaling and truncation of 5% Rfree reflections 

were performed using Aimless (P. Evans, 2006; P. R. Evans, 2011) and the CCP4 suite 

(Winn et al., 2011). Phasing was performed using molecular replacement in Phaser MR 

(McCoy et al., 2007), with 5KLR (K. M. Smith, Di Antonio, et al., 2018) used as a search 

model for IMPa1DIBB:LSD1-NLS complex. This model was then used to phase the 

IMPa1 LSD1 phosphorylation mutant complex S111E. The IMPa3 LSD1 NLS complex 

was phased using 5XZX (Koyama & Matsuura, 2017) as a search model. All models were 

refined using iterative cycles of coot (P. Emsley et al., 2010) and phenix refine (Adams 

et al., 2010).  

 

2.8.5 Gel filtration assay 

For each purification a total of 1mg protein was loaded and molar concentrations of 1 to 

1 were used to assess interactions between IMPa and LSD1 proteins. The GE Superdex 

200pg 16/600 column was pre-equilibrated in TBS at a flow rate of 0.5 mL/min. For each 

purification 1mL fractions were collected and examined by SDS-PAGE to confirm the 

shift in LSD1 protein elution upon complex formation or to confirm no shift in elution 

for the absence of a formed complex.  

 

2.8.6 ELISA for KD quantitation 

Nunc 96 well microplates were utilized, with 25nM of protein coated using TBS 

containing 0.05% v/v Tween20 (TBST). The method was based on previously published 

microtiter plate assays (Chaston et al., 2017). The 96 well clear plates were coated with 

GST-NLS fusion proteins using bicarbonate/carbonate buffer pH 9.6 for 2 h at room 

temperature. The plates were washed using TBST. Blocking was achieved using 5% w/v 

skim milk in TBST for 2 h at room temperature. Wells were washed three times in TBST 
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buffer and incubated with decreasing concentrations of 6x His-tagged IMPa1DIBB (800, 

400, 300, 200, 100, 50, 25, and 0 nM) diluted in TBS for 2 h. The plate was washed three 

times, blocked for 2 h, washed a further three times and then incubated for 2 h with 100 

µL a 1/5000 dilution of anti-6xHis 4HRP conjugated rabbit polyclonal antibody (Abcam 

ab1187). The plate was washed a further three times before addition of 100 µL of TMB 

substrate (Sigma T4444). The colorimetric reaction proceeded for 20 min before being 

stopped with 100 µL of 2M H2SO4, and the absorbance measured at 450 nm using an 

Epoch microplate spectrophotometer (Biotek). One-site specific binding analysis using 

least squares fit was performed using GraphPad Prism version 7.00 for Mac, GraphPad 

Software, La Jolla California USA, www.graphpad.com. 
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Chapter 3. Contribution of the residue at position 4 within 

classical nuclear localisation signals to modulating interaction 

with importins and nuclear targeting 

Summary  

Importin a (IMPa) recognises and binds classical nuclear localisation signals (cNLSs) 

on cargo molecules that target them to the nucleus. There are two main types of cNLSs, 

monopartite and bipartite.  Monopartite cNLSs are similar to SV40 large T antigen cNLS, 

containing a single cluster of basic amino acids with consensus sequence [K-(K/R)-X-

(K/R) for positions P2–P5](Fontes et al., 2000; M. R. Hodel et al., 2001). Bipartite cNLSs 

are similar to the nucleoplasmin cNLS which contains two stretches of basic amino acids 

separated by a linker of 10-13 amino acids (Marcos RM Fontes, Trazel Teh, et al., 2003; 

Weis, Mattaj, & Lamond, 1995).  The cNLSs have well defined binding positions to the 

IMPa receptor. The major NLS binding site (ARMs 2-4 of IMPa) binds the cargo cNLS 

at positions 0-6 (P0-6). The cNLS P2 residue contributes 50% of the interaction strength 

as measured by fluorescence anisotropy, P3 and P5 together contribute 25% of the 

interaction strength, and P4 contributes 12.5% (M. R. Hodel et al., 2001; Marfori et al., 

2012). As a general rule, the P2 site is exclusively occupied by lysine, with the exception 

of the NLS from the beak and feather disease virus (Patterson, Dombrovski, Swarbrick, 

Raidal, & Forwood, 2013). The P3 and P5 sites are occupied by positively charged 

residues and can be either lysine or arginine at either position (Fontes et al., 2000; Kosugi, 

Hasebe, Matsumura, et al., 2009; Kosugi, Hasebe, Tomita, & Yanagawa, 2009). The P4 

site is generally denoted as an X to indicate that it is able to tolerate any kind of amino 

acid, with the exception of negatively charged D and E residues (Kosugi, Hasebe, 

Matsumura, et al., 2009). 

 

To better understand the molecular basis for the modulating effect of P4 on cNLS 

interaction with IMPa and nuclear targeting, crystallographic methods were employed. 

Two structures of IMPa1 (mouse) in complex with the prototypical cNLS were solved. 

The first with an arginine in P4 position and the second with a hydrophobic methionine 

in P4 position. Functional assays were also performed to determine the affinity between 

each of the six prototypical cNLSs with P4 position mutations and IMPa1. The main 

finding was that substitution of P4 arginine to a hydrophobic methionine residue results 

in the loss of four hydrogen bonds, which accounts for reduced affinity and nuclear 
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targeting capacity (see Figure 3.7). The smaller the hydrophobic residue substitution in 

the P4 position the greater the observed impact on nuclear targeting and IMPa binding 

(see Figure 3.5). The glycine residue in the P4 position was not tolerated for IMPa1 

binding and nuclear targeting of our minimal prototypical cNLS. 

 

Overall, this study delineated the underappreciated role of the P4 position in NLSs and 

how this binding determinant affects IMPa recognition and nuclear targeting capacity. 

This has important implications for NLS prediction software and should be carefully 

considered when commencing work on proteins that have minimal NLSs that contain 

unfavourable residues in the P4 position. These findings are published in a manuscript 

and as joint first author I performed recombinant expression, purification, crystallisation, 

X-ray diffraction data collection and processing, followed by structure solving, structural 

analysis, qualitative in vitro binding assay (GST pull down), and quantitative in vitro 

binding affinity assay (ELISA). I was also involved in the preparation of figures and 

assisted in writing of the manuscript (contributions outlined in Table 3.1). Two crystal 

structures were solved in this study and deposited to the PDB (accession codes 5KLR, 

5KLT). The structures of these complexes provided valuable insights into the effect of 

mutations in the P4 cNLS site to interaction with IMPa.   

 

The molecular dynamics and cell culture experiments were removed from the manuscript 

shown below but the remaining text was left as published. The omissions to the published 

manuscript regarding methods are the removal of sections 2.1 Molecular dynamics (MD) 

simulations, 2.2 Plasmid construction (mammalian cell culture component), 2.8 Cell 

culture and transfections, 2.9 Microscopy/CLSM/Image analysis, 2.10 Analysis of 

fluorescent protein expression by fluorometry, 2.11 Western blotting, 2.12 Identification 

of nuclear proteins containing the cNLS consensus, 2.13 Identification of strongest cNLS 

on nuclear proteins containing the cNLS consensus. The remaining methods pertinent to 

the results in this chapter are available in Chapter 2. In the results section of the 

manuscript the following were removed 3.2 MD analysis indicates hydrophobic residues 

at the P4 position are likely to differentially affect the NLS-IMPa complex and Figure 1, 

3.4 Impact of the P4 residue on nuclear targeting and Figure 5, 3.6 Importance of the 

cNLS P4 residue for nuclear targeting of human proteins and Figure 8, 3.7 Importance of 

the cNLS p4 residue in modulation of cNLS activity and Figure 9. Results section that 

were not included in the final manuscript including purification profiles for the proteins 
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used in the structural and functional analysis, see figures 3.1 and 3.3, were added to the 

chapter. The published manuscript is available in Appendix 5. 
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3.1 Abstract  

Nuclear import involves the recognition by importin (IMP) superfamily members of 

nuclear localization signals (NLSs) within protein cargoes destined for the nucleus, the 

best understood being recognition of classical NLSs (cNLSs) by the IMPα/β1 

heterodimer. Although the cNLS consensus [K-(K/R)-X-(K/R) for positions P2–P5] is 

generally accepted, recent studies indicated that the contribution made by different 

residues at the P4 position can vary. Here, we apply a combination of microscopy, 

molecular dynamics, crystallography, in vitro binding, and bioinformatics approaches to 

show that the nature of residues at P4 indeed modulates cNLS function in the context of 

a prototypical Simian Virus 40 large tumor antigen-derived cNLS (KKRK, P2–5). 

Indeed, all hydrophobic substitutions in place of R impaired binding to IMPα and nuclear 

targeting, with the largest effect exerted by a G residue at P4. Substitution of R with 

neutral hydrophobic residues caused the loss of electrostatic and van der Waals 

interactions between the P4 residue side chains and IMPα. Detailed bioinformatics 

analysis confirmed the importance of the P4 residue for cNLS function across the human 
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proteome, with specific residues such as G being associated with low activity. 

Furthermore, we validate our findings for two additional cNLSs from human 

cytomegalovirus (HCMV) DNA polymerase catalytic subunit UL54 and processivity 

factor UL44, where a G residue at P4 results in a 2–3-fold decrease in NLS activity. Our 

results thus showed that the P4 residue makes a hitherto poorly appreciated contribution 

to nuclear import efficiency, which is essential to determining the precise nuclear levels 

of cargoes. 

 

3.2 Introduction 

Nucleocytoplasmic transport is mediated by members of the importin (IMP) superfamily, 

which recognize specific targeting signals (nuclear localization or nuclear export 

sequences - NLSs and NESs) within cargo molecules and mediate transport either into or 

out of the nucleus, respectively (Tran, Bolger, & Wente, 2007). The first NLS identified 

was the seven-amino acid (aa) highly basic sequence PKKKRKV-132 from simian virus 

SV40 large tumor antigen (T-ag) (Kalderon et al., 1984). Several types of NLS have since 

been characterized, but NLSs similar to that of T-ag are denoted as “classical” NLSs 

(cNLSs)(Allison Lange et al., 2007). Based on the number of basic stretches of amino 

acids composing them, cNLSs can be divided into monopartite or bipartite NLSs; 

monopartite NLSs resemble the T-ag NLS and are formed by a single stretch of basic 

residues, matching the consensus (K-K/R-X-K/R – positions “P2–P5”), whereas bipartite 

NLSs have two clusters of basic residues separated by a spacer region of 10–13 amino 

acids (Allison Lange et al., 2007). Both monopartite and bipartite NLSs are recognized 

by an IMPα adapter, which, when bound by IMPβ1, can mediate transport through the 

nuclear pore complex (Hogarth, Calanni, Jans, & Loveland, 2006). IMPα retains a short, 

basic N-terminal IMPβ-binding (IBB) domain responsible for binding to IMPβ1, and ten 

Armadillo (ARM) tandem repeat motifs, two stretches of which each form the major 

(repeats 2–4) and minor (repeats 7–8) NLS-binding sites (Conti, Uy, Leighton, Blobel, & 

Kuriyan, 1998). NLS from Beak and Feather Disease Virus capsid protein, lacks 

hydrogen bonds with T155 and G150 (Patterson et al., 2013). Compared to the binding 

pockets for P2, P3 and P5, the pocket for P4 is less stringent in terms of residue 

preference, and its geometry suggests the ability to accommodate smaller hydrophobic 

residues. IMPα-recognized cNLSs have been characterized with a range of different 

residues in this position, including K, R, S, Y, L, P, A and V (Marfori et al., 2011), 

meaning that the consensus sequence for positions P2–P5 of cNLSs has been suggested 
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to be K-(R/K)-X-(R/K), K-(K/R)-X-(K/R) or K-R-(R/X)-K (Chelsky, Ralph, & Jonak, 

1989; M. R. Fontes, T. Teh, D. Jans, R. I. Brinkworth, & B. Kobe, 2003; M. R. Hodel et 

al., 2001; Kosugi et al., 2008; Kosugi, Hasebe, Matsumura, et al., 2009; S. N. Yang et al., 

2010). 

 

Several studies in mammalian systems, however, suggest that certain cNLSs, although 

matching the K-(R/K)-X-(R/K) consensus, are not functional in nuclear targeting (Alvisi, 

Avanzi, et al., 2008; Alvisi, Musiani, Jans, & Ripalti, 2007). A recent systematic study in 

Saccharomyces cerevisiae showed that the residues with the biggest negative impact on 

nuclear targeting at the P4 position are D, E and G(Kosugi, Hasebe, Tomita, et al., 2009). 

Clearly, reduced nuclear transport efficiency for negatively charged residues at P4 can be 

explained by electrostatic repulsion by the negatively charged IMPα side chains residues 

in the P4 binding pocket, but the reason for the large effect of G at P4 is unclear. We 

addressed this issue by carrying out aa substitutions targeting the P4 position in a 

prototypical cNLS, and assessing the effects in molecular dynamics (MD) simulations 

based on the crystal structure of a truncated version of mouse IMPα1 that lacks the 

inhibitory IBB domain (IMPα1ΔIBB) and the T-ag NLS (Fontes et al., 2000), as well as 

in living mammalian cells and in vitro binding studies. Importantly, we also solved the 

crystal structure of our prototypical NLS bearing either R or M in the P4 position 

complexed with IMPα1ΔIBB.  

 

The results support the idea that substitution of R with hydrophobic residues causes the 

loss of profitable van der Waals interactions between the cNLS side chains and IMPα, 

destabilizing the IMPα:NLS complexes, with G at P4 having the largest effects in terms 

of reducing IMPα binding and nuclear transport to background levels. The significance 

of the results was supported by substitution analysis of the P4 residue in two additional 

well characterized cNLSs, which confirmed the negative effect of G in P4 on NLS 

activity, as well as by detailed bioinformatics analysis, which revealed that basic residues 

are highly enriched at the P4 position of monopartite cNLSs of human nuclear proteins. 

Hydrophobic residues are overall well tolerated, but display important differences, with 

G associated with low activity. The P4 residue thus makes an important contribution to 

binding to IMPα and NLS functionality, and hence fine-tuning of protein nuclear 

distribution/function. 
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3.3 Results 

3.3.1 Influence of the P4 residue on IMPα binding affinity 

To test the effect of substitution of the cNLS P4 residue on IMPα binding directly, we 

generated a prototypical NLS - PAKKRKV-132 or NLS-P4[R] – corresponding to the 

SV40A2 mutant of the T-ag NLS described by Hodel et al., where the P1 K is substituted 

by A (A. E. Hodel et al., 2006; M. R. Hodel et al., 2001). The A2 mutant has been shown 

to be functional for both IMPα/β1 binding and nuclear targeting and has the advantage of 

preventing a staggering in the binding register of the NLS with respect to the IMPα 

binding site, thus locking the R residue, or specific substitutions thereof, in the P4 binding 

pocket position (Fontes et al., 2000). A GST-fusion containing NLS-P4[R] at the C-

terminus, as well as several aa substitutions of the R residue, were tested for their ability 

to bind to IMPα1ΔIBB by means of GST pulldown assays.  

 

Firstly, to probe the GST-NLSs for interaction with importin a, a purified IMPα1ΔIBB 

preparation was required. We successfully expressed and purified large quantities of this 

as outlined above in the Methods Section (3.3.1).  Approximately 130mg of protein >95% 

purity (Figure 3.1) was obtained over two purifications as a single homogenous peak with 

only a small population of the dimeric form of IMPa1ΔIBB observed (left shoulder). This 

protein was used for crystallization and functional assays outlined below.  

 

For the GST pulldown assays, GST-NLSs fusion proteins immobilized on a GSH affinity 

resin were incubated with 20 mg of purified IMPα1ΔIBB, and complexes were eluted by 

addition of 10mM GSH. Our results indicated that GST-NLS-P4[R] strongly bound to 

IMPα1ΔIBB, whereas variants bearing P4 specific substitutions did not (Figure 3.2 and 

Figure 3.4B). Among the tested amino acids, M appeared to bind more efficiently to 

IMPα1ΔIBB, followed by A, P and V, whereas almost no detectable binding was obtained 

for the GST-NLS-P4[G] derivative. To quantify more precisely the effect of the above 

substitutions on IMPα binding, GST-NLS fusion proteins (Figure 3.3) were tested for the 

ability to bind IMPα1ΔIBB in ELISA assays; GST-NLS-P2[T], expressing the 

PKTKRKV SV40 nuclear import-deficient mutant was included as a negative control 

(Figure 3.4C).  
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Figure 3.1 Expression and purification of importin a. A) SDS-PAGE analysis of HIS-
affinity and size exclusion purifications, details of the samples loaded are in the table (B). 
C) HIS affinity purification FPLC trace, UV absorbance (blue), imidazole gradient from 
20-500mM (green). D) Size exclusion purification, UV absorbance (blue; mAU). 

 

 
Figure 3.2 SDS-PAGE visualization of prototypical NLS-P4 variants expression and on-
column binding to IMPα1ΔIBB. Lane 1) precision plus unstained protein standards 
marker; lane 2) whole cell lysate; lane 3) soluble extract; lane 4) GST affinity column 
soluble extract flow through; lane 5) IMPα1ΔIBB, Lane 6) IMPα1ΔIBB flow through; 
lane 7) GST affinity column elution peak; lane 8) overnight TEV. *G NLS lane 7) 
IMPα1ΔIBB flow through; lane 8) elution peak. 
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Figure 3.3 Purification of GST-NLS P4[R], P4[M], P4[A] P4[P], P4[V], P4[G] and P2[T] 
constructs. A) FPLC traces for GSH affinity purification of GST-NLS constructs for 
ELISA experiments, UV traces are in blue (mAU) and glutathione gradients in red (0 – 
10mM). B) FPLC traces size exclusion purifications of GST-NLS constructs for ELISA 
experiments, UV traces are in blue (mAU). C) SDS-PAGE gel, marker, whole cell lysate, 
soluble cell extract, GSH flowthrough, GSH elution peak, size exclusion peak (NOTE: 
GST-dimerization observed in final lane).  
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GST-NLS-P4[R] bound with high affinity to IMPα1ΔIBB (Kd of 19 nM), implying NLS 

functionality, whereas GSTNLS-P2[T] bound to IMPα1ΔIBB with ~160-fold lower 

affinity (Kd of 3070 nM; Figure 3.4C). Consistent with our GST-pulldown assays, all P4 

mutations tested reduced binding to IMPα1ΔIBB, with Kds of 9- and 38-fold higher than 

GST-NLS-P4[R] for GST-NLS-P4[M] and GST-NLSP4[G], respectively (Figure 3.4C, 

Table 3.3). Thus, all of the P4-substituted cNLSs showed a decrease in binding compared 

to WT, confirming that the P4 position contributes significantly to the cNLS recognition 

by IMPα (Table 3.2). 

 
Table 3.2 Effect of substitution of the P4 residue within the prototypical cNLS with 
hydrophobic residues on IMPα1ΔIBB binding. 

 Binding parameters 
 Kd (nM) Bmax (%P4[R]) 
GST-NLS-P4[R]  19 ± 4  100 ± 2.6 
GST-NLS-P4[M]  175 ± 35  103 ± 5.0 
GST-NLS-P4[P]  577 ± 55  104 ± 2.8 
GST-NLS-P4[A]  664 ± 94  98.5 ± 4.2 
GST-NLS-P4[V]  686 ± 39  104 ± 1.7 
GST-NLS-P4[G]  720 ± 61  102 ± 2.5 
GST-SV40 P2[T]  3070 ± 253  93.5 ± 3.4 

Bacterially expressed GST-fusion proteins were used in ELISA assays to calculate the 
Kd and Bmax values for binding to IMPα1ΔΙΒΒ. Results represent the mean ± SEM 
(n=2). 
 

 
Figure 3.4 Role of the P4 binding residue for cNLS-IMPα/β binding. A) Schematic 
representation of GST-NLS fusion proteins. B) Bacterially expressed GST fusions were 
used in GST-pulldown assays to test binding to IMPα1ΔIBB as per the Materials and 
methods section. Gel lanes correspond to eluted bound proteins, with bands 
corresponding to IMPα1ΔIBB or GST-NLS fusions indicated. Full gels are in Fig. 1. 
Binding results are representative of >2 independent experiments C) ELISA was 
performed to quantify binding of IMPα1ΔIBB to GST-NLS fusion proteins as described 
in the Materials and methods section. Results represent the mean ± SEM (n=2) for curves 
representative of >2 independent experiments. 

3.3.2 Crystallographic comparison of different NLSs complexed with IMPα 

To further investigate MD simulation results, the crystal structures were determined of 

NLS-P4[M] and NLS-P4[R] with IMPα1ΔIBB at 2.1 Å and 2.6 Å resolution, respectively 
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(Table 3.3). Our results indicated that NLSP4[R] binds to IMPα1ΔIBB in a very similar 

fashion to the T-ag NLS (PDB code 1EJL) (Figure 3.5A), with an RMSD relative to the 

NLS backbone atoms along the P2-P5 pockets of 0.162 Å. 

 
Table 3.3 Data collection and refinement statistics for the NLS-P4[R]:IMPa1DIBB 
complex and NLS-P4[M]:IMPa1DIBB complex 

 
NLS-P4[R]:IMPa1DIBB  
(PDB: 5KLR) 

NLS-P4[M]:IMPa1DIBB 
(PDB: 5KLT) 

Wavelength (Å) 0.9537 0.9537 

Resolution range 

(Å) 
34.05 - 2.20 (2.27 - 2.20)* 26.7 - 2.6 (2.693 - 2.600) 

Space group P 21 21 21 P 21 21 21 

Unit cell 
79.15, 89.54, and 100.3 Å; 
90, 90, and 90° 

78.89, 89.55, and 99.77 Å; 
90, 90, and 90° 

Total reflections 538420 (44743) 316718 (38831) 
Unique reflections 36898 (3131) 22383 (2697) 
Multiplicity 14.6(14.3) 14.1(14.4) 
Completeness (%) 100 (100) 100 (100) 
Mean I/s(I) 25.7 (7.8) 9.3 (1.9) 
Wilson B-factor 

(Å$) 
26.69 34.35 

Rpim 0.021 0.082 

Rwork 0.17 0.21 

Rfree 0.19 0.23 

No. of non-
hydrogen atoms 

3726 3343 

Macromolecules 3346 3343 

Protein residues 434 434 

r.m.s.d.   

Bonds (Å) 0.004 0.002 

Angles 0.63 0.50 

Ramachandran 
favored (%) 

98 98 

Ramachandran 
allowed (%) 

1.8 2.3 

Ramachandran 
outliers (%) 

0 0 

*Values in brackets describe the highest resolution shell. 
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Figure 3.5 Comparison of the crystal structures of IMP1αΔIBB complexed with NLS-
P4[R] and NLS-P4[M] and T-ag NLS. A) Structure superimposition of cNLS peptides 
complexed with IMPα1ΔIBB (yellow ribbons). The T-ag NLS (1EJL) carbon backbone 
is in green, and those for NLS-P4[R] and NLS-P4[M] in magenta and cyan, respectively. 
All three NLSs are bound in the major binding site of IMPα, between ARM2–4. 
Simulated annealing Fo-Fc maps of NLS-P4[R] and NLS-P4[M] are shown respectively 
in B) and C), contoured to 3σ. 

 

In particular, the main chains of the NLS-P4[R] residues F at P-1 and A at P1 contact the 

side chains of IMPα1ΔIBB residues R238 and N235, respectively. The NLS-P4[R] 

residue K (corresponding to T-ag aa 128) binds IMPα1ΔIBB in the P2 position, forming 

the highly conserved salt-bridge with IMPα1ΔIBB residue D192. NLS-P4[R] residue K 

at the P2 position also makes side chain interactions with the backbone of G150, and the 

side chain of T155. The P3 position, occupied by NLS-P4[R] peptide residue K 

(corresponding to T-ag aa 129), has a main chain interaction with IMPα1ΔIBB N188 and 
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W184 side chains. NLS-P4[R] residue R (corresponding to T-ag aa 130) that resides in 

the P4 position makes side chain interactions with the IMPα1ΔIBB main chain residues 

E107, R106, and L104. NLS-P4[R] residue K (corresponding to T-ag aa131) that binds 

in the P5 position has side chain interactions with N146 and Q181 side chains, and main 

chain interactions with the side chains of IMPα1ΔIBB residues W142 and N146. Thus, 

NLS-P4[R] binds IMPα1ΔIBB similarly to the T-ag NLS in the P2-P5 region of interest, 

with the only exception being an extra side chain hydrogen bond interaction of NLS-

P4[R] P4 to the backbone of IMPα1ΔIBB residue E107 and L104 (Figures 3.6A, B). 

 

 
Figure 3.6 Schematic representation of IMPα1ΔIBB-NLS interactions. A) The NLS 
backbones are indicated as horizontal grey lines, from the N- to the C-terminus. NLS side 
chains are represented as vertical black lines. Selected IMPα1ΔIBB aromatic residues are 
shown as green rectangles. Selected IMPα1 acidic residues are shown in red. Selected 
IMPα1ΔIBB interacting residues are shown in yellow. The single letter aa code is used. 
B) Crystal structures of NLS-P4[R] and NLS-P4[M], with simulated annealing Fo-Fc 
map contoured to 3σ are shown on the left and right panels, respectively. Hydrogen bonds 
between the P4 residue and indicated IMPα1ΔIBB residues are represented as dotted 
yellow lines and distances (Å) are shown in bolded black. 
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The NLS-P4[M] binds to IMPα1ΔIBB in almost identical fashion to NLS-P4[R] and the 

SV40 T-ag NLS (Figure 3.6A), with the notable exception being that the P4 position M 

residue, in contrast to R at the P4 position, is not able to establish hydrogen bonds with 

the backbone of IMPα1ΔIBB residue R106 and cannot interact with L104 or E107 (Figure 

3.6). Analysis of the interface area between IMPα1ΔIBB and the co-crystallized NLS 

peptides (Table 3.3) revealed a slightly higher interaction surface for the NLS-P4[R] 

(692.9 Å2), as compared to NLS-P4[M] (670.6 Å2).  

 

Table 3.3 PISA Interface analysis of NLSs at the P4 position bound to IMPα1ΔIBB. 
Prototypical NLS P4 Accessible 

Surface Area (Å2) 
P4 Buried Surface 
Area (Å2) 

NLS Interface 
Area (Å2) 

P4[R] – PDB 5KLR 207.52 145.15 692.9 
P4[M] – PDB 5KLT 168.45 110.96 670.6 
P4[V]a 132.79 76.35 655.3 
P4[A]a 92.84 40.66 632.0 
P4[P]a 114.66 38.38 630.7 
P4[G]a 70.09 30.31 621.5 

P4 Accessible Surface Area (Å2) – indicates the solvent-accessible surface area of the 
corresponding residue. P4 Buried Surface Area (Å2) – indicates the solvent-accessible 
surface area of the corresponding residue that is buried upon interface formation. 
Interface Area (Å2) - calculated as difference in total accessible surface areas of isolated 
and interfacing structures divided by two. a Mutations made using simple mutate function 
in Coot of the P4[R] structure (PDB: 5KLR). 
 
Similarly, the buried surface area relative to the P4 position decreased from 145.2 Å2 for 

the NLS-P4[R] peptide to 111.0 Å2 for the NLS-P4[M] peptide. We also performed the 

same analysis after single aa substitutions of the P4 residue in silico, starting from the 

NLS-P4[R]:IMPα1ΔIBB complex. The substitution of the R residue to the other residues 

tested in our study resulted in a further decrease of the surface interaction area with 

IMPα1ΔIBB both for the whole NLS and for the P4 position only (Table 3.4). The lowest 

values were calculated for the G substitution, which caused a reduction of the NLS 

interface area to 621.5 Å2, and buried surface area at the P4 position of 30.3 Å2. Thus, the 

higher IMPα1ΔIBB binding affinity and nuclear transport activity observed for NLS-

P4[R] as compared to NLS-P4[M] can be ascribed to the specific interaction of the R 

residue at the P4 position with IMPα1ΔIBB R106, L104 and E107 residues, whereas the 

further loss of van der Waals interactions between NLS side chains and IMPα for residues 

bearing shorter hydrophobic side chains is associated with lower IMPα/β binding 

affinities and nuclear targeting ability. 
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3.4 Discussion 

This is the first study to delineate formally the role of the P4 position in cNLS recognition 

by IMPα in mammalian cells, importantly using MD simulation/crystallography, direct 

binding approaches, nuclear targeting assays in a cellular context, and bioinformatics 

analysis to define at the molecular level the basis of the observed preference of different 

hydrophobic residues in naturally occurring, functional cNLS. Examination of available 

crystal structures highlights the relative heterogeneity at the P4 position compared to 

P2/3/5, but this is the first study to establish that all substitutions at the P4 position, both 

in our prototypical monopartite cNLS, and in two well characterized cNLSs from viral 

proteins, decrease affinity for IMPα (Figure 3.2)/drastically impact nuclear targeting in a 

cellular context, confirming the critical contribution of the P4 residue to NLS function. 

Importantly, changes in binding affinity (Table 3.3, Figure 3.2C) correlated well with 

effects on nuclear accumulation in cells, consistent with the fact that IMP:cargo binding 

affinity is a key determinant of nuclear transport efficiency (Alvisi et al., 2013; Alvisi & 

Jans, 2014; Alvisi, Jans, Guo, Pinna, & Ripalti, 2005; A. E. Hodel et al., 2006; Hu & Jans, 

1999; Xiao, Hübner, & Jans, 1997). Among the IMPα major binding site core binding 

pockets, the P4 position aa is the most flexible in terms of aa preference, and the one that 

contributes the least thermodynamically, but the results here show clearly that it plays a 

significant role in both IMPα binding and nuclear targeting activity. Indeed, while 

positions immediately upstream of the major binding site as well as the P0/P1 binding 

pockets have been extensively shown to be sensitive to phosphorylation-dependent 

IMPα/β binding regulation (Alvisi et al., 2013; Alvisi & Jans, 2015; Alvisi et al., 2005; 

Alvisi et al., 2011; Hübner, Xiao, & Jans, 1997; Pang & Zhou, 2014; Róna et al., 2014; 

Róna et al., 2013; Xiao et al., 1997), it is clear that the nature of the aa in the P4 position 

also modulates binding to IMPα (see Figure 3.2 and Table 3.3) and NLS activity in 

consequence. The present study, together with previous work from our laboratory and 

pioneering studies by Kosugi et al., shows that in the case of specific residues (i.e. D, E 

and G) such modulation can result in a complete loss of NLS activity, unless the 

interaction with IMPα is stabilized by other residues in addition to those binding the key 

major binding site positions P2, P3 and P5 (Alvisi, Avanzi, et al., 2008; Alvisi et al., 

2007; Kosugi, Hasebe, Matsumura, et al., 2009; Kosugi, Hasebe, Tomita, et al., 2009).  

Such stabilization can be mediated by three different cis-acting elements in the cNLS-

containing protein: i) a stretch of basic amino acids downstream of the cNLS, thus 

forming a bipartite signal, such as in the Human Herpes Simplex virus type I DNA 

polymerase processivity factor pUL42, where the putative cNLS PTTKRGR397 although 
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perfectly matching the cNLS consensus, is not functional, and the protein is translocated 

to the nucleus through the bipartite NLS PTTKRGRSGGEDARADALKKPK413 

(Alvisi, Avanzi, et al., 2008; Xiao et al., 1997) ii) additional basic residues in P6 and/or 

P1, as in the case of HCMV UL54; or iii) flanking sequences located upstream of the 

NLS core and stabilizing the IMPα:NLS interaction, such as in the case of HCMV UL44 

C2N motif. The results here also explained for the first time the mechanistic basis for the 

importance of the IMPα:P4 residue interaction in overall binding affinity/nuclear 

targeting, and its potential implications for cell physiology. Substitution of the 

hydrophobic alkyl chain of R with smaller hydrophobic chains at the P4 position results 

in the loss of favorable electrostatic interactions and van der Waals contacts with 

IMPα1ΔIBB, whereas substitution of the positively charged R side chain with neutral 

ones only results in the loss of electrostatic interactions (Figure 3.4). In addition, the 

nature of P4 residues can clearly affect binding by influencing the interaction of other 

cNLS residues with IMPα (Figure 3.4). Pang et al. (Dang & Lee, 1988) recently reported 

a P4[G]-carrying cNLS that binds to the minor rather than the major binding site of IMPα. 

It should be noted that under conditions allowing 1:1 stoichiometric binding between 

NLS-P4[R] and IMPα1ΔIBB, minimal binding was detected for GST-NLS-P4[G], while 

GST-NLSP4[V] bound very weakly (Figure 3.2B and Figure 3.1). Similarly, an ELISA 

binding assay revealed an increase in the Kd of 38 and 36 times, respectively (Figure 

3.2C). 

 

According to our analysis, V is not particularly well tolerated at P4. The c-Myc NLS 

(PAAKRVKLD328) bears V at the P4 position (Cutress, Whitaker, Mills, Stewart, & 

Neal, 2008), but it is known that function of the atypical c-Myc NLS relies on the 

contribution of other residues, being particularly sensitive to substitutions in position −2 

with respect to the NLS core (M. R. Hodel et al., 2001), while crystallographic studies 

indicate that the P4 binding pocket of IMPα undergoes a remarkable conformational 

change when accommodating V rather than the preferred R (Conti & Kuriyan, 2000; 

Conti et al., 1998). In addition, V at the P4 position is associated with low NLS activity 

in Saccharomyces cerevisiae (Kosugi, Hasebe, Tomita, et al., 2009). These findings are 

consistent with the idea that a V residue in P4 is not particularly well tolerated in 

monopartite cNLSs, even though its presence is not as detrimental as that of a G residue. 
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3.5 Conclusion 

The results here and elsewhere, including in Saccharomyces cerevisiae (Kosugi, Hasebe, 

Tomita, et al., 2009), document the role the P4 position residue plays in modulating cNLS 

function and IMPα/β binding  (Alvisi, Avanzi, et al., 2008; Alvisi et al., 2007; Kosugi, 

Hasebe, Matsumura, et al., 2009; Kosugi, Hasebe, Tomita, et al., 2009). Specific residues 

differentially impact monopartite cNLS function, resulting, in the most extreme case (i.e., 

G at the position in the absence of additional stabilizing interactions), in an almost 

complete loss of functionality. Clearly, this should be kept in mind when screening for 

putative cNLSs in sequences from the human or other proteomes in future studies. 

  



 

68 

Chapter 4. Structural Basis for Importin a binding of the 

Human Immunodeficiency Virus Tat 

Summary 

The HIV-1 Tat protein is critical for pathogenesis of HIV-1 as it regulates the reverse 

transcription of the viral genome RNA (Marciniak, Calnan, Frankel, & Sharp, 1990; 

Southgate & Green, 1991). The Tat protein binds to the transactivation response element 

(TAR) at the 5’ end of HIV RNA to assist in the elongation phase of transcription so that 

full-length transcripts can be produced (Southgate & Green, 1991). The Tat protein 

requires entry into the nucleus to perform this function and achieves this with a nuclear 

localisation signal (NLS) that is found within the cell penetrating peptide (CPP) region 

of the protein (Efthymiadis et al., 1998; Endo et al., 1989; Frankel & Pabo, 1988). To 

better understand the molecular mechanisms of the Tat interaction with importin (IMP) 

molecules, and where in the CPP region the NLS is located, this study was broken into 

two core components; structural determination and functional analysis.  

 

The structural determination experiments were performed by a former PhD candidate 

Zainab Himiari, that is recombinant expression, purification and complex formation for 

crystallization. Briefly, the HIV-1 Tat NLS/CPP was tested for interaction with IMPa1 

and IMPb in vitro, and the complex of HIV-1 Tat NLS/CPP:IMPa1 was formed and 

crystallized. However, as there was no observable interaction between HIV-1 Tat NLS 

and IMPb, further structural and functional investigations were precluded.  

 

This study continued the above work where structural analysis was performed to describe 

key binding determinants and functional experiments were performed with Tat NLS/CPP 

and IMPa to measure binding affinity in vitro. The functional experiments required 

optimisation of quantitative assays to determine the low affinity interaction strength, KD, 

between HIV-1 Tat NLS/CPP and IMPa. This experiment used a pulldown methodology 

that allowed for visualisation on SDS-PAGE with minimal disruption to the equilibrium 

of the interaction (Pollard, 2010). These findings provide a molecular basis and in vitro 

affinity measurement for the HIV-1 Tat protein interaction with IMPa which is an 

important step to understand in HIV-1 pathogenesis.  
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In the manuscript below, Figure 1 and Figure 2 were removed as they were performed 

experimentally by Zainab Himiari as well as the associated methods sections 

(Crystallization of Tat-NLS with Importin-%, Data collection and Structure 

Determination) and results sections (The Tat:NLS/CPP region forms a direct interaction 

with Importin-%, Protein purification and complex formation, Protein crystallisation and 

data collection). Additional information for experiments performed in the preparation of 

this manuscript as part of this thesis not included in the final manuscript was added. The 

additional supplementary data include the purification profiles and biochemical analysis 

(Figure 4.4) for proteins used in the binding analysis, manuscript Figure 6 (Figure 4.5). 

The manuscript Figure 3 (Figure 4.1), Figure 5 (Figure 4.3), and Figure 7 (Figure 4.6) 

were also updated for consistency of IMP% colouring (yellow) throughout the thesis. The 

published manuscript is available in Appendix 6. 
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4.1 Abstract 

HIV-1 has caused 35 million deaths globally, and approximately the same number is 
currently living with HIV-1. The trans-activator of transcription (Tat) protein of HIV-1 
plays an important regulatory function in the virus life cycle, responsible for regulating 
the reverse transcription of the viral genome RNA. Tat is found in the nucleus of infected 
cells but can also invade uninfected neighbouring cells. Regions within Tat responsible 
for these cellular localisations are overlapping and include a nuclear localisation signal 
(NLS) spanning 48GRKKRR, and a cell penetrating peptide (CPP) signal spanning 
48GRKKRRQRRRAPQN. However, the mechanism by which this NLS/CPP region 
mediates interaction with the nuclear import receptors remains to be resolved structurally. 
Here, we establish that the HIV-1 Tat-NLS/CPP is able to form a stable and direct 
interaction with the classical nuclear import receptor importin α (IMPa) and using X-ray 
crystallography, we have determined the molecular interface and binding determinants to 
a resolution of 2.0 Å. We show for the first time that the interface is the same as host 
factors such as Ku70 and Ku80, rather than other virus proteins such as Ebola VP24 that 
bind on the outer surface of IMPα. 
 

4.2 Introduction 

The HIV-1 virus has spread worldwide, infecting 60 million people, and causing more 
than 25 million deaths. More than 30 million people currently live with the disease 
(Mansueto et al., 2015), but despite highly active antiretroviral therapy (HAART) 
reducing the effects of the virus, these antivirals do not clear the virus from infected 
patients. HIV-1 encodes three groups of proteins that are common in all retroviruses. The 
gag polyprotein, pol polyprotein and gp160 precursors are structural proteins that form 
the outer shell of the virus particle and are processed to produce proteins for the virion 
interior. The accessory regulatory proteins, Vif, Vpr, Vpu and Nef, interact with cellular 
ligands and function as adapter molecules or to inhibit normal host function. The third 

1Scientific RepoRts | 7: 1650  | DOI:10.1038/s41598-017-01853-7

www.nature.com/scientificreports

Structural Basis for Importin-α 
Binding of the Human 
Immunodeficiency Virus Tat
K. M. Smith, Z. Himiari, S. Tsimbalyuk & J. K. Forwood

HIV-1 has caused 35 million deaths globally, and approximately the same number is currently living with 
HIV-1. The trans-activator of transcription (Tat) protein of HIV-1 plays an important regulatory function 
in the virus life cycle, responsible for regulating the reverse transcription of the viral genome RNA. Tat is 
found in the nucleus of infected cells, but can also invade uninfected neighbouring cells. Regions within 
Tat responsible for these cellular localisations are overlapping and include a nuclear localisation signal 
(NLS) spanning 48GRKKRR, and a cell penetrating peptide (CPP) signal spanning 48GRKKRRQRRRAPQN. 
However, the mechanism by which this NLS/CPP region mediates interaction with the nuclear import 
receptors remains to be resolved structurally. Here, we establish that the HIV-1 Tat:NLS/CPP is able 
to form a stable and direct interaction with the classical nuclear import receptor importin-α and using 
x-ray crystallography, we have determined the molecular interface and binding determinants to a 
resolution of 2.0 Å. We show for the first time that the interface is the same as host factors such as 
Ku70 and Ku80, rather than other virus proteins such as Ebola VP24 that bind on the outer surface of 
importin-α.

The HIV-1 virus has spread worldwide, infecting 60 million people, and causing more than 25 million deaths. 
More than 30 million people currently live with the disease1, but despite highly active antiretroviral therapy 
(HAART) reducing the effects of the virus, these antivirals do not clear the virus from infected patients. HIV-1 
encodes three groups of proteins that are common in all retroviruses. The gag polyprotein, pol polyprotein and 
gp160 precursors are structural proteins that form the outer shell of the virus particle, and are processed to pro-
duce proteins for the virion interior. The accessory regulatory proteins, Vif, Vpr, Vpu and Nef, interact with cellu-
lar ligands and function as adapter molecules or to inhibit normal host function. The third group are the essential 
regulatory elements, Tat and Rev. The primary role of Tat is in regulating the reverse transcription of viral genome 
RNA, whilst Rev is responsible for the synthesis of major viral proteins for viral replication2.

Tat is a transcriptional trans-activator and plays an important role during HIV-1 replication by binding to 
a short-stem loop structure, known as the transactivation response element (TAR) located at the 5′ end of HIV 
RNAs. It assists in the elongation phase of HIV-1 transcription so that full-length transcripts can be produced3, 
and these functions occur within the nucleus of infected cells. Tat has been shown to localise to the nucleus in 
many studies, however, the mechanism by which it interacts with the nuclear import receptors has not been elu-
cidated structurally4, 5.

Nuclear import can occur through passive diffusion (<45 kDa) or by energy dependent nuclear import recep-
tors. The classical nuclear import pathway is the best characterised mechanism and is mediated by an adap-
tor molecule, importin-α, also known as the classical nuclear import receptor, binding cargo that can display a 
nuclear localisation signal (NLS). The transport carrier importin-β interacts with importin-α, and mediates trans-
location across the nuclear envelope through interactions with the nucleoporin proteins lining the nuclear pore 
complex6, 7. Upon entry to the nucleus, the heterotrimer transport complex is dissociated by the small GTPase 
Ran, releasing the NLS-containing cargo, and allowing recycling of the import receptors back to the cytoplasm8, 9.

The HIV-1 Tat derived cell penetrating peptide (48GRKKRRQRRRAPQN61;CPP) has been shown to effectively 
carry a large range of cargoes, from nanoparticles, peptides, nucleic acids and even proteins into cells and the 
nucleus10–14. In vitro studies have shown that Tat is able to bind nuclear import receptors which mediate nuclear 
localisation5, 15, however, a structural basis for this interaction remains to be elucidated. There has also been some 
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group are the essential regulatory elements, Tat and Rev. The primary role of Tat is in 
regulating the reverse transcription of viral genome RNA, whilst Rev is responsible for 
the synthesis of major viral proteins for viral replication (Strebel, 2013). 
 
Tat is a transcriptional trans-activator and plays an important role during HIV-1 
replication by binding to a short-stem loop structure, known as the transactivation 
response element (TAR) located at the 5′ end of HIV RNAs. It assists in the elongation 
phase of HIV-1 transcription so that full-length transcripts can be produced (Southgate & 
Green, 1991), and these functions occur within the nucleus of infected cells. Tat has been 
shown to localise to the nucleus in many studies, however, the mechanism by which it 
interacts with the nuclear import receptors has not been elucidated structurally (Frankel 
& Pabo, 1988; Vives, Brodin, & Lebleu, 1997). 
 
Nuclear import can occur through passive diffusion (<45 kDa) or by energy dependent 
nuclear import receptors. The classical nuclear import pathway is the best characterized 
mechanism and is mediated by an adaptor molecule, IMPα, also known as the classical 
nuclear import receptor, binding cargo that can display a nuclear localisation signal 
(NLS). The transport carrier IMPβ interacts with IMPα and mediates translocation across 
the nuclear envelope through interactions with the nucleoporin proteins lining the nuclear 
pore complex (Fontes et al., 2000; Kobe, 1999). Upon entry to the nucleus, the 
heterotrimer transport complex is dissociated by the small GTPase Ran, releasing the 
NLS-containing cargo, and allowing recycling of the import receptors back to the 
cytoplasm (Cingolani et al., 1999; Marfori et al., 2012). 
 
The HIV-1 Tat derived cell penetrating peptide (48GRKKRRQRRRAPQN61; CPP) has 
been shown to effectively carry a large range of cargoes, from nanoparticles, peptides, 
nucleic acids and even proteins into cells and the nucleus (Berry, 2008; H. Brooks, 
Lebleu, & Vivès, 2005; Eguchi et al., 2001; Fawell et al., 1994; Rudolph et al., 2003). In 
vitro studies have shown that Tat is able to bind nuclear import receptors which mediate 
nuclear localisation(Truant & Cullen, 1999; Vives et al., 1997), however, a structural 
basis for this interaction remains to be elucidated. There has also been some debate in the 
literature about whether Tat can bind directly to IMPα (Ruben et al., 1989) or IMPβ 
(Truant & Cullen, 1999). To determine the precise binding determinants that mediate 
interaction between the nuclear import receptor and Tat, the entire cell penetrating region 
of HIV-1 Tat, 48GRKKRRQRRRAPQN61, was recombinantly expressed as a GST-fusion 
and tested for binding to both IMPα and IMPβ (Kobe, 1999; Ruben et al., 1989). We 
found a strong and direct interaction between Tat-NLS/CPP and IMPα, and no direct 
interaction with IMPβ. Together with structural elucidation of the interface by X-ray 
crystallography, this study provides new insights into the interface between these two 
proteins which mediate localisation of Tat to the nucleus. 
 

4.3 Results 

4.3.1 Binding determinants of the HIV-1 Tat-NLS/CPP in complex with IMPα  

The overall structure of IMPα exhibited an all α-helical structure arranged as ten 

sequential armadillo (ARM) motifs as described previously (Kobe, 1999). The Tat-

NLS/CPP binds to the major binding site of IMPα within ARM domains 2–4 (Figure 4.1A 

and B). There are no NLS residues in the minor binding site, indicating that the NLS 
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region is monopartite. The main chain of Tat residue Arg49 interacts with the side chain 

of IMPα residue Asn235 in the P1 site (Figures 4.2 and 4.3). Tat residue Lys50 binds 

IMPα at the P2 site where it forms a salt bridge with IMPα residue Asp192 as well as 

additional side chain interactions with IMPα residues Gly150 and Thr155. The Tat 

peptide backbone of residue Lys51 hydrogen bonds the side chains of IMPα residues 

Asn188 and Trp184 in the IMPα P3 binding site. The side-chain of Tat residue Arg52 in 

the P4 position hydrogen bonds with the IMPα main chain of residues Leu104, Arg106, 

and Glu107. The P5 binding site is occupied by Tat residue Arg53 which makes main 

chain interactions with the side chains of IMPα residues Trp142 and Asn146. The overall 

binding buries 717 Å of surface area and is mediated by 15 hydrogen bonds and 1 salt 

bridge interaction. Further details on the NLS binding determinants are shown in Figures 

4.2 and 4.3 and summarized in Table 4.2. 

 
Table 4.2 Tat:NLS/CPP hydrogen bond interactions with importin-α generated by 
PDBSum (de Beer, Berka, Thornton, & Laskowski, 2014; Laskowski, 2001, 2009; 
Laskowski, Chistyakov, & Thornton, 2005). *Salt bridge interaction. 

Tat:NLS/CPP  Importin-α 

Atom Residue  Number  Distance (Å) Atom  Residue  Number 

NH1  Arg 52  2.84  O  Leu  104 
NH1 Arg 52  2.81  O  Arg 106 
NH2  Arg 52  3.02  O  Arg  106 
NH2 Arg 52  3.20  O  Glu  107 
O  Arg 53  3.24  NE1  Trp  142 
N  Arg  53  2.89  OD1  Asn  146 
O  Arg  53  2.66  ND2  Asn  146 
NZ  Lys  50  2.91  O  Gly  150 
NZ  Lys 50 2.80 OG1 Thr 155 
NH1  Arg  53  2.49  OE1  Gln  181 
O  Lys  51  3.02  NE1  Trp  184 
N  Lys  51  2.81  OD1  Asn  188 
O  Lys  51  2.79  ND2  Asn  188 
*NZ  Lys  50  2.89  OD1  Asp  192 
O  Arg  49  2.77  ND2  Asn  235 
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Figure 4.12 Crystal structure of Tat-NLS/CPP IMPα. (A) Full structure of Tat-NLS/CPP 
(magenta sticks) and IMPα (pale yellow ribbons/transparent surface) complex. (B) 
Simulated annealing omit map (green mesh) of Tat-NLS/CPP shown at 3σ. (C) Schematic 
representation of IMPα Tat-NLS/CPP interactions. The NLS backbone is indicated as a 
horizontal magenta line, from the N- to the C-terminus. NLS side chains are represented 
as vertical dotted magenta lines. Selected IMPα Trp and Asn residues are shown in blue. 
Selected IMPα Asp and Glu residues are shown in red. Single amino acid code is used. 
Structure has been deposited to the PDB and issued the code 5SVZ. 
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Figure 4.13 LigPlot interaction schematic for Tat-NLS/CPP IMPα structure Tat-
NLS/CPP intramolecular bonds are shown as solid purple lines, IMPα intramolecular 
bonds are shown as solid orange lines. IMPα residues involved in hydrophobic contacts 
are shown as multiple red fanning lines. Corresponding atoms involved in hydrophobic 
contacts are shown with small orange fanning lines. Hydrogen bonds and their length are 
shown as green dotted lines. Figure was made using LigPlot (Wallace, Laskowski, & 
Thornton, 1995). 
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Figure 4.14 IMPα interacting residues from Tat NLS/CPP region. (A) IMPα shown in 
cyan (ribbons and surface view), Tat-NLS/CPP shown in magenta (sticks). NLS residues 
visible within crystal structure and bound to the N-terminal concave ARM domains of 
IMPα, are shown in stereoview for 3D visualization (B) Each P-site that interacts with 
IMPα is displayed with each interaction highlighted with dashed lines. 

 

4.3.2 Binding affinity of the HIV-1 Tat-NLS/CPP in complex with IMPα  

To estimate the binding affinity, IMPα was serially titrated against equal concentrations 
of HIV-1 Tat-NLS/CPP, and binding captured using a GST-pulldown. Firstly, the 
proteins were recombinantly expressed and purified to homogeneity (Figure 4.4). 
Following the GST-pulldown experiment, the binding affinity was determined to be 1.2 
+/- 0.2 μM from three replicates (Figure 4.5). The binding affinity measured for HIV-1 
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Tat-NLS/CPP is in the low micromolar range and similar to previously reported values 
of other NLSs including dengue 2 C-terminal NS5, 0.27 +/- 0.1 μM; and dengue 3 C-
terminal NS5 0.37 +/- 0.11 μM (M. Y. Tay et al., 2016). 
 

 
Figure 4.15 Purification of Tat-NLS/CPP and IMPa A) Tat-NLS/CPP affinity 
purification FPLC trace, UV in blue (mAU) and glutathione concentration in red (0-
10mM). B) Size exclusion FPLC trace, UV in blue (mAU). C) SDS-PAGE visualization 
of purified protein. C) IMPa affinity purification FPLC trace, UV in blue (mAU) and 
imidazole gradient in green (20-500mM). D) Size exclusion FPLC trace, UV in blue 
(mAU). E) SDS-PAGE visualization of purified protein 
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Figure 4.16 Quantitative GST-pull down for binding affinity determination. GSH 
agarose containing the GST-Tat-NLS/CPP incubated and washed with two-fold serially 
diluted IMPα (initial concentration of 30 μM). Samples analysed by SDS-PAGE and 
images recorded using BioRad Gel Doc system were processed from triplicate gels, 
processed in ImageJ and analysed using one-site specific binding in Prism 7.0. A 
representative gel showing binding is included, and the original, uncropped gel is 
provided in Supplementary Materials. 

 

4.4 Discussion 

There has been contention as to which nuclear import receptor is responsible for the 
nuclear translocation of Tat. One study suggests Tat is IMPα mediated (Ruben et al., 
1989), whereas another study has shown that it is dependent on IMPβ (Truant & Cullen, 
1999) . Here, we show that the C-terminal 55RRR is not providing additional binding to 
IMPα, and of the residues visible in the crystal structure 48GRKKRRQR, only residues 
48GRKKRR mediate binding with IMPα. Our results support the findings of Ruben et al., 
who have shown nuclear import can be mediated by Tat-NLS/CPP residues 48GRKKR 
(Ruben et al., 1989). This binding motif is consistent with the previously defined 
monopartite class 2 NLSs (Kosugi, Hasebe, Matsumura, et al., 2009). The P1-P5 binding 
determinants in Tat-NLS/CPP are resolved within the presented 2.0 Å structure and are 
consistent with previously solved structures (Table 4.3 and Figure 4.6).  
 
The major binding site of IMPα interact with five principal binding determinants in NLSs, 
known as P1-P5 (Table 4.4). These binding determinants P1-P5 bind between ARM 
domains 2–4 in IMPα and are conserved across previously determined NLS structures 
(Figure 4.5). Position 1 (P1) on an NLS is the most divergent as only a main chain 
interaction is made with IMPα. Position 2 (P2) is the most highly conserved with a strict 
requirement of a lysine residue at this position to form the critical salt bridge interaction 
with IMPα residue D192 as well as side chain interactions with the main chains of IMPα 
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residues T155 and G150. Position 3 (P3), position 4 (P4), and position 5 (P5), prefer long 
basic amino acids, however, for all characterized NLSs, there is a great variability in the 
amino acids at these positions (Figure 4.6). The P3 site which is less conserved than the 
P2 site, can bind to Lys, Arg, and Leu residues, whilst the P5 site is similarly conserved 
and can bind Lys, Arg, and Asn residues. The P4 site is less conserved than P4 and P5, 
and can bind Pro, Phe, Arg, Lys, Leu, Tyr, and P1 is the least conserved binding to Met, 
Asn, Lys, Arg, Leu, Ala, and Ser residues (Table 4.3) (M. Y. Tay et al., 2016). 
 

Table 4.3 PDB deposited cNLSs binding to the major site of IMPα 

NLS IMPα major site PDB ID 

  P1 P2 P3 P4 P5   

HIV1 Tat R K K R R This study 
SV40T (Conti et al., 1998; Marcos RM 
Fontes, Trazel Teh, et al., 2003; Fontes et al., 
2000) 

K K K R K 1EJL, 1BK6, 
1Q1S, 1Q1T 

αIBB (Kobe, 1999) L K K R N 1IAL, 1IQ1 
Venezuelan Equine Encephalitis Capsid A K K P K 3VE6 
Ku70 (Takeda, de Barros, Chang, Kobe, & 
Fontes, 2011) 

S K R P K 3RZX 

Ku80 (Takeda et al., 2011) A K K L K 3RZ9 
CLIC4 (Mynott et al., 2011) A K K Y R 3OQS 
Dengue 2 NS5 C-terminus (M. Y. Tay et al., 
2016) 

M K R F R 5FC8 

Dengue 3 NS5 C-terminus (M. Y. Tay et al., 
2016) 

M K R F R 5HHG 

XPG (de Barros et al., 2016) S K R K R 5EKF, 5EKG 
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Figure 4.17 Overlay of cNLSs bound at the major site of IMPα. Conservation of NLS 
structures are coloured accordingly: Tat (magenta), SV40T (cyan), αIBB (green), 
Venezeualan equine encephalitis virus (pink), Dengue 2 NS5 C-terminus (purple), 
Dengue 3 NS5 C-terminus (orange), XPG (dark green), Ku70 (nude), Ku80 (grey), 
CLIC4 (lilac), all overlaid onto Tat-NLS/CPP bound IMPα (yellow). Overlay of NLSs 
are enlarged within the P1-P5 positions. 

The Tat-NLS/CPP (Figure 4.6A and B) residues 49RKKRR fit within the requirements of 
the P1-P5 NLSs and bind IMPα in a similar fashion to other IMPα bound NLS structures, 
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whilst other positively charged residues 55RRR were found not to bind in our structure. 
The similarities between HIV-1 Tat-NLS/CPP and previously reported NLS IMPα 
structures can be seen in sequence conservation (Table 4.3), structural overlay 
comparisons (Figure 4.6) and from calculated RMSD values that varied from 0.150–
0.431 Å (Table 4.4).  
 
Table 4.4 RMSD differences of PDB deposited cNLSs binding to the major site of IMPα 

NLS PDB RMSD for Cα 

residues to Tat (Å) 

SV40T (Conti et al., 1998; Marcos RM Fontes, 
Trazel Teh, et al., 2003; Fontes et al., 2000) 

1EJL 0.217 

αIBB (Kobe, 1999) 1IAL 0.206 
Venezuelan Equine Encephalitis Capsid 3VE6 0.315 
Ku70 (Takeda et al., 2011) 3RZX 0.274 
Ku80 (Takeda et al., 2011) 3RZ9 0.431 
CLIC4  (Mynott et al., 2011) 3OQS 0.154 
Dengue 2 NS5 C-terminus (M. Y. Tay et al., 
2016) 

5FC8 0.219 

Dengue 3 NS5 C-terminus (M. Y. Tay et al., 
2016) 

5HHG 0.350 

XPG (de Barros et al., 2016) 5EKF 0.150 
 

4.5 Conclusion 

Overall, this is the first time the NLS region within HIV-1 Tat has been determined 
structurally by X-ray crystallography and functionally characterized by pulldown 
titrations. Through interaction with the N-terminal arginine rich motifs in IMPα, eight 
amino acids in Tat have been revealed and binding determinants identified that mediate 
interaction with the classical nuclear import receptor. 
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Chapter 5. Structural and Functional Characterisation of 

Flavivirus NS5 Importin-a/b complexes 

 

Summary 

The work presented in this chapter aimed to delineate the nuclear localization signals of 

the important viral replication protein (non-structural protein 5; NS5) from clinically 

important human flaviviruses, the dengue virus (DENV) and zika virus (ZIKV). This 

study is a continuation from research undertaken during Honours where GST-NLS 

fusions of all four Dengue NS5 proteins (NLS regions from interdomain and C-terminus) 

were recombinantly expressed, purified, tested for interaction with IMPa and the 

successful candidates crystallized. The structures of the DENV2 NS5 C-terminal NLS 

IMPa1 and the DENV3 NS5 C-terminal NLS IMPa1 complexes were previously solved 

using X-ray crystallography (C. Wang et al., 2017). These structures were used to guide 

mutagenesis and functional characterization experiments performed in this study. A 

major aspect of this study was the validation of Pro884 as a critical determinant for NLS 

presentation with mutagenesis of DENV1 Thr884 to Pro enabling a stable interaction with 

IMPa1. A secondary focus was the testing of phosphorylation mutants to determine if 

DENV4 c-terminal NLS could bind IMPa1 with glutamate mutations at predicted 

phosphorylation sites.  This finding expands our understanding of nuclear localization 

signals, and how their context within the protein is also critical for interaction with 

IMPa1. The highly flexible C-terminus NLS of DENV2 and DENV3 requires the Pro884 

for stable interaction, and despite DENV1 containing a classical monopartite NLS, 
886KRFR, because there is no additional stabilizing interaction e.g. Pro for NLS 

presentation and binding to IMPa1, a stable interaction in vitro could not be obtained. 

These results are consistent with our findings that minimal prototypical NLSs that have 

hydrophobic residues in the P4 site have a reduced binding and modulate NLS interaction 

to IMPa1, affecting nuclear targeting.  

 

Whilst the Zika work in this chapter did not yield structures, collaboration enabled the 

testing of inhibitors against recombinantly expressed Zika NS5 protein. It was discovered 

during this combined study that a dengue inhibitor, 4-hydroxyphenyl retinamide, is also 

effective in inhibiting the Zika NS5 IMPa1/b interaction (C. Wang et al., 2017). 
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The cell culture experiments were removed from the manuscript shown below but the 

remaining text was left as published. The following additional work that complemented 

the published manuscript include sections 5.3 and onwards, these included additional 

figures and experiments that were performed to satisfy reviewers comments but not 

included in the final manuscript. The effect of the DENV1 NS5 T884P mutation in-vitro 

was confirmed to enable IMPa interaction, and the proposed effects of phosphorylation 

mimics in DENV4 NS5 were tested but a better system would be to use phosphorylated 

peptides for structural characterisation. Further work that extended upon the publication 

is seen in sections 5.4 and onwards. These were both Zika virus work that was published 

as part of co-authored papers (Appendix 1 and Appendix 2) and additional work in the 

full-length protein context that was not published as it did not yield additional novel 

findings, only supported what was already discovered. The published manuscript 

pertinent to this chapter is available in Appendix 7. 
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5.1 Abstract 

Dengue virus NS5 is the most highly conserved amongst the viral non-structural proteins 

and is responsible for capping, methylation and replication of the flavivirus RNA genome. 

Interactions of NS5 with host proteins also modulate host immune responses. Although 

replication occurs in the cytoplasm, an unusual characteristic of DENV2 NS5 is that it 

localizes to the nucleus during infection with no clear role in replication or pathogenesis. 

We examined NS5 of DENV1 and 2, which exhibit the most prominent difference in 

nuclear localization, employing a combination of functional and structural analyses. 

Extensive gene swapping performed by Dr Moon Tay between DENV1 and 2 NS5 

identified that the C-terminal 18 residues (Cter18) alone was sufficient to direct the 

protein to the cytoplasm or nucleus, respectively. The low micromolar binding affinity 

between NS5 Cter18 and the nuclear import receptor importin alpha (IMPα1), allowed 
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their molecular complex to be purified, crystallized and visualized at 2.2 Å resolution 

using X-ray crystallography. Structure-guided mutational analysis of this region in GFP-

NS5 clones of DENV1 or 2 and in a DENV2 infectious clone performed by Dr Ivan Ng 

revealed residues important for NS5 subcellular localization. Notably, the trans 

conformation adopted by Pro-884 allows proper presentation for binding IMPα and 

mutating this proline to Thr, as present in DENV1 NS5, results in mislocalization of NS5 

to the cytoplasm without compromising virus fitness. In contrast, collaborators showed a 

single mutation to alanine at NS5 position R888, a residue conserved in all flaviviruses, 

resulted in a completely non-viable virus, and the R888K mutation led to a severely 

attenuated phenotype, even though NS5 was located in the nucleus. R888 forms a 

hydrogen bond with Y838 that is also conserved in all flaviviruses. Our data suggests an 

evolutionarily conserved function for NS5 Cter18, possibly in RNA interactions that are 

critical for replication, that is independent of its role in subcellular localization. 

 

5.2 Introduction 

The following introduction paragraphs are from the publication (M. Y. Tay et al., 2016) 

and was written by Subhash Vasudevan. Dengue is one of the most prevalent and 

important mosquito-borne viral disease and endemic in more than 100 tropical and 

subtropical countries. Nearly half of the world’s population is thought to be at risk of 

dengue infection and ~100 million symptomatic dengue cases are reported each year 

(Bhatt et al., 2013; Gubler, 2012). Dengue infection in humans, caused by any one of the 

four distinct, but closely related Dengue virus serotypes (DENV1-4), is mostly 

asymptomatic but those who manifest the disease exhibit a wide-spectrum of clinical 

symptoms, ranging from self-limiting dengue fever (DF) to life-threatening severe 

dengue characterized by vascular leakage, thrombocytopenia and bleeding (Halstead, 

1988). The current treatment for dengue infection is mainly supportive. A tetravalent 

vaccine that is partially effective has been licensed in Brazil, Mexico and the Philippines. 

There are no antiviral drugs that can be used to prevent or treat dengue infection. Classical 

vector control strategies remain the cornerstone in preventing transmission, and 

molecular vector control approaches are gaining prominence (Achee et al., 2015). 

 

The DENV single-stranded positive-sense RNA genome (~11kb) contains a single open 

reading frame that is flanked by 5’- and 3’-untranslated regions. The open reading frame 

is translated into an ~3,300 amino acid residue polyprotein precursor that is cleaved by 
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host and viral proteases into three structural (C, prM and E) and seven nonstructural (NS; 

NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) proteins (Lindenbach, 2007). Among 

the NS proteins, NS5 is the largest (103 kDa, 900 amino acids) and the most conserved 

with a sequence identity of around 70% among the four serotypes (Bartholomeusz & 

Wright, 1993; Lindenbach, 2007). It contains methyltransferase (MTase) (M.-P. Egloff 

et al., 2007; M. P. Egloff, Benarroch, Selisko, Romette, & Canard, 2002; Kroschewski et 

al., 2008) and putative guanylyltransferase activities (Issur et al., 2009) at its N-terminal 

region, and the C-terminal region carries out RNA-dependent RNA polymerase (RdRp) 

activity (S. P. Lim et al., 2013; Malet et al., 2007; Yap et al., 2007). In infected cells, NS5 

works in concert with NS3 to participate in type 1 cap formation (H. Dong et al., 2014) 

and viral RNA replication (Kapoor et al., 1995; Mackenzie & Westaway, 2001; M. Y. 

Tay et al., 2015; Uchil & Satchidanandam, 2003). In addition to its enzymatic activities, 

DENV NS5 has been shown to modulate the host immune response and to induce the 

expression and secretion of DHF-associated immunomediators, IL-6 and IL-8 (J. F. 

Kelley, Kaufusi, Volper, & Nerurkar, 2011; Medin, Fitzgerald, & Rothman, 2005). More 

specifically, the N-terminal region of DENV2 NS5 can bind to human STAT2 (Ashour 

et al., 2010), and promote UBR4-mediated STAT2 degradation that results in the 

inhibition of type I interferon signaling (Ashour, Laurent-Rolle, Shi, & García-Sastre, 

2009; Ashour et al., 2010; Mazzon, Jones, Davidson, Chain, & Jacobs, 2009; Morrison 

et al., 2013).  

 

Even though NS5 from the four serotypes of DENV are highly similar in structure and 

function it has been shown to be transported into the nucleus utilizing the host nuclear 

transport machinery composed of IMPa and b1 to varying degrees (Hannemann et al., 

2013; M. Tay et al., 2013). The phenotypic differences in subcellular localization can be 

ascribed to adaptive changes acquired during virus evolution but its essentiality and role 

in pathogenesis remains contentious. The importin-a recognition of basic-residue-rich 

nuclear localization signal (NLS) on NS5 facilitates its passage across the nuclear pore 

complex (Hannemann et al., 2013; Kumar et al., 2013a; M. Tay et al., 2013). Previous 

NS5 localization studies have suggested that the a/bNLS (residues 369– 389)(Kumar et 

al., 2013a; Pryor et al., 2007) and bNLS (residues 320– 368) (A. J. Brooks et al., 2002) 

reside within an interdomain linker region spanning residues 320– 405 until the atomic 

resolution structure of DENV RdRp and recent functional studies (Potisopon et al., 2015) 

revealed that these residues map within the palm and thumb subdomains raising the 
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possibility that they are not accessible for interaction with the importin machinery of the 

host cell. 

 

It was unexpectedly discovered a C-terminal monopartite NLS in DENV2 NS5 that 

resides within residues 883– 900. This region of NS5 is very flexible and was not 

observed in previous crystal structures of DENV NS5 (S. P. Lim et al., 2013; Yap et al., 

2007; Zhao et al., 2015) or JEV NS5 (Lu & Gong, 2013) but appears to play a role in NS5 

oligomerization in a more recently published structure (Klema et al., 2016). In this work, 

structural, biochemical, computational and reverse genetics data provide a compelling 

picture that the C-terminal region of DENV NS5 alone is sufficient to determine the 

localization differences between DENV serotypes. Our data also suggest that the C-

terminal region may carry out an evolutionarily conserved function that is essential for 

flavivirus replication and pathogenesis. The implications of this discovery on DENV 

pathogenesis are discussed. 

 

5.3 Results 

 
5.3.1 Structure of IMPα bound to Cter18 of DENV2 and 3 NS5 

The nuclear import adapter IMPα displayed the characteristic super-helical structure 

consisting of ten armadillo repeats (ARM), with each ARM repeat consisting of three α-

helices. Strong positive residual electron density for residues 881–893 of DENV2 and 3 

NS5 could be clearly discerned at the major NLS binding site of ARM2, 3, 4 of IMPα, 

consistent with our cell localization data indicating that mutations within K887/R888 and 

R890/R891 can drastically impact nuclear accumulation. The NLSs of DENV2 and 3 

NS5s are almost identical except for residue 891 where it is R and K respectively (Figure 

5.1). Since this is the only variant residue close to the binding interface between the two 

structures and since this residue does not contact IMPα1, the analysis of both DENV2 

and 3 NS5 C-terminal NLSs will be combined.  

 

The structures of the IMPα complexes with DENV2 and 3 C-terminal peptides and 

models highlight key interacting residues required for their subcellular localization and 

as yet unknown functional modulation in viral life cycle. However, a sequence alignment 

of this C-terminal region of DENV1-4 NS5 reveals only minor differences in the NLS 

binding determinants across the four serotypes, including with DENV1 NS5 (Figure 

5.1B). Based on the structures, we therefore hypothesized that residue P884 in the NS5 
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protein of DENV2 and 3 (and possibly DENV4 following specific phosphorylation) 

might be a key determinant for presenting the correct conformation of the C-terminal 

peptide region for binding. Conversely, DENV1 T883 (analogous position to P884) may 

not allow the peptide to adopt a conformation conducive to binding.  

 
Figure 5.1 Structure of the DENV2 and DENV3 Cter18-IMPα1 complex. (A and B) 
Atomic resolution structures of DENV2 Cter18-IMPα1 complex and DENV3 Cter18-
IMPα1 complex. (A) DENV2 Cter18 (purple) and DENV3 Cter18 (red), in complex with 
IMPα1 (yellow) reveal they are both monopartite NLSs and bind IMPα1 in the major 
binding pocket (ARMs 2–4). (B) The 3σ simulated annealing Fo-Fc omit map, supports 
this model and position of the c-terminal NLS residues. The biggest energetic 
contribution to the interaction is from K887 which forms a salt bridge with IMPα1 residue 
D192, R888 is also critical for hydrogen binding IMPα1 residues N188 and N228, as is 
R890 that forms hydrogen bonds with IMPα1 residues N146 and Q181. (C) NLS binding 
determinants in the DENV1-4 Cter18. 



 

89 

 
Figure 5.2 (A) The Pro884 residue in both DENV2 and DENV3 NS5 C-terminal NLSs (shown in purple and pink respectively) is in the trans-
conformation. The 3σsimulated annealing Fo-Fc omit map, supports this model and position of the Pro884 residue. IMPa1 is shown as yellow ribbons. 
(B) Conservation of an N-terminal Pro residue in NLSs that bind the major binding site of IMPa1. IMPa1 is shown as grey ribbons and the Pro residues 
are labelled red. From left to right the top panel contains PARP2 (5D5K, shown in yellow); Venezuelan Encephalitis Virus (3VE6, shown in blue), 
DENV2 (5HHG; shown in purple); and the bottom panel contains SART3/TIP110 (5CTT, shown in magenta), Ku80 (3RZ9; shown in green), DENV3 
(5FC8; shown in red). 
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To test this hypothesis, we introduced a T883P mutation for DENV1 GST C-terminal 

NLS (Figure 5.3A). The T883P mutation in DENV1 NS5 resulted in a stable interaction 

with IMPa1 (Figure 5.3B and 5.3C). This established that a “trans” conformation for the 

Pro residue (Figure 5.2A) is required for the C-terminal NLS peptide to adopt a correct 

conformation conducive to binding IMPα1. We note that a “trans” conformation of a 

proline residue preceding monopartite NLSs was also observed in other NLS-IMPα1 

structures deposited in the PDB (Figure 5.2B).  

 

 

Figure 5.3 DENV1 NS5 C-terminal P883T mutant can bind IMPa1. A) P883T mutation 
shown in bolded red, important NLS binding determinants (P2, P3 and P5) shown in red. 
B) FPLC profiles, UV (mAU) in blue, glutathione concentration (0-10mM) shown in red. 
C) SDS-PAGE of purification. 

 

5.4 Dengue 4 NS5 phosphorylation hypothesis 

Dengue 4 (DENV4) NS5 was shown in an infection context to nuclear localize after 48 

hours (M. Y. Tay et al., 2016). Because this was not observed in vitro with GFP-fusions, 

or in vitro with GST fusion IMPa1 pulldown experiments, it was hypothesised that 

posttranslational modifications could be occurring to allow interaction of DENV4 NS5 

with IMPa1.  Phosphorylation of residues near NLS regions has been previously 

identified as a mechanism to regulate nuclear import, with phosphorylation either 

increasing binding or abolishing binding to importins (Marcos RM Fontes, TEH Trazel, 
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et al., 2003; Róna et al., 2013). The DENV4 C-terminus NLS region has a very high 

prediction of phosphorylation (Schwartz & Church, 2010). 

 

Structural analysis of the DENV2 NS5:IMPa1 complex and DENV3 NS5:IMPa1 

complex revealed an interaction between E894 and IMPa1 residue R101. This suggested 

that possible phosphorylation of DENV4 C-terminal S894 flanking the NLS region could 

potentially allow for interaction with IMPa1 (Figure 5.4). To test the hypothesis that 

phosphorylation of DENV4 C-terminal NLS residue S894 upregulates binding to IMPa1, 

a phosphorylation mutant, S893E, was generated. The DENV4 NS5 C-terminal NLS 

S894E mutant was tested for interaction with IMPa1 using a GST-pull down method in 

vitro, as described previously. As S889 and Y888 were also identified as possible 

phosphorylation sites these mutants were ordered as phosphorylation mimics too.  

 

 
Figure 5.4 Structure based modelling of the DENV4 NLS peptide containing 
phosphorylated Ser894. (A) IMPα1 is shown as yellow ribbons, with key interacting 
R101 residue shown in magenta, the backbone of DENV4 C-terminal NLS model is 
shown in blue and (B) as in A, with the phosphorylated serine shown in orange. The 
models were made using COOT and the simple mutate function on the structure of 
DENV3 C-terminal NLS in complex with IMPα. The serine was phosphorylated using 
“the phosphorylate this residue function” in the modelling tools of COOT. The distance 
was measured using the measure function in COOT and images were created using 
PyMOL. 
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Figure 5.5 Dengue 4 NS5 C-terminal phosphorylation mutant. (A) The GST-DENV4 
NLS constructs used in this study, important binding determinants are highlighted in red, 
and phosphor-mimic mutations Y888, S889, and S894E are bolded in red. (B) SDS-
PAGE analysis of GST-DENV4 NLS IMPa1 pulldowns 

 

No interaction was observed between the DENV4 NS5 C-terminus phosphor-mimics and 

IMPa1 (Figure 5.5).  The S889E and Y888E phosphorylation mimics not binding IMPa1 

is consistent with previous findings that negative charges are not tolerated in the P2-P5 

sites (Kosugi, Hasebe, Matsumura, et al., 2009). The S893E residue, which was predicted 

to allow interaction with IMPa did not bind. This could potentially be attributed to 

glutamate not having as strong a negative charge as a phosphor-serine. However, it would 

be best to test this in the context of an infectious clone with an alanine mutation to prevent 

serine phosphorylation.  

 

5.5 Dengue virus 3 NS5 protein interaction to IMPa1/b  

This study aimed to obtain the structure of Dengue 3 NS5 in complex with mouse IMPa/b 

using crystallographic methods. Dengue 3 NS5 in complex with mouse IMPa1/b was 



 

93 

purified to 36mg/mL, 10.5 mg/mL and 16.8 mg/mL, for crystallization screening as 

described below. Additionally, a complex of Dengue 3 NS5 with the truncated version of 

IMPa1 was formed for crystallization. To further maximize the chances of crystallizing 

the interaction between these proteins, the RNA dependent RNA polymerase domain 

(RdRp) of NS5 was covalently linked to mouse IMPa to ensure a 1:1 stoichiometry 

during the crystallization process. The RdRp:IMPa1 linker construct was expressed, 

purified and concentrated to 20 mg/mL and screened for crystallization hits.  

 

5.5.1 Recombinant Expression and Purification of Dengue 3 NS5 IMPa1/b  

A mixture containing 50mg Dengue 3 NS5, 45mg IMPa1, and 65mg IMPb was 

concentrated to 10mL and injected using a superloop onto a Superdex 26/600 column. 

After collection of peak fractions and concentration, 1.2 mL of ~36mg/mL 

NS5:IMPa:IMPb complex was obtained with a 1:1:1 stoichiometry and used for crystal 

trials. Unfortunately, extensive sparse matrix screening using the hanging drop vapour 

diffusion method (1:1 protein to reservoir, 3µL drop) over a 300µl reservoir did not yield 

crystals of this complex. The kits screened included Hamptons Crystal and PEG/ION, 

and Molecular Dimensions Proplex and PACT Premier. 

 

The second preparation contained limiting IMPa1 to ensure a clean separation of the 

formed complex to maximise the 1:1:1 yield, and individual components on the size 

exclusion column. This however ran bigger than the previous purification. The estimated 

size of this was ~500kDa, and SDS-PAGE analysis revealed an equal distribution of 

proteins, suggesting the proteins could possibly be oligomerizing to form a 2:2:2 

complex. The hypothesis was that a dimer interaction between NS5 molecules was 

possibly allowing this to occur. Shortly after this finding, a publication was released of 

the full length dengue 3 NS5 structure showing two different dimer formations between 

NS5 molecules in the asymmetric unit (Klema et al., 2016).  Interestingly, with additional 

preparations it was observed that depending upon NS5 concentration, salt levels and pH, 

different species of the NS5:IMPa/b complex were obtained, with stoichiometries 

ranging from 1:1:1, 2:1:1, 2:2:2, and even 4:2:2. However, it is important to note that with 

the 4:2:2 complex, size exclusion was performed with a citrate buffer, 50mM NaCl, 

100mM sodium citrate pH5.5. The pH of this buffer was used because it was closer to the 

isoelectric point (pI) of the complex and salt concentration was lowered which could 
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promote additional interactions. The crystallographic data and our findings suggest that 

the NS5 dimer formed has its C-terminus exposed and is free to interact with IMPa/b.  

 
Figure 5.6 Dengue 3 NS5:IMPa:IMPb complex preparations. A) UV traces for size 

exclusion purifications of Dengue 3 NS5:IMPa1:IMPb with various colour coded 

outlined parameters. The green trace is when excess IMPb was used to achieve a better 

separation from mixed species (NS5:IMPa, or IMPa:IMPb) 
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5.5.2 Recombinant Expression and Purification of DENV3 RdRp IMPaDIBB linker 

The DENV3 NS5 RdRp (273-900) was covalently linked to mouse IMPa1DIBB with a 

flexible linker region comprised of residues GSGSS. This covalently linked complex was 

recombinantly expressed 18 °C using the IPTG method described in general methods 

chapter. Overexpression was observed and large quantities of soluble protein were 

obtained (Figure 5.7). The final complex was 20mg/mL and it was screened against 

commercially available sparse matrix screens, Hampton crystal and PEG/ION as well as 

Molecular Dimensions Proplex and PACT Premier. Unfortunately, no diffraction quality 

crystals were obtained from hanging drop vapour diffusion trials using 3µL drop size of 

1:1 protein to precipitant ratio over a 300µL reservoir solution. Future experiments could 

trial using a more stable construct of Dengue 3 NS5 RdRp (263-900), and a longer linker 

region. SAXs experiments could be performed on linked and unlinked preparations to 

ensure the linker isn’t interfering with complex formation.  

 

 
Figure 5.7 Purification of covalently linked DENV3 RdRp IMPa1DIBB. A) FPLC trace 

of His affinity purification, UV (mAU) in blue, imidazole (20-500mM) in green. B) FPLC 

trace of size exclusion purification, UV (mAU) in blue, conductivity (mS/cm) in orange. 

C) SDS-PAGE analysis of affinity and size exclusion purifications.  
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5.6 Zika NS5 

These studies extended to include the Zika virus NS5 protein from the Brazilian strain 

SPH2015 which was associated with increased cases of microcephaly (Schuler-Faccini, 

2016). Methodology from the dengue study above was used to try and express Zika NS5 

in a full-length context and RdRp domain context. The aim was to obtain structures of 

these and to test whether previously identified nuclear transport inhibitors of the dengue 

NS5 IMPa/b interaction could also target the Zika NS5 IMPa/b interaction. Initial 

attempts to express and crystallize Zika NS5 did not yield large quantities of protein 

which precluded production of crystals. The RdRp construct was then pursued 

structurally, however, the structure was published and released during this time so the 

protein I recombinantly produced was sent to collaborators in David Jans’ laboratory at 

Monash University for inhibitor testing (C. Wang et al., 2017).  

 

5.6.1 Recombinant Expression and Purification of Zika NS5 FL 

The full-length structure of ZIKV NS5 was solved in 2017 (Duan et al., 2017). The ZIKV 

NS5 construct was problematic due to insolubility, low yields and stability issues (Figure 

5.8). These difficulties precluded further functional and structural characterisation with 

IMPa/b.

 
Figure 5.8 Recombinant expression and purification of ZIKV NS5. A) FPLC trace of His 

affinity purification, UV (mAU) in blue, imidazole (20-500mAU) shown in green. B) 

SDS-PAGE analysis of recombinant expression and His purification. 
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5.6.2 Recombinant Expression and Purification of Zika SPH2015 RdRp  

Zika SPH2015 RdRp was recombinantly expressed as a His-tagged fusion and purified 

using nickel affinity and size exclusion chromatography to isolate ~3.5mg of protein 

>95% purity (Figure 5.9).  The structure of Zika NS5 and RdRp was released on the PDB 

during the course of this study so crystallization was not pursued. This sample was sent 

to collaborators in David Jans’ laboratory at Monash, for testing with a dengue NS5 

nuclear import inhibitor to see if it was also effective against the zika NS5 interaction 

with IMPa/b.  Indeed, 4-hydroxyphenyl retinamide (4-HPR) was shown to inhibit this 

interaction and these findings are published in Biochemical and biophysical research 

communications (See Appendix 1). 

 

 
Figure 5.9 Zika SPH2015 RdRp recombinant expression and purification. A) His affinity 

UV trace, UV (mAU) in blue, imidazole (20-500mM) in green. Size exclusion UV trace 

from FPLC, UV (mAU) in blue. B) SDS-PAGE lane 1 Biorad precision plus marker, 

whole cell, soluble extract, flowthrough, HIS elution peak, S200, B) SDS-PAGE lane 1 

Biorad precision plus marker, S200, Concentrated,  

 

5.7 Discussion 

5.7.1 Structural determinants of polyphenotypic DENV NS5 subcellular localization 

In this study the structures of IMPαDIBB bound to DENV2 and 3 C-terminal NLS regions 

of NS5 provided the structural basis for differential nuclear localization. The DENV2 and 
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3 C-terminal 18 residues follow the consensus XXKR(^DE)(R/K), and is a class 2 NLS 

responsible for the nuclear localization of the NS5 (Kosugi, Hasebe, Tomita, et al., 2009). 

DENV1 and 4 do not contain the same class 2 NLS which further suggests this region 

may be responsible for the differential subcellular localization observed within dengue 

serotypes. The two NS5 peptides bind the major binding site (ARM repeats 2– 4) of 

IMPα1 comprised of four principal binding cavities that interact with the NLS side-chain 

residues P2-P5. For all characterized NLSs, the most crucial structural determinant is a 

Lys residue located at position P2 (Christie et al., 2016). The P2 Lys side-chain forms a 

salt bridge with the highly conserved IMPα1 Asp192 side-chain. Although there is an 

observed preference for long basic amino-acids at the other major binding site positions 

(P3, P4, P5), NLSs can have a range of different amino-acids in these positions. The 

conserved Lys residue in the P2 major binding site groove is maintained in the in Cter18 

of DENV1-4, and other NLS structures deposited to the PDB. Overall, the IMPα1 

recognition site used by the C-terminal region of NS5 to mediate nuclear localization is 

highly conserved, and the same site used by other cellular NLSs. Functional studies 

revealed that the highest affinity of IMPα1 is to the C-terminal region of DENV2 and 3 

NS5 which may be the driver for their prominent nuclear localization compared to 

DENV1 and 4. Complex structures of IMPα1 and DENV2 and 3 C-terminal NLS region 

of NS5 provide a structural basis that the classical monopartite KRFR motif in the C-

termini of DENV2 and DENV3 NS5 is responsible for nuclear localization. 

 

5.7.2 Structural determinants of ZIKV NS5 subcellular localization 

The NLS in ZIKV NS5 was predicted to lie between the methyltransferase and RNA 

dependent RNA polymerase domains. Whilst this study with whole domains was not 

successful, an NLS IMPa1 structure was solved as part of an Honours project confirming 

the important binding determinants are in the interdomain region of ZIKV NS5 (Ng et 

al., 2019). The ZIKV RdRp domain produced in this study was tested by collaborators 

with the retinoic acid inhibitor 4-HPR (C. Wang et al., 2017). It was shown that this 

DENV NS5 inhibitor is also effective in disrupting the interaction between ZIKV NS5 

and IMPa/b (C. Wang et al., 2017). Future studies could aim to crystallize 4-HPR with 

ZIKV NS5 or DENV NS5 to understand how this inhibitor is disrupting the interaction 

with IMPa/b. Future studies could also aim at testing other cargo molecules to see if 4-

HPR is acting on NS5, or on the IMPa/b pathway as a whole.  
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5.8 Conclusion 

This study characterised in-vitro molecular determinants of the interface between IMPa1 

and the NS5 polymerase protein from dengue and Zika viruses. A newly identified C-

terminal NLS signalling region that is unique to dengue viruses was shown to be critical 

for DENV2 nuclear localisation, in contrast to previous reports from the literature (A. J. 

Brooks et al., 2002; Forwood et al., 1999; Hannemann et al., 2013; Pryor et al., 2007). 

The molecular understanding of the interaction between NS5 and IMPa1 provided as a 

result of this study explained the differential nuclear targeting capacity of NS5 across the 

four DENV serotypes explained in the literature (Hannemann et al., 2013; M. Tay et al., 

2013; M. Y. Tay et al., 2016). This study also highlighted the importance of NLS 

presentation, the Pro884 in dengue 2 and dengue 3 allowed a high affinity interaction 

with IMPa and nuclear targeting capacity, but the Thr884 in DENV1 prevented this (M. 

Y. Tay et al., 2016). Mutation of Thr884Pro in DENV1 allowed for a stable interaction 

with IMPa and increased nuclear targeting capacity. The DENV4 NS5 was observed in 

the nucleus in an infection context, but inability to bind IMPa1 in GFP contexts, and in-

vitro GST-NLS fusion contexts suggests a possible role of posttranslational modification 

in allowing nuclear entry (Hannemann et al., 2013; M. Tay et al., 2013; M. Y. Tay et al., 

2016). To further improve our understanding using these findings, experiments in an 

infectious clone context could mutate the DENV4 Ser894 residue to an alanine to prevent 

phosphorylation and assess if this proposed mechanism is responsible for upregulated 

nuclear import. Alternatively, crystallization studies with phosphorylated peptides could 

provide a structural basis for the up-regulation of interaction to IMPa1. It should also be 

determined whether DENV4 is using the classical nuclear import pathway, or whether it 

is using another member of the karyopherin family for nuclear import.  

 

The ZIKV NS5 was shown to bind IMPa1 with an NLS in the interdomain region of NS5 

(Ng et al., 2019). The study in this chapter recombinantly produced the RNA dependent 

RNA polymerase domain (RdRp) of ZIKV NS5 which was tested by collaborators for 

interaction to IMPa/b and assessed with inhibitors that were previously shown to be 

effective against dengue (Fraser, Watanabe, et al., 2014). The retinoic acid derivative N-

(4-hydroxyphenyl) retinamide was able to effectively inhibit the interaction of the ZIKV 

NS5 RdRp domain with IMPa/b (C. Wang et al., 2017). These studies have provided 

valuable insights to the literature and can be built upon with future structure guided 

inhibitor development. 
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Chapter 6. Characterisation of the Classical Nuclear 

Localisation Signals in Hendra Virus Matrix Protein 

6.1 Abstract 
The Hendra virus (HeV) is a recently emergent zoonotic paramyxovirus which due to its 

wide host-range and virulence is classified as a biosafety level 4 pathogen (Eaton, Broder, 

Middleton, & Wang, 2006; Halpin, Young, Field, & Mackenzie, 2000). The HeV matrix 

protein is a molecular scaffold required in the paramyxovirus life cycle for viral 

morphogenesis and budding at the plasma membrane (Harrison, Sakaguchi, & Schmitt, 

2010; Y. E. Wang et al., 2010). The HeV matrix protein plays central roles in organising 

viral particle formation and budding with F and G proteins (Patch, Crameri, Wang, Eaton, 

& Broder, 2007). The matrix protein requires nuclear localisation for ubiquitination and 

effective and efficient viral budding to occur (Pentecost et al., 2015; Y. E. Wang et al., 

2010). Mutation of K258R inhibited ubiquitination and resulted in retention of the matrix 

protein in the nucleus and nucleolus (Pentecost et al., 2015). A recent study confirmed 

interaction of the Nipah virus matrix protein with nuclear import adapters IMPa1, a3, 

a4, a5, a6 and a7 (Pentecost et al., 2015). There are two predicted nuclear localisation 

signals (NLSs) in the HeV matrix protein, a monopartite NLS, and a bipartite NLS 

(bpNLS). But it is not clear from the literature which of these NLSs are responsible for 

mediating interaction with IMPa. 

 

In this chapter, to better understand which region of HeV matrix mediates binding to 

IMPa, both the putative bpNLS and monopartite NLS from the HeV matrix protein were 

tested as GST-fusions. An in-vitro interaction was found to occur between the HeV matrix 

monopartite NLS and IMPa but the HeV matrix bipartite NLS did not interact with 

IMPa. This is in contrast with the literature that highlights the bpNLS as the functional 

NLS (Pentecost et al., 2015; Y. E. Wang et al., 2010). These results showed that the 

observed IMPa/b interaction with the HeV matrix protein is due to the monopartite NLS 

region. However, crystal structure was not well resolved and further experiments are 

required. This is possibly due to multiple overlapping monopartite NLSs in the same 

region and can be tested by performing mutations to lock in P2-P5 positions for each 

possible NLS to determine if they can both bind IMPa. 
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6.2 Introduction 
Hendra virus (HeV) is a recently emerged highly pathogenic Paramyxovirus that has been 

classed as a biosafety level 4 pathogen due to its wide host range and high pathogenicity. 

It emerged in Hendra (Australia) in 1994 when the virus was transmitted from bats to 

horses and then to humans (Halpin et al., 2000; Hooper & Williamson, 2000). The Hendra 

virus is also very closely related to the Nipah virus, which emerged in Malaysia in 1998 

and similarly causes fatal encephalitis and respiratory disease (Harcourt et al., 2005; 

Hooper & Williamson, 2000; Lo et al., 2012; Tan et al., 2002). Currently, no vaccines or 

antivirals are available/licensed for treatment of these emerging paramyxoviruses in 

humans. 

 

The Nipah matrix protein in the early stages of infection translocates to the nucleus before 

localizing at the plasma membrane (Y. E. Wang et al., 2010). The nucleocytoplasmic 

trafficking of the NiV matrix protein is controlled by a putative bipartite nuclear 

localisation signal (bpNLS), a leucine-rich nuclear export signal and ubiquitination of a 

conserved lysing residue located inside the putative bpNLS (Field, 2016; Pentecost et al., 

2015; Y. E. Wang et al., 2010).  Proteomics and pulldown studies revealed the HeV 

matrix protein binds multiple isoforms of IMPa (Vera-Velasco, García-Murria, del Pino, 

Mingarro, & Martinez-Gil, 2018). These features highlight biological importance of these 

proteins, understanding these interactions at a molecular level will help in our 

understanding of disease pathogenesis. 

 

Nucleocytoplasmic transport of the matrix protein, ubiquitination in the nucleus, and 

export back to the cytoplasm, is essential for viral budding to occur (Patch et al., 2007; 

Subramanian, Tey, Hamid, & Tan, 2009; Y. E. Wang et al., 2010). If ubiquitination of 

the highly conserved lysine residue in the bipartite NLS is prevented, or if exportin-1 

(CRM1) nuclear export is prevented by other means, budding does not occur (Pentecost 

et al., 2015; Y. E. Wang et al., 2010). These findings highlight the importance of HeV 

matrix protein transient entry into the nucleus of cells for infectivity and also suggests 

possible non-structural roles (Dietzel et al., 2016). In characterising the nuclear import of 

the Hendra virus matrix protein, this study has looked at the two previously identified 

putative NLSs, the monopartite and bipartite NLS (Figure 6.1). These NLS regions were 

assessed for binding to the nuclear import adapter IMPa. This study was able to provide 

the first in-vitro evidence for interaction of the Hendra virus matrix protein monopartite 
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NLS region with IMPa, and due to the high similarity of this region with NiV it is likely 

that this is a conserved host-viral interface across the Henipavirus genus.  

 

 
Figure 6.1 Hendra virus matrix protein NLS regions. Schematic and cartoon 
representation of the Hendra matrix protein (blue) Phyre2 model using crystal structure 
PDB 6BK6. The monopartite NLS region is shown in magenta. The bipartite NLS region 
is shown in yellow.  

 

Nucleocytoplasmic transport of paramyxovirus accessory proteins has been previously 

suggested to play key roles in IFN antagonism; understanding of underlying mechanisms 

remains incomplete and these are critical to assessing roles in pathogenicity (Shaw et al., 

2005). In support of non-structural roles for the matrix protein inside the nucleus, it has 

been shown that the matrix proteins hijack the nucleolar DNA-damage response 

(Rawlinson et al., 2018). The matrix proteins from both HeV and NiV interact with 

Treacle to inhibit its function, thereby silencing rRNA biogenesis and enhancing 

henipavirus production (Rawlinson et al., 2018). Furthermore, the NiV matrix protein has 

been shown to target the E3 ubiquitin ligase TRIM6 to inhibit type-1 IFN antiviral 

responses (Bharaj et al., 2016). As there are many structural and auxiliary functions 

essential to viral pathogenesis occurring that are solely dependent upon the 

nucleocytoplasmic transport of the matrix protein, it is important this pathway is 

understood.   
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6.3 Results 

6.3.1 Monopartite NLS region forms stable interaction with IMPa 

The HeV matrix monopartite NLS was recombinantly expressed and purified as a GST-

fusion and its ability to bind to IMPa was confirmed. Briefly, the GST HeV matrix 

monopartite NLS fusion was immobilised on a GSH resin, washed with TBS until the 

contaminant endogenous E. coli proteins were removed from the column. Then 20mg of 

pre-purified IMPa1 (mouse) was passed over the column at 0.5mL/min to allow 

interaction to occur with the bait GST-HeV matrix monopartite NLS. Excess IMPa1 was 

then removed by washing with TBS, and the complex was then eluted from the column 

using TBS with 10mM glutathione (Figure 6.1B). The monopartite NLS was able to form 

a stable interaction with IMPa1 (see Figure 6.1E). The complex was purified (Figure 

6.1B, 6.1C, 6.1D) and isolated to homogeneity which was assessed on SDS-PAGE 

(Figure 6.1E).  

 
Figure 6.2 HeV matrix monopartite NLS binds IMPa1. A) FPLC trace of on-column co-
purification of GST-HeV mNLS and IMPa1, UV (mAU) in blue, glutathione (0-10mM) 
in green. B) FPLC trace of size exclusion purification of TEV treated GST-HeV 
mNLS:IMPa1, UV (mAU) in blue, conductivity (mS/cm) in orange C) FPLC trace of 
GST clean up purification of HEV mNLS:IMPa1, UV (mAU) shown in blue, glutathione 
(0-10mM) in green. D) SDS-PAGE analysis of purification process. Lane 1 precision plus 
protein marker, lane 2 whole cell lysate, lane 3 soluble cell extract, lane 4 GST column 
flowthrough, lane 5 IMPa1 injected over the GST column, lane 6 IMPa1 injection 
flowthrough, lane 7 GST elution peak containing GST-HeV mNLS:IMPa1, lane 8 TEV 
treated GST-HeV mNLS:IMPa1, lane 9 size exclusion purification of HeV 
mNLS:IMPa1 (first peak), lane 10 GST clean-up of mNLS:IMPa1 sample, lane 11 
concentrated final sample (10mg/mL), lane 11 concentrated final sample (1:2 dilution to 
5mg/mL). 
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6.3.2 Bipartite NLS does not form a stable interaction with IMPa 

The bipartite NLS (bpNLS) was tested for binding to IMPa1 using the method described 

above for the HeV matrix monopartite NLS. The HeV bpNLS was unable to form a stable 

interaction with IMPa1 which precluded further structural analysis. A representative 

FPLC trace of the purification is shown in Figure 6.3A. Two separate experiments both 

failed to demonstrate stable interactions between HeV bpNLS and IMPa1, as 

demonstrated by SDS-PAGE gels in Figure 6.3B.  

 

 
Figure 6.3 HeV matrix bipartite NLS does not bind IMPa1. A) FPLC trace of on-column 

co-purification of GST-HeV bpNLS and IMPa1, UV (mAU) in blue, glutathione (0-

10mM) in green. B) SDS-PAGE analysis of purification process. Lane 1 precision plus 

protein marker, lane 2 whole cell lysate, lane 3 soluble cell extract, lane 4 GST column 

flowthrough, lane 5 IMPa1 injected over the GST column, lane 6 IMPa1 injection 

flowthrough, lane 7 GST elution peak. 

 

6.3.3 Crystal structure of HeV matrix monopartite NLS in complex with IMPa 

Crystals of the HeV monopartite NLS in complex with IMPa1DIBB were obtained using 

the hanging drop vapour diffusion method over a reservoir containing 0.1M sodium 

HEPES pH7.0 and 1.5M ammonium sulfate with a 3µL hanging drop (1.5µL protein and 

1.5µL reservoir solution). Single crystals were harvested and cryo-cooled to 100K using 

liquid nitrogen and a cryoprotectant made of 20% glycerol, 0.1M Na HEPES pH7.0, 1.5M 

(NH4)2SO4. The 2.5 Å structure of HeV monopartite NLS in complex with IMPa1 was 

collected and processed as described in the methods (Figure 6.4) (see Table 6.2 for 

statistics).  
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Figure 6.4 Crystals of HeV matrix monopartite NLS:IMPa1DIBB complex. A) Crystals 
of rod-shaped morphology in loop. B) Diffraction of single crystal on ADSC 315r 
detector. 

 
 
The side chains of HeV matrix monopartite NLS were not well resolved, the P2 site is the 

most discernible, but only the mainchain is visible for the other P sites (P1, P3-P6) (Figure 

6.5). This lack of density in the side chains of the HeV matrix monopartite NLS could be 

due to multiple binding positions and potentially partial occupancy.  In support of the 

hypothesis of two overlapping NLS binding positions is the density for the P2 lysine 

being well resolved as this residue binding is 100% conserved across NLSs and so if two 

NLSs are binding, they would both contain a lysine at this position. Alternatively, it could 

be due to partial occupancy (some IMPa molecules are bound by the NLS, while others 

are not) which could explain the poor simulated annealing omit map (Figure 6.5).  
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Table 6.2 Data Collection and Refinement Statistics 

 HeV matrix monopartite NLS IMPa1 
Data Collection 
   Wavelength (Å) 0.9537 
   Space group P 21 21 21 
   Cell dimensions  
      a, b, c (Å) 78.15, 89.74, 99.33 
      a, b, g (°) 90, 90, 90 
   Resolution (Å) 2.50-38.91 (2.50-2.60) 
   Rpim 0.054 (0.401) 
   Mean I/s (I) 12.0 (2.1) 
   CC1/2 0.997 (0.690) 
   Total reflections 143727 (16449) 
   Unique reflections 24830 (2756) 
   Completeness (%) 99.9 (100) 
   Multiplicity 5.8 (6.0) 
   Wilson B-factor 35.036 
Refinement  
Resolution (Å) 38.91-2.50 (2.589-2.50) 
Reflections used in  
   Refinement 24774 (2421) 
   Rfree 1275 (134) 
Rwork 0.1937 (0.2750) 
Rfree 0.2279 (0.3060) 
Number of non-hydrogen atoms 3459 
   macromolecules 3335 
   ligands 71 
   solvent 53 
Protein residues 432 
B-factors  
  Protein 47.30 
  Ligands 78.20 
  Water 41.23 
R.M.S. deviations  
   Bond lengths (Å) 0.015 
   Bond angles (°) 1.91 
Ramachandran plot (%)  
   Favoured 97.89 
   Allowed 1.87 
   Outliers 0.23 
Rotamer outliers (%) 3.49 
Clash score 5.93 

a Values in parentheses are for highest-resolution shell. 
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Figure 6.5 Crystal structure of HeV matrix monopartite NLS IMPa1DIBB. IMPa shown 
in cartoon representation (yellow), NLS shown as stick representation (magenta), and a 
simulated annealing Fo-Fc omit map is shown in green (contoured to 3s).    

 

6.3.4 Recombinant expression of full length HeV matrix protein 

To better understand how the HeV matrix protein interacts in a full-length context, and 

whether there are additional interacting regions outside of the NLS, recombinant 

expression of the full-length HeV matrix protein was pursued in E. coli.  The HeV matrix 

was cloned into the pET15b vector and trialled for expression in BL21 (DE3) pLysS cells 

using two different induction methods at 25 °C. Neither the auto-induction method or the 

gratuitous inducer IPTG method of induction yielded overexpression of soluble HeV 

matrix (Figure 6.6A).   

 

The expression of HeV matrix protein was then tested at 18 °C as previous studies had 

found that decreased induction temperature of E. coli can increase protein solubility 

(Francis & Page, 2010; Tolia & Joshua-Tor, 2006). Soluble expression was still not 

obtained for HeV Matrix at 18 °C (Figure 6.6B). 
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Figure 6.6 Recombinant expression of full-length HeV matrix protein. A) SDS-PAGE 
analysis of His-tagged HeV matrix recombinant expression in E. coli BL21 (DE3) pLysS 
cells (auto-induction (AI) and IPTG) at 25 °C. Lane 1 marker, lane 2 whole cell lysate for 
AI method, lane 3 soluble cell extract, lane 4 His column flowthrough, lane 5 His column 
elution peak 1, lane 6 His column elution peak 2, lane 7 whole cell lysate for IPTG 
method, lane 8 soluble cell extract, lane 9 His column flowthrough, lane 10 His column 
elution peak 1, lane 11 His column elution peak 2. Red boxes highlight the area of 
importance to check for expression as expected size of HeV matrix protein is 42kDa. B) 
SDS-PAGE analysis of His-tagged HeV matrix recombinant expression in E. coli BL21 
(DE3) pLysS using IPTG method at 18 °C. Lane 1 marker, lane 2 whole cell lysate for 
auto-induction method, lane 3 soluble cell extract, lane 4 His column flowthrough, lane 
5 His column elution fraction 1, lane 5 His column elution fraction 2, lane 5 His column 
elution fraction 3, lane 5 His column elution fraction 4. C) SDS-PAGE analysis of His-
tagged HeV matrix recombinant expression in E. coli Rosetta 2 (DE3) pLysS using IPTG 
method at 25 °C. Lane 1 marker, lane 2 whole cell pre-induction, lane 3 whole cell post-
induction (overnight). Red box highlights region of interest to assess for over-expression 
of HeV matrix at 42kDa. 

 
A secondary cell line available in the laboratory was tested for overexpression of HeV 

matrix using the gratuitous inducer IPTG method and revealed no observable 

overexpression (Figure 6.6C). These results suggest that the full length HeV matrix 

protein does not readily express in BL21 (DE3) pLysS E. coli cells or in Rosetta 2 (DE3) 

E. coli cells. 
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6.4 Discussion 
These results show that of the two reported NLSs in the Hendra virus matrix protein, only 

the monopartite NLS is able to form a direct and stable interaction with IMPa1. This 

supports the literature which shows with proteomics studies that the full-length HeV 

matrix protein is highly enriched for IMPa proteins (Pentecost et al., 2015; Y. E. Wang 

et al., 2010). In vitro only the interaction between the HeV matrix monopartite NLS 

region and IMPa is seen (Figure 6.3C). There is no observable interaction between IMPa 

and the HeV matrix bipartite. In a full-length context, the HeV matrix monopartite NLS 

is found on a flexible loop and the bipartite NLS is found on an alpha-helix and loop. 

 

The crystal structure of the monopartite NLS region was not well resolved, possibly due 

to multiple overlapping NLSs in the same region. The HeV monopartite NLS may 

potentially contain two overlapping NLSs that IMPa can recognise and bind. The first 

NLS P2-P5 site could be 82KRKK and the second P2-P5 site 84KKIR. Mutations to disrupt 

each of these individually should be pursued to delineate the nuclear import pathway of 

Hendra matrix protein. This can be achieved by performing Hodel mutations which are 

mutations of specific NLS residues to alanine in order to lock the binding of IMPa to one 

specific site on the cargo molecule (M. R. Hodel et al., 2001). The mutations to the matrix 

protein outlined in (Table 6.3) are designed to lock in the P2-P5 positions for both 

possible NLSs to determine if they can function independently of the other (Table 6.3). 

Additionally, mutation of K84 to alanine would abolish both of the potential NLSs from 

being bound by IMPa1 (Table 6.3). 

 

Table 6.3 HeV matrix monopartite NLS mutations to isolate potential overlapping NLSs 

HeV matrix monopartite  Sequence 
Wild type NLS 75ERSPESGKRKKIRTIAAYPL 
NLS Mutant 1 75ERSPESGKRKKIATIAAYPL 
NLS Mutant 2  75ERSPESGKAKKIRTIAAYPL 
NLS Knockout 75ERSPESGKRAAIRTIAAYPL 

Note: alanine mutation is shown in bolded red. The predicted NLS P2-P5 sites are 
underlined. 
 
Whether or not the bipartite NLS region has IMPa isoform specificity is not yet known, 

however, proteomics studies suggest that all IMPa isoforms bind the HeV matrix protein 

(Vera-Velasco et al., 2018). Whether or not the bipartite NLS could bind other IMPa 

isoforms should still be investigated in case there is specificity in an NLS context, similar 
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to observations with the HeV and NiV W protein which bound IMPa isoforms with 

different strengths (K. M. Smith, Tsimbalyuk, et al., 2018). One of the major issues in 

this study is the analysis was performed only in an NLS context, and the protein was 

expressed in E. coli which does not allow for posttranslational modifications to occur. 

The best system to assess whether particular residues are important for nuclear 

localisation is to perform point mutations on the full-length protein system in-vitro to test 

stability and assess for IMPa binding as well as performing the same mutations in a 

mammalian cell context. 

 

In this study, the full length HeV matrix protein could not be recombinantly expressed in 

E. coli which precluded further analysis. There is a patent for the expression of Nipah 

virus matrix protein  in E. coli (Subramanian et al., 2009), so future experiments could 

aim to structurally assess binding of importins to the Nipah virus matrix.  Alternatively, 

a recent publication of the structure of the full-length HeV matrix protein showed that 

recombinant soluble protein expression can be achieved in Spodoptera frugiperda (Y. C. 

Liu, Grusovin, & Adams, 2018).  

 

6.5 Conclusion 

Here, we show a direct interaction between IMPa1 host import adapter and the HeV 

matrix monopartite NLS, but not the putative bipartite NLS region. This is in contrast to 

the literature that highlights the bipartite NLS as the functional IMPa/b NLS (Pentecost 

et al., 2015; Y. E. Wang et al., 2010). This study reports the crystal structure of HeV 

Matrix monopartite NLS in complex with IMPa1 at 2.5 Å resolution. The HeV matrix 

NLS P2 lysine is the most well defined position, and the other binding positions (P1,P3-

5) are not as well defined. This suggests that possibly there are two overlapping NLS 

sequences competing for interaction with IMPa. Future experiments could be performed 

where Hodel mutations are made to lock in our P2-P5 sites for both potential NLSs for 

structural characterization (M. R. Hodel et al., 2001). It is also possible that the interaction 

is of a low affinity and dissociation of the NLS is occurring. Future experiments should 

also aim to assess the affinity of the HeV matrix protein to IMPa.  
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Chapter 7. Hendra and Nipah virus W protein reveals structural basis 

for importin a3 isoform specificity 

Summary 

The objective of this study was to structurally and functionally characterise of the nuclear 

import receptor importin a1 (IMPa1) and importin a3 (IMPa3) in complex with the W 

protein from Hendra virus (HeV) and Nipah virus (NiV). The methods used were X-ray 

crystallography and in-vitro binding assays to identify key binding determinants and 

elucidate the IMPa3 specificity mechanism.  Indeed, the eight structures characterised in 

this study reveal the open conformation of the C-terminus of IMPa3 is the allosteric 

molecular mechanism of cargo specificity for this IMPa isoform. The importance of the 

positioning of IMPa3 ARMs 7-8 was confirmed through elucidation of cargo free 

structures of IMPa3 and IMPa1, as well as through ELISA assays with the 

IMPa1DIBB/IMPa3 chimera. Crystals were obtained of the IMPa1DIBB/IMPa3 

chimera in cargo free and cargo bound form, however, these crystals did not diffract to a 

resolution better than 6Å (not included in the final manuscript). Collaborators performed 

cell culture experiments with coIP and immunofluorescence which supported these 

findings and showed that the variances in interaction strength do indeed modulate nuclear 

localisation of the HeV and NiV W proteins. 

 

Throughout the experimental investigation an alternate hypothesis was proposed and 

tested for abolishing interaction to IMPa. The hypothesis was that the P4 residue when 

changed to a glycine, which is poorly tolerated would abolish interaction with IMPa1. 

However, this HeV W P4 glycine (P4[G]) mutant still maintained the ability to bind to 

IMPa1 (Figure 7.5; unpublished results). This binding possibly still occurred due to 

stabilising interactions between the NLS and IMPa1, consistent with our findings 

regarding the importance of the P4 site in NLS binding (Chapter 3). Future experiments 

to mutate both the Pro433 and Pro434 to alanine residues to abolish stabilising 

interactions with IMPa1 should not interfere with W’s ability to bind IMPa3. This posits 

the potential development of a specific inhibitor that will target only the IMPa3/a4 

pathway and not interfere with other IMPa isoforms.   
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The cell culture experiments, and sections outlined in the table which I did not 

experimentally perform were removed but the remaining text was left as published. MST, 

Hendra crystallisation and the co-immunoprecipitation experiments were removed, these 

included Figures 1, 2, 4, and 7 from the published manuscript. Additional sections 

included were GST pulldown experiments to test proposed mutants, 7.3.3 Testing of HeV 

P4 site mutant to abolish interaction with IMPa1 and Figure 7.5. The published 

manuscript pertinent to this chapter is available in Appendix 8. 
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7.1 Abstract  

Seven human isoforms of importin α (IMPa) mediate nuclear import of cargo in a tissue- 

and isoform-specific manner. How nuclear import adaptors differentially interact with 

cargo harbouring the same nuclear localisation signal (NLS) remains poorly understood, 

as the NLS recognition region is highly conserved. Here, we provide a structural basis for 

the nuclear import specificity of W proteins in Hendra and Nipah viruses. We determine 

the structural interfaces of these cargo bound to IMPα1 and α3, identifying a 2.4-fold 

more extensive interface and >50-fold higher binding affinity for IMPα3. Through the 

design of IMPα1 and α3 chimeric and mutant proteins, together with structures of cargo-

free IMPα1 and α3 isoforms, we establish that the molecular basis of specificity resides 

in the differential positioning of the armadillo repeats 7 and 8. Overall, our study provides 

mechanistic insights into a range of important nucleocytoplasmic transport processes 

reliant on isoform adaptor specificity. 
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7.2 Introduction 

Active transport of proteins from the cytoplasm to the nucleus is mediated by a family of 

nuclear transport receptors known as importins (or karyopherins), together with a number 

of ancillary proteins including nucleoporins and Ran (Bednenko et al., 2003; Macara, 

2001; Stewart, 2007). The classical nuclear import pathway is best understood and is 

initiated by recognition of proteins that contain a classical nuclear localisation sequence 

(NLS) by IMPα (Goldfarb et al., 2004). This complex is transported through the nuclear 

pore complex by importin β (IMPb), involving interactions with FG repeat regions 

contained within nucleoporin proteins (Cingolani et al., 1999; Milles et al., 2015). Once 

the complex has traversed the nuclear envelope, RanGTP dissociates the complex, and 

the import receptors are recycled back to the cytoplasm to perform further rounds of 

transport (Bischoff & Görlich, 1997; Kutay et al., 1997; S. J. Lee et al., 2005; Junona 

Moroianu et al., 1996). IMPα is constructed from an N-terminal IMPβ-binding (IBB) 

domain and a C-terminal NLS binding domain featuring ten armadillo (ARM)-repeat 

motifs (Kobe, 1999). Most commonly, the cargo NLS binds on the concave site of the 

ARM repeats and involves interactions at either the major site, through ARM repeats 2–

4 in the case of classical monopartite NLSs (e.g., SV40T-ag (Fontes et al., 2000)), the 

minor site involving ARM repeats 6–8 (e.g., human phospholipid scramblase (M.-H. 

Chen et al., 2005), TPX2 (Giesecke & Stewart, 2010)) or both the major and minor sites 

in the case of classical bipartite NLSs (e.g., nucleoplasmin (Fontes et al., 2000)). 

Although this process has been well characterised for the IMPα1 adaptor protein, many 

nuclear proteins exhibit specificity for other IMPα isoforms, and the molecular basis for 

this specificity is understood poorly. Complicating our understanding of how IMPα 

isoforms exhibit specificity, the seven IMPα isoforms are highly conserved in the regions 

that mediate NLS binding. Establishing how nuclear cargo are recognized in an isoform-

specific manner is important for understanding many key regulatory processes including 

cell differentiation, cancer and viral infection. For example, both RCC1 (the exchange 

factor of Ran that regulates the directionality of nuclear transport) and HIV-1 integrase 

(responsible for integrating the HIV-1 genome into the DNA of an infected cell) bind 

specifically to IMPα3 (Ao et al., 2010; Sankhala et al., 2017). STAT1, a signaling 

molecule in the innate immune system response, binds specifically to the convex C-

terminal surface of IMPα5, α6 and α7 (J. Nardozzi et al., 2010; Xu et al., 2014). The avian 

influenza PB2 viral polymerase subunit, which is a major virulence determinant, has 

isoform specificity for IMPα3 in avian hosts and IMPα7 in mammalian hosts, providing 
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a kinetic advantage owing to lower IMPα autoinhibition by the IBB domain (Pumroy et 

al., 2015). 

 

The W protein of Nipah virus (NiV) is recognised specifically by IMPα3, which occurs 

through an NLS in the unique C-terminal domain (Audsley, Jans, & Moseley, 2016; Shaw 

et al., 2005), however, the basis of this specificity remains unclear. HeV and NiV are 

recently emergent, zoonotic pathogens of the Henipavirus genus in the Paramyxoviridae 

family. These viruses use bats of the Pteropus genus as reservoir hosts but cause 

infections in humans with a high rate of fatality (~60%)(Eaton et al., 2006). The viruses 

are non-segmented, negative-sense RNA viruses and encode six genes, five of which 

encode a single protein, whereas, the sixth gene, P, encodes four proteins: P, V, W and 

C. Of these, P, V and W share a common N-terminal domain but differ within the C-

terminal domain owing to frameshifting that results from insertion of non-template 

encoded nucleotides into P gene transcripts (Kulkarni et al., 2009; Lo et al., 2009; L.-F. 

Wang et al., 2001). This results in proteins that have different functions and cellular 

locations, with only the W protein displaying steady-state nuclear localisation owing to a 

C-terminally located NLS (Shaw et al., 2005; Shaw, García-Sastre, Palese, & Basler, 

2004). In the context of NiV infection, the nonstructural W protein plays an important 

role in virulence (Benjamin A. Satterfield et al., 2015; Benjamin A Satterfield et al., 2016; 

Yoneda et al., 2010). It has been demonstrated to antagonize innate antiviral defenses by 

blocking interferon-induced gene expression and by preventing expression of type I IFNs, 

with nuclear localisation shown to be important for the latter function (Lo et al., 2010; 

Shaw et al., 2005). A recent study has identified additional host targets of NiV W, 

including the PRP19 complex, for which the nuclear localisation of W appears to be 

required for the interaction (Martinez-Gil, Vera-Velasco, & Mingarro, 2017).  

 

Previous reports have demonstrated specificity of the IMPα3 adaptor for the NiV W 

protein, however, like most cargo, the basis for this specificity is unknown (Ciancanelli, 

Volchkova, Shaw, Volchkov, & Basler, 2009; Shaw et al., 2005). Here, we establish key 

differences in the binding interface of W proteins with IMPα1 and α3, providing insights 

into adaptor specificity. We use mutagenesis and chimeras of IMPα1 and α3 to confirm 

the importance of these differences and show that the C-terminal ARM repeats 7 and 8 

of IMPα3 are important for specificity as their conformation in IMPα3 allows for an 

extensive binding interface not possible in IMPα1. These insights extend our 
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understanding of adaptor specificity and establish how important nuclear cargo proteins 

are imported in an isoform-specific manner. 

 

7.3 Results 

7.3.1 Nipah and Hendra W preferentially bind IMPα3 and α4 

The W proteins of henipaviruses share a common N-terminal domain with P and V 

proteins but have a unique NLS bearing C-terminal domain (Figure 7.1A). This C-

terminal NLS is recognized preferentially by IMPα3 and α4 (KPNA4 and KPNA3), rather 

than the better characterized IMPα1 (KPNA2; Figure 7.1B) (Shaw et al., 2005).  

 

 
Figure 7.1 A) The Henipavirus W proteins are encoded by the Phosphoprotein (P)-gene 
through mRNA editing. Of the four protein products, W contains a unique C-terminus 
NLS that is responsible for mediating translocation to the nucleus. B) Human IMPa  
isoforms are grouped into three aSFs (left) (Pumroy & Cingolani, 2015; Tsuji, Takumi, 
Imamoto, & Yoneda, 1997), with the sequence identity of each IMPa isoform ranging 
from 42-51% between subfamilies.   
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To determine the binding affinities between IMPα3 and Henipavirus W proteins, as well 

as confirm a direct interaction, the C-terminal NLS domain of the W protein from both 

HeV and NiV were cloned as a glutathione S-transferases (GST) fusion protein and 

assessed for IMPα binding by isoforms from representative subfamilies. From enzyme-

linked immunosorbent assay (ELISA) measurements, we found that IMPα3 bound with 

high affinity to the W protein from both HeV and NiV (19.9 nM and 14.4 nM, 

respectively), whereas IMPα1 and α7 bound with much lower affinity (1.4 μM and 1.5 

μM, respectively, to HeV W; and 1.5 μM and 1.1 μM, respectively, to NiV W) (Figure 

7.2; Table 7.2). Together these data establish a direct, high-affinity interaction of the W 

proteins from henipaviruses for IMPα3 compared with other IMPα subfamilies. 

 

 
Figure 7.2 The NLS region of HeV W and NiV W interact with high affinity to IMPα3. 
An ELISA was performed using GST-W (GST as a negative control) proteins coated on 
96-well plates, and binding of 6xHis-tagged IMPα1, α3, α7 assessed using an anti-6xHis 
HRP antibody. Error bars show the S.E.M for three replicates. 

 
Table 7.2 ELISA binding data for W protein mutants and IMPa’s. 

KD (nM) 
GST-NLS IMPα1  IMPα3  IMPα7  IMPα1ARM1-5:α3ARM6-10  
NiV W 1,495 ±	489 14.4 ±	2.5  1,147 ±	196.7 4.3 ±	3.4  
HeV W 1,363 ±	211  19.9 ±	2.7  1,468 ±	238.3  8.3 ±	7.5  

R422A/R423A -  2,208 ±	
354  -  -  

K437A/K438A  -  >10,000  -  -  
R422A/R423A/K437A/K438A  -  >10,000  -  -  
 

7.3.2 Structural basis for IMPα isoform specificity to W  

To establish the mechanism and molecular basis of the isoform-specific differences, we 
used X-ray crystallography to determine the structural interface of both the high-affinity 
IMPα3 interaction and the low-affinity IMPα1 interaction. Structures were determined 
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for IMPα3 and α1 bound to NiV W C-terminal NLS-bearing domain (Figure 7.3) (see 
Table 7.3 for data collection and refinement statistics, and Tables 7.4 and 7.5 for a 
detailed list of the interactions). 
Table 7.3 Data collection and refinement statistics 

 Impa1a NiV W Impa1a Impa3a NiV W Impa3a 
Data Collection 
   Wavelength (Å) 0.9537 0.9537 0.9537 0.9537 
   Space group P 21 21 21 P 21 21 21 P 1 21 1 P 1 21 1 
   Cell dimensions     
      a, b, c (Å) 78.5, 90.0, 100.7 77.9, 88.8, 97.6 47.1, 53.2, 91.3 47.7, 65.6, 73.9 
      a, b, g (°) 90, 90, 90 90, 90, 90 90, 92.87, 90 90, 99.79, 90 

   Resolution (Å) 24.54-2.50  
(2.60-2.50) 

29.61-2.10  
(2.16-2.10) 

19.81-2.30  
(2.38-2.30)a 

38.21-2.30  
(2.38-2.30) 

   Rpim 0.061 (0.365) 0.033 (0.253) 0.086 (0.304) 0.087 (0.274) 
   Mean I/s (I) 10.2 (2.9) 11.7 (2.4) 11.3 (1.8) 8.6 (3.5) 
   CC1/2 0.989 (0.751) 0.998 (0.814) 0.977 (0.785) 0.781 (0.817) 
   Total reflections 154003 (17460) 136253 (11369) 105917 (11952) 46617 (4355) 
   Unique reflections 24805 (2822) 38272 (3193) 19290 (1942) 19881 (1953) 
   Completeness (%) 98.6 (100) 96 (97.8) 95 (98.2) 98.9 (99.2) 
   Redundancy 6.2 (6.2) 3.6 (3.6) 5.5 (6.2) 2.3 (2.2) 
   Wilson B-factor 26.4 31.8 37.1 20.4 
Refinement     
Resolution (Å) 24.54 – 2.50 28.79 – 2.10 19.48 – 2.30 36.75 – 2.30  
Reflections used 
in 

     

   Refinement 24772 (2478) 38216 (3843) 19147 (1978) 19788 (1980) 
   Rfree 1262 (133) 1864 (172) 937 (91) 989 (94) 
Rwork 0.1910 (0.2227) 0.1854 (0.2690) 0.2500 (0.2662) 0.1991 (0.2177) 
Rfree 0.2129 (0.2572) 0.2032 (0.3062) 0.2684 (0.3212) 0.2223 (0.2917) 
Number of non-
hydrogen atoms 3361 3555 3210 3592 
  Macromolecules 3244 3306 3206 3400 
Protein residues 426 434 415 440 
B factors 42.49 51.14 55.53 30.56 
  Protein 42.66 51.31 55.56 30.59 
  Water 37.95 48.89 35.29 30.04 
R.M.S. deviations     
   Bond lengths (Å) 0.004 0.005 0.005 0.006 
   Bond angles (°) 0.59 0.73 1.03 0.75 
Ramachandran plot (%)     
   Favoured 99 99 99 98 
   Allowed 1.4 1.4 1.2 2.1 
   Outliers 0 0 0 0 
Rotamer outliers (%) 1.1 1.1 0.83 0.26 
Clash score 0.46 0.90 3.57 1.03 

a Values in parentheses are for highest-resolution shell. 
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Figure 7.3 Structural comparisons 

and basis for high-affinity interaction 

of NiV W with IMPα3. IMPα1:NiV W 

and IMPα3:NiV W structures were 

solved to 2.1 Å and 2.3 Å resolution, 

respectively. The IMPα adaptors are 

shown in cartoon and surface 

representation (IMPα1: bright yellow, 

IMPα3: light orange) and NiV W NLS 

in stick representation (magenta: 

carbon atoms, red: oxygen atoms, 

blue: nitrogen atoms) with associated 

simulated annealing Fo-Fc omit maps 

of the NLSs contoured to 3σ in green. 

Schematics of the binding interface 

and specific interactions are shown 

below (magenta: carbon atoms, red: 

oxygen atoms, blue: nitrogen atoms), 

with hydrogen bond and salt bridge 

interactions depicted by dash lines 

(black and red, respectively), and the 

partner interactions for IMPα1 (bold 

italics) and IMPα3 coloured as orange: 

carbon atoms, red: oxygen atoms, 

blue: nitrogen atoms. The location of 

these interactions in the ARM repeats 

highlight the greater interaction 

interface of the NiV W NLS for the 

IMPα3 adaptor

NiV W    RNIHLLGRKTCLGRRVVQPGMFEDHPPTKKARVSMRRMSN

15 HBs; 1 SB; 688 Å2  31 HBs; 7 SB; 1591 Å2  

IMPa1 IMPa3

411 421        436                 443      446          450
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Table 7.4 PISA interaction analysis of NiV W IMPa1 complex 

 Importin a1 Distance (Å) NiV W 
HB 1 ARG 238[ NH2] 3.19 PRO 436[ O  ] 
HB 2 ARG 238[ NH1] 3.07 PRO 436[ O  ] 
HB 3 TRP 231[ NE1] 3.17 PRO 437[ O  ] 
HB 4 ASN 235[ ND2] 2.95 THR 438[ O  ] 
HB 5 TRP 184[ NE1] 2.88 LYS 440[ O  ] 
HB 6 ASN 188[ ND2] 3.03 LYS 440[ O  ] 
HB 7 TRP 142[ NE1] 2.95 ARG 442[ O  ] 
HB 8 ASN 146[ ND2] 2.84 ARG 442[ O  ] 
HB 9 GLY 150[ O  ] 3.10 LYS 439[ NZ ] 
HB 10 THR 155[ OG1] 2.88 LYS 439[ NZ ] 
HB 11 ASP 192[ OD1] 3.04 LYS 439[ NZ ] 
HB 12 ASN 188[ OD1] 2.85 LYS 440[ N  ] 
HB 13 ASN 228[ OD1] 3.12 LYS 440[ NZ ] 
HB 14 ASN 146[ OD1] 2.83 ARG 442[ N  ] 
HB 15 GLN 181[ OE1] 2.75 ARG 442[ NH1] 
SB 1 ASP 192[ OD1] 3.04 LYS 439[ NZ ] 

Note: HB = hydrogen bond, SB = salt bridge 
 
Table 7.5 PISA interaction analysis of NiV W IMPa3 complex 

 Importin a3 Distance (Å) NiV W 

HB 1 ASN 394[ ND2] 3.14 GLY 423[ O  ] 
HB 2 ASN 352[ ND2] 3.08 ARG 425[ O  ] 
HB 3 TRP 348[ NE1] 3.30 ARG 425[ O  ] 
HB 4 TRP 348[ NE1] 3.36 VAL 426[ O  ] 
HB 5 ARG 229[ NH1] 2.89 PRO 436[ O  ] 
HB 6 ARG 229[ NH2] 3.47 PRO 437[ O  ] 
HB 7 TRP 222[ NE1] 2.74 PRO 437[ O  ] 
HB 8 ASN 226[ ND2] 3.01 THR 438[ O  ] 
HB 9 TRP 179[ NE1] 2.94 LYS 440[ O  ] 
HB 10 ASN 183[ ND2] 2.92 LYS 440[ O  ] 
HB 11 TRP 137[ NE1] 2.80 ARG 442[ O  ] 
HB 12 ASN 141[ ND2] 2.85 ARG 442[ O  ] 
HB 13 SER 100[ OG ] 3.79 SER 444[ OG ] 
HB 14 ASN 394[ OD1] 2.95 GLY 423[ N  ] 
HB 15 ASN 352[ O  ] 2.85 ARG 424[ NE ] 
HB 16 ASP 316[ OD1] 2.77 ARG 424[ NH1] 
HB17 GLY 314[ O  ] 2.86 ARG 424[ NH1] 
HB 18 GLN 360[ OE1] 3.14 ARG 424[ NH2] 
HB 19 ASN 352[ OD1] 2.94 ARG 425[ N  ] 
HB 20 GLU 387[ OE1] 3.15 ARG 425[ NH1] 
HB 21 SER 351[ OG ] 3.13 ARG 425[ NH2] 
HB 22 GLU 387[ OE2] 2.46 ARG 425[ NH2] 
HB 23 GLU 345[ OE1] 2.96 PHE 432[ N  ] 
HB 24 THR 150[ OG1] 2.96 LYS 439[ NZ ] 
HB 25 ASP 187[ OD1] 2.83 LYS 439[ NZ ] 
HB 26 GLY 145[ O  ] 3.14 LYS 439[ NZ ] 
HB 27 ASN 183[ OD1] 2.81 LYS 440[ N  ] 
HB 28 ASN 141[ OD1] 2.91 ARG 442[ N  ] 
HB 29 GLN 176[ OE1] 2.76 ARG 442[ NH1] 
HB 30 SER 100[ O  ] 2.92 SER 444[ N  ] 
HB 31 SER 100[ O  ] 3.51 SER 444[ OG ] 
SB 1 ASP 316[ OD1] 2.77 ARG 424[ NH1] 
SB 2 ASP 316[ OD1] 3.26 ARG 424[ NH2] 
SB 3 GLU 387[ OE1] 3.15 ARG 425[ NH1] 
SB 4 GLU 387[ OE2] 3.33 ARG 425[ NH1] 
SB 5 GLU 387[ OE1] 3.78 ARG 425[ NH2] 
SB 6 GLU 387[ OE2] 2.46 ARG 425[ NH2] 
SB 7 ASP 187[ OD1] 2.83 LYS 439[ NZ ] 

Note: HB = hydrogen bond, SB = salt bridge 
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To test whether the same binding patterns evident in HeV W protein were present in the 

NiV W protein, we examined the binding determinants of IMPα:NiV W complexes. We 

observed binding patterns that were very similar to those seen with HeV W for both 

IMPα1 and α3 (Figure 7.3). Crystals of the IMPα1:NiV W complex (that had P212121 

symmetry and diffracted to 2.1 Å resolution) bound residues 436–443 of the NiV W C-

terminal domain. In comparison, the IMPα3:NiV W complex had P1211 symmetry, 

diffracted to 2.3 Å resolution, and showed more extensive binding, with residues 421–

446 bound to IMPα3. The binding interface was also similar to HeV W, with the 

IMPα1:NiV W complex mediated by 15 hydrogen bonds, one salt bridge interaction, and 

a buried surface area of 688.7 Å2. The IMPα3:NiV W interface was mediated through 31 

hydrogen bonds, seven salt bridge interactions, and buried 1591.8 Å2 of surface area 

(Table 7.6). These results indicate that the interaction of the henipavirus W proteins with 

IMPs is highly conserved. 

 
Table 7.6 Comparison of interaction interfaces between IMPa1 and a3 for NiV W  

 NiV W:IMPa1 NiV W:IMPa3 
Total buried surface area of binding interface (Å2) 688.7 1,591.8 
ARM domain interactions on IMPa 2-4 2-4, 6-9 
W protein residues mediating interactions 436-443 421-446 
Hydrogen bond interactions 15 31 
Salt bridge interactions 1 7 

 
Establishing the structural interface between IMPα1 and α3 in NiV W highlighted key 

differences in IMPa recognition and gave insights into isoform specificity. Notably, 

despite binding the same region of NiV W, IMPα3 exhibited a 2.4-fold more extensive 

interaction buried surface area than IMPα1, with 16 additional hydrogen bonds, and six 

additional salt bridge interactions, consistent with its >50-fold higher affinity. NiV W 

protein interacted with the major binding site of IMPα1 and α3, involving residues 

PPTKARV of W and ARM repeats 2-4 of IMPa in both structures. However, there were 

marked differences residing outside this region, with IMPα3 ARM repeats 6-9 binding 

HeV W and NiV W residues 419-444 and 421-446, respectively (Figure 7.3). To probe 

the interaction of the IMPα3:HeV W interface in greater detail, we designed mutations to 

disrupt key salt bridges at the major and minor sites of IMPα3  

(Figure 7.4A).  
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Figure 7.4 Both IMPα3 major and minor sites are important for the HeV NiV W protein 
interactions. A) Schematic of the mutations made in the W protein to test the binding 
contributions at the major and minor binding sites for IMPα3. B) HeV W mutations were 
tested against IMPα3 using the ELISA assay. GST-HeV W and mutants were coated on 
96-well plates, and binding of 6xHis-tagged IMPα3 assessed using an anti-6xHis HRP 
antibody. Error bars show the S.E.M for three replicates. 

 
We found that mutations within the viral W proteins predicted to disrupt interactions at 

the minor site of IMPα3 (specifically, R422A/R423A and R422D/R423D in the HeV W 

C-terminal domain and R424A/R425A and R424D/R425D in NiV W C-terminal 

domain). Similarly, mutations were predicted to disrupt interaction at the IMPα3 major 

site, K437A/K438A and K437D/K438D in HeV W C-terminal domain, and 

K439A/K440A and K439D/K440D in the NiV W C-terminal domain. We found that 

mutations in both the major and minor site-binding regions of HeV W disrupted the 

affinity of interaction to IMPα3 in ELISA (Figure 7.4B). Overall, these results indicate 

that the binding of W to both the IMPα major and minor sites is important for the high 

affinity interaction of Henipavirus W to IMPα3. 

 

7.3.3 Testing of HeV P4 site mutant to abolish interaction with IMPa1  

The hypothesis and results shown in this section were not included in the final manuscript. 

To test whether a glycine residue in the P4 site of the HeV W NLS would disrupt 

interaction of HeV W with IMPa1, a P4[G] mutant was generated in the GST-HeV W 

construct. This was expressed and purified with IMPa1 in the same manner as the wild 

type construct. The findings showed that the P4[G] mutant still strongly bound IMPa1 

(Figure 7.5). This result can be explained from findings in Chapter 5, where the P4 site 

can only modulate binding to IMPa1 in a minimal NLS context. As there are additional 

binding determinants to stabilize the NLS:IMPa interaction, the P4 site cannot modulate 

binding to IMPa1. 

 

HeV W        409 RSLNMLGRKTCLGRRVVQPGMFADYPPTKKARVLLRRMSN
R422A/R423A  409 RSLNMLGRKTCLGAAVVQPGMFADYPPTKKARVLLRRMSN
R422D/R423D  409 RSLNMLGRKTCLGDDVVQPGMFADYPPTKKARVLLRRMSN
K437A/K438A  409 RSLNMLGRKTCLGRRVVQPGMFADYPPTAAARVLLRRMSN
K437D/K438D  409 RSLNMLGRKTCLGRRVVQPGMFADYPPTDDARVLLRRMSN

NiV 411 RNIHLLGRKTCLGRRVVQPGMFEDHPPTKKARVSMRRMSN
R424A/R425A  411 RNIHLLGRKTCLGAAVVQPGMFEDHPPTKKARVSMRRMSN 
R424D/R425D  411 RNIHLLGRKTCLGDDVVQPGMFEDHPPTKKARVSMRRMSN 
K439A/K440A  411 RNIHLLGRKTCLGRRVVQPGMFEDHPPTAAARVSMRRMSN 
K439D/K440D  411 RNIHLLGRKTCLGRRVVQPGMFEDHPPTDDARVSMRRMSN 
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The residues in HeV W that are providing these stabilizing interactions are prolines 

residues 433 and 434 (433PP). Future experiments to abolish IMPa1 binding could mutate 
433PP to alanine residues (433AA) to remove these binding determinants so the major NLS 

binding site is a minimal NLS. In the minimal NLS context, the P4[G] mutation will 

prevent IMPa1 binding. But the P4[G] mutation will still allow IMPa3 binding as it is a 

bipartite NLS which has additional binding determinants. The NiV W C-terminus is less 

susceptible to degradation than the HeV W C-terminus. Future mutational analysis can 

be performed on NiV W in the context of the identified NLS region. These suggested 

mutations for NiV W NLS posit the potential of a highly specific, stable and selective 

inhibitor of the IMPa3/4 pathway that would not interfere with the other IMPa isoforms.  

 

 
Figure 7.5 HeV W NLS P4[G] mutant still binds IMPa1. A) GST-pulldown of HeV W 
NLS wildtype and mutants. B) FPLC UV trace of large scale purification of GST-HeV 
W P4[G] IMPa1, UV (mAU) in blue, glutathione (0-10mM) in green. C) SDS-PAGE 
analysis of purification, lane 1 marker, lane 2 whole cell lysate, lane 3 soluble cell extract, 
lane 4 GST column flowthrough, lane 5 IMPa1DIBB input, lane 6 IMPa1DIBB 
flowthrough, lane 7 blank, lane 8 GST column elution peak containing IMPa1DIBB and 
GST-P4[G] HeV W mutant. 
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7.3.4 ARMs 7 and 8 of IMPα3 mediate isoform specificity  

Our structural analysis of the W protein bound to IMPα1 and α3 showed that all binding 

determinants on IMPα3 are conserved in IMPα1 (Figure 7.6A), suggesting that isoform 

specificity is not due to differences in the NLS-binding groove. This is consistent with 

previous work by Pumroy et al (Pumroy et al., 2015). To gain insights into the basis of 

isoform specificity, we superimposed the structures of IMPα1:HeV W and IMPα3:HeV 

W, and found the structures to be highly similar, with an r.m.s.d. of 1.1 Å across 411 

residues (Figure 7.6B), except for the positioning of ARM repeats 7 and 8. Notably, in 

IMPα1, ARM repeats 7 and 8 are positioned closer to the inner surface of the NLS-

binding interface, whereas in IMPα3, these regions are positioned in a more open 

conformation. Because these ARM repeats provide a critical point of difference between 

the binding of IMPα isoforms, we investigated why the W NLS region did not bind 

IMPα1 in the extended conformation by superimposing the HeV W NLS from IMPα3 

onto the IMPα1 structure. Although almost all other ARM repeat interactions remained 

the same, ARM repeats 7 and 8 of IMPα1 clashed with the HeV W C terminus (Figure 

7.6B), indicating that the positioning of these ARM repeats in IMPα3 allows for favorable 

interactions that are not possible with IMPα1. 

 

As these ARM repeats appeared to be important for isoform specificity, we tested whether 

these regions were flexible and able to adapt to accommodate different NLSs. We 

superimposed IMPα1 structures bound to a variety of NLSs including monopartite and 

bipartite, NLSs within domains including CAP80, and Bimax, and found that in all 

structures the IMPα1 C-terminal ARM repeats 7 and 8 were in the same position (Figure 

7.6C). Similarly, superposition of a variety of IMPα3 structures confirmed these regions 

are highly similar in all structures and allow for favourable binding (Figure 7.6D). This 

supports the notion that the positioning of these ARM regions, highly similar across a 

wide range of structures, is conducive to high affinity binding of W in IMPα3, but not 

IMPα1. 
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Figure 7.6 Structural basis for specificity of Henipavirus W binding to the IMPα3. A) IMPα3:HeV W structure coloured by conservation of amino acids 
across all IMPα isoforms highlights a 100% conservation in the binding interface. The HeV W NLS backbone (coloured green) is shown in complex 
with IMPα3, with sequence colour rendering red at 30%, white 60%, and blue 100% sequence identity. Figure created in UCSF Chimera using IMPα 
alignments from Clustal Omega. B) To identify structural differences, the structures of IMPα1:HeV W and IMPα3:HeV W were superimposed in UCSF 
Chimera using MatchEnsemble, and r.m.s.d. plots generated using MatchAlign, and MatchAssess functions. α-helices shown as cylinders; IMPα3 
coloured orange throughout, and colour conservation rendering for IMPα1 set for blue, < 2.5 Å variance, and red for variances > 2.5 Å. Molprobity was 
used to analyse clash data of IMPα3:HeV W NLS superimposed to IMPα1, all clashes > 0.8 shown as red crosses. Differences in clash score between 
IMPα1 and α3 are localised to ARMs 7 and 8. Detailed view of clashes are presented in the right box, highlighting residues clashing with the W NLS 
owing to the difference in positioning of ARMs 7 and 8 in IMPα1. All clashing residues are positioned on the α-helices of the ARMs. C) Structural 
comparisons of IMPα1 bound to a range of cargo was examined by superimposing the IMPα1:HeV W NLS structure determined in this study (reference 
molecule, coloured yellow), with IMPα1 bound to a monopartite SV40T NLS (1EJL) (Fontes et al., 2000), bipartite Bimax NLS (3UKW) (Kosugi et al., 
2008; Marfori et al., 2012), and two domain bound structures of CAP80 (3FEX, 3FEY) (Dias, Wilson, Rojas, Ambrosio, & Cerione, 2009) coloured 
according to r.m.s.d as described in B. Positioning of the α-helices in ARMs 7 and 8 are relatively static across all structures. D) Structural comparisons 
of IMPα3 bound to a range of cargo was examined by superimposing the IMPα3:HeV W NLS structure determined in this study (reference molecule 
coloured orange) with the monopartite RanBP3 (5ZXZ)(Koyama & Matsuura, 2017), the NiV W (this study), and domains of PB2 (4UAE)(Pumroy et 
al., 2015) and RCC1 (5TBK)(Sankhala et al., 2017) coloured according to r.m.s.d as described in B. Positioning of α-helices in ARMs 7 and 8 are also 
relatively static across all structures.
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7.3.5 Cargo-free IMPα1 and α3 retain position of ARMs 7-8 

To extend on the structural repertoire of IMPα structures, we tested whether these ARM 

repeats are similar in the structures of IMPα isoforms that do not contain bound cargo. 

IMPα1 and α3, crystallized in P212121 and P1211 space groups, respectively, both 

contained one chain in the ASU. This is the first report of these adaptors being crystallized 

without cargo bound in the NLS-binding pockets, although a dimer of IMPα1 has been 

reported previously (Miyatake et al., 2015). Comparison of the cargo-free and W NLS-

bound forms of IMPα1 showed that the structures were remarkably similar with an r.m.s.d 

of 0.180 Å across 408 residues, and importantly, the positioning of ARM repeats 7 and 8 

remain unchanged (Figure 7.7A). Superposition of IMPα3 in the cargo free and bound 

forms showed that the N-terminal ARM repeats 1–4 are repositioned by up to 5 Å (Figure 

7.7B), consistent with previous findings that a more flexible hinge region is present in 

IMPα3 (Sankhala et al., 2017).  

 

 
Figure 7.7 Structures of cargo-free IMPα1 and α3 confirm ARMs 7 and 8 positioning. 
A) IMPα1 cargo-free structure and structural superposition with IMPα1:HeV W complex 
(reference molecule, coloured yellow) and associated r.m.s.d plot. The positioning of the 
α-helices in ARM repeats 7 and 8 are static across all structures. The IMPα1 is coloured 
by r.m.s.d rendering where blue < 2.5 Å variance, and red for variances above 2.5 Å. B) 
IMPα3 cargo-free structure, together with the associated structural superposition with 
IMPα3:HeV W complex, and r.m.s.d plot. IMPα structures were aligned in UCSF 
Chimera using MatchEnsemble, and r.m.s.d. plots were generated using MatchAlign, and 
MatchAssess functions. Colouring as per A, but with IMPα3:HeV W in orange 

 
However, the position of ARM repeats 7 and 8 was retained in both the cargo free and 

bound forms of IMPα3. These results suggest that ARMs 7 and 8 do not undergo 

conformational changes to accommodate binding of the W NLS in either IMPα1 or α3. 

Significantly, although the flexible hinge region of IMPα3 is unlikely to play a role in 
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cargo containing an NLS in the C terminus of the protein (as the NLS ends before 

reaching the hinge region), the positioning of ARM repeats 1-3 could play a role in the 

binding of proteins harbouring an NLS at the N terminus, such as RCC1 (see Discussion). 

 

7.3.6 Chimera of IMPα1 ARMs 1-5:α3 ARMs 6-10 retains binding  

To test our hypothesis that the positioning of ARM repeats 7 and 8, located in the C 

terminus of IMPα3, mediate the isoform specificity for W protein, we examined whether 

chimeras comprised of IMPα1 and IMPα3 could mediate binding to W proteins (Figure 

7.8A). We found that a chimera comprised of the N terminus of IMPα1 (IBB domain and 

ARMs 1-5) and the C terminus of IMPα3 (ARMs 6–10) (IMPα1ARM1-5:α3ARM6-10) bound 

W, whereas the reverse chimera comprised of IMPα3 IBB ARMs 1-5 and IMPα1 ARMs 

6–10 (IMPα3ARM1-5:α1ARM6-10) did not pulldown W. These results support the structural 

data that the C-terminal domain of IMPα3 mediates isoform specificity for the W protein. 

Moreover, the IMPα1ARM1-5:α3ARM6-10 bound with 8.3 nM affinity to HeV W, and 4.7 nM 

affinity to NiV W, comparable to the binding affinity of IMPα3 (Figure 7.8B).  

 
Figure 7.8 IMPα1ARM1-5:α3ARM6-10 chimera and IMPa3 ARMs 7/8 
(348A/N352A/E387A/N394A)  mutant analysis. A) Schematic of wild type and chimera 
mutants made in this study. B) ELISA binding data for the IMPα1ARM1-5:α3ARM6-10 gain 
of function chimera performed with anti-6x HIS 4HRP conjugated antibody and 
developed using TMB substrate, with HeV W, NiV W and GST as a control. B) SDS-
PAGE gel of the GST SV40 T-ag pulldown assay confirming IMPα1ARM1-5:α3ARM6-10 
chimera and IMPα3 ARMs 7/8 (348A/N352A/E387A/N394A) mutant are functionally 
active and bind the GST:SV40-Tag NLS. GST alone is included as a negative control. 
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To further test the involvement of ARMs 7 and 8 in mediating specificity, we designed 

an IMPα3 mutant based on the structural data to disrupt interactions in ARMs 7/8 

(N348A/N352A/E387A/N394A) and found a marked reduction in binding to both HeV 

and NiV W proteins. Confirming their functionality, both the IMPα1ARM1-5:α3ARM6-10 

chimera and IMPα3 ARMs 7/8 mutant retained the ability to bind to the SV40Tag 

classical NLS (Figure 7.8C). The IMPα3ARM1-5:α1ARM6-10 formed inclusion bodies during 

overexpression and could not be purified. These results, together with the structural data, 

suggest that the positioning of the C-terminal ARM repeats 7 and 8 are important for 

mediating isoform specificity of Henipavirus W proteins. 

 

7.4 Discussion 
In this study, we present high-resolution structures of IMPα isoform adaptors bound to 

the NLS region of HeV W and NiV W, providing insights into the molecular basis of 

IMPα isoform specificity. We found that HeV W and NiV W proteins bind IMPα3 

preferentially, and that these NLS regions interact with higher affinity over other IMPα 

subfamilies. Using structural approaches, we identified key features that account for 

adaptor specificity. We found that the isoform specificity was localized to the C-terminal 

ARM repeats 7 and 8, and that the positioning of these domains was an important 

determinant for mediating specificity. 

 

Although numerous studies have reported specificity of nuclear adaptors for a wide range 

of cargo (Fagerlund, Kinnunen, Kohler, Julkunen, & Melen, 2005; Gabriel et al., 2011; 

Pumroy et al., 2015; St Patrick Reid, Martinez, Sanchez, & Basler, 2008; Valmas et al., 

2007; Welch, Franke, Kohler, & Macara, 1999) and associated function of these 

interactions in many diseases (St Patrick Reid et al., 2008), the mechanism(s) behind NLS 

adaptor specificity has remained elusive. Recently, one study described the specificity of 

the RCC1 factor for IMPα3, highlighting that additional residues outside the NLS were 

important for maintaining specificity (Sankhala et al., 2017). A comparison between the 

mechanism presented in the RCC1 study and our study, highlights a number of important 

differences. The study by Sankhala et al. indicated that the NLS of RCC1 binds in the 

major binding site of ARMS 2-4 of both IMPα1 and α3, with additional interactions 

occurring at the N terminus of IMPα3 ARM repeats 1-4 and the β-propeller region of 

RCC1, mediated by flexibility and rotation of IMPα3 in ARM repeats 1-2 (Sankhala et 

al., 2017). This mechanism of isoform specificity is well suited to cargo containing NLSs 
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at the N terminus, and our structural data of the unbound and NLS-bound forms of IMPα3 

supports this model. This mechanism is distinct, however, from that governing specificity 

for cargo such as the W proteins in this study, where the NLSs are located at the C 

terminus because the protein interface would not extend past the N terminus of ARM 

repeats 2-4. Thus, it may be possible that isoform specificity of cargo containing N-

terminal NLSs may reside through differential interaction of the N-terminal ARM 

repeats, whereas cargo bearing C-terminal NLSs may show specificity through 

differential interaction with the C-terminus of IMPs, as demonstrated in this study. 

Although further work will be needed to establish how extensive these rules are, it is 

likely that different mechanisms may govern isoform specificity, dependent upon the 

position of the NLS within the cargo. 

 

The findings of our study are distinct from mechanisms that have been previously 

hypothesized. The IBB domain has been shown to auto-inhibit differentially across 

isoforms (Pumroy et al., 2015). However, our results identify clear differences in the 

structural positioning of the C-terminal ARM domains 7-8 of IMPα1 and α3, 

accompanied with a significant increase in the binding interface at this region in IMPα3. 

In addition, the chimeric protein IMPα1ARM1-5:α3ARM6-10 binds to W, whereas IMPα3ARM1-

5:α1ARM6-10 does not interact, confirming that the C-terminal domain of the IMPα is the 

differentiating factor, rather than the N terminus. The importance of the C-terminal ARM 

repeats has been demonstrated for IMPα5 binding of nonclassical NLS cargo, involving 

a distinct mechanism and ARM repeat 10 (J. Nardozzi et al., 2010; J. D. Nardozzi et al., 

2010). It has also been hypothesized that that flexibility of IMPα3 may mediate increased 

specificity and/or affinity, and indeed, this was described as a contributing factor to the 

binding of RCC1. However, this is unlikely to have a role in the specificity of IMPα3 for 

the W protein, because the difference in binding interactions occur outside of the hinge 

region. As well, if the hinge region was critical for mediating specificity, the IMPα3ARM1-

5:α1ARM6-10 chimera would have interacted with W if the hinge region was the critical 

region for mediating specificity. In addition, we show through structural comparisons 

between apo and W bound-IMPα3, that structural changes in the N-terminus were not 

associated with direct binding interactions in this region. Importantly, these results do not 

discount the previous work of RCC1 binding, but rather, complement and extend it by 

highlighting that different mechanisms are likely to exist in mediating specificity. 
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7.5 Conclusion 
Our study defines a basis to explain the IMPα specificity of henipavirus HeV W and NiV 

W virulence factors for IMPs, demonstrating that differences in the ARM repeats in the 

C terminus of IMPα3 mediate specificity. Nuclear transport of cargo in an isoform and 

tissue-specific manner is critical for health and disease. Subtype switching of IMPα1 to 

α5 in embryonic stem cells results in the initiation of neural differentiation (N. Yasuhara 

et al., 2007), and the maintenance and lineage determination of embryonic stem cells 

(Noriko Yasuhara & Yoneda, 2017). Differential expression of IMPα3 has been 

demonstrated to occur following rabies infection, with overexpression observed only in 

paralytic rabies, suggesting a possible prognostic marker (Venugopal et al., 2013). The 

inhibition of IMPα3 has also been shown to attenuate prostate cancer metastasis (J. Yang 

et al., 2017). The expanded rules for isoform specificity outlined here will provide 

important insights into our understanding of nuclear transport adaptor cargo specificity 

and their function in cellular processes. 
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Chapter 8. Structural Basis of LSD1 binding to Importin a   
 
This chapter is formatted for submission to Scientific Reports 
 

8.1 Abstract  
Lysine specific demethylase 1A (LSD1), is an amine specific demethylase that acts as an 

important epigenetic regulator, and upregulation of this protein has been identified as a 

poor prognostics marker in many cancers. Nuclear localisation is critical for LSD1 to be 

able to exert its functions in the nucleus. The objective of this study was to characterise 

the interface between LSD1 and importin a (IMPa) to identify critical interaction 

residues for binding the importin a/b (IMPa/b) nuclear import heterodimer. The 

interaction with LSD1 was characterised in both an NLS (residues 104-126) and large 

domain (residues 104-852) context. This study also investigated the effect of 

posttranslational modifications, specifically phosphorylation of LSD1 serine residue 111 

(S111) and methylation of LSD1 lysine residue 114 (K114), on the interaction of LSD1 

with IMPa1. The LSD1 NLS S111 to glutamate (S111E) phosphorylation mutant was 

solved in complex with IMPa1 to 2.1 Å resolution. 

 

Overall, the findings were that LSD1 (aa104-852) had no observable isoform specificity 

in vitro, and phosphorylation mutant S111E does not negatively influence interaction 

with IMPa/b. However, LSD1 residue K114 was identified as critical for binding IMPa 

through the formation of a highly conserved salt bridge interaction. Loss of electrostatic 

interactions between K114 and IMPa by mutagenesis to alanine (K114A) resulted in an 

inability of LSD1 to bind IMPa1, IMPa3 and IMPa7. Therefore, di-methylation of this 

residue, which would remove the electrostatic interactions and has been reported as 

necessary for interaction with chromodomain helicase DNA binding protein 1 (CHD1), 

would abrogate binding of LSD1 to IMPa. These results have provided important insights 

into the molecular mechanism by which LSD1 is able to enter the nucleus of cells and 

how posttranslational cross-talk can regulate LSD1 interactions with binding partners.  
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8.2 Introduction  
Lysine specific demethylase 1A (LSD1), is a protein encoded by the KDM1A gene, and 

contains a SWIRM domain, FAD-binding motif, and an amine oxidase domain (Y. Chen 

et al., 2006; M. Yang et al., 2006). LSD1 is the first reported lysine-specific, FAD 

dependent histone demethylase, that in conjunction with COREST specifically 

demethylates mono-methylation and di-methylation, but not tri-methylation of lysine 4 

on Histone 3 (H3K4), and H3K9 (Shi et al., 2004; M. Yang et al., 2006). LSD1 functions 

as an epigenetic factor that silences genes through its demethylase activity and association 

with histone deacetylase complexes (Humphrey et al., 2001; Metzger et al., 2005b). LSD1 

is involved in regulation for activation and amplification of the inflammatory response 

(D. Kim et al., 2018), circadian rhythmicity and phase resetting (C.-S. Lim et al., 2017), 

androgen receptor-dependent transcription (Metzger et al., 2005a), and epithelial to 

mesenchymal transition (EMT) (Boulding et al., 2018; Feng et al., 2016).  LSD1 is often 

overexpressed in many cancers, including prostate cancer (S. Lim, Metzger, Schüle, 

Kirfel, & Buettner, 2010), breast cancer (Feng et al., 2016), and inflammatory disorders 

such as sepsis (D. Kim et al., 2018). This overexpression is correlated with predominant 

nuclear localisation of LSD1 from the nuclear periplasm where it is typically located in 

healthy cells and is associated with poor prognosis and patient outcomes (Jin et al., 2014).  

 

The LSD1 nuclear localisation signalling region (112RRKRAK117) was identified in-vitro 

and tested against multiple IMPa isoforms (Jin et al., 2014). LSD1 was shown to interact 

with IMPa4, IMPa5, and IMPa7 (Jin et al., 2014). To find a structural basis for this 

specificity, we crystallized LSD1-NLS:IMPa complexes to identify the NLS positions of 

critical interaction residues. Two crystal structures of the LSD1-NLS:IMPa1 complex 

and LSD1-NLS:IMPa3 complex were obtained at 2.1 Å and 2.5 Å resolution, 

respectively. These structures revealed no clear differences in LSD1-NLS interaction, so 

a large domain of LSD1 encompassing the NLS region (aa104-852) was then tested for 

interaction against importin a1/b, a3/b and a7/b complexes. No in-vitro specificity of 

LSD1 cargo binding were observed in this study. However, it is important to remember 

there is often a disparity in analysing IMPa specificity in-vitro and in-vivo.  

 

Cross-talk between phosphorylation and methylation modifications regulate LSD1 

function through interaction with binding partners (Feng et al., 2016) (Figure 8.1).  The 

mouse LSD1 residue S112 (residue S111 in humans) is phosphorylated by protein kinase 
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C alpha (PKCa) in a circadian manner, and the phosphorylated LSD1 forms a complex 

with the CLOCK:BMAL1 protein heterodimer to facilitate enhancer box (E-box) 

mediated transcriptional activation (C.-S. Lim et al., 2017). The LSD1 residue S111 can 

also be phosphorylated by another isoform of PKC (PKCq) which regulates the repressive 

ability and nuclear localisation of LSD1 (Boulding et al., 2018). The PKCa LSD1 

p65/RELA axis has been implicated in the epigenetic regulation of the inflammatory 

response (D. Kim et al., 2018).  LSD1 S112 (S111 in humans) phosphorylation enables 

interaction with p65/RELA to demethylate and stabilise it. This phosphorylation is also 

crucial for the function of LSD1 to induce EMT and promote metastasis in breast cancer 

(Feng et al., 2016). The LSD1 S111 residue is upstream of the NLS region.  

 

 
Figure 8.1 Overview of LSD1 protein and an important interaction region within the 
unstructured domain. A) Schematic representation of the LSD1 protein identifying 
domains and key overlapping interaction sites (NLS in magenta, CHD1 recognition 
region in grey). B) Crystal structure of LSD1 (2HKO), SWIRM domain in pink, oxidase 
domain yellow and tower domain green. C) The NLS region (magenta) spans residues 
110-109 and binds with IMPa (white). D) The CHD1 recognition region (green) spans 
residues 110-116 and binds with CHD1 (green) when K114 residue is di-methylated. This 
NLS/CHD1 recognition region is also a posttranslational modification hot spot, with E) 
phosphorylation of LSD1 S111 occurring from PKC-a (salmon) and F) di-methylation 
of LSD1 K114 by EHMT2 (purple). 

 

Phosphorylation near nuclear localisation signals can potentially positively or negatively 

affect interaction with IMPs and thus regulate nuclear import (Marcos RM Fontes, TEH 

Trazel, et al., 2003; Jeong et al., 2015; J. D. Nardozzi et al., 2010).  To investigate if 
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phosphorylation of LSD1 at residue S111 affected interaction to IMPa, a phosphor-

mimic glutamate mutation was made (S111E). The crystal structure of LSD1 phosphor-

mimic S111E in complex with IMPa1 was solved to 2.1 Å. No significant structural 

differences are observed between LSD1 wild type (WT) and S111E mutant interactions 

with IMPa.  

 

To identify key binding determinants of the LSD1-NLS:IMPa interaction, the LSD1-

NLS region (aa104-129) was bound to IMPa, purified, and crystallised, before 

undergoing X-ray exposure, with the resulting diffraction data collected and processed to 

resolve the atomic structures. The co-purification and crystallization techniques were also 

applied to a phosphorylation mutant S111E to assess how the mutation affects LSD1 

interaction with IMPα1. Here, we report the crystal structures of the nuclear localisation 

signalling region of LSD1 in complex with IMPa1 and IMPa3 to 2.1 Å and 2.5 Å, 

respectively. The IMPa7 in complex with LSD1-NLS did not crystallize. Additionally, 

stable complexes of a large LSD1 domain with IMPa1/b, IMPa3/b and IMPa7/b, were 

identified on gel filtration. Combined, these results suggest that LSD1 is capable of direct 

interaction to each IMPa subfamily in vitro. The affinity of LSD1 (aa104-852), the S111E 

mutant, and K114A mutant to IMPa was assessed using a solid-phase ELISA experiment. 

 

8.3 Results 

8.3.1 Structural basis for LSD1 NLS interaction with IMPa1 

In order to examine the precise residues that mediate the interaction of LSD1-NLS with 

IMPα1, X-ray crystallography was undertaken using crystals obtained from a purified 

LSD1-NLS:IMPa1DIBB complex. To obtain a 1:1 complex between IMPa1DIBB and 

the LSD1-NLS, the GST-tagged LSD1-NLS fusion protein was first immobilized on a 

glutathione affinity resin, washed, and then 20mg of IMPα1DIBB was added to the 

column (Figure 8.2A). Following further washing and elution from the column, the 

LSD1-NLS:IMPα1DIBB complex was released from GST by TEV cleavage, and passed 

through a size exclusion column to remove excess LSD1-NLS peptide, and then re-

purified over a glutathione column to remove un-cleaved purified GST products (Figure 

8.2B and C). The LSD1-NLS formed a stable complex with IMPα throughout purification 

(Figure 8.2D).  
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Figure 8.2 Purification of LSD1-NLS:IMPa1DIBB. FPLC Chromatograms UV in blue, 
glutathione in red A) GST purification B) S200 of TEV treated GST LSD1-
NLS:IMPa1DIBB complex. C) GST purification of LSD1-NLS:IMPa1DIBB complex 
from S200 to remove contaminant GST. D) SDS-PAGE analysis of purification process.  

 

The IMPa1DIBB protein was previously crystallised in complex with a prototypical NLS, 

so the reported condition, 0.7M Na citrate and 0.1M Na HEPES pH7.0, was used to obtain 

diffraction quality crystals (K. M. Smith, Di Antonio, et al., 2018). The LSD1-

NLS:IMPα1DIBB crystals had a rod-shaped morphology (Figure 8.3A) and diffracted to 

2.06 Å resolution (Figure 8.3B).  

 
Figure 8.3 Crystals of LSD1-NLS:IMPa1DIBB complex. A) Crystals of rod-shaped 
morphology in hanging drop. B) Diffraction of single crystal on ADSC 210r detector.  
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The diffraction data were indexed to the P212121 space group, and the structure solved by 

molecular replacement using the structure of IMPα1 (PDB: 5KLR) (K. M. Smith, Di 

Antonio, et al., 2018) as a search model. The final R/R-free was 0.188/0.212 for LSD1-

NLS:IMPα1DIBB (see Table 8.1 for full data collection and refinement statistics). The 

nuclear import adapter IMPα1 displayed the characteristic super-helical structure 

consisting of ten armadillo repeats (ARM), with each ARM repeat consisting of three α-

helices. Strong positive residual electron density for residues 110-119 of LSD1 NLS 

could be clearly discerned at the major NLS binding site of ARMs 2, 3 and 4 of IMPα1.  

 
 
Table 8.1 Data Collection and Refinement Statistics 

 LSD1 IMPa1 LSD1 S111E IMPa1 LSD1 IMPa3 

Data Collection 
   Wavelength (Å) 0.9537 0.9537 0.9537 
   Space group P 21 21 21 P 21 21 21 P 21 21 21 
   Cell dimensions    
      a, b, c (Å) 78.61, 90.05, 99.75 78.63, 89.54, 98.32 47.9, 89.1, 143.5 
      a, b, g (°) 90, 90, 90 90, 90, 90 90, 90, 90  
   Resolution (Å) 
 

41.04 - 2.06   
(2.11- 2.06) 

41.69-1.96  
(1.99-1.96) 

33.29 - 2.60  
(2.72 -2.60)  

   Rpim 0.080 (0.408) 0.030 (0.737) 0.045 (0.314) 
   Mean I/s (I) 4.3 (1.6) 13.5 (1.4) 9.5 (2.1) 
   CC1/2 0.984 (0.675) 0.999 (0.557) 0.998 (0.778) 
   Total reflections 211479 (11987) 150542(7553) 72926 (8992) 
   Unique reflections 43845 (2917) 48384 (2444) 19536 (2323) 
   Completeness (%) 98.7 (90.6) 95.8 (98.7) 99.5 (99.4) 
   Multiplicity 4.8 (4.1) 3.1 (3.1) 3.7 (3.9) 
   Wilson B-factor 33.58 35.142 45.713 
Refinement    

Resolution (Å) 38.15-2.06  
(2.134-2.06) 

41.68-1.96 
(2.03-1.96) 

33.29-2.6  
(2.693-2.6) 

Reflections used in    
   Refinement 43790 (4074) 48347 (4926) 19488 (1911) 
   Rfree 2183 (234) 2436 (229) 1024 (91) 
Rwork 0.2199(0.2940) 0.181 (0336) 0.2103 (0.2982) 
Rfree 0.2590 (0.3427) 0.206 (0.328) 0.2619 (0.3301) 
Number of non-hydrogen atoms 3398 3538 3230 
   macromolecules 3295 3364 3230 
   ligands - 24 - 
   solvent 103 150 - 
Protein residues 428 434 418 
B-factors    
  Protein 45.91 47.84 66.29 
  Solvent 42.73 45.12 - 
R.M.S. deviations    
   Bond lengths (Å) 0.002 0.007 0.016 
   Bond angles (°) 0.50 0.83 1.99 
Ramachandran plot (%)    
   Favoured 96.93 97.67 94.69 
   Allowed 2.84 2.33 5.31 
   Outliers 0.24 0 0 
Rotamer outliers (%) 1.37 3.49 2.47 
Clash score 0.90 2.18 8.46 

a Values in parentheses are for highest-resolution shell. 
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Figure 8.4 Structure of LSD1 NLS IMPa1. A) Co-crystal structure of IMPa1 (yellow 
cartoon and surface representation) and LSD1 NLS (stick representation, carbons in 
magenta), insert shows a 3s simulated annealing omit map to support placement of LSD1 
NLS residues. B) Interaction schematic, hydrogen bonds shown in black dashed lines, 
salt bridge interactions shown in red dashed lines.   

 

The LSD1-NLS binds IMPa1 as a monopartite NLS in the IMPa1 major binding site 

(Figure 8.4A). The side chain of LSD1 K114 residue forms the highly conserved P2 site 

interaction to the IMPa1 D192 side chain (Figure 8.4B). The P1-P5 NLS binding 

positions of LSD1 are residues 113RKRAR, and details of each interaction with IMPa are 

outlined in Table 8.2. These are consistent with previously described IMPa1 major site 

binding NLSs in the PDB (Table 8.3). 

 

Table 8.5 PISA analysis of LSD1 NLS IMPa1 

 LSD1 Distance [Å] IMPa1 
HB1   A:ALA 113[ O  ]   2.28   B:ASN 235[HD21]  
HB2   A:ARG 115[ O  ]   2.00   B:ASN 188[HD21]  
HB3   A:LYS 117[ O  ]   2.01   B:ASN 146[HD21]  
HB4   A:LYS 114[ HZ3]   2.48   B:GLY 150[ O  ]  
HB5   A:LYS 114[ HZ3]   2.26   B:THR 155[ OG1]  
HB6   A:LYS 114[ HZ1]   2.06   B:ASP 192[ OD1]  
HB7   A:ARG 115[ H  ]   1.94   B:ASN 188[ OD1]  
HB8   A:ARG 115[HH12]   2.24   B:ASN 228[ OD1]  
HB9   A:ARG 115[HH22]   2.31   B:ASN 228[ OD1]  
HB10   A:LYS 117[ H  ]   1.99   B:ASN 146[ OD1]  
HB11   A:LYS 117[ HZ2]  2.22   B:GLN 181[ OE1]  
SB1   A:LYS 114[ NZ ]  2.94   B:ASP 192[ OD1]  
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Table 8.3 PDB deposited classical NLSs binding to the major site of IMPα 

NLS IMPα major binding site PDB ID 
  P1 P2 P3 P4 P5   
LSD1 R K R A K This study 
HIV1 Tat R K K R R 5SVZ 
SV40T (Conti et al., 1998; 
Marcos RM Fontes, Trazel Teh, 
et al., 2003; Fontes et al., 2000) 

K K K R K 1EJL, 1BK6, 1Q1S, 
1Q1T 

αIBB (Kobe, 1999) L K K R N 1IAL, 1IQ1 
Venezuelan Equine Encephalitis 
Capsid 

A K K P K 3VE6 

Ku70 (Takeda et al., 2011) S K R P K 3RZX 
Ku80 (Takeda et al., 2011) A K K L K 3RZ9 
CLIC4 (Mynott et al., 2011) A K K Y R 3OQS 
Dengue 2 NS5 C-terminus  
(M. Y. Tay et al., 2016) 

M K R F R 5FC8 

Dengue 3 NS5 C-terminus  
(M. Y. Tay et al., 2016) 

M K R F R 5HHG 

XPG (de Barros et al., 2016) S K R K R 5EKF, 5EKG 

 

8.3.2 LSD1 NLS forms the same interaction with IMPa3 

The LSD1-NLS:IMPa3DIBB complex was successfully formed and isolated at high 

purity using the methodology described above for LSD1-NLS:IMPa1DIBB complex 

(Figure 8.5). Unlike LSD1-NLS:IMPa1DIBB, the crystallization conditions for 

IMPa3DIBB were not known, so sparse-matrix crystallisation screening was undertaken. 

Crystallisation screening was performed using the hanging drop vapour diffusion method 

(3µL drop; 1.5µL protein and 1.5µL reservoir solution). The kits used for sparse matrix 

screening were Molecular Dimensions ProPlex (MD1-48) and PACT Premier (MD1-29). 

A hit was obtained in Proplex (MD1-38) condition 2-36 (1.0M sodium citrate tribasic 

dihydrate, 0.1M HEPES pH7.0). This condition was further optimised by varying 

precipitant concentration (Table 8.4). Crystals obtained were of a rod-shaped morphology 

(Figure 8.6A) and diffracted to 2.6 Å (Figure 8.6B). 
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Figure 8.5 Purification of LSD1-NLS:IMPa3DIBB. FPLC Chromatograms UV in blue, 
glutathione in red A) GST purification B) S200 of TEV treated GST LSD1-
NLS:IMPa3DBB complex. C) GST purification of LSD1-NLS:IMPa3DIBB complex 
from S200 to remove contaminant GST. D) SDS-PAGE analysis of purification process. 

 
Table 8.4 Reservoir solution concentrations for LSD1-NLS:IMPa3DIBB optimisation of 
the MD1-38 condition 2-36. Note: total reservoir volume is 300µL. 

0.1M 
HEPES 
pH7 
500 mM 
Na citrate 

0.1M 
HEPES 
pH7 
600 mM 
Na citrate 

0.1M 
HEPES 
pH7 
650 mM 
Na citrate 

0.1M 
HEPES 
pH7 
700 mM 
Na citrate 

0.1M 
HEPES 
pH7 
750 mM 
Na citrate 

0.1M 
HEPES 
pH7 
800 mM 
Na citrate 

0.1M 
HEPES 
pH7 
900 mM 
Na citrate 

0.1M 
HEPES 
pH7 
1000mM 
Na citrate 

 

 
Figure 8.6 Crystals of LSD1-NLS:IMPa3DIBB complex. A) Crystals of rod-shaped 
morphology in hanging drop. B) Diffraction of single crystal on ADSC 315r detector.  
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The diffraction was indexed to the P212121 space group, and the structure solved by 

molecular replacement using the structure of IMPα (PDB: 5XZX) (Koyama & Matsuura, 

2017) as a search model. The final R/R-free was 0.211/0.265 for LSD1-NLS:IMPα3DIBB 

(see Table 8.1 for full data collection and refinement statistics). The nuclear import 

adapter IMPα3 displayed the characteristic super-helical structure consisting of ten 

armadillo repeats (ARM), with each ARM repeat consisting of three α-helices. Strong 

positive residual electron density for residues 112-119 of LSD1-NLS could be clearly 

discerned at the major NLS binding site of ARMs 2, 3 and 4 of IMPα3 (Figure 8.7A).  

 

The LSD1-NLS binds IMPa3 as a monopartite NLS in the IMPa3 major binding site 

(Table 8.4, Figure 8.7).  The LSD1 residue K114 binds IMPa3 in the P2 position, forming 

the highly conserved salt bridge with IMPa3 residue D187. Structures of LSD1 NLS 

region in complex with IMPa1 and IMPa3 revealed high conservation of the interaction 

region. Namely, positioning of NLS binding pockets, with critical P2 site salt bridge 

D192/D187 for IMPa1/IMPa3. Overlay analysis of two structures reveals variation in 

IMPa ARMs 6-10, however, these variations are outside of the NLS binding interface.  

 

Table 8.5 PISA analysis of LSD1 NLS IMPa3 

 LSD1 Distance [Å] IMPa3 
HB 1 B:ARG 113[ NH1] 3.83 A:GLY 186[ O  ] 
HB2 B:LYS 114[ NZ ] 2.57 A:THR 150[ OG1] 
HB3 B:LYS 114[ NZ ] 2.92 A:ASP 187[ OD1] 
HB4 B:LYS 114[ NZ ] 2.79 A:GLY 145[ O  ] 
HB5 B:ARG 115[ N  ] 2.84 A:ASN 183[ OD1] 
HB6 B:ARG 115[ NH1] 2.70 A:ASN 219[ OD1] 
HB7 B:LYS 117[ N  ] 2.72 A:ASN 141[ OD1] 
HB8 B:LYS 117[ NZ ] 2.85 A:GLN 176[ OE1] 
HB9 B:ARG 113[ O  ] 2.78 A:ASN 226[ ND2] 
HB10 B:ARG 115[ O  ] 2.81 A:TRP 179[ NE1] 
HB11 B:ARG 115[ O  ] 3.07 A:ASN 183[ ND2] 
HB12 B:LYS 117[ O  ] 3.00 A:TRP 137[ NE1] 
HB13 B:LYS 117[ O  ] 2.69 A:ASN 141[ ND2] 
SB1 B:LYS 114[ NZ ] 2.92 A:ASP 187[ OD1] 
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Figure 8.7 Structure of LSD1 NLS IMPa3. A) Co-crystal structure of IMPa3 (orange 
cartoon and surface representation) and LSD1 NLS (stick representation, carbons in 
magenta), insert shows a 3s simulated annealing omit map to support placement of LSD1 
NLS residues. B) Interaction schematic, hydrogen bonds shown in black dashed lines, 
salt bridge interactions shown in red dashed lines.  Binding residues are shown in stick 
representation, IMPa3 residues orange, LSD1 residues magenta.  

 

8.3.2 LSD1 K114 residue is critical for interaction with IMPa 

8.3.2.1 Analytical Experiments 

To assess the relevance of the NLS in the context of a large protein domain of LSD1 

(aa104-852), gel filtration experiments with the IMPa/b complex were performed to 

assess for formation of the LSD1:IMPa/b import complex. This complex would be more 

similar to what would occur in the cell. Stable complexes were observed between LSD1 

(aa104-852) and IMPa1/b, IMPa3/b, and IMPa7/b (Figure 8.8). The gel filtration results 

of LSD1 (aa104-852) bound to a representative IMPa/b complex from each IMPa 

subfamily (IMPa1/SFa1, IMPa3/SFa2, IMPa7/SFa3) suggest that LSD1 does not have 

a specificity towards a particular IMPa subfamily. 
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Mutation of LSD1 residue S111 to glutamate (S111E) did not prevent complex formation 

between LSD1 and the IMPa/b heterodimers (Figure 8.8). However, the LSD1 residue 

K114 (P2 site) mutation to alanine (K114A) abolished interaction to all three of the 

IMPa/b heterodimers, eluting as two separate peaks. Therefore LSD1 residue K114 is a 

critical binding determinant for the LSD1:IMPa/b interaction (Figure 8.8). The LSD1 

NLS IMPa1 and IMPa3 structures reveal that mutation of LSD1 lysine residue to alanine 

(K114A), will result in a loss of favourable electrostatic interactions with IMPa residues 

D192/187/197 (a1/3/7). The loss of this salt bridge interaction accounts for the observed 

abrogated binding of the LSD1 K114A mutant to each IMPa/b nuclear import complex.  



 

145 

 

Figure 8.8 Gel filtration and SDS-PAGE analysis of LSD1 IMPa/b complexes. Gel filtration of three IMPa/b complexes, a1/b (yellow), a3/b (red), 
a7/b (blue) and LSD1 aa104-852 WT (blue), phosphorylation mutant S111E (magenta), and methylation mutant K114A (red). Each IMPa/b complex 
was tested against the three LSD1 constructs for complex formation, LSD1 WT apo (blue), WT (green), S111E (orange), K114A (maroon). Asterisk 
shows the gel filtration peak on SDS-PAGE. IMPa/b peak highlighted on SDS-PAGE gel with red box, LSD1 peak highlighted with blue box, 
LSD1:IMPa/b complexes highlighted with magenta box. 
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8.3.2.2 Quantitation of IMPa1 LSD1 interaction strength  

To quantitate the binding affinity of LSD1 (aa104-852) WT, S111E, and K114A mutants 

to IMPa1, a solid phase ELISA experiment was performed. The LSD1 WT and LSD1 

S111E mutants both bound IMPa1DIBB at comparably high affinities, with KD values of 

253 and 236 nM, respectively, and a Hills coefficient of ~1.5. The LSD1 K114A mutant 

affinity was not quantitated, however, the observed binding was only marginally higher 

than the GST negative control (Figure 8.9). The measured affinities correlate with the gel 

filtration analysis, confirming that K114 is critical for IMPa recognition and binding. It 

also shows that the LSD1 S111E mutant binds with a comparable affinity to LSD1 WT. 

 

 

Figure 8.9 ELISA quantitation of IMPa1DIBB LSD1 binding affinity KD. LSD1 aa104-
852 WT (blue), S111E (magenta) and K114A (red) mutants, with GST control (black). 
Error bars show the standard error of the mean (SEM). 

 
Table 8.6 Effect of mutations in LSD1 aa104-852 domain to IMPα1ΔIBB binding 
measured by solid-phase ELISA. 

 Binding parameters 
 Kd (nM) Bmax (%WT) Hill’s Constant 
LSD1 aa104-852 WT  253 ± 51.7 100 ~1.5 
LSD1 aa104-852 S111E 236 ± 48.8 100 ~1.5 
LSD1 aa104-852 K114A  N.D. N.D. 1 
GST N.D. N.D. 1 

Bacterially expressed His-fusion and GST proteins used in ELISA assays to calculate the 
Kd for binding to IMPα1ΔΙΒΒ. Results represent the mean ± SEM (n=2), N.D. signifies 
not determined values as the Kd exceeds the maximum scope of this assay (1000nM).  

0 500 1000
0

1

2

3

Impa1ΔIBB (nM)

Δ
A

bs
or

ba
nc

e 
(4

50
nm

)

LSD1 aa104-852 Binding Data

WT

S111E

K114A

GST

0 500 1000
0

1

2

3

Impa1ΔIBB (nM)

Δ
A

bs
or

ba
nc

e 
(4

50
nm

)

GST-LSD1 NLS Binding Data

WT

S111E

K114A

GST



 
 

147 
 

8.4 Discussion 

We have shown that LSD1 (aa104-852) can interact with representative members of all 

three IMPa subfamilies in vitro. Interactions with IMPa and CHD1 were shown to be 

regulated posttranslationally (Metzger et al., 2016) through phosphorylation and 

methylation. Di-methylation of LSD1 residue K114 is essential for interaction with 

CHD1 (Metzger et al., 2016). Our results confirm the di-methylation LSD1 mutant, 

K114A, abrogates interaction with IMPa. The loss of favourable electrostatic interactions 

of LSD1 residue K114 with IMPa1/3/7 residues D192/D187/D197 resulted in a loss of 

interaction between LSD1 and IMPa, and would thus affect nuclear localisation. 

Structural studies and in vitro analysis revealed di-methylation of LSD1 K114 would 

prevent interaction with IMPa (Figure 8.10). Conversely, the phosphorylation mutant of 

LSD1 residue S111 does not negatively affect LSD1 interaction with IMPa. However, it 

would interfere with the LSD1:CHD1 interaction as S111 makes important hydrogen 

bonds with CHD1 residue D408, whereupon phosphorylation of S111 would result in 

repulsive electrostatic interactions (Figure 8.10). We propose a molecular switch that 

determines the binding partners of LSD1 and could potentially affect nuclear localisation 

and function of LSD1, however, this will need to be validated in a cellular context. 

 

It is interesting to understand how posttranslational modifications can affect interaction 

with binding partners. It is possible that phosphorylation of LSD1 at S111 prevents other 

protein-protein interactions, reducing competition for interaction with IMPa and nuclear 

targeting. GSK3β-mediated LSD1 phosphorylation of residues S707/S711 retains  LSD1 

in the nucleus (Tsai et al., 2018). LSD1 phosphorylation at S111 may also prevent other 

protein-protein interactions with LSD1 that regulate nuclear export resulting in increased 

nuclear retention. Or alternatively, phosphorylation of S111 could prevent certain 

interaction partners from binding LSD1 in the cytoplasm, thus freeing LSD1 for 

interaction with IMPa. Additional studies are required to elucidate the effect of the S111 

phosphorylation on nuclear transport of LSD1. 

 

We have shown that LSD1 can interact with representative members from each of the 

three IMPa subfamilies, and that phosphorylation of LSD1 at residue S111 does not 

perturb these interactions. The LSD1 residue K114 (critical P2 lysine) can be di-

methylated, which completely abolishes interaction with all representative IMPa 
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receptors. LSD1 also forms a complex with CHD1, whereby the S111 residue forms three 

hydrogen bonds with D408. However, when this serine is phosphorylated, such an 

interaction would not occur, as this phosphorylation does not perturb IMPa binding. I 

hypothesise that this is the mechanism by which LSD1 nuclear localisation can be 

controlled. In the unphosphorylated state, it is free to be methylated and interact with 

CHD1, however, when phosphorylated it can no longer interact with CHD1 but the NLS 

is now exposed for IMPa recognition.  

 

 

 

Figure 8.10 Structural basis for phosphorylation and methylation regulation of LSD1 
interaction partners. A) IMPa1 (yellow), di-methylated K114 (red carbons). B) LSD1 
NLS binding region (magenta), S111E phosphor-mimic residue (orange carbon). C) 
CHD1 (green), LSD1 CHD1 binding region (magenta). D) phosphorylated S111 (orange 
carbon). 
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8.5 Conclusion 

This study is the first to structurally delineate the molecular basis for interaction between 

LSD1 and IMPa. The solved structures show that phosphorylation at S111 is not 

detrimental to IMPa binding, and there is no observed increase in binding in vitro. The 

structures also show that LSD1 residue K114 is critical for interaction with IMPa and 

lies in the P2 binding site. This provides a structural basis for further testing of the role 

of LSD1 S111 phosphorylation and K114 di-methylation in a cellular context.  
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Chapter 9. Summary and General Conclusions  

 

The primary difference between prokaryotes and eukaryotes is the presence of a nucleus 

which enables the segregation of genetic material in a double membraned organelle. 

Proteins are translated in the cytoplasm, however, many proteins such as transcription 

factors, cell splicing machinery and epigenetic factors require entry to the nucleus to exert 

their function. Nuclear import is regulated by the nuclear pore complex and a family of 

cytosolic receptors and adapters known as importins. Importin b (IMPβ) is a cytosolic 

import receptor that binds the nuclear pore complex to allow translocation into the 

nucleus, in a Ran dependent manner (D Görlich et al., 1996; Stewart, 2007; Stewart et al., 

2001). Many eukaryotic proteins cannot directly bind this receptor and require the use of 

the adapter molecule importin a (IMPα) that binds IMPb directly (Dirk Görlich et al., 

1996).  Nucleocytoplasmic transport is important for many cellular processes and disease 

states. Increasing our understanding of how these cytosolic receptors and adapters 

recognise cargo molecules will greatly assist future studies. This study aimed to better 

understand nuclear import and identify how proteins important in cell biology, cancer 

biology and viral infection utilise this pathway.  

 

To further understand IMPa recognition of classical nuclear localisation signals (cNLSs) 

at a molecular level, X-ray crystallography and in vitro techniques were used. Chapter 3 

focussed on understanding cNLSs, and the importance of the NLS binding position 4 (P4 

site) to the interaction strength of cargo to IMPa. The consensus motif within the 

literature for a prototypical cNLS (positions 2-5) was K-(K/R)-X-(K/R), where the P4 

site, X, could be any residue other than D, E, or G. The binding groove of IMPa is 

negatively charged, so it is easy to rationalise why the negative amino acids D and E are 

not tolerated in NLSs. However, as G does not have a side chain or a charge associated it 

was not understood why this was not tolerated in cNLSs binding to IMPa. In Chapter 5, 

using a prototypical NLS with a series of mutations made in the P4 site (residues R, M, 

V, A, P, and G) a structural basis for reduced binding for hydrophobic residues as 

compared to the wildtype positive residue was elucidated. The P4 R and P4 M 

prototypical NLSs in complex with IMPa1 were structurally determined by X-ray 

crystallography to 2.1 Å resolution. The P4 R residue made 4 hydrogen bonds with IMPa 

residues L104, R106, and E107. The P4 M residue did not make these bonds.  Modelling 
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showed that the smaller the hydrophobic amino acid side chain, the less buried surface 

area there is for the interaction, the weaker the overall calculated interaction strength. 

This study found that in the absence of other stabilising interactions, hydrophobic 

residues in the P4 position modulate binding to IMPa and affect nuclear targeting 

capacity. When searching human proteomes or proteomes from other organisms such as 

viruses for cNLSs, these findings should be kept in mind. 

 

There are no complete structures of the IMPa/b heterodimer interaction, so to better 

understand this process we attempted to determine the full-length structure (see 

Appendices). Unfortunately, no full-length complex structures were obtained in this study 

but an interesting finding was that human IMPa1, IMPa3 and IMPa7 cannot interact 

with yeast IMPb. However, the reverse is true, yeast IMPa can bind to human IMPb 

(previous finding, unpublished). Findings suggested that something is different between 

the yeast and human IMPb’s, or potentially the IMPa’s that accounts for this mismatch. 

One possibility is that through evolution the multiple IMPa’s present in humans have 

competed for binding to human IMPb.  This co-evolution may have reached a point where 

human IMPa’s can no longer replace the function of an IMPa in evolutionarily earlier 

organisms. Future studies can test for differences between IMPb’s and IMPa’s across 

organisms to identify the cause for the differences in binding. One hypothesis is that the 

exterior charged surfaces of human IMPa and yeast IMPb are not complementary and 

the presence of a longer linker between yeast IMPa and its IMPb binding domain allows 

interaction with human IMPb. In this study, the IMPa8 importin b binding (IBB) domain 

was shown to bind both yeast IMPb and human IMPb. However, as the full-length IMPa8 

could not be produced in large enough quantities, assessment of interaction with yeast 

and human importin b could not be made. Future experiments could add flexible linkers 

of various lengths between the human IMPa1/3/7 ARM-core domain and it’s IBB domain 

to test for an interaction with yeast IMPb. Cryo-electron microscopy was pursued using 

a tetramer b-galactosidase with fused C-terminal NLSs to act as a scaffold for four 

IMPa/b molecules to bind to increase chances of structural determination, but there was 

no success in this endeavour.  

 

Many DNA and RNA virus life cycles contain proteins are imported to the nucleus. To 

better understand how these viruses hi-jack our nuclear import pathway, the structures of 
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many viral proteins in complex with IMPa were solved by X-ray crystallography. In 

Chapter 4, the structural determinants of HIV-1 Tat cell penetrating peptide in complex 

with IMPa1 was described and the low micromolar binding affinity was measured. Study 

of these host-pathogen interfaces using X-ray crystallography complemented with 

biochemical and cellular analysis has identified important determinants for viral protein 

recognition by IMPa. The molecular basis for how nuclear entry is achieved for these 

proteins and the role it plays in their viral life cycle could potentially provide a therapeutic 

target. 

 

Medically important RNA viruses that have proteins which shuttle to the nucleus to 

subvert the innate immune response include the dengue virus from the flavivirus genus. 

In Chapter 5, the structures of Dengue virus (DENV) NS5 proteins from DENV2 and 

DENV3 in complex with IMPa1 revealed important determinants that explained 

differences in nuclear localisation for the four DENV serotypes described in the literature 

(Hannemann et al., 2013). This study identified that the functional NLS in DENV2 NS5 

was at the C-terminus, not in the interdomain region between the methyltransferase and 

RNA dependent RNA polymerase domains that was previously reported (A. J. Brooks et 

al., 2002).  DENV3 NS5 also contained a functional C-terminal NLS, and the low nuclear 

targeting capacity of DENV1 NS5 was shown to be due to a lack of stabilising 

interactions. In DENV2 and DENV3 NS5 the correct presentation with a proline N-

terminal to the NLS was critical for binding to IMPa. The P4 site in all DENV NS5 

constructs is a hydrophobic residue, and findings in Chapter 5 showed that a cNLS in the 

absence of additional stabilising interactions can only bind weakly to IMPa. It was also 

posited that nuclear entry for DENV4 NS5 (M. Y. Tay et al., 2016) may be due to up-

regulation by phosphorylation, however, this has yet to be validated in vitro. The P3 site 

from the NS5:IMPa structures was shown to be essential for virus replication and is 100% 

conserved across the flavivirus genus (M. Y. Tay et al., 2016). Future studies could aim 

to potentially target the C-terminus of DENV NS5 to prevent viral replication. 

 

Agriculturally and medically important RNA viruses that contain proteins which shuttle 

to the nucleus during the viral infection lifecycle include the recently emergent Hendra 

and Nipah viruses. In Chapter 6, the Hendra virus (HeV) matrix protein was shown to 

form a stable interaction with IMPa1. The NLS region that bound IMPa was outside of 

the NLS region defined in the literature. The reported bipartite NLS in the literature did 
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not bind to IMPa1 in vitro. Further investigations are required to delineate what the 

importance of the monopartite NLS identified in this study is for viral infection and 

budding. In Chapter 7, the structures of the Nipah virus (NiV) W protein in complex with 

IMPa1 and IMPa3 showed similar interactions to that of the Hendra virus (HeV) W 

protein. The Hendra and Nipah W proteins in complex with IMPa3 revealed an extensive 

binding interface (K. M. Smith, Tsimbalyuk, et al., 2018) which accounts for the 

previously observed specificity of W for IMPa3 (Shaw et al., 2005). The apo structures 

of IMPa1 and IMPa3 in Chapter 3, compared with NiV W and HeV W complexes lead 

to the proposal of the third model of specificity for IMPa3 to be added to the literature 

(K. M. Smith, Tsimbalyuk, et al., 2018). Pre-existing specificity models for importin a3 

included a flexible hinge domain which explains the specificity of N-terminal NLSs with 

bulky domains (Sankhala et al., 2017). The cargo free structure of IMPa3 in this study 

revealed large rotational movements of the N-terminal to the hinge region which support 

the flexible hinge model. Another specificity model  was a reduced autoinhibition which 

gave a kinetic advantage of binding for the avian influenza polymerase subunit PB2 

(Pumroy et al., 2015; Sankhala et al., 2017). Neither of these two mechanisms could 

explain the HeV/NiV W specificity for IMPa3 because the observed specificity occurred 

in the absence of competition with an IBB domain, and there is no C-terminal domain 

after the NLS that could cause steric clashes with the N-terminus of IMPa3. The third 

model involves the positioning of C-terminal ARMs 7-8 of IMPa3 mediating cargo 

specificity. HeV/NiV W proteins bind as a monopartite for IMPa1 and bipartite for 

IMPa3. The model proposed in this chapter explains the specificity mechanism for C-

terminal NLSs, and importantly our cargo free structure supports both the proposed N-

terminal flexibility and hinge model (Sankhala et al., 2017), as well as the rigid C-

terminal open conformation model proposed in Chapter 3. The P4[G] mutant did not lose 

binding to IMPa1, however, findings from chapter 5 suggest that if the stabilising proline 

residues are mutated to alanine residues, the major NLS binding site would resemble a 

prototypical cNLS. The P4[G] mutation coupled with mutations of upstream PP residues 

to AA residues (AA-P4[G]) could potentially abolish interaction with IMPa1 and a7. But 

as IMPa3 binds as a bipartite it will still interact with the AA-P4[G] NLS mutant, thus 

enabling the creation of a potent and specific inhibitor of the IMPa3/a4 pathway.   
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Nucleocytoplasmic transport is also important for many cellular processes and can be 

deregulated in disease states such as cancer (Çağatay & Chook, 2018; Stelma et al., 2016). 

In this study we tested lysine specific demethylase 1A (LSD1), an important epigenetic 

regulator in cancers in the same stringent manner for interactions with IMPa isoforms. 

We also investigated the effect of LSD1 posttranslational modifications on interaction 

with IMPa. In Chapter 7, the structures of LSD1 NLS and a phosphorylation mutant 

S111E NLS in complex with IMPa1 were solved. The structure of LSD1 NLS in complex 

with IMPa3 was also determined. Stable complexes of a large LSD1 domain (residues 

104-852) with IMPa1/b, a3/b and a7/b, were formed. This showed that LSD1 (residues 

104-852) had no isoform specificity in vitro. The phosphorylation mutant S111E was also 

able to form stable complexes with the three IMPa/b’s. The methylation mutant K114A 

was unable to form a stable and direct interaction with any of the IMPa/b proteins. This 

is consistent with previous reports that the P2 site of an NLS is strictly a lysine residue 

which forms an important salt bridge interaction with IMPa aspartate residue which is 

conserved across all IMPa isoforms. The same NLS region investigated in this study is 

critical for androgen receptor dependent transcription and binds chromodomain helicase 

DNA binding protein 1 (CHD1) when the LSD1 residue K114 is di-methylated (Metzger 

et al., 2016). In this interaction between LSD1:CHD1 the LSD1 serine residue 111 forms 

bonds with CHD1 aspartate residue 408. Phosphorylation of LSD1 residue S111 would 

not be tolerated in an interaction with CHD1, but results from this study show it is 

tolerated by IMPa. Conversely, di-methylation of K114A is essential for CHD1 

interaction, but results in this study show it is not tolerated by IMPa. This suggests a 

potential posttranslational switch within this region for downstream binding partners and 

function. Future studies assessing these modifications in a cellular context are needed to 

validate and test structural findings.  

 

The limitations of this study are that the majority of experiments were performed in an 

NLS context as opposed to the full-length context of the protein. In some instances, this 

was due to an inability to express the full-length protein, and in other instances where 

expression was not an issue an inability to crystallise the complex precluded structural 

analysis. A further limitation was that all proteins were recombinantly expressed in E. 

coli, which precluded posttranslational modifications. An example is the dengue virus 4 

NS5 protein, which in-vitro does not bind importins or enter the nucleus of cells but is 

able to enter the nucleus in an infection context where posttranslational modifications are 



 
 

155 
 

made (Tay & Smith et al., 2016). Future studies looking at the domains, as well as 

validating findings in a cellular context will be beneficial as many instances of specificity 

that have arisen are due to three-dimensional architecture outside of the NLS region, e.g. 

RCC1 (Sankhala et al., 2017). To confirm the biological significance and relevance of 

the findings in this thesis, important collaborations were made with other laboratories to 

perform cell culture experiments that validated the structural conclusions.  

 

Studies similar to the HeV/NiV W (K. M. Smith, Tsimbalyuk, et al., 2018), RCC1 

(Sankhala et al., 2017), PB2 (Pumroy et al., 2015), and the Ebola virus VP24 protein (Xu 

et al., 2014) proteins could prove beneficial for elucidating distinct mechanisms for 

specificity amongst the IMPa isoforms. For example, structurally investigating a cargo 

such as Kelch-like ECH-associated protein 1 (KEAP1) which is specific for IMPa7 only 

would be useful in bridging our knowledge gap for specificity mechanisms for the IMPa7 

isoform (Sun et al., 2011).  Furthermore, with enough structural and biochemical 

information, we could potentially be in a position where predictive bioinformatics 

analyses for IMPa isoforms can be performed. A program could be designed to predict 

whether an NLS bearing protein would have IMPa isoform specificity, and to what extent 

(i.e. exclusive specificity or preferential specificity). If nuclear targeted proteins can be 

sorted based upon their importin a isoform specificity, it could give us more information 

on why a cell might be upregulating a particular isoform of IMPa (i.e. what pathways 

will this activate/deactivate, what could the cell be controlling with these IMPa 

isoforms?). 

 

Conclusion 

Nuclear import is an important process involved in many disease states and structurally 

characterising the molecular interactions involved is critical for understanding these 

processes. This study determined the structural basis for how the amino acid in position 

4 within a prototypical nuclear localisation signal can modulate cargo recognition by the 

nuclear import adapter IMPa. Important molecular determinants of IMPa interactions 

with cargo molecules were elucidated. These complexes were of many viral proteins, 

such as NiV W, HIV-1 Tat, Dengue NS5, and HeV matrix, as well as a cancer related 

protein, LSD1. The basis for IMPa3 cargo specificity was expanded to include the static 

open conformation of the IMPa3 C-terminus. These findings are also consistent with a 
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previous study where cargo specificity was due to a flexible IMPa3 N-terminus. The 

insights obtained in this study have increased understanding of how these proteins gain 

IMPa mediated access to the nucleus.  

 

Future studies using the W protein NLS and performing mutations based on 

understanding of prototypical NLSs and the importance of the P4 site from this thesis 

would allow for the design of a specific IMPa3/4 inhibitor. The mutation of W P4 to 

glycine, and mutation of the stabilising proline residues to alanine residues, would abolish 

interaction between W and IMPa1, but would not affect the interaction between W and 

IMPa3/4. This could result in a highly specific and potent inhibitor of the IMPa3/4 

pathway and could potentially be used to treat conditions that rely upon upregulation of 

IMPa3/4. These pathologies include inflammatory diseases such as irritable bowel 

syndrome and sepsis, viral infections such as HIV-1, and certain cancers such as prostate 

cancer. In addition, this inhibitor could be used in-vitro to determine if a protein requires 

IMPa3/4 for nuclear localisation. 
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a b s t r a c t

In the absence of approved therapeutics, Zika virus (ZIKV)'s recent prolific outbreaks in the Americas,
together with impacts on unborn fetuses of infected mothers, make it a pressing human health concern
worldwide. Although a key player in viral replication in the infected host cell cytoplasm, ZIKV non-
structural protein 5 (NS5) appears to contribute integrally to pathogenesis by localising in the host cell
nucleus, in similar fashion to NS5 from Dengue virus (DENV). We show here for the first time that ZIKV NS5
is recognized with high nanomolar affinity by the host cell importin a/b1 heterodimer, and that this
interaction can be blocked by the novel DENV NS5 targeting inhibitor N-(4-hydroxyphenyl) retinamide
(4-HPR). Importantly, we show that 4-HPR has potent anti-ZIKV activity at low mM concentrations. With an
established safety profile for human use, 4-HPR represents an exciting possibility as an anti-ZIKV agent.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Zika virus (ZIKV) has recently come to prominence because of
unusual and severe neurological pathogenicities correlated with
ZIKV infection emerging from the epidemic in Asia and the Amer-
icas [1e3], with further interest upon the findings of congenital
brain malformation in fetuses from mothers infected with ZIKV in
the first 3 months of pregnancy [4]. The absence of approved
antiviral treatments or vaccines to treat or prevent ZIKV infection
makes a compelling case to develop new strategies to combat this
emerging health threat [eg. see Ref. [5]].

As a typical member of the flavivirus genus of positive strand RNA
viruses, ZIKV is most closely related to dengue virus (DENV) and
West Nile Virus (WNV), with the highest conservation of sequence in
non-structural protein 5 (NS5) [6,7], the methyltransferase (MTase)/
RNA-dependent RNA polymerase (RdRp) essential for viral replica-
tion in the cytoplasm [8e11]. Nuclear roles of NS5 relate to impacting
host cell functions, including by suppression of production of the
chemokine interleukin 8 [12e14], and inhibition of type I interferon
signalling [15e17], at least in part through effects on splicing of
antiviral response mRNAs [eg. Ref. [18]].

Although replication of flaviviral RNA occurs in the cytoplasm

within ER/Golgi-derived membranous vesicles, the NS5 protein
from many flaviviruses, including DENV serotypes 1-4, Japanese
Encephalitis Virus (JEV) and WNV [eg. Refs. [12,19e23]], is known
to shuttle between the nucleus and cytoplasm. In the case of DENV
NS5, nuclear entry occurs through the host transport factor
importin (IMP) a/b1 heterodimer [12,13,24,25]; small molecules
that inhibit the high affinity IMPa/b1-NS5 interaction, such as the
IMPa-targeting agent ivermectin and the NS5 specific compound
N-(4-hydroxyphenyl) retinamide (4-HPR), have both been shown
to be potent anti-DENV agents [19,25,26], underlining the key
importance of this interaction for viral infection. Strikingly, 4-HPR
has also been known to inhibit WNV infection [26].

The high degree of sequence similarity of NS5 from ZIKV, DENV
andWNV encouraged us to address the nuclear import mechanism
of ZIKV NS5, whether it may be blocked by known inhibitors of
DENV NS5 nuclear import, and if these in turn can limit ZIKV
infection. The results establish for the first time that ZIKV NS5 in-
teracts directly with IMPa/b1 with high affinity, that this interac-
tion can be inhibited by 4-HPR and ivermectin, and that 4-HPR
potently limits ZIKV infection. Since 4-HPR has an established
safety profile for human use [26e29], 4-HPR represents an exciting
new possibility as an anti-ZIKV therapeutic.
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2. Materials and methods

2.1. Therapeutic compounds

4-HPR and ivermectin were from Tocris Bioscience and Sigma,
respectively.

2.2. Cell culture and virus propagation

Vero cells were maintained in Dulbecco's Modified Eagle's Me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS) at
37 !C in a humidified incubator supplemented with 5% CO2
[17,18,25,26]. ZIKV (Asian strain/Cook Islands/2014) was propagated
in Vero cells, whereby cells at 80% confluency were infected at a
multiplicity of infection (MOI) of 0.1. At 48 h, when >70% of the cells
were detached, the supernatant was harvested as the ZIKV stock.
Viral titre was subsequently determined by plaque assay (see below).

2.3. Protein expression and biotinylation

His6-mouse-IMPa2 and -IMPa2 lacking the IMPb1-binding
domain (residues 51e529; IMPaDIBB) were expressed and puri-
fied by Ni2þ-affinity chromatography as previously [30]. Mouse
IMPb1-was expressed as a GST fusion protein and purified using

glutathione S-beads as described [31]. The coding sequence for
ZIKV SPH2015 strain (Brazil) NS5 protein amino acids 273-887
(RdRp) was codon-optimised for bacterial expression in the
plasmid vector pMCSG21. Expression was induced in Escherichia
coli Rosetta 2 (DE3) cells using 1 mM IPTG at an OD600 of 0.6, fol-
lowed by overnight incubation at 16 !C. Cells were then pelleted by
centrifugation at 6000 rpm for 30 min, resuspended in 50 mM
phosphate pH 8.0 containing 20 mM imidazole and 300 mM NaCl,
and then lysed using fastbreak cell lysis reagent (Promega V8571)
together with 20 mg lysozyme and 0.5 mg DNase for 30 min all at
16 !C. The cell debris was removed by centrifugation at 12000 rpm
for 30 min and the soluble cell extract clarified using a 0.45 mm low
protein binding syringe filter. The soluble cell extract was purified
on an AKTA FPLC using Ni2þ-affinity chromatography and the
protein eluted using a 20e500 mM imidazole gradient. Elution
fractions were purified and buffer exchanged using size exclusion
chromatography (Superdex 200 pg) in 50 mM Tris pH 8 containing
125 mM NaCl prior to SDS-PAGE analysis to confirm sample purity.
IMP biotinylation was carried out using as described [26,32].

2.4. ALPHAscreen binding assays

ALPHAscreen binding assays were performed as previously
[25,26,32]. IC50 analysis with 4-HPR and ivermectin was performed

Fig. 1. IMPs bind ZIKV NS5 directly with high affinity. A. Schematic of the key domain for nuclear trafficking of DENV NS5 (the “nuclear localization signal” or NLS
[12,13,19,23,24]), aligned to the homologous regions from ZIKV strains. Depiction is in the single amino acid letter code with the NLS boxed in blue and key basic residues
highlighted in red. Sequences are for DENV1-4 (GenBank IDs AIU47321.1, AAK67712.1, AHN50411.1, AMP43484.1 respectively), and ZIKV ArD_41519 (ZIKV ArD; Senegal, 1984;
GenBank: AEN75266.1), ZIKV IbH-30656 (ZIKV IbH; Nigeria, 1968; GenBank: AMR68906.1), ZIKV MR766 (GenBank: AY632535.2), ZIKV H/PF/2013 (ZIKV H/PF; GenBank:
KJ776791.2), ZIKV FSS13025 (ZIKV FSS; Cambodia, 2010; GenBank: AFD30972.1), ZIKV EC Yap (Yap State, Micronesia, 2007; GenBank: EU545988.1) and ZIKV P6-740 (Malaysia, 1966;
GenBank: ANK57896.1). It should be noted that the recently reported “NLS-like” sequence within the C-terminus of DENV2 NS5 [33] is not conserved in ZIKV NS5 or indeed most
DENV NS5 sequences. B. ALPHAscreen technology was used to determine the dissociation constant (Kd) of binding of IMPa/b1 (IMPa/b1 heterodimer with biotinylated IMPb1) or
IMPaDIBB (biotinylated IMPa with the autoinhibitory IMPbebinding domain removed) to His6-ZIKV RdRp (30 nM). Data represent the mean ± SD for triplicate wells from a single
typical experiment (see Table 1 for pooled data).
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using 30 nMHis6-ZikaRdRp, and 10 nM IMPa/biotinylated IMPb1 or
10 nM biotinylated IMPaDIBB [26].

2.5. Plaque assays

Vero cells were seeded into 24-well plates at a density of
2 ! 105 cells/well and grown overnight in prior to infection with
ZIKV as indicated. The virus inoculum was removed and replaced
with semisolid 0.8% carboxymethyl cellulose (CMC) overlays in
DMEM containing 2% FBS, and the plates returned to 37 "C in a
humidified incubator supplemented with 5% CO2. After 3e4 days,
the cells were fixed with neutral buffered formalin (Sigma) for
2 h at room temperature, rinsed with tap water, and stained with
1% crystal violet for 10 min. The stain was removed by rinsing the
cells with tap water, and the plaques counted. Dose-response
curves were plotted from the plaque number versus the log of
the concentration of the test compounds.

2.6. Quantitative reverse transcription polymerase chain reaction
(RT-qPCR)

Viral RNA was extracted using Isolate II RNA extraction kit
(Bioline), and the absolute number of RNA copies determined by
Taqman One Step RT-PCR (Applied Biosystems) by extrapolation
from a standard curve generated from in vitroetranscribed ZIKV
RNA.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.02
software.

3. Results and discussion

3.1. ZIKV NS5 is recognized with high affinity by IMPa/b1

The high degree of sequence similarity of ZIKV NS5 to DENV NS5
(see Refs. [6,7]), and particularly within the region of DENV2 NS5
(the nuclear localization signal or NLS) responsible for nuclear
accumulation through high affinity interaction with IMPa/b1
[12,13,19,23,24] (see Fig. 1A), encouraged us to test whether ZIKV
NS5, like DENV NS5, could be recognized by IMPs with high affinity.
We employed our established ALPHAscreen binding assay to test
this, the results clearly indicating direct, high affinity (Kd of <1 nM)
binding interaction of the ZIKV RdRp with the IMPa/b1 hetero-
dimer, as well as IMPaDIBB [30], the high-affinity-binding N-
terminally truncated, non-autoinhibited form of IMPa (Fig. 1B; see
Table 1 for pooled data). The fact that IMPaDIBB bound with high
(low nM) affinity clearly implies that IMPa is the main mediator of
binding of the IMPa/b1 heterodimer, supporting the idea that, like
DENV NS5, ZIKV NS5 is imported efficiently into the nucleus
through a conventional, IMPa/b1 heterodimer-dependent pathway.

3.2. ZIKV NS5-IMP interaction is potently inhibited by 4-HPR

Since ZIKV NS5 appears to utilise the same nuclear import
pathway as DENV NS5, we reasoned that the high affinity recog-
nition of ZIKV NS5 by IMPs should be sensitive to inhibitors tar-
geting IMPa, such as the IMPa-targeting agent ivermectin
[19,25,32]. To test this, we performed IC50 analysis using the
ALPHAscreen binding assay, the results clearly indicating that
ivermectin can inhibit ZIKV NS5 interaction with both the IMPa/b1
heterodimer, as well as IMPaDIBB (IC50 values of c. 0.5 mM; Fig. 2 left
panels), further consistent with the idea that IMPa is the main
mediator of binding of the IMPa/b1 heterodimer to ZIKV NS5. The
high degree of sequence similarity of the ZIKV and DENV NS5s
encouraged us to test the NS5 targeting agent 4-HPR [26] for its
ability to inhibit IMP recognition of ZIKV NS5. Strikingly, we found
that 4-HPR is a potent inhibitor of IMP-ZIKV NS5 interaction, with
an IC50 of c. 1 mM (Fig. 2 left panels; see Table 1 for pooled data),
raising the exciting possibility for the first time that 4-HPR may
have anti-viral activity against ZIKV.

3.3. 4-HPR is a potent inhibitor of ZIKV infection

Based on the observations above, we tested the ability of 4-HPR
to inhibit ZIKV infection. Vero cells were infected at a multiplicity of
infection (MOI) of 1 with ZIKV (Asian/Cook Islands/2014), increasing
concentrations of 4-HPR added 2 h later, and released virus later
quantified by plaque assays and RT-qPCR at 22 h post-infection.
Results were very clear in showing that 4-HPR is a potent inhibi-
tor of ZIKV infection, with an EC50 of c. 3 mM (Fig. 3), whether es-
timations were made in terms of infectious virus (plaque-forming
units e EC50 of 2.6 ± 0.3 mM, n ¼ 2) or viral RNA genomes as

Table 1
Summary of binding and IC50 data for 4-HPR from ALPHAscreen analysis.

IMP

Binding Parametersa

Kd (nM) IC50 (mM)

4-HPR Ivermectin

IMPa/b1 0.7 ± 0.5 (2) 1.1 ± 0.4 (2) 0.5 ± 0.1b (1)
IMPaDIBB 4.1 ± 2.2 (3) 1.2 ± 0.1 (5) 0.6 ± 0.4 (2)

a Results represent the mean ± SD (n) from analysis as per Fig. 1 (Kd) and 2 (IC50).
b SE from curve fit.

Fig. 2. 4-HPR inhibits IMP-ZIKV NS5 binding. ALPHAscreen technology was used as
per Fig. 1 to determine the EC50 for inhibition by 4-HPR (A) or Ivermectin (B) as a
control to inhibit binding of IMPa/b1 or IMPaDIBB (10 nM) to His6-ZikaRdRp (30 nM).
Data represent the mean ± SD for triplicate wells from a single typical experiment (see
Table 1 for pooled data).
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determined by RT-qPCR (EC50 of 3.2 ± 1.7 mM, n ¼ 3). Similar results
were observed for ZIKV H/PF/2013, ZIKV MR766 or ZIKV Brasil
strains. The fact that the EC50 values for blocking ZIKV infection are
very close to the IC50 values for inhibition of ZIKV NS5-IMPa/b1
binding suggests that the mechanism of inhibition of infection of 4-
HPR is through blocking ZIKV NS5 nuclear accumulation.

This is the first study to show that 4-HPR can inhibit ZIKV
infection, the mechanism of action being through 4-HPR's ability to
inhibit ZIKV NS5 high affinity recognition by IMPa/b1. We show
here for the first time that the IMPa/b1 heterodimer is likely
responsible for ZIKV NS5 nuclear import. The clear implication is
that as for DENV, ZIKV NS5 nuclear localization, through IMPa/b1, is
critically important to virus production [26], presumably through
its action on infected host cell transcription and thereby the anti-
viral response, in similar fashion to DENV NS5 [12e18].

In conclusion, 4-HPR looms as an exciting, potential therapeutic
not only for DENV infection, but also for ZIKV infection, as well as
flavivirus infection generally. Clearly, agents to combat ZIKV are
urgently required, with 4-HPR of great interest because of its
established safety record in humans [26e29], making progression
of 4-HPR to the clinic for DENV and now ZIKV a high priority for
future work in this laboratory.
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ABSTRACT: The Zika virus (ZIKV) epidemic in the
Americas was alarming because of its link with microcephaly
in neonates and Guillain-Barre ́ syndrome in adults. The
unusual pathologies induced by ZIKV infection and the
knowledge that the flaviviral nonstructural protein 5 (NS5),
the most conserved protein in the flavivirus proteome, can
modulate the host immune response during ZIKV infection
prompted us to investigate the subcellular localization of NS5
during ZIKV infection and explore its functional significance.
A monopartite nuclear localization signal (NLS) sequence within ZIKV NS5 was predicted by the cNLS Mapper program, and
we observed localization of ZIKV NS5 in the nucleus of infected cells by immunostaining with specific antibodies. Strikingly,
ZIKV NS5 forms spherical shell-like nuclear bodies that exclude DNA. The putative monopartite NLS 390KRPR393 is necessary
to direct FLAG-tagged NS5 to the nucleus as the NS5 390ARPA393 mutant protein accumulates in the cytoplasm. Furthermore,
coimmunostaining experiments reveal that NS5 localizes with and sequesters importin-α, but not importin-β, in the observed
nuclear bodies during virus infection. Structural and biochemical data demonstrate binding of ZIKV NS5 with importin-α and
reveal important binding determinants required for their interaction and formation of complexes that give rise to the
supramolecular nuclear bodies. Significantly, we demonstrate a neuronal-specific activation of the host immune response to
ZIKV infection and a possible role of ZIKV NS5’s nuclear localization toward this activation. This suggests that ZIKV
pathogenesis may arise from a tissue-specific host response to ZIKV infection.
KEYWORDS: flavivirus, Zika virus, dengue virus, NS5 protein, NS5 nuclear localization, importin-α−NLS structure

Zika virus (ZIKV) was first identified and isolated as a
relatively innocuous member of the flavivirus genus in

19471,2 and vectored by Aedes mosquitoes. It was not until the
recent epidemic in the Americas in 20153−5 that unusual and
severe neurological pathologies became correlated with ZIKV
infection, and horizontal human to human transmission through
sexual intercourse became recognized as an infection route.
Interestingly, the epidemic in the Yap island of Micronesia in
20076,7 did not raise similar concerns, as the majority of ZIKV
infections reported there were asymptomatic, and symptomatic
cases displayed mild symptoms such as fever, skin rashes,
conjunctivitis, headache, and joint pain.6,8 The association of
congenital brain malformation in fetuses with ZIKV infection
during the first trimester of pregnancy as well as the increased
incidence of Guillain-Barre ́ syndrome among infected cases has

brought intense focus on this emerging threat.9 Currently, there
is no approved antiviral treatment or preventative vaccine
available for ZIKV infection.
Similar to other members of the flavivirus genus such as

dengue virus (DENV) serotypes 1−4, the ZIKV genome
consists of a single-stranded positive sense RNA of ∼11 000
nucleotides encoding an ∼3400 amino acid residue polyprotein
precursor that is post-translationally cleaved into three structural
proteins (capsid, premembrane/membrane, and envelope) and
seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5).10 The NS5 protein is the largest (103
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kDa and 903 amino acids) and most conserved protein among
the ZIKV strains.11 ZIKV NS5 contains a methyltransferase
(MTase) domain and a RNA-dependent RNA polymerase
(RdRp) domain that is essential for viral RNA replication.12−16

In addition to its enzymatic roles in viral RNA replication,
flavivirus NS5 has been shown to modulate the host innate
immune responses in order to evade the natural antiviral
mechanisms.17−21 Multiple flaviviral NS5 bind to human
STAT2 via its N-terminal domain, leading to the proteosomal
degradation of STAT2 and resulting in the inhibition of type I
interferon signaling.17−19,21,22 In addition, ZIKV NS5 has been
demonstrated to activate STAT1-mediated type II interferon
and pro-inflammatory pathways.23

Although replication of flaviviral RNA occurs in the cytoplasm
within membranous vesicles that are continuous with the
endoplasmic reticulum, NS5 of several flaviviruses is known to
accumulate in the nucleus. Given the size of NS5, specific
nuclear transport factors have to be involved in shuttling the
protein into the nucleus. DENV2 NS5, which is the best studied
NS5 in the context of nuclear transport, contains a basic-residue-
rich nuclear localization signal (NLS) that is recognized by
importin-α (Impα) to facilitate its nuclear import.24−29

Localization studies using reporter systems have shown that
the nuclear transport of DENV NS5 into the nucleus is
dependent on the α/β NLS at residues 369−389.26 However,
the subcellular localization of NS5 between the four DENV
serotypes is different,27,28 and recent studies involving extensive
sequence swapping between DENV1 NS5, which is predom-
inantly cytoplasmic, and DENV2 NS5, which is predominantly
in the nucleus, showed that DENV2 NS5 contains a C-terminal
monopartite NLS that appears to be the sole determinant of its
nuclear localization.28 The role of DENV NS5 in the nucleus is
not well understood, but recent studies have suggested that it
may modulate the host splicing machinery by interacting with
splicing factors, thus resulting in the modulation of precursor
mRNA levels of innate immune genes.30

In this work, we show that ZIKV NS5 forms unique spherical
shell-like structures within the nucleus that exclude DNA. We
confirm the location of the ZIKVNS5NLS to be in the α/βNLS
region in agreement with the initial prediction by cNLS Mapper
via mutagenesis studies. Structural, biochemical, and computa-
tional data provide evidence of ZIKVNS5 interaction with Impα
and the redistribution of Impα during ZIKV infection. Finally,
we demonstrate a cell-type specific transcriptional activation of
host immune and pro-inflammatory responses during ZIKV
infection in neuronal cells and a contribution of ZIKV NS5, in
particular its nuclear localization, to the activation of this host
immune response in neuronal cells.

■ METHODS
Cell Lines and Viruses. Huh-7 and HEK293T cells

(ATCC) were maintained in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) containing L-glutamine supple-
mented with 10% [v/v] fetal bovine serum (FBS) and 1% [v/
v] penicillin and streptomycin (P/S). The human malignant
glioma cell line LN-229 was kindly provided by Dr. Shawn Je
(NBD program at Duke-NUS Medical School) and routinely
maintained in DMEM containing L-glutamine supplemented
with 5% [v/v] FBS and 1% [v/v] P/S. BHK-21 cells (ATCC)
were maintained in RPMI1640 medium supplemented with
10% FBS and 1% P/S. All cells were grown at 37 °C in 5% CO2.
C6/36 cells (ATCC) were maintained in RPMI1640 medium

supplemented with 25 mMHEPES, 10% FBS, and 1% P/S at 28
°C, in the absence of CO2.
The three ZIKV strains, MR766 (Genbank accession:

LC002520.1), H/PF/2013 (KJ776791.2), and Paraiba01/
2015 (KX280026.1), and two DENV serotypes, DENV1
(EU081230) and DENV2 (EU081177), that were used in this
study were grown in C6/36 cells, titered in BHK-21 cells, and
stored at −80 °C.

Ethics Statement. The ZIKV strains MR766 and H/PF/
2013 were a gift from Cećile Baronti at Aix Marseille Universite.́
The Paraiba01/2015 was isolated from an anonymous patient in
the state of Paraiba (Brazil) and is a kind gift from Pedro
Vasconcelos of the Instituto Evandro Chagas. The DENV
strains were isolated during a local dengue outbreak that
occurred in 2005 as part of the Early Dengue infection and
outcome (EDEN) study in Singapore.31 Institutional approval
has been granted by Duke-NUS Medical School to perform
experiments with ZIKV and DENV strains.
All animal experiments (protocol 2016/SHS/1197) were

approved by the Institutional Animal Care And Use Committee
at Singapore Health Services and conformed to the National
Institutes of Health (NIH) guidelines and public law.

Plasmid Construction and Site-Directed Mutagenesis.
Specific strains of ZIKVNS5 genes were amplified by PCR from
MR766 and H/PF/2013 cDNA clones from virus stock,
respectively, while Paraiba01/2015 ZIKV NS5 was amplified
from cDNA synthesized and purchased from Genscript. The
PCR fragments were digested withHindIII and XhoI and cloned
into precut pXJ40-FLAG or pXJ40-Myc vectors. The primers
used are as follows:

Point mutation of cNLS basic residues to alanine (390KRPR393

→ 390ARPA393) and arginine 891 to alanine (R891A) in ZIKV
FLAG-tagged NS5 plasmid and the introduction of a stop codon
at the end of the ZIKV NS5 methyltransferase domain (MTase)
in ZIKV FLAG-tagged NS5 plasmid were performed using a
QuikChange II XL site-directed mutagenesis kit (Stratagene),
according to the manufacturer’s protocol. The introduced
mutations were confirmed by DNA sequencing. The primers
used are as follows:

ZIKV FLAG-tagged NS5 RdRp (266−903) were generated
by amplifying the region of amino acids 266−903 of ZIKV NS5
using the primers HPF_266_fw: GCAAGCTTGTGGT-
AAGCTGCGCTGAA and ZIKV_HPF_rv: GCCTCGAG-
CAGCACTCCAGGTGTAGACC.

Plasmid Transfection and Virus Infection. For immuno-
fluorescence, 1.5 × 105 Huh-7 cells were seeded onto 12-well
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plates containing #1.5 glass coverslips and incubated overnight
at 37 °C with 5% CO2. Cells were transfected with 1 μg of
plasmid (as indicated) per well using Lipofectamine 2000
(Invitrogen), according to the manufacturer’s protocol. For
immunoprecipitation, 2.5 × 106 Huh-7 cells were seeded onto
10 cm plates and incubated overnight at 37 °C with 5% CO2.
Cells were transfected with the indicated plasmids at 3:1
FuGENE 6 (μL)/DNA (μg) ratio, as recommended in the
manufacturer’s protocol (Promega).
For viral infection, cells were incubated with 500 μL viral

inoculums of as indicated MOIs for 1 h, and viral inoculums
were replaced with growth media prior to 24 h of incubation at
37 °C with 5% CO2.
Immunofluorescence, Confocal Laser Scanning Mi-

croscopy, and 3D-SIM Super-Resolution Microscopy.
Treated cells were fixed with ice-cold methanol for 20 min at
−20 °C and washed with 1× cold PBS followed by
permeabilization using 0.2% [v/v] Triton X-100/PBS for 5
min at 25 °C. Cells were washed, and nonspecific binding was
blocked by 30 min of incubation with 1% [w/v] bovine serum
albumin/PBS before incubation of cells with primary antibodies
against FLAG (Sigma, F3165), NS5 (5R3),32 and Importin-α1
(Abcam, ab6036) and secondary antibodies coupled to Alexa-
Fluor 488 or Alexa-Fluor 594 (Invitrogen). Cell nuclei were
visualized using DAPI (Sigma, 1:10 000 in H2O). Coverslips
were mounted using ProLong Gold antifade reagent (Invi-
trogen) onto glass slides, and confocal laser scanning
microscopy was performed using a Zeiss LSM 710 upright
confocal microscope (Carl Zeiss, Germany) with a 63× 1.35 NA
objective. Image processing was performed with ImageJ
software.33

For 3D SIM super-resolution microscopy, the above
procedure was performed and Z-stack images were captured
using a Zeiss Elyra PS1 SIM super-resolution microscope (Carl
Zeiss, Germany) with a 63×, 1.46 NA Plan Apochromatic
objective. Each fluorescent channel was acquired using five
pattern rotations with five translational shifts. Drift in XY and
alignment differences between the channels were corrected
using microscopic beads. 3D-SIM images were reconstructed
using Zen 2012 black edition (Carl Zeiss, Germany) with image
correction carried out as necessary.
Inflammatory Genes Profiling Using NanoString

Technologies. 1.5 × 105 LN-229 cells were either infected
with ZIKV H/PF/2013 strain at MOI 1 or transfected with 1 μg
of FLAG-tagged ZIKVNS5 (WTorNLSmut K390A/R393A) for
24 h. Cells were washed once with PBS and lysed with RLT
buffer (Qiagen), and total RNA was isolated from the lysates
using an RNeasy Micro Kit (Qiagen) following the manufac-
turer’s instructions. 100 ng of the total RNA was subjected to
inflammatory genes profiling using a customized nCounter
Human Inflammation v2 codeset (NanoString Technologies)
according to the manufacturer’s instructions. The gene
expression profile obtained from nCounter was analyzed using
nSolver 3.0 and presented as a heatmap.
RNA Extraction, Real-Time PCR, andWestern Blotting.

Total RNA from cell lysates was isolated using the TRizol
(Invitrogen) extraction method and subjected to cDNA
synthesis using an Improm II reverse transcription system
(Promega) according to the manufacturer’s instructions. Real-
time RT-PCRwas conducted using an iQ SYBRGreen supermix
(Bio-Rad) for detection of selected pro-inflammatory genes
from the NanoString analysis. The expression of the genes was
normalized to actin expression and presented as a fold change

with respect to uninfected control (for ZIKV infection) or
FLAG vector transfected control (for NS5 transfection). The
primers used for real-time RT-PCR are described in Table S1.
For Western blotting, cells were lysed in 2× SDS reducing

loading dye and subjected to electrophoresis by 8% SDS PAGE.
After transferring onto the membrane, the blot was probed using
antibodies against FLAG (Sigma, F3165), actin (Merck-
Millipore, MAB1501), phospho-STAT1 Y701 (Cell Signaling,
#9167), and STAT1 (Cell Signaling, #14994).

Crystallization, Data Collection, and Structure Sol-
ution of Impα−NLS Complexes. Importin-α (Impα) lacking
the autoinhibitory importin beta binding domain (ImpαΔIBB),
previously cloned into a pET30a vector, was expressed in
Escherichia coli (E. coli) BL21 (DE3) pLysS cells and purified
using the autoinduction method, affinity and size exclusion
chromatography as described previously.28 The ZIKV MR766
NLS region (amino acids 371−407) was codon optimized for
expression in E. coli and cloned into PGEX-4T-1 vector at
BamHI/EcoRI sites by Genscript. The protein was expressed
using autoinduction conditions and purified using on-column
complex formation to ensure 1:1 stoichiometry with Impα-
ΔIBB, with tag cleavage overnight using thrombin followed by
size exclusion chromatography and GST-tag affinity chromatog-
raphy to isolate pure ZIKV MR766 NLS ImpαΔIBB complex.
To structurally characterize the interface residues of the ZIKV

MR766 NLS ImpαΔIBB complex, crystallization experiments
using the hanging drop vapor diffusion method were performed.
Crystals formed in 1 M sodium citrate and 0.01 M DTT at pH
6.5 and were flash cooled using a cryoprotectant of the same
condition with 25% glycerol. Diffraction data was collected at
the Australian Synchrotron MX1 macromolecular beamline.34

The diffraction images were indexed and integrated with
iMosFlm35 and then scaled and merged using Aimless.36−38

Molecular replacement using importin-α:Dengue 3 NS5 C-
terminal NLS peptide complex (5FC8) as a model was
performed using Phaser,39,40 and iterative cycles of Phenix.re-
fine41 and modeling in COOT42 were performed to correctly
position the residues within the generated electron density map.
After achieving the best fit between the structural model and
experimental data, as based upon R-free, R-work, and other
model validation procedures within Coot and MolProbity
(Ramachandran outliers, bond angles and lengths, cis-peptides,
and clashes), the final model and data were deposited into the
protein data bank (PDB) for final validation. Furthermore, the
full length ZIKV NS5 protein was docked into the Impα site
through superposition and refinement with GalaxyRefineCom-
plex.43

Small Angle X-ray Scattering Data Collection. Small
angle X-ray scattering (SAXS) data of the truncated Impα, as
well as for the NS5−Impα complex, were measured with the
BRUKER NANOSTAR SAXS instrument equipped with a
Metal-Jet X-ray source (Excillum, Germany) and VÅNTEC
2000-detector system. The X-ray radiation was generated from a
liquid gallium alloy with microfocus X-ray source (λ = 0.13414
nm with a potential of 70 kV and a current of 2.857 mA). The X-
rays are filtered through Montel mirrors and collimated by a
two-pinhole system. The sample-to-detector distance was set at
0.67 m, and the sample chamber and X-ray paths were
evacuated.44−46 This setup covers a range of momentum
transfer of 0.16 < q < 4 nm−1 (q = 4π sin(θ)/λ, where 2θ is
the scattering angle). SAXS experiments were carried out at 15
°C using a sample volume of 40 μL in a vacuum tight quartz
capillary. SAXS data of Impα were collected in two protein
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concentrations, in buffer containing 50 mM Tris/HCl, pH 8.0,
and 125 mMNaCl. For the NS5−Impα complex, the SAXS data
were collected in buffer containing 50 mM Tris/HCl, pH 7.8,
210 mM NaCl, 2.5% glycerol, and 1 mM DTT. All data were
collected for 30 min, and for each measurement, a total of six
frames at 5 min intervals were recorded. The scattered X-rays
were flood-field and spatially corrected. The flood-field
correction rectifies the intensity distortions arising due to the
nonuniformity in the pixel to pixel sensitivity differences in the
detector using a radioactive source (55Fe) (Bruker AXS,
Germany). The spatial correction fixes the inherent geometrical
pincushion distortion by placing a mask with a regular pattern
before the detector and measuring the deviation from regularity
in the detected image. The data were then converted to one-
dimensional scattering as a function of momentum transfer by
radial averaging using the built-in SAXS software (Bruker AXS,

Germany) and normalized by the incident intensity and
transmission of the sample using a strongly scattering glassy
carbon of known X-ray transmission. The transmission of X-rays
through the sample is determined by an indirect method, in
which the integrated counts per unit time for glassy carbon is
related to the relative intensity of the direct beam and hence the
transmission of the sample.47 The data were tested for possible
radiation damage by comparing the six data frames, and no
changes were detected. The scattering of the buffer was
subtracted, and the difference curves were normalized by the
concentration as well as the incoming intensity.

SAXS Data Analysis. All the data processing steps were
performed using the ATSAS v2.8.2 program package PRI-
MUS.48,49 The experimental data obtained for all protein
samples were analyzed for aggregation using the Guinier
region.50 The forward scattering I(0) and the radius of gyration,

Figure 1. Subcellular localization of ZIKV NS5. (A) Huh-7 cells were infected with ZIKV strains (MR766, MOI 1; H/PF/2013 and Paraiba01/2015,
MOI 10) or DENV2 (MOI 10), and the virus NS5 protein was visualized using a cross-reactive anti-NS5 Ab (5R332) by CLSM at 24 h post-infection
(hpi). NS5with nuclear structures in ZIKV-infected cells were indicated by white arrowheads. (B) 3D SIM super-resolutionmicroscopy image of Huh-
7 infected with H/PF/2013 (MOI 10) at 24 hpi showing the nuclear shell-like structures of NS5, acquired on a Zeiss Elyra PS1 SIM super-resolution
microscopy with a 63×, 1.46 NA Plan Apochromatic objective (left panel). Line-scan graph showing the fluorescence intensities of NS5 (green, left
axis) and DAPI (blue, right axis) along the white dotted line drawn across a specific NS5 punctate structure as measured using ImageJ software (right
panel). (C) 3D SIM super-resolutionmicroscopy image of Huh-7 infected with DENV2 (MOI 10) at 24 hpi showing the different nuclear localizations
of DENV2NS5 compared to ZIKVNS5 in (B), acquired as in (B) (left panel). Line-scan graph along the white dotted line drawn across a specific NS5
punctate structure as measured in (B). (D) 3D SIM super-resolutionmicroscopy images of LN-229 cells infected withH/PF/2013 (MOI 10) at 24 hpi
showing similar shell-like nuclear structures of NS5 as in Huh-7 cells, acquired as in (B) (left panel). Line-scan graph along the white dotted line drawn
across a specific NS5 punctate structure as measured in (B).
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Rg, were computed using the Guinier approximation assuming
that at very small angles (q < 1.3/Rg) the intensity is represented
as I(q) = I(0)·exp(−(qRg)2/3).

50 These parameters were also
computed from the extended scattering patterns using the
indirect transform package GNOM,51 which provides the
distance distribution function P(r) and, hence, the maximal
particle dimension,Dmax, as well as the radius of gyration,Rg. The
hydrated volume Vp, used to estimate the molecular mass of the
protein, was computed using the Porod invariant. Ab initio low-
resolution models of the truncated Impα were built by the
programDAMMIF52 considering low angle data (q < 0.2 nm−1).
The algorithm constructs bead models yielding a scattering
profile with the lowest possible discrepancy (χ2) to the
experimental data while keeping beads interconnected and the
model compact. Twenty independent ab initio reconstructions
were performed for the protein samples and then averaged using
DAMAVER.53 The average exclude volume VEx, computed
using DAMAVER, was further used to estimate the molecular
mass of the protein.54

Rigid-body modeling of dimeric Impα was performed using
the crystallographic structure for Impα (PDB ID: 4WV655) with
the software CORAL.54 The rigid-body model of the NS5−
Impα complex was created using the software SASREF,56 by
docking the rigid-body CORAL model of dimeric Impα and the
crystallographic structure of ZIKV NS5 (PDB ID: 5TFR13)
against the experimental data, with the distance constraint of 1.5
nm between the residues 388−393 of ZIKV NS5 and residues
G150-T155 and N228 of Impα. The theoretical scattering
curves from atomic structures/models were generated and
evaluated against experimental scattering curves using CRY-
SOL.57 Superimposition between ab initio reconstruction and
the atomic model was performed using the software
SUPCOMB.58

In Vivo Infection. Sv/129 mice deficient in type I and II IFN
receptors (AG129), purchased from B&KUniversal (UK), were
housed in the BSL-2 animal facility at Duke-NUS, Singapore,
and all animal experiments were carried out as outlined in an
approved protocol (see Ethics Statement). Ten to 12 week-old
male AG129 mice were inoculated intravenously (i.v.) with 2 ×
104 pfu of Paraiba01/2015 strain. Mouse survival was monitored
over 15 days, and blood serum samples were collected by
submandibular bleeding for viremia quantification by real-time
RT-PCR. Mice were sacrificed on day 1 and day 3 post-infection
by CO2 inhalation and perfused with PBS for tissue sampling.
Brain and liver tissues were collected and homogenized in PBS.
The tissue homogenates were subjected to total RNA extraction
by the Trizol method (Invitrogen), and the isolated RNA was
used for real-time RT-PCR quantification of mouse selected
pro-inflammatory genes by iTaq Universal SYBR green one-step
kit (Bio-Rad). The gene expression was normalized to actin
expression and presented as a fold change with respect to
uninfected control. The real-time RT-PCR primers used for
detection of the mouse genes are described in Table S1. The
number of mice used for the study was 5−6 per group.
Statistical Analysis. The error bars in the figures represent

the standard error of the mean of more than one measurement
using GraphPad Prism software. The statistical significance of
differences between groups using different conditions was
evaluated by the unpaired t-test in GraphPad Prism software. P-
values ≤0.05 were considered statistically significant.

■ RESULTS
ZIKV NS5 Forms Distinct Nuclear Structures. We

previously reported the differential subcellular localization of
the NS5 proteins from DENV 1−4 serotypes using an in-house
generated DENV NS5 specific antibody (5R3) that has been
mapped to the “priming loop” region between residues 786−800
(DENV2 numbering). Notably, we showed that DENV1 NS5 is
predominantly cytoplasmic while DENV2−4 NS5 are predom-
inantly nuclear.28 In light of the differential subcellular
localization of DENV NS5, we sought to determine the
subcellular localization of the NS5 proteins from different
ZIKV strains during virus infection. Protein sequence alignment
using Clustal Omega59,60 revealed that the NS5 protein of
Ugandan MR766 and the more recent French Polynesian H/
PF/2013 and Brazilian Paraiba01/2015 are almost identical
(∼96% identity). Collectively, they share ∼67% identity with
DENV 1−4 NS5, with DENV4 NS5 sharing the closest identity
to the three ZIKV NS5. When we tested our DENV NS5 5R3
antibody,28,32 it was able to cross-react with and detect ZIKV
NS5. Hence, we proceeded to use this antibody to stain Huh-7
cells infected with MR766, H/PF/2013, Paraiba01/2015, and
DENV228 for comparison (Figure 1A). Confocal laser scanning
microscopy (CLSM) of these infected cells at 24 h post-
infection (hpi) showed that all three ZIKV NS5 proteins form
punctate nuclear bodies (Figure 1A) similar to the “dots”
previously described using exogenously expressed tagged ZIKV
NS5 proteins.61,62 This subcellular distribution pattern was
unique from that observed for DENV2, which had amore diffuse
nuclear localization as previously reported.28 This observation
could be due to the previously described ability of ZIKV NS5 to
form oligomers in solution.63 Furthermore, these distinctive
ZIKV NS5 nuclear structures appear to exclude DNA as
colocalization with DNA was not observed when costained with
DAPI (Figure 1A, arrow heads).
We next further examined and tracked the formation of these

discrete punctate nuclear bodies by extending the time course to
48 h and performing 3D-structural illumination microscopy
(3D-SIM) to obtain higher resolution 3-dimensional images.
For H/PF/2013, ring-like structures resembling a possible
supramolecular ordering of NS5 were observed at 48 hpi when
viewed from a single Z-plane (Figure 1B, left panel). This was
previously not clearly visible at 24 hpi probably due to their
smaller size at 24 hpi and/or the resolution limits of CLSM. In
addition, when multiple Z-planes of the same particle are
reconstructed and viewed in 3D (Movie S1), these ring-like
nuclear bodies appear to be shaped like spherical shells, with
noticeably less intense DAPI staining within the ZIKV NS5
nuclear bodies, suggesting the absence of any DNA colocaliza-
tion (Movie S2). In order to quantify this observation, we
carried out a line-scan across the various ZIKV NS5 nuclear
bodies and the fluorescence intensity along the line was
measured using ImageJ. Interestingly, the line-scan across a
single Z-plane for a ZIKV NS5 nuclear spherical shell showed a
spike in NS5 fluorescence, followed by a trough in NS5 signal in
the middle of the nuclear body before a return of NS5
fluorescence intensity spike, producing a structure reminiscent
of a spherical shell (Figure 1B, right panel). In contrast, the
DAPI fluorescence intensity dips in the region of and between
the two spikes in NS5 fluorescence intensity, suggesting that
DNA is not present within the central core of the observed
nuclear spheres. This is in stark contrast to the observation of
nuclear NS5 in DENV2 infected cells. At the same resolution,
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Figure 2. ZIKV NS5 contains a conventional NLS in its N-terminal of the RdRp and localized with Impα1 but not Impβ1. (A) Amino acid sequence
alignment of DENV serotype 2 and ZIKV strains, MR766, H/PF/2013, and Paraiba01/2015 for the conventional NLS at the N-terminal (boxed and
highlighted in yellow) and the C-terminal NLS as recently shown for DENV2 NS5 RdRp (boxed and highlighted). The red triangle indicates the
residues that are mutated in specific ZIKV NS5 mutants in (B). (B) Huh-7 and LN-229 cells were transfected with the specific FLAG-tagged ZIKV
NS5 (WT, NS5K390A/R393A, NS5R891A) as indicated for 24 h prior to cell fixation and immunofluorescence staining with anti-FLAG antibody. FLAG-
NS5 was visualized by CLSM. (C) CLSM images showing the cellular localization of Impα1, Impβ1, and/or NS5 in Huh-7 cells infected with H/PF/
2013 at 24 hpi. Infection with ZIKV relocalized Impα1 to the nucleus together with NS5 but does not alter Impβ1 localization. (D) 3D SIM super-
resolution microscopy image showing the colocalization of NS5 and Impα1 in LN-229 cells infected with H/PF/2013 at 24 hpi, as measured in Figure
1B (left panel). Line-scan graph showing the fluorescence intensities of NS5, Impα1, and DAPI along the white dotted line drawn across a specific NS5
punctate structure as measured in Figure 1B (right panel).
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equivalent nuclear structures were not observed for DENV2
NS5. Instead, a single fluorescence peak (Figure 1C) is observed
even at late stages of infection. Further proteomic studies are

being carried out to explore the protein content of these shell-
like nuclear bodies. It was not possible to investigate whether
these ZIKV NS5 nuclear bodies continued to evolve or change

Figure 3. ZIKV NS5 interacts and binds Impα. (A) Schematic diagram highlighting key domains within ZIKV NS5. (B)(i) ZIKV MR766 NLS
purification with IMPαΔIBB on-column binding by affinity chromatography: absorbance at 280 nm (blue); elution gradient (orange). (ii) SDS-PAGE
visualization of ZIKV MR766 NLS IMPαΔIBB complex formation. Ladder (lane 1), whole cell (lane 2), soluble cell extract (lane 3), affinity
chromatography flowthrough (lane 4), IMPαΔIBB injection (lane 5), affinity chromatography elution peak before thrombin (lane 6), sample after
thrombin (lane 7), size exclusion peak (lane 8), second affinity chromatography flowthrough removing excess GST (lane 9), and concentrated sample
(lane 10). (C) Atomic resolution structure of ZIKVMR766NLS (purple), in complex with Impα (yellow), reveals amonopartite NLS that binds Impα
in the major binding pocket within ARM domains 2−4. The 3σ simulated annealing Fo−Fc omit map, supports this model and position of the NLS
residues. (D) Alignment of NLS binding positions in MR766, Paraiba01/2015, and DENV2 C-terminal NLS.
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beyond 48 hpi due to the high cytopathic effect observed in
ZIKV infected cells, likely due to its ability to induce
apoptosis.64,65

Since ZIKV infection is linked with severe neurological
disorders, we proceeded to investigate the localization of ZIKV
NS5 in a neuronal cell line. After establishing that human
malignant glioma cell line LN-229 could be productively
infected with H/PF/2013, we proceeded to examine ZIKV
NS5 localization using 3D-SIM. NS5 nuclear punctate bodies
similar to those observed in ZIKV infected Huh-7 cells were
detected (Figure 1D). Collectively, our studies so far showed
that NS5 formed discrete nuclear punctate bodies in ZIKV
infected cells, which has not been described previously for any
flaviviruses. Recent studies reporting the nuclear localization of
ZIKV NS561,62 did not note this unique phenomenon, since
exogenously expressed ZIKV NS5 do not permit time course
studies to be carried out in the context of an infection. Our
finding prompted us to further characterize the nuclear
localization signal (NLS) in ZIKV NS5 to gain possible
functional insights on its role(s) in ZIKV pathogenesis and
also obtain insights into the spherical shell-like nuclear bodies.
ZIKV NS5 Contains a Monopartite Nuclear Local-

ization Signal (NLS) at the N-Terminal Region of Its RdRp
Domain. Since we recently characterized in detail the NLSs of
DENV 1 and 2 NS5 that are predominantly localized in the
cytoplasm and nucleus, respectively, and discovered that a
monopartite signal predicted by cNLS Mapper66 is located in
the C-terminal region (within residues 883−900),28 similar
analysis was carried out for ZIKV. ZIKV NS5 does not contain
sequences that resemble the monopartite NLS in the C-terminal
region of DENV NS5, even though the completely conserved
R891 (equivalent to R888 in DENV2 NS5)28 thought to be
involved in de novo RNA synthesis is present. Instead, the
putative monopartite NLS predicted for ZIKV NS5 lies within
residues 371−407 of the NS5 RdRp domain,29 and the protein
sequence alignment shows that it is conserved among the
different strains (Figure 2A). While this sequence resembling a
monopartite NLS is also found in DENV2 NS5 (Figure 2A,
highlighted in bold letters), our recent studies showed
unequivocally that the functional NLS for this related member
of the flavivirus genus is in the C-terminal region of NS5.28 To
test the role of this NLS on the subcellular localization of ZIKV
NS5, the gene encoding NS5 was subcloned and expressed with
anN-terminal FLAG-tag. The positively charged residues within
the putative NLS, K390 and R393, were mutated to alanine
(K390A/R393A, indicated by red arrows in Figure 2A). In
parallel, residue R891 (analogous to R888 in DENV2) was also
mutated to alanine (R891A) to experimentally verify that there
is no NLS in this C-terminal region. CLSM performed on
FLAG-tagged wild-type (WT) and mutant ZIKV NS5 trans-
fected Huh-7 cells showed that the double mutant (K390A/
R393A) ZIKV NS5 localized in the cytoplasm where it was
detected as a diffuse staining protein unlike the distinct nuclear
spherical shells observed for WT protein (Figure 2B). The
cytoplasmic localization of the K390A/R393A mutant was
unlikely to be the result of aggregation and/or precipitation as
inclusion bodies, based on the demonstration that the double
mutant was diffusely localized and can be detected in soluble
protein extracts from transfected cells (Figure S1). A similar
cytoplasmic localization of the K390A/R393A mutant is
observed in LN-229 cells, indicating that this change in ZIKV
NS5 localization is not cell-type dependent (Figure 2B). In
contrast, the ZIKV NS5 R891A mutant did not impact its

subcellular localization, as the R891A mutant formed nuclear
bodies similar to WT (Figure 2B). This data supports the cNLS
prediction that the NLS for ZIKVNS5 is located within residues
371−407, which is referred to as the α/β NLS region.

ZIKV NS5 Colocalizes with Impα within the Nuclear
Bodies. To investigate whether ZIKV NS5 interacts with the
nuclear import proteins, we performed CLSM on Huh-7 cells
infected with H/PF/2013 and stained for NS5, Impα1, and
Impβ1 proteins.67 In the uninfected Huh-7 cells, Impα1 is
localized equally in both the cytoplasm and nucleus (Figure 2C,
left 2 panels) as would be expected on the basis of the function of
nuclear transport receptors to transport cargo proteins into the
nucleus.68 This equilibrium distribution of Impα1 protein
appears to be dramatically rearranged in the ZIKV infected cells
where Impα is predominantly localized in the nucleus and
appear to form nuclear spheres similar to those formed by ZIKV
NS5. CLSM images indicate that the proteins indeed colocalize
as nuclear spheres (Figure 2C, left 2 panels). We also observed a
similar redistribution for Impα3 and Impα4 (Figure S2).
Interestingly, this nuclear retention of importins by ZIKV NS5
appears to be restricted to the Impα family, as Impβ1
localization was not altered following infection (Figure 2C,
right 2 panels). Such a dramatic redistribution of a family of
cellular nuclear import factors may lead to disruption of global
cycling of host proteins in and out of the nucleus, which could
impact critical host signaling networks.
To determine if this observation holds true in neuronal cells

and examine Impα1 localization at a higher resolution, we
turned to super-resolution 3D-SIM. Reconstruction of SIM
images of Impα1 staining in ZIKV infected LN229 revealed
spherical shell-like structures forming in the nucleus similar to
ZIKV NS5 (Figure 2D, left panel). The line scan graph of a
single Z-plane Impα nuclear vesicle also showed two Impα
fluorescence peaks with a dip in DAPI intensity (Figure 2D, right
panel), suggesting the colocalization between ZIKV NS5 and
Impα1 as shown in Figure 2C. Indeed, the reconstructed SIM
image of NS5 and Impα1 costaining further demonstrated the
colocalization of both proteins to similar spherical shell-like
nuclear bodies (Figure 2D). We show that the Impα family is
sequestered in the nucleus during ZIKV infection to form
supramolecular spherical shell-like structures with ZIKV NS5.
The implications of this on sequestration will be discussed later.

Impα Nuclear Receptor Binds to ZIKV NS5 Monop-
artite NLS. Next, we assessed the binding determinants of the
ZIKV NS5 NLS for the nuclear import receptor Impα1
following established strategies.28 We designed a GST fusion
of MR766 NS5 from residues 371−407 and performed a series
of affinity and size exclusion chromatography steps to establish a
1:1 heterodimer complex with recombinantly expressed Impα
(Figure 3A,B). Following cleavage of the GST tag from the
complex and subsequent purification steps, we obtained 7.5 mg/
mL of the heterodimer complex that crystallized and diffracted
to 2.2 Å (Table 1).
The crystal structure of the ZIKVNS5−Impα complex reveals

that nuclear transport receptor protein specifically bound to six
of the available 37 amino acid NS5 residues spanning the region
known as the α/βNLS (Figure 3C). These residues were bound
within the characteristic armidillo (ARM) repeats, ARM2−4
major binding site of Impα (Figure 3C). The ZIKVNS5 residue
R389 was positioned in the P1 site of Impα1, with the main
chain forming a hydrogen bond to the side chain of ImpαN235
(see Table S2 for full interactions). The ZIKVNS5 residue K390
is positioned in the P2 binding site of Impα, and hydrogen bonds
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with Impα residues G150, T155, and D192 as well as establishes
a salt bridge interaction with Impα1 D192. ZIKV NS5 R391 is
positioned in the P3 position and interacts with Impα1 residues
W184, N188, and N228. The ZIKVNS5 P392, located in the P4
position, is in a cis-conformation and interacts with Impα residue
S293. The P5 position contains ZIKV NS5 residue R393, which
interacts with Impα S105, T142, N146, and Q181. Notably, the
key binding determinant sites revealed in the MR766 NLS
structure are also conserved within the other ZIKV strains
(Figures 2A and 3D), which is consistent with experimental data
showing the NS5 from all three strains localizing to the nucleus
and forming discrete nuclear bodies. Furthermore, it is also
consistent with the mutational studies, which showed that the
K390A/R393A mutations lead to the mislocalization of NS5 to
the cytoplasm through the disruption of key interactions with
the nuclear import receptor. Importantly, the NLS residues
exhibit similar conformations in our Impα complex and the full
length ZIKV NS5 structure (PDB: 5U0B),15 and this region
resides on an exposed loop within the fingers subdomain of the
NS5 RdRp domain, which should permit interaction with Impα
in the context of the full length protein (see below). Indeed, the
full length ZIKV NS5 protein can be docked into the Impα site
through superposition and refinement with GalaxyRefineCom-
plex, with rmsd’s between the protein complex components and
unbound ZIKV NS5 (PDB: 5U0B)15 and Impα (PDB; this
work) of 0.35 and 0.92 Å, respectively (Figure S3).

ZIKV NS5−Importin-α1 Complex Formation in Sol-
ution. Due to the challenges of obtaining crystal structures of
Impα in complex with flaviviral NS5 proteins28 and because of
the goal to study the ZIKV NS5−Impα complex in solution,
Impα and the ZIKV NS5−Impα1 complex were studied by
solution small-angle X-ray scattering (SAXS). Full length H/
PF/2013 NS5, which has been recently characterized by
SAXS,63 was purified and incubated with an equimolar ratio of
truncated Impα prior to data collection. The final composite
scattering curve of the ZIKV NS5−Impα1 complex and Impα1
alone are shown in Figure 4A (structural parameters shown in
Table 2).
Using the indirect transform program package GNOM, which

provides the distance distribution function P(r) (Figure 4B), the
maximal particle dimension,Dmax, and the radius of gyration, Rg,
were determined to be 23.0 ± 2.3 nm and 6.89 ± 0.11 nm,
respectively. The molecular masses calculated using Porod
volume and DAMMIF excluded volume determined from the
scattering pattern of theNS5−Impα complex were 454± 45 and
416 ± 42 kDa, respectively. Since the molecular mass
determined from the scattering pattern of Impα (Figure 4A)
suggests a dimeric state in solution (Table 2) and since previous
SAXS data of ZIKV NS5 showed that it forms a dimer in
solution,63 the determined molecular mass of the complex may
be contributed by a complex of one NS5 dimer63 with two Impα
dimers attached with an NS5:Impα stoichiometry of 2:4. This
stoichiometry information was utilized in the rigid body
modeling of the NS5−Impα complex. The dimeric Impα1
model was first built using the crystallographic structure of
Impα1 (PDB ID: 4WV6) (Figure 4C)69,70 and its SAXS data.
This dimeric Impαmodel, as well as the monomeric ZIKV NS5
crystallographic structure (PDB ID: 5TFR),13 were then used as
input to run SASREF71 to model the NS5−Impα1 complex. In
this modeling, the distance constraint was imposed using the
interacting information determined from the crystal structure of
the ZIKV NS5(NLS)−Impα1 complex (Figure 3). The
calculated scattering profile of this complex model fits well at
low q-values when compared to the experimental scattering
profile with a χ2-value of 0.67 (Figure 4D). In addition, the
determined Rg-value of this model with 6.89 nm was also in line
with the experimental value of Rg = 6.89 ± 0.11 nm. The
observed stoichiometry of the NS5−Impα complex model in
solution (Figure 4D) reveals that the ZIKVNS5 (residues 388−
393) and Impα (residues 150−155 and 228) are in close
proximity without having steric clashes with another NS5
monomer. This interaction site (blue arrow in Figure 4E)
matches with the known NLS/IBB-binding sites of Impα1, as
pointed out by a cyan arrow in Figure 4E. This arrangement of
the complex is possible because the ZIKV NS5 NLS region
resides on an exposed loop within the fingers subdomain of the
full length NS5 structure, which is accessible by the NLS-
binding region of Impα1. Besides this, the N-terminus of the
truncated Impα1, which is the IBB domain connecting region, is
exposed (black surface in Figure 4E) in this complex, forming
sufficient space (black arrow in Figure 4E) for the IBB domain to
become extended and to interact with Impβ. We speculate that
after Impα-NS5 ensemble formation the IBB domain of full-
length Impα1 becomes exposed and interacts with Impβ to form
a ternary import complex that can be translocated into the
nucleus. As seen in the classic nuclear import pathway, Ran-GTP
binds to the Impβ to release it from the complex and somehow
lead to the formation of the supramolecular spherical structures
observed in the ZIKV infected cells. Further studies are needed

Table 1. Data Collection and Refinement Statistics for ZIKV
MR766 NLS:Impα Structurea

ZIKV MR766 NLS:Impα (PDB: 5W41)

wavelength 0.9537
resolution range 33.07−2.2 (2.27−2.2)
space group P212121
unit cell (Å) 78.36, 89.23, 98.53
total reflections 286 393 (24 615)
unique reflections 35 736 (3038)
multiplicity 8.0 (8.1)
completeness (%) 100 (100)
mean I/sigma(I) 16.9 (3.3)
Wilson B-factor 30.72
R-meas 0.105 (0.745)
CC1/2 0.999 (0.844)
reflections used in refinement 35 734 (3511)
reflections used for R-free 1801 (170)
R-work 0.1721 (0.2182)
R-free 0.2029 (0.2404)
number of non-hydrogen atoms 3514
solvent 214
macromolecules 3300
protein residues 432
RMS (bonds) 0.009
RMS (angles) 1.03
Ramachandran favored (%) 98
Ramachandran allowed (%) 2.1
Ramachandran outliers (%) 0
rotamer outliers (%) 0.8
clashscore 5.38
average B-factor 40.99
macromolecules 40.84
solvent 43.17

aStatistics for the highest-resolution shell are shown in parentheses.
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Figure 4. SAXS data analysis of Impα and the ZIKVNS5−Impα complex. (A) SAXS patterns (○) of Impα (navy blue) and ZIKVNS5−Impα complex
(green). SAXS patterns of Impαwere recorded at 1.96 and 2.69 mg/mL. The primary data analysis was performed using the data collected at 1.96 mg/
mL. (inset) Guinier plots show linearity for both protein samples, indicating no protein aggregation. (B) Pair-distance distribution (P(r)) function of
Impα (navy blue) and ZIKV NS5−Impα complex (green). (C) Ab initio DAMMIF envelope superimposed onto the cartoon representation of the
dimeric Impα CORAL model generated on the basis of its crystallographic structure (PDB ID: 4WV6). (D) SAXS pattern (○; green) and calculated
scattering profile (; red) of the SASREF model of the ZIKV NS5−Impα complex. (E) Surface representation of the ZIKV NS5−Impα complex
modeled using SASREF, with the distance constraint of 1.5 nm between the residues 388−393 of ZIKV NS5 (blue surface) and residues G150-T155
and N228 of Impα, where the interacting region was pointed out with blue arrows. Each dimeric Impα (magenta/pink and yellow/orange) interacts
with one of the ZIKVNS5 (green and dark green) in the complex formation. (inset) Zoom-in figure of the interacting site on Impα (cyan/red surface)
for protein NLSs or the IBB domain of Impα, which was pointed out by a cyan arrow. The black surface and arrow indicate the N-terminus of the
truncated Impα.
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to fully understand the molecular events that lead to the
formation of the nuclear spheres.
ZIKV Infection Activates Host Immune and Inflamma-

tory Responses in a Cell-Type Specific Manner. ZIKV
infection has been described to have a differential effect on the
various arms of the host immune response in different cell types.
While ZIKV infection suppresses the type I interferon pathway
in multiple cell types,23,61,72 it has been shown to activate the
type II interferon pathway in neuronal and placenta cells.23 To
further examine these observations and investigate the role of
our observed ZIKV NS5 subcellular localization on them, we
first examined the transcriptional response of these pathways in
LN-229 neuronal and Huh-7 hepatic cells to ZIKV infection.
The cells were infected with ZIKV at MOI 1, and RNA was
extracted 24 hpi and subjected to NanoString gene counter
analysis using the nCounter Human Inflammation v2 Panel73,74

containing over 250 host immune and pro-inflammatory genes
(gene list available at http://www.nanostring.com/products/
gene_expression_panels) as well as specific probes for the
detection of ZIKV genome as internal controls (Table S3). We
found 62 genes to be activated in ZIKV infection of LN-229 cells

with log2 (fold change vs mocked infected) > 1.5 (Figure 5A and
Table S4), consistent with the reported observation of neuro-
inflammation of ZIKV-infected human fetal brain microglial
cells.75 In contrast, most of these genes were not upregulated in
Huh-7 cells, suggesting neuro-specific inflammatory response to
ZIKV infection (Figure 5A). This list of genes included several
known STAT1-regulated genes such as IRF1, CXCL10, MX1,
and OAS2 (Figure 5B), and this spurred us to further investigate
the effect of ZIKV infection on the STAT1 activation and the
role NS5 might play in this. We observed that STAT1 is partially
relocalized into the ZIKV NS5 discrete spherical shell-like
structures upon ZIKV infection of LN229 cells using CLSM
(Figure 5C). In contrast, ZIKV infection of Huh-7 cells did not
have any effect on STAT1 localization. To demonstrate that this
relocalization leads to the activation of the STAT1 pathway, we
examined the levels of total and phosphorylated STAT1 in these
cells by Western blot and found a specific phosphorylation and
activation of STAT1 in LN229 cells infected with ZIKV (Figure
5D), consistent with the observed activation of STAT1-
regulated genes. We then investigated whether ZIKV NS5 and
its cellular localization plays a role in the transcriptional
activation of these known STAT1-regulated genes. Gene
expression analysis using real-time RT-PCR revealed that they
were upregulated in response to wild-type ZIKV NS5
expression, and this upregulation was dampened in response
to expression of the mutant ZIKV NS5 (Figure 5E). Taken
together, these data suggest that ZIKV infection is activating
STAT1 and the host immune response in neuronal cells, and
ZIKV NS5 and its nuclear localization play a partial role in this
activation.
Finally, we tapped our well-established mouse models for

ZIKV infection76−78 to examine whether these cell-type specific
responses are recapitulated in an animal model of ZIKV
infection. AG129 mice infected with Paraiba01/2015 demon-
strated mortality starting from day 11 post-infection, with a peak
systemic viremia on day 2 post-infection (Figure S4).78 We
examined the expression of the mouse homologues to some of
the human immune genes that were upregulated in our
NanoString data in mouse brain and liver tissues harvested on
days 1 and 3 post-infection. Strikingly, we found these innate
immune and pro-inflammatory (Figure 5F) genes to be
upregulated in the brain tissue but not in the liver tissue of
ZIKV infected mice, similar to the pattern of gene expression we
observed in the human cell lines. Taken together, these results
suggest that ZIKV infection is inducing a tissue-specific
activation of the host immune and pro-inflammatory response
in neuronal tissues that could account for the reported neuro-
inflammation and neurological disorders.

■ DISCUSSION
Although ZIKV infections in humans have been known since its
discovery on the African continent in 1947, it is only since the
recent outbreak in the Americas that it has been associated with
severe neurological defects: microcephaly in new born babies
and Guillain-Barre ́ syndrome in adults. The precise mechanism/
viral determinants behind the cause of these neurological
disorders are still unknown, and there are currently no antivirals
or vaccines available against ZIKV infection although numerous
attempts are underway.79

The NS5 protein is the largest protein encoded by the
flavivirus genome and contains at least two major enzymatic
activities essential for virus replication: a methyltransferase
(MTase) activity within the N-terminal domain80,81 and a RNA-

Table 2. Structural Parameters from SAXS Analysis of
Truncated Impα and ZIKV NS5−Impα Complex

sample details truncated Impα ZIKV NS5−Impα complex

Structural Parameters
P(r) analysis

I(0) (arbitrary unit) 131.8 ± 1.2 391.5 ± 7.7
Rg (nm) 3.90 ± 0.04 6.89 ± 0.11
Dmax (nm) 13.0 ± 1.3 23.0 ± 2.3
q range (nm−1) 0.180−2.046 0.168−1.698
χ2 (total estimate
from GNOM)

0.5226 0.5574

Porod volume (Vp)
(nm3)

∼146.0 ∼698.0

MM from Vp (Vp/
1.6) (kDa)

94.6 ± 9.5 454.0 ± 45

Shape Model-Fitting Results
DAMMIF (default parameters, slow mode, 20 calculations)

q range (nm−1) 0.180−2.046 0.168−1.698
symmetry,
anisotropy
assumptions

P1, none P2, none

NSD, no. of clusters 0.787 ± 0.047, 2 1.441 ± 0.132, 3
χ2 range 0.403−0.406 0.398−0.407
constant adjustment
to intensities

0.030 1.050

DAMMIF excluded
volume (Vex) (nm3)

∼192.0 ∼832.0

MM from Vex (Vex/
2) (kDa)

95.8 ± 9.6 416 ± 42

Atomistic Modeling
crystal structures PDB 4WV6 (chain

A)
Impα CORAL model and
PDB 5TFR (chain A)

q range for all modeling
(nm−1)

0.180−2.999 0.168−2.009

CORAL (default parameters)
symmetry P1
χ2 range 0.80
constant adjustment
to intensities

0.014

SASREF (default parameters)
symmetry P2 for both structures
χ2 0.67
constant adjustment
to intensities

0.993
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Figure 5. ZIKV induces a cell-type specific immune and inflammatory response in neuronal cells. LN-229 and Huh-7 cells were infected with H/PF/
2013 at MOI 1. Total RNA extracted from the cells 24 hpi was subjected to gene expression analysis using nCounter Human Inflammation v2 panel
(NanoString Technologies). Gene counts were normalized to the panel’s internal housekeeping genes and expressed as log2 (fold change) with respect
tomocked infected control. (A) Venn diagram of LN-229 ZIKV infection specific andHuh-7 ZIKV infection specific and common inflammatory genes
expression. (B) Normalized mRNA counts of the indicated STAT1-regulated genes obtained from NanoString analysis of LN-229 and Huh-7 cells
infected with H/PF/2013 (MOI 1; 24 h post-infection). (C) CLSM images showing the cellular localization of STAT1 and/or NS5 in LN-229 cells
infected with H/PF/2013 at 24 hpi. Infection with ZIKV relocalized STAT1 to the nucleus together with NS5. (D) Western blot showing the
phosphorylation of STAT1 in LN-229 cells 24 hpi withH/PF/2013. The upper band in the STAT1 panel denoted by an ∗ is the result of residual signal
from the ZIKVNS5 antibody. (E)Gene expression of STAT1-regulated genes IRF1, CXCL10,MX1, andOAS1 in LN-229 cells transfected with ZIKV
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dependent RNA polymerase (RdRp) activity within the C-
terminal domain.12−15 Besides these enzymatic functions,
flavivirus NS5 has been implicated in other cellular processes,
most notably in the modulation of the innate immune and pro-
inflammatory pathways.17−21,23,61,82

The NS5 protein of ZIKV is structurally similar to NS5 from
other well-studied flaviviruses such as DENV, JEV, and
WNV12−16 and contains a defined methyltransferase (MTase)
domain (residues 1−266) in the N-terminal region, which is
attached via a flexible linker region to the RNA-dependent RNA
polymerase (RdRp) domain (residues 267−903) in the C-
terminal region. The structure of full-length ZIKV appears to be
reminiscent of the JEV NS5 rather than DENV NS5, which
showed extensive interaction between the two functional
domains that are critical for viral replication,83−85 but the
differences may be due to crystal packing or divergent evolution
of flaviviral NS5 proteins. Overall, the 3D crystal structures of
ZIKV NS5 are so similar that small molecule inhibitors that
target JEV and DENV NS5 may be also useful to inhibit ZIKV
NS5,75,86−88 paving the way for pan-flaviviral therapeutics.
In this study, we characterized the subcellular localization of

ZIKV NS5 and the structural determinants of its binding to the
nuclear receptor protein importin-α (Impα) and also inves-
tigated the contribution of ZIKV NS5 in the induction of the
host immune response following ZIKV infection. Using a DENV
NS5 antibody (5R332) that we found to cross-react with ZIKV
NS5, we observed ZIKVNS5 to be predominantly in the nucleus
of infected cells for all three strains examined in the study, as was
previously reported.61 Since these strains include both the older
African MR766 isolated back in 1947 and contemporary strains
from the French Polynesia (H/PF/2013) and Brazil (Para-
iba01/2015), this subcellular localization of ZIKV NS5 to the
nucleus is likely not a recently acquired property of ZIKV NS5
caused by a sequence polymorphism. However, what stands out
about this subcellular localization of ZIKV NS5 is the fact that it
accumulates into discrete structures in the nucleus, which is very
different from the more diffuse nuclear distribution of DENV2
NS5 (Figure 1) or other reports of flaviviral NS5 nuclear
localization.28,61,89 These ZIKV NS5 nuclear bodies appear like
spherical shells that do not contain any DNA in their core
(Figure 1). ZIKV NS5 had been previously reported to
accumulate in nuclear dots61 but also in the cytoplasm in the
presence of an overexpressed host interacting protein.61,90 Our
results confirm that NS5 localizes in the nucleus during virus
infection and extend on these findings by revealing the structure
of these shell-like nuclear bodies via high resolution microscopy.
The transport of a protein with the size of flavivirus NS5 (903

amino acids long) into the nucleus has to be facilitated by
nuclear transport receptors. Using the prediction program cNLS
Mapper, we identified residues 389RKRPR393 within the ZIKV
NS5 α/βNLS region spanning residues 371−407 as the putative
NLS. Indeed, the crystal structure of the peptide fragment in
complex with Impα revealed specific binding determinants that
are common to all ZIKV NS5 strains. Furthermore, the binding

determinants are positioned in an exposed loop in the fingers
subdomain of RdRp that permits interaction with full-length
NS5 even as dimers and our SAXS studies of NS5−Impα
complex in solution revealed that a complex of one NS5 dimer
bound to two Impα dimers (Figure 4E) can be formed.
Mutagenesis studies confirmed the importance of these NLS
binding determinants in the nuclear localization of ZIKV NS5,
as the abolishment of the NLS sequence results in the
relocalization of ZIKV NS5 to the cytoplasm (Figure 2B). We
also observed a dramatic relocalization of Impα to the nucleus
and an apparent sequestration of Impα within the NS5 nuclear
bodies to form a supramolecular shell-like structure. We posit
that this sequestration can potentially limit the availability of
these nuclear transport factors to shuttle host proteins required
for various cellular processes including the innate immune
response as recently shown for JEV NS5.21 In that work, it was
shown that JEV NS5 quantitatively inhibited the dsRNA
stimulated IFN-β expression by blocking nuclear translocation
of crucial transcription factors, thereby muting the type I IFN
response. Interestingly, a screen for FDA-approved drugs as
potential antiviral therapeutics for ZIKV infection91 identified
the antiparasitic drug ivermectin, which has been in clinical use
for several decades, as a potent inhibitor. Ivermectin has been
shown to inhibit the interaction of flaviviral NS5 with Impα,27,92

and it is possible that inhibition of the sequestration of Impα by
ZIKV NS5 may contribute to the efficacy mechanism of the
drug. In addition, this redistribution and apparent sequestration
is unique to the Impα family, as the cellular localization of Impβ1
is unchanged by ZIKV infection. Further studies are needed to
explore this in more detail.
ZIKV infection has been associated with neurological

disorders such as microcephaly in neonates, and in light of
studies showing the induction of inflammatory pathways by
ZIKV,75,90 we sought to explore the immune response signature
to ZIKV infection and the contribution of ZIKV NS5 to this
signature. We found a significant and specific activation of many
host immune genes in ZIKV-infected LN-229 neuronal cells. In
contrast, this response was not observed in ZIKV-infected Huh-
7 hepatic cells (Figure 5A). Since it has been well established
that the type I interferon pathway is inhibited by ZIKV infection,
we investigated the activation of the type II interferon pathway
by examining the phosphorylation status of STAT1 and the
expression levels of STAT1-regulated genes based on a recent
report.23 We found a neuronal-specific transcriptional activation
of STAT1-dependent genes (Figure 5B) and phosphorylation
and translocation of STAT1 into the nucleus of LN-229 cells
(Figure 5C,D).
ZIKV NS5 has been implicated in multiple pathways of the

host immune response ranging from the selective activation and
inhibition of the various IFN pathways and the activation of the
inflammasome.23,61,72,90 While we did not observe inflamma-
some activation, our study demonstrates that ZIKV infection
induces a strong immune response in LN-229 neuronal cells.
Hence, we next examined the role of ZIKVNS5 in this observed

Figure 5. continued

WT and NLS1mut NS5 and infected by H/PF/2013 as measured by real-time RT-PCR. (F) AG129 mice (n = 5 per group) were intravenously (i.v.)
inoculated with 2× 104 pfu Paraiba01/2015, and tissues (brain and liver) were harvested on days 1 and 3 post-infection. Tissues were homogenized in
PBS, and the homogenates were subjected to real-time RT-PCR quantification of mouse innate immune response genes (IFIT1 and IRF7) and pro-
inflammatory chemokine genes (IL6 and CXCL2). The graphs showed average results of 5 mice with standard deviations. Mean values between the
groups were compared by a Student t-test, and a P-value less than 0.05 was considered significant (∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001).
NanoString data presented is representative of one independent experiment carried out in duplicate.
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activation of the immune response in neuronal cells and found
that ZIKV NS5 expression is sufficient to upregulate the same
subset of STAT1-regulated genes (Figure 5E). Importin-α has
been previously implicated in the nuclear import of interferon-
gamma and STAT1,93,94 hence increasing the significance of our
observation that ZIKV NS5 redistributes and sequesters Impα
to the nucleus. Interestingly, the cell-type specific induction of
the immune response only in the neurons but not the
hepatocytes was also recapitulated in vivo, in which we observed
significantly higher levels of host immune gene expression in the
brain of ZIKV infected mice compared to the liver (Figure 5F).
We observed higher virus levels in the liver compared to the
brain (Figure S5), so this observation is not due to differences in
virus replication.
Taken together, our data shows ZIKV infection of neuronal

cells induces phosphorylation, activation, and relocalization of
STAT1 and an activation of the host immune response including
a number of STAT1-regulated genes. We also found that ectopic
expression of ZIKV NS5 and its cellular localization to the
nucleus contribute to this activation. Intriguingly, we observe
this activation to be cell-type specific as ZIKV infection and
localization of ZIKV NS5 in the nucleus in hepatic cells are
insufficient to activate this response, suggesting that a neuronal-
specific host factor is likely involved in mediating this response.
Further studies will be necessary to uncover the identity of this
host factor that may have become sequestered whether
unwittingly or by design in the NS5 nuclear structures in
neuronal cells to elicit the neuronal-specific response. We
acknowledge that this study is unfortunately limited by our
inability to generate the NLS mutant ZIKV as previously
obtained for DENV2.28 This could be due to the location of the
NLS sequence within a critical region of the RdRP domain of the
ZIKV NS5 protein that might play a crucial and complex role in
virus replication,95 which led to us being unable to generate
viable mutant viruses using well established approaches.76 While
it is unclear how the host immune response would be helpful for
virus infection, this activation and subsequent inflammatory
response might play a role in the neuronal pathogenesis
associated with ZIKV infection. Hence, further studies need to
be performed to characterize the effects of these and identify
other yet to be discovered factors that might represent important
host targets to reduce ZIKV pathogenesis.
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Appendix 4. Conference Abstracts 

 
4th Antivirals Congress. 18th-21st September 2016, Sitges, Barcelona, Spain. 
 
[R25] Structural characterisation of dengue non-structural protein 5 c-terminal nuclear 
localisation signals.  
 
K.M. Smith*1, S.G. Vasudevan2, J.K. Forwood1  
1Charles Sturt University, Wagga Wagga, Australia 
2Duke-NUS, Singapore 
 
Nuclear localisation is required for many different proteins within a cell to exert their 
function. However, proteins larger than 45 kDa must be actively transported by import 
proteins that mediate translocation through the nuclear pore complex. All DNA viruses 
require entry into the nucleus of infected cells for replication, and many RNA viruses have 
shown a requirement of certain proteins to enter the nucleus of cells to subvert the host 
immune response. Protein crystallography enables determination of atomic resolution 
structures for proteins and protein complexes, such as viral proteins in complex with host 
nuclear import receptors.  The determination of high resolution atomic structures of 
nuclear import viral protein complexes will greatly facilitate our biological understanding 
of virus host interactions and potentially provide novel targets for rational drug design.  
 
Dengue virus non-structural protein 5 (NS5) has been shown to exhibit differential 
subcellular localisations across all four serotypes. With a clear dichotomy within the first 
24 hours of infection that dengue 2 and 3 NS5 localise predominantly within the nucleus, 
whereas dengue 1 and 4 NS5 localise predominantly in the cytoplasm. Recently, a putative 
nuclear localisation signal has been identified in the C-terminal 18 amino acids of dengue 
2 and dengue 3 NS5, and the structure of nuclear import receptor importin alpha was 
resolved in complex with these two peptide regions revealing the equal importance of a 
protein requiring both a nuclear localisation signal and correct presentation of the nuclear 
localisation signal for efficient nuclear transport. 
 
 
EMBL Australia Postgraduate Symposium. 29th November – 1st December 2017, 
Garvan Institute, Sydney, Australia.  
 
[Infection and Immunity] The C-Terminal 18 Amino Acid Region of Dengue Virus 
NS5 Regulates Its Subcellular Localization and Contains a Conserved Arginine 
Residue Essential for Infectious Virus Production 
 
Moon Y. F. Tay (1), *Kate Smith (2), Ivan H. W. Ng (1), Kitti W. K. Chan 
(1,3), Yongqian Zhao (1), Eng Eong Ooi (1,3), Julien Lescar (4,5), Dahai Luo 
(6), David A. Jans (7), Jade K. Forwood (2), Subhash G. Vasudevan (1,3) 
(1) Program in Emerging Infectious Diseases, Duke-NUS Medical School, Singapore 
(2) School of Biomedical Sciences, Charles Sturt University, Wagga Wagga, New South 
Wales, Australia 
(3) Department of Microbiology and Immunology, Yong Loo Lin School of Medicine, 
National University of Singapore, Singapore 
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(5) UPMC UMRS CR7—CNRS ERL 8255-INSERM U1135 Centre d’Immunologie et des 
Maladies Infectieuses. Centre Hospitalier Universitaire Pitié-Salpêtrière, Faculté de Médecine 
Pierre et Marie Curie, Paris, France 
(6) Lee Kong Chian School of Medicine, Nanyang Technological University, Singapore 
(7) Nuclear Signalling Laboratory, Department of Biochemistry and Molecular Biology, 
Monash University, Melbourne, Victoria, Australia 
 
Dengue virus NS5 is the most highly conserved amongst the viral non-structural proteins 
and is responsible for capping, methylation and replication of the flavivirus RNA genome, 
as well as modulating host immune responses. Although replication occurs in the 
cytoplasm, an unusual characteristic of DENV2 NS5 is that it localizes to the nucleus 
during infection with no clear role in replication or pathogenesis. We functionally and 
structurally examined NS5 of DENV1 and 2, which exhibit the most prominent difference 
in nuclear localization. Extensive gene swapping between DENV1 and 2 NS5 identified 
that the C-terminal 18 residues (Cter18) directed the protein to the cytoplasm or nucleus, 
respectively. The NS5 Cter18 and nuclear import receptor importin-alpha (Impα) 
molecular complex was purified, crystallised and visualized at 2.2 Å resolution using X-
ray crystallography. Structure-guided mutational analysis of this region reveal residues 
important residues for NS5 subcellular localization. Notably, the trans conformation 
adopted by Pro-884 allows proper presentation for binding Impα and mutating this Pro to 
Thr, as present in DENV1 NS5, mislocalizes NS5 to the cytoplasm without compromising 
virus fitness. In contrast, a single mutation to alanine at NS5 position R888, a residue 
conserved in all flaviviruses, resulted in a completely non-viable virus, and the R888K 
mutation led to a severely attenuated phentoype, even though NS5 was located in the 
nucleus. Our data suggests an evolutionarily conserved function for NS5 Cter18, possibly 
in RNA interactions that are critical for replication, that is independent of its role in 
subcellular localization. 
 
 
ComBio2018. 23rd-26th September 2018, Darling Harbour, Sydney, Australia.  
 
SYM-10-05 Contribution of The Residue at Position 4 Within Classical Nuclear 
Localization Signals to Modulating Interaction with Importins and Nuclear Targeting. 
 
Smith K.M.1, Di Antonio V.2, Bellucci L.3, Thomas D.R.4, Caporuscio F.5,  
Wagstaff K.M.4, Forwood J.K.1, Jans D.A.4, Palu G.2 and Alvisi G.2  
1School of Biomedical Sciences, Charles Sturt University, Wagga Wagga, New South Wales 
2650, Australia.  
2Department of Molecular Medicine, University of Padua, Via Gabelli 63, 35121 Padua, Italy.  
3NEST, Istituto Nanoscienze del CNR and Scuola Normale Superiore, P.zza S. Silvestro 12, 
56127 Pisa, Italy.  
4Department of Biochemistry and Molecular Biology, Monash University, Wellington Road, 
Clayton, Victoria 3800, Australia.  
5Department of Life Sciences, University of Modena and Reggio Emilia, Via Campi 103, 
41125 Modena, Italy. 
 
Nuclear import involves the recognition by importin (IMP) superfamily members of 
nuclear localization signals (NLSs) within protein cargoes destined for the nucleus, the 
best understood being recognition of classical NLSs (cNLSs) by the IMPα/β1 heterodimer. 
Although the cNLS consensus [K-(K/R)-X-(K/R) for positions P2–P5] is generally 
accepted, recent studies indicated that the contribution made by different residues at the 
P4 position can vary. Here, we apply a combination of microscopy, molecular dynamics, 
crystallography, in vitro binding, and bioinformatics approaches to show that the nature 
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of residues at P4 indeed modulates cNLS function in the context of a prototypical Simian 
Virus 40 large tumor antigen-derived cNLS (KKRK, P2–5). Indeed, all hydrophobic 
substitutions in place of R impaired binding to IMPα and nuclear targeting, with the largest 
effect exerted by a G residue at P4. Substitution of R with neutral hydrophobic residues 
caused the loss of electrostatic interactions and van der Waals interactions between the P4 
residue side chains and IMPα. Detailed bioinformatics analysis confirmed the importance 
of the P4 residue for cNLS function across the human proteome, with specific residues 
such as G being associated with low activity. Furthermore, we validate our findings for 
two additional cNLSs from human cytomegalovirus (HCMV) DNA polymerase catalytic 
subunit UL54 and processivity factor UL44, where a G residue at P4 results in a 2–3-fold 
decrease in NLS activity. Our results thus showed that the P4 residue makes a hitherto 
poorly appreciated contribution to nuclear import efficiency, which is essential to 
determining the precise nuclear levels of cargoes. 
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Seven human isoforms of importin α mediate nuclear import of cargo in a tissue- and 
isoform-specific manner. Understanding how nuclear import adaptors differentially 
interact with cargo harbouring the same NLS remains poorly understood since the 
NLS recognition region is highly conserved. Here, we provide a structural basis for 
the nuclear import specificity of W proteins in Hendra virus (HeV) and Nipah virus 
(NiV). We determine the structural interfaces of these cargo and importin α1 and α3, 
identifying a 2.4-fold more extensive interface and >50-fold binding affinity for 
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armadillo-repeats 7 and 8. Overall, our study provides mechanistic insights into a 
range of important nucleocytoplasmic transport processes reliant on isoform adaptor 
specificity.  
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A B S T R A C T

Nuclear import involves the recognition by importin (IMP) superfamily members of nuclear localization signals
(NLSs) within protein cargoes destined for the nucleus, the best understood being recognition of classical NLSs
(cNLSs) by the IMPα/β1 heterodimer. Although the cNLS consensus [K-(K/R)-X-(K/R) for positions P2–P5] is
generally accepted, recent studies indicated that the contribution made by different residues at the P4 position
can vary. Here, we apply a combination of microscopy, molecular dynamics, crystallography, in vitro binding,
and bioinformatics approaches to show that the nature of residues at P4 indeed modulates cNLS function in the
context of a prototypical Simian Virus 40 large tumor antigen-derived cNLS (KKRK, P2–5). Indeed, all hydro-
phobic substitutions in place of R impaired binding to IMPα and nuclear targeting, with the largest effect exerted
by a G residue at P4. Substitution of R with neutral hydrophobic residues caused the loss of electrostatic and van
der Waals interactions between the P4 residue side chains and IMPα. Detailed bioinformatics analysis confirmed
the importance of the P4 residue for cNLS function across the human proteome, with specific residues such as G
being associated with low activity. Furthermore, we validate our findings for two additional cNLSs from human
cytomegalovirus (HCMV) DNA polymerase catalytic subunit UL54 and processivity factor UL44, where a G
residue at P4 results in a 2–3-fold decrease in NLS activity. Our results thus showed that the P4 residue makes a
hitherto poorly appreciated contribution to nuclear import efficiency, which is essential to determining the
precise nuclear levels of cargoes.

1. Introduction

Nucleocytoplasmic transport is mediated by members of the im-
portin (IMP) superfamily, which recognize specific targeting signals
(nuclear localization or nuclear export sequences - NLSs and NESs)
within cargo molecules and mediate transport either into or out of the
nucleus, respectively [1]. The first NLS identified was the seven-amino
acid (aa) highly basic sequence PKKKRKV-132 from simian virus SV40
large tumor antigen (T-ag) [2]. Several types of NLS have since been
characterized, but NLSs similar to that of T-ag are denoted as “classical”
NLSs (cNLSs) [3]. Based on the number of basic stretches of aas

composing them, cNLSs can be divided into monopartite or bipartite
NLSs; monopartite NLSs resemble the T-ag NLS and are formed by a
single stretch of basic residues, matching the consensus (K-K/R-X-K/R –
positions “P2–P5”), whereas bipartite NLSs have two clusters of basic
residues separated by a spacer region of 10–13 aas [3]. Both mono-
partite and bipartite NLSs are recognized by an IMPα adapter, which,
when bound by IMPβ1, can mediate transport through the nuclear pore
complex [4]. IMPα retains a short, basic N-terminal IMPβ-binding (IBB)
domain responsible for binding to IMPβ1, and ten Armadillo (ARM)
tandem repeat motifs, two stretches of which each form the major
(repeats 2–4) and minor (repeats 7–8) NLS-binding sites [5].
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Monopartite cNLSs bind preferentially to the major NLS binding site
[6], with the efficiency of nuclear transport depending on NLS:IMPα
binding affinity [7–9]. Based on functional, biochemical and crystal-
lographic approaches [5,7,10–14], the basis for IMPα-NLS recognition
lies in the structure of the ARM repeats, each being formed by three α-
helices (H1–3) [5]; conserved W and N residues on H3 of ARM2–4 form
the major binding site, and those from ARM7–8 form the minor site. At
the major site, the residues of monopartite cNLSs have been termed
P1–P6 (KKKRKV in the case of T-ag), where the contribution of P1 and
P6 to binding appear to be minimal [10] compared to P2-P5, with P2
dominating the energy profile of the interaction, followed by P3 and P5
(~50% of P2), and P4 (~25% of P2). In the T-ag cNLS, substitution of
the K in P2 (which makes key hydrogen bonds with D192, T155 and
G150 in IMPα) by any residue other than R completely abolishes NLS
activity through a c. 300-fold decrease in binding to IMPα and a 3 kcal/
mol decrease in binding free energy [7,10,15,16], while R at P2 also
causes a large reduction in NLS function. Significantly, the pocket on
IMPα responsible for binding the P2 residue is relatively small when
compared to those of P3 and P5, which, although clearly preferring
basic aas, can accommodate either K or R. Structural data suggest that
the longer R side chain in P2 leads to the loss of important side chain
interactions and causes the cNLS main chain to adopt an unfavorable
position [5,17]. Indeed, the only crystal structure solved so far with an
R residue in P2, the atypical arginine-rich NLS from Beak and Feather
Disease Virus capsid protein, lacks hydrogen bonds with T155 and
G150 [18]. Compared to the binding pockets for P2, P3 and P5, the
pocket for P4 is less stringent in terms of residue preference, and its
geometry suggests the ability to accommodate smaller hydrophobic
residues. IMPα-recognized cNLSs have been characterized with a range
of different residues in this position, including K, R, S, Y, L, P, A and V
[14], meaning that the consensus sequence for positions P2–P5 of cNLSs
has been suggested to be K-(R/K)-X-(R/K), K-(K/R)-X-(K/R) or K-R-(R/
X)-K [10,11,19–22].

Several studies in mammalian systems, however, suggest that cer-
tain cNLSs, although matching the K-(R/K)-X-(R/K) consensus, are not
functional in nuclear targeting [23,24]. A recent systematic study in
Saccharomyces cerevisiae showed that the residues with the biggest ne-
gative impact on nuclear targeting at the P4 position are D, E and G
[25]. Clearly, reduced nuclear transport efficiency for negatively
charged residues at P4 can be explained by electrostatic repulsion by
the negatively charged IMPα side chains residues in the P4 binding
pocket, but the reason for the large effect of G at P4 is unclear. We
addressed this issue by carrying out aa substitutions targeting the P4
position in a prototypical cNLS, and assessing the effects in molecular
dynamics (MD) simulations based on the crystal structure of a truncated
version of IMPα that lacks the inhibitory IBB domain (mIMPαΔIBB) and
the T-ag NLS [6], as well as in living mammalian cells and in vitro
binding studies. Importantly, we also solved the crystal structure of our
prototypical NLS bearing either R or M in the P4 position complexed
with mIMPαΔIBB. The results support the idea that substitution of R
with hydrophobic residues causes the loss of profitable van der Waals
interactions between the cNLS side chains and IMPα, destabilizing the
IMPα/NLS complexes, with G at P4 having the largest effects in terms of
reducing IMPα binding and nuclear transport to background levels. The
significance of the results was supported by substitution analysis of the
P4 residue in two additional well characterized cNLSs, which confirmed
the negative effect of G in P4 on NLS activity, as well as by detailed
bioinformatics analysis, which revealed that basic residues are highly
enriched at the P4 position of monopartite cNLSs of human nuclear
proteins. Hydrophobic residues are overall well tolerated, but display
important differences, with G associated with low activity. The P4 re-
sidue thus makes an important contribution to binding to IMPα and
NLS functionality, and hence fine-tuning of protein nuclear distribu-
tion/function.

2. Materials and methods

2.1. Molecular dynamics (MD) simulations

System setup and classical MD simulations were performed with the
NAMD software package (v2.9) [26]. The CHARMM22* force field [27]
was used for the protein and counter ions. Water molecules were
treated using the TIP3P model [28]. The crystal structure of the mouse
IMPα2/SV40 NLS peptide complex was downloaded from the Protein
Data Bank (PDB code 1EJL). Only the SV40 NLS peptide binding to the
major site of IMPα was considered, whereas the SV40 NLS peptide at
the minor site of IMPα was removed. The system was embedded in a
cubic water box with a side length of 120 Å. The water layer separating
the complex from any of its periodic images was at least 10 Å thick. The
total number of water molecules was 52,033 and 4 Na+ ions were
added to neutralize the system formal charge. Simulations were carried
out assuming periodic boundary conditions (PBC). The long-range part
of the electrostatics was treated with the Particle-Mesh-Ewald (PME)
method [29], with a grid size of 120× 120× 120. The cut-off distance
for the non-bonded interactions was set to 10.5 Å, and a switch function
was applied to smooth interactions between 9 and 10.5 Å. The r-RESPA
multiple time step method [30] was employed with 2 fs for bonded, 2 fs
for the short-range part of the non-bonded, and 4 fs for the long-range
part of the electrostatic forces. All simulations were performed in the
NPT ensemble. The temperature was set to 310 K and temperature
control was achieved via the Langevin thermostat [31]. The pressure
was set to 1 atm and the isotropic Langevin piston method was used for
pressure regulation [32]. The system was equilibrated in a stepwise
fashion in order to eliminate bad atomic contacts. A first minimization
(2000 steps of conjugate gradient) was followed by 800 ps of a position
restrained MD simulation. The obtained structure was then minimized
without restraints. A further 800 ps of MD simulation were carried out
by minimizing and reinitializing the velocities every 400 ps. The final
conformation was then used to perform 60 ns of MD simulation.

The structure at 19 ns was used as a starting point to model mutated
systems in which the R residue in the P4 position of the NLS was mu-
tated to G, A, V, M, and P, respectively. As during the mutation pro-
cedure, a positively charged residue, i.e., R, has to be mutated into a
neutral one, two Na+ and two Cl− ions were added to the system in
order to conveniently remove a negatively charged ion as soon as the
positive charge of R is lost. In order to gradually mutate residues,
mutations were performed in the framework of the FEP [33] metho-
dology available in the NAMD suite [26]. This method was exploited to
perform an alchemical transformation (i.e., a site-directed mutagenesis)
of the arginine residue in the P4 position to a different residue (i.e., G,
A, V, M, and P). During the transformation R was annihilated, whereas
the mutated residue was created. To maintain the neutrality of the
system one Cl− was annihilated. Alchemical transformations started
with windows of 9 different widths (0.0, 0.00001, 0.0001, 0.001, 0.01,
0.02, 0.04, 0.06, 0.08). Between 0.08 and 0.92, the windows were
equally spaced (0.06). Finally, the last windows also had different
spaces (0.92, 0.94, 0.96, 0.98, 0.99, 0.999, 0.9999, 0.99999, 0.999999,
1.0). Each window featured 0.6 ns of MD simulation, of which 0.1 ns
was equilibration. Each mutated system was then subjected to a 20 ns
MD simulation. Data acquisition was carried out for 20 ns to perform
trajectory analysis.

MD snapshots extracted from the last 20 ns of each trajectory were
clustered by using the g_cluster tool available in GROMACS [34] with
the gromos algorithm [35]; structures were added to a cluster when
their RMSD on heavy atoms to any element of the cluster was< 2 Å.

2.2. Plasmid construction

Mammalian cell expression plasmids were generated using the
Gateway™ technology (Invitrogen). Oligo duplexes encoding the NLSs
of interest (PAKKXKVEAA) flanked by attB sites were annealed and
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cloned into plasmid vector pDNR207 (Invitrogen) via BP recombina-
tion, as previously [24]. ENTRY vectors were then used to generate C-
terminal YFP fusion Mammalian expression vectors following LR re-
combination reactions with pDESTnYFP [40] as described [41]. All
vectors were confirmed by sequencing. pGEX4T bacterial expressing
plasmids encoding the NLS of interest C-terminally fused to GST and
preceded by a Tobacco Etch Virus (TEV) protease site were purchased
from Genscript. Plasmid pDESTnYFP-SV40P2[T], expressing a fusion
protein of YFP and the PATKRKVEAA sequence, containing the K128 T
substitution which completely ablates NLS function [15], was gener-
ated using the Quikchange DNA mutagenesis kit (Agilent) and appro-
priate oligo pairs. Plasmids pEPI-GFP-UL44(405–433), containing the
HMCV DNA polymerase processivity factor UL44 residues 405–433
including the cNLS (PNTKKQK-431) and pEPI-GFP-UL54(1145–1161),
containing HMCV DNA polymerase catalytic subunit UL54 residues
1145–1161 including the cNLS (PAKKRAR-1161), have been described
[42,43]. Plasmids pEPI-GFP-UL44(405–433)K428T, pEPI-GFP-
UL44(405–433)Q430G, pEPI-GFP-UL54(1145–1161)K1158T and pEPI-
GFP-UL54(1145–1161)A1160G were generated using the Quikchange
DNA mutagenesis kit (Agilent).

2.3. Protein purification

GST-tagged NLS fusion proteins were expressed in E. coli BL21(DE3)
pLysS cells, grown overnight in auto-induction medium containing
10 μg/mL ampicillin, 1% tryptone, 0.5% yeast extract, 1 mM MgSO4,
25mM (NH4)2SO4, 50mM KH2PO4, 50mM Na2HPO4, 0.5% glycerol,
0.05% glucose, and 0.2% α-lactose [36]. The cells were pelleted and
resuspended in 40ml of GST buffer (50mM Trizma, 125mM NaCl,
pH 8.0) supplemented with complete EDTA-free protease inhibitor
(Roche, Germany). The cells were lysed by two freeze-thaw cycles and
addition of 1mg/mL lysozyme and 50 μg/ml DNase. Cell debris was
removed by centrifugation at 12,000 rpm and lysates clarified through
a 0.45 μm syringe filter. The GST-fusion proteins were then im-
mobilized on a GSH affinity resin, washed to remove non-specifically
bound protein were eluted with 10mM GSH in GST buffer. mIMPαΔIBB
was expressed and purified as previously [37,38]. For crystallization
purposes, the GST-fusion proteins were immobilized on a GSH affinity
resin, washed to remove non-specifically bound proteins, and 20mg of
mIMPαΔIBB passed over the column to allow binding to the respective
GST-NLS fusions. Proteins were eluted by addition of 10mM GSH
supplemented in GST buffer, incubated overnight with TEV protease
(100 μg) to release the NLS:mIMPαΔIBB dimer from GST, and further
purified by size exclusion chromatography. Proteins were then passed
over the GSH column to remove contaminant GST or uncleaved GST-
NLS:mIMPαΔIBB. Eluted proteins were concentrated using an Amicon
centrifugal filtration device (10,000MW cut-off) to 7–15mg/ml, ali-
quoted, checked by SDS-PAGE and stored at −80 °C.

2.4. ELISA binding assays

The method was based on previously published microtiter plate
assays [39]. Briefly, Nunc Maxisorp 96-well clear plates were coated
with 25 nM GST-NLS fusion proteins using Tris buffer (125mM NaCl,
50 mM Tris pH 8.0) overnight at 4 °C. The plates were washed three
times with TBS buffer containing 0.05% v/v Tween20 (TBST), followed
by blocking in 3% w/v BSA in TBST overnight at 4 °C. Plates were again
washed three times with TBST and incubated with decreasing con-
centrations of 6× His-tagged IMPαΔIBB (concentration range 25 nM to
10 μM) diluted in TBS overnight at 4 °C. The plate was then washed
three times with TBST, and then incubated for 1 h at 4 °C with 100 μl of
a 1/5000 dilution of S protein-HRP conjugate (Novagen 69047) in TBST
supplemented with 3% BSA. The plate was washed a further three times
before addition of 100 μl of TMB substrate (Sigma T4444). The colori-
metric reaction proceeded for 5min before being stopped with 100 μl of
2M H2SO4. Absorbance was measured at 450 nm using an Epoch

microplate spectrophotometer (Biotek). Assay was performed in du-
plicate and data analyzed using one-site specific binding in GraphPad
Prism version 7.00 for Mac (GraphPad Software, La Jolla California
USA, www.graphpad.com).

2.5. Crystallization of NLS peptides complexed with mIMPαΔIBB

Crystallization of NLS-P4[R] and NLS-P4[M] peptides in complex
with mIMPαΔIBB was achieved using the hanging drop vapour diffu-
sion method, and reservoir solutions containing 10mM DTT and 1M
sodium citrate at pH 7.0 and pH 6.0 respectively. The NLS-
P4[R]:mIMPαΔIBB and NLS-P4[M]:mIMPαΔIBB crystals were flash
cooled to 100 K and diffracted on the MX1 beam at the Australian
Synchrotron [44] to a resolution of 2.1 Å and 2.6 Å, respectively. Data
were integrated using MosFLM [45], scaled and merged using AIMLESS
[46], and solved by molecular replacement using Phaser MR [47] with
PDB 3UL1 as a model. The structure was refined and solved using
Phenix [48] and COOT [49]. The NLS-P4[R] and NLS-P4[M] regions in
complex with mIMPαΔIBB were well solved with R/R-free values of
0.17/0.19 and 0.21/0.23, respectively (see Supplementary Table 2 for
full data collection and refinement statistics).

2.6. Analysis of the interface area relative to NLS/mIMPαΔIBB complexes

Interface area (Å2) – was calculated using the Area function of the
PISA software [50] starting from the crystal structures obtained in this
study (PDB codes: 5KLR and 5KLT), or after substitution of the 5KLR P4
residue with specific aas, using the simple mutate function available in
the Coot software [49].

2.7. Comparison between previously published NLS-mIMPαΔIBB structures

PDB files were downloaded from the protein data bank website and
Molecular graphics and analyses were performed with the UCSF
Chimera package [51]. Chimera is developed by the Resource for Bio-
computing, Visualization, and Informatics at the University of Cali-
fornia, San Francisco (supported by NIGMS P41-GM103311).

2.8. Cell culture and transfections

HEK293-A and HEK293-T cells were maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% (v/v) foetal
bovine serum (FBS), 50 U/ml penicillin, 50 U/ml streptomycin and
2mM L-glutamine as described in [52]. For imaging experiments, cells
were trypsinized and 2.5× 104 HEK293-A cells were seeded onto
polylisinated 12mm glass coverslips in 24-well plates 1 day before
transfection. For live cells CLSM analysis, 1× 105 HEK293-A cells were
seeded onto polylisinated 24mm glass coverslips in 6-well plates 1 day
before transfection. Before imaging, cells were washed twice in warm
PBS and media replaced with DMEM without phenol red. To assess
fusion protein expression levels by fluorometry, 1× 105 HEK293-T
cells were seeded onto in 24-well plates 1 day before transfection. For
Western blotting experiments, 6× 105 cells were seeded on 6 well
plates 1 day before transfection. Transfections were either performed by
Lipofectamine 2000 (Invitrogen) according to the manufacturer's spe-
cifications, or using the Calcium Phosphate method, as previously de-
scribed [53].

2.9. Microscopy/CLSM/Image analysis

Subcellular localization of YFP–NLS fusion proteins in living cells
was visualized 24 h and 48 h after transfection using an inverted epi-
fluorescent microscope (Leica) equipped with a 40× objective, essen-
tially as described previously [54]. 48 h after transfection, cells were
fixed with 4% paraformaldehyde 15min at RT, before being mounted
onto glass coverslips with FluoromountG (Southern Biotech). When
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required nuclei where counterstained with TO-PRO3 (Life Technolo-
gies, 1:1000). Samples were imaged by confocal laser scanning micro-
scopy (CLSM) using a Leica TCT-SP2 system, equipped with a Planapo
fluor 63× oil immersion objective (Leica). To evaluate the contribution
of active nuclear transport of fusion proteins to their nuclear accumu-
lation, fusion proteins were co-expressed with DsRed2-RanQ69L [55],
which impairs IMP-mediated nuclear import [23]. In some cases, fusion
proteins were co-expressed with CFP-H2B [56], to visualize cell nuclei.
Live cell CLSM analysis was performed using a Nikon A1 confocal
system, equipped with a 60× oil immersion objective. In order to allow
correlation between Fn/c values and protein expression levels, images
were acquired using the following settings: 514 nm Argon laser power,
15.8%; pinhole, 1; offset, −19/−21. Each field was acquired at 4
different gain PMT voltages: 54, 64, 74 and 84. The Fn/c values were
determined using the NIH ImageJ 1.62 public domain software from
single cell measurements for each of the nuclear (Fn) and cytoplasmic
(Fc) fluorescence, subsequent to the subtraction of fluorescence due to
autofluorescence/background as described previously [41]. Data was
plotted and analyzed using Prism 6 (GraphPad) software.

2.10. Analysis of fluorescent protein expression by fluorometry

Cells grown in 24 wells were washed twice with PBS, resuspended
in 290 μl of PBS, and 90 μl were transferred to 96-Well solid black
Polystyrene Microplates (Corning) in triplicate, before fluorescence
acquisition. Expression levels of YFP-NLS fusion proteins in living cells
were quantified 48 h post transfection using a VIKTOR ×2 plate reader
(Perkin Elmer) equipped with 485 nm and 535 nm excitation and
emission filters, respectively.

2.11. Western blotting

HEK293-T cells (1.2× 106) were transfected with 3 μg of
pCMVFLAG-X-YFP or with 15 μg of YFP-tagged NLS variant encoding
constructs. 48 h post transfection cells were harvested by gentle pipet-
ting. After three washes in phosphate-buffered saline, cells were re-
suspended in 300 μl of radioimmunoprecipitation assay buffer (50mM
Tris-HCl [pH 7.4], 150mM NaCl, 1% NP-40, 0.25% sodium deoxy-
cholate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 μg of leu-
peptin/ml, 10 μg of aprotinin/ml), sonicated five times for 2min on ice,
and incubated for 1 h on ice to obtain whole-cell lysates. Cell debris
were removed by centrifugation and supernatants mixed with Laemmli
loading buffer. Samples were boiled for 5min at 95 °C, and the mixtures
were loaded onto 12% bis-Tris acrylamide gel prior to separation by
polyacrylamide gel electrophoresis (PAGE). Electrophoretically sepa-
rated proteins were then transferred to PVDF membranes (Amersham)
as previously described [57]. Membranes were blocked in blocking
buffer (5% skim milk powder in PBS) for 1 h at RT and washed three
times with wash buffer (0.05% Tween in PBS). GFP fusion proteins
were detected by incubating the membranes successively with anti-GFP
(clone sc-9996; Santa Cruz Biotechnology; 1:1000) monoclonal anti-
body and horseradish peroxidase-coupled secondary antibody (Sigma;
1:3000), diluted in blocking buffer. Antigens were identified by lumi-
nescent visualization using ECL Prime Western Blotting Detection Re-
agent (Amersham) in combination with a VersaDoc MP3000 Imaging
System (Bio-Rad).

2.12. Identification of nuclear proteins containing the cNLS consensus

The sequences of all 946 human proteins deposited in the Universal
Protein Resource database (UniProtKB) [58], containing the P-X-K-K/R-
K/R-X-K/R consensus sequence were identified and extracted using the
ScanProsite software [59]. The subcellular localization of each protein
was scored as “nuclear”, “non-nuclear” or “unknown” based on the
information deposited on UniProtKB. 562 proteins were annotated as
nuclear, in that at least one of the following subcellular localizations

were reported in UniprotKB: “nuclear”, “nucleoplasm”, “nucleolus”,
“nucleus speckle”, “SAGA complex”, “Nucleus matrix”, “Chromosome”,
or “Nucleus lamina”. Among nuclear annotated proteins, the frequency
of aa usage in P4 of cNLSs was calculated and compared to that found in
the human proteome [60]. The fractional difference between aa fre-
quency in the human proteome and in P4 of cNLS of nuclear proteins,
indicative of the preferential usage of certain aa in P4, was calculated as
[fP4(x)− fhuman proteome(x)] / fhuman proteome(x), where x is any specific aa
[61]. Data were statistically analyzed using the Fisher's exact Chi test
comparing results obtained for specific aa types (basic, hydrophobic,
polar and acidic), as well as for individual aas.

2.13. Identification of strongest cNLS on nuclear proteins containing the
cNLS consensus

The sequences of all 562 proteins annotated as “nuclear” were
analyzed using the cNLSmapper software [25] to identify and rank all
putative cNLSs according to the cNLS mapper score, which provides a
predictive value for cNLS activity (see: http://nls-mapper.iab.keio.ac.
jp/cgi-bin/NLS_Mapper_help.cgi). 299 nuclear proteins were identified
with the P-X-K-K/R-X-K/R consensus as the strongest (or only) cNLS.
The frequency of P4 aa usage in the strongest cNLS was statistically
analyzed using the Fisher's exact Chi test comparing results obtained for
specific aa types (basic, hydrophobic, polar and acidic), as well as for
individual aas.

3. Results

3.1. High heterogeneity and flexibility of IMPα-P4 bound residues

Our previous results as well as those from others suggested that not
all residues are equally tolerated at P4 in terms of their impact on cNLS
function [23–25]. To understand this better, we initially compared the
structures of a number of cNLSs complexed with mIMPαΔIBB (Table 1,
Fig. 1). The analysis revealed that for the relevant residues (P2–P5), P2
was the most invariant, exclusively being K, while P3 and P5 mainly
showed either K or R residues [18,23–25] (Table 1). In contrast, the P4
site exhibited the highest heterogeneity, including Y, S, L, P, A and S
variations (Table 1), consistent with the idea that the IMPα P4 binding
pocket can accommodate a wide range of residues [17,62–64]. Calcu-
lation of the mean distance of the backbone of the different NLSs re-
lative to the centroid at each position also highlighted a high degree of
flexibility for P4 bound residues, as compared to those bound to the
other core positions P2, P3 and P5 (Fig. 1b, Supplementary Table 1).

Table 1
Heterogeneity of IMPα-P4 bound residues.

Species
IMPα

NLS PDB code P0 P1 P2 P3 P4 P5 P6

m T-ag [6] 1EJL P K K K R K V
m T-ag [11] 1Q1T P K K K R K V
m PepTM [22] 3L3Q F K K K R R E
m Ku80 [62] 3RZ9 T A K K L K T
m Ku70 [62] 3RZX G S K R P K /
m CLIC4 [64] 3OQS V A K K Y R N
m hPLSCR1 [63] 1Y2A / G K I S K H
m Androgen receptor

[75]
3BTR A R K L K K L

m dUTPase [12] 4MZ5 P S K R A R P
r T-ag [76] 4B8O P K K K R K V
y T-ag [5] 1BK6 P K K K R K V
y c-Myc [17] 1EE4 A A K R V K /

The sequences of cNLSs crystallized with mIMPαΔIBB (PBD codes indicated)
are shown with respect to the IMPα binding pocket residues P0–P6. NLS re-
sidues occupying IMP∝ positions P2-P4 are in boldface. The single letter aa code
is used. m, mouse; r, rice; y, budding yeast.
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3.2. MD analysis indicates hydrophobic residues at the P4 position are likely
to differentially affect the NLS-IMPα complex

First, we decided to analyze the impact of different hydrophobic
residues in the P4 position of the well-characterized T-ag NLS (M, P, V,
A, and G) on IMPα binding by molecular dynamics. We used free energy
perturbation (FEP) to perform the mutations in the P4 position, then the
system was relaxed by using MD to further investigate the effect of
substitutions of the P4 R residue of T-ag NLS. Starting coordinates were
taken from the crystal structure of the mIMPαΔIBB/T-ag NLS available
in the Protein Data Bank (PDB code: 1EJL). The structure was equili-
brated as described in the Materials and methods section, before per-
forming a 60 ns MD simulation. The system reached equilibrium within
a few ns of simulation. From 10 ns onwards, the simulation root-mean-
square deviation (RMSD) values did not exceed 3.5 Å, with no drift
observed until the end of the simulation (Fig. 2a). In fact, during the
whole simulation, IMPα showed only small fluctuations, and the NLS
did not show marked conformational changes (Fig. 2a). After 19 ns of
simulation, a frame was extracted to be used as a starting point to
model the P4 substituted NLSs (dashed line in Fig. 2a); in this structure,
all the main features of the crystal structure of the complex between the
NLS peptide and IMPα are maintained (Fig. 2b, c, d). During the fol-
lowing 41 ns of the simulation, the wild-type (wt) NLS peptide remained

bound to IMPα by conserving all interactions observed in the crystal
structure, including interactions of the alkyl side chains of the P3
(K129) and P5 (K131) residues with the IMPα aromatic residues W142,
W184, and W231, stabilization of the peptide positive charge by in-
teractions with the negatively charged IMPα residues D192, E180, and
D270, and hydrogen bond interactions through the NLS backbone polar
atoms with the IMPα residues N146, N188, and N235. In addition, an
electrostatic interaction that is not evident in the crystal structure was
observed between the P4 side chain (R130) and IMPα E107 (Fig. 2d). In
contrast, a number of these interactions were less well maintained in
the complexes between IMPα and the P4 position substituted peptides,
with the NLS-G mutant showing the highest instability, resulting in
partial release from the complex. To evaluate the stability of the
binding mode as a function of the NLS substitution, the average RMSD
of the backbone alpha carbon (CA) atoms in the last 20 ns of the MD
relaxation of each mutant system was compared to the RMSD of the
backbone CA atoms of the reference wt structure (Table 2). The highest
RMSD values were observed for the P5 (K131) and P6 (V132) residues,
located immediately downstream of the P4 substituted residue.

The overall behavior of the P4-position substituted-NLSs was further
assessed by comparing the structure nearest to the centroid of the most
populated cluster of each mutant system during the last 20 ns of the
simulation with that of the wt NLS (Fig. 3). In particular, in the NLS-G

c

a b

3OQS [Y]

3RZX [P]

1Y2A [S] 4MZ5 [A]3BTR [K]

P2

P3

P4

P5

2P2P

2P2P2P2P

P4

P4
P4 P4

1EJL [R]
P2

P4 4P P4

]L[ 9ZR3]R[ Q3L3
P2

P4

Fig. 1. The IMPα binding pocket for P4 can accommodate various different residues. (a) The structure of T-ag NLS (red sticks) complexed with mIMPαΔIBB (grey
ribbons) is shown (from PDB code: 1EJL). Selected mIMPαΔIBB residues interacting with the NLS peptide are shown (salmon sticks). Binding pockets P2–P5 are
indicated. (b) cNLSs complexed with mIMPαΔIBB reported in Table 1 are shown as ribbons. The centroids of the backbone CA at each NLS position are reported as
black spheres, with the NLS position and the mean distance of NLS CA to the centroid at each position. (c) The structures of cNLSs complexed with mIMPαΔIBB
reported in Table 1 are shown in stick format, with selected mIMPαΔIBB residues interacting with the NLS peptides shown in salmon. The PDB codes relative to each
structure, the aas occupying the P4 position, as well as binding pockets P2 and P4 are indicated. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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complex, the P5 (K131) residue loses the favorable cation-pi interac-
tions with W184 and W142 and is now accommodated in what was the
P4 R (R130) binding pocket in the wt NLS-IMPα complex (Fig. 3a, b). In
all the other P4-position substituted-NLS-complexes except for NLS-P,
the cation-pi interactions between K129-W184/W231 and between
K131-W142/W184 are maintained. However, the electrostatic interac-
tion between R130 and E107 observed during the course of the MD
simulation of the wt peptide is absent in all of the P4-position sub-
stituted-NLS-complexes, correlating with the loss of the positive charge
at that position. Moreover, profitable van der Waals contacts between
IMPα and the hydrophobic alkyl chain of R are lost when R is sub-
stituted by residues with smaller hydrophobic side-chains.

In summary, the results from substitutions in P4 performed using
the FEP protocol and the further relaxation of the systems in MD

simulations strongly suggested that substitution of the cNLS P4 residue
with hydrophobic aas, especially those with small side chains, are likely
to affect interaction with IMPα, with G substitution resulting in the
greatest loss of interactions, and hence binding stability.

3.3. Influence of the P4 residue on IMPα binding affinity

To test the effect of substitution of the cNLS P4 residue on IMPα
binding directly, we generated a prototypical NLS - PAKKRKV-132 or
NLS-P4[R] – corresponding to the SV40A2 mutant of the T-ag NLS
described by Hodel et al., where the P1 K is substituted by A [7,10]. The
A2 mutant has been shown to be functional for both IMPα/β1 binding
and nuclear targeting, and has the advantage of preventing a staggering
in the binding register of the NLS with respect to the IMPα binding site,

b    c
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Fig. 2. Molecular modeling of NLS-IMPα complexes. The mIMPαΔIBB/T-ag NLS complex crystal structure (PDB code: 1EJL) was subjected to MD as described in the
Materials and methods section. (a) mIMPαΔIBB backbone RMSD during the MD simulation (top). The vertical dotted line indicates the frame extracted at 19 ns used
as a starting point to model the P4-position substituted T-ag NLS peptide. T-ag NLS backbone RMSD during the MD simulation (bottom). (b) Structure of the
mIMPαΔIBB/T-ag NLS complex before the start of the simulation. IMPα is represented in green ribbons and residues interacting with the NLS are shown in stick
format (green carbons). T-ag NLS is shown in stick format (orange carbons). The P4 position is indicated. (c) The same view as in (b) is shown with the IMPα ribbons
removed for clarity. mIMPαΔIBB residue labels are shown in black, whereas T-ag NLS residue labels are shown in red. (d) The equilibrated structure at 19 ns (violet
carbons, NLS plum carbons) superimposed onto the crystal structure (1EJL) (green carbons; NLS orange carbons) is shown. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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thus locking the R residue, or specific substitutions thereof, in the P4
binding pocket position [6]. A GST-fusion containing NLS-P4[R] at the
C-terminus, as well as several aa substitutions of the R residue (Fig. 4a),
were tested for their ability to bind to mIMPαΔIBB by means of GST-

pull down assays. To this end, GST-NLSs fusion proteins immobilized on
a GSH affinity resin were incubated with 20mg of purified mIMPαΔIBB,
and complexes were eluted by addition of 10mM GSH. Our results
indicated that GST-NLS-P4[R] strongly bound to mIMPαΔIBB, whereas
variants bearing P4 specific substitutions did not (Fig. 4b and Supple-
mentary Fig. 1). Among the tested aas, M appeared to bind more effi-
ciently to mIMPαΔIBB, followed by A, P and V, whereas almost no
detectable binding was obtained for the GST-NLS-P4[G] derivative.

To quantify more precisely the effect of the above substitutions on
IMPα binding, GST-NLS fusion proteins were tested for the ability to
bind mIMPαΔIBB in ELISA assays; GST-NLS-P2[T], expressing the
PKTKRKV SV40 nuclear import-deficient mutant was included as a
negative control (Fig. 4c). GST-NLS-P4[R] bound with high affinity to
mIMPαΔIBB (Kd of 19 nM), implying NLS functionality, whereas GST-
NLS-P2[T] bound to mIMPαΔIBB with c.160-fold lower affinity (Kd of
c. 3070 nM; Fig. 4c). Consistent with our GST-pulldown assays, all P4
mutations tested reduced binding to mIMPαΔIBB, with Kds of 9- and
38-fold higher than GST-NLS-P4[R] for GST-NLS-P4[M] and GST-NLS-
P4[G], respectively (Fig. 4; Table 3). Thus, all of the P4-substituted
cNLSs showed a decrease in binding compared to wt, confirming that
the P4 position contributes significantly to the cNLS recognition by
IMPα (Table 3).

Table 2
Effect of substitution of the P4 residue within T-ag NLS with hydrophobic re-
sidues on peptide flexibility.

P4 residue P1 P2 P3 P4 P5 P6

R 2.28
(0.66)a

1.99
(0.65)

2.02
(0.62)

2.40
(0.74)

2.65
(0.85)

3.71
(0.99)

G 2.48
(0.56)

2.04
(0.51)

2.18
(0.45)

2.25
(0.50)

4.49
(0.84)

7.65
(1.15)

A 1.91
(0.66)

1.42
(0.58)

1.41
(0.49)

1.56
(0.53)

2.67
(0.83)

3.30
(0.86)

V 2.38
(0.55)

1.91
(0.44)

1.91
(0.38)

1.70
(0.50)

3.14
(0.74)

3.76
(0.79)

P 2.86
(0.66)

2.19
(0.68)

2.04
(0.68)

2.91
(0.70)

4.17
(1.00)

4.78
(2.11)

M 1.89
(0.58)

1.51
(0.56)

1.58
(0.53)

1.70
(0.57)

2.12
(0.81)

3.25
(0.77)

Average RMSD (Å) of the backbone atoms in the last 20 ns of the MD relaxation
of each residue of the peptide NLSs.

a Standard deviation. The single letter aa code is used.

Fig. 3. MD analysis of P4 NLS mutants in complex with mIMPαΔIBB. Structures nearest to the centroid of the most populated cluster from the MD simulation of the
following complexes are represented in stick format. mIMPαΔIBB residue labels are shown in black, whereas T-ag NLS residue labels are shown in red. The P4
position is indicated. (a) mIMPαΔIBB (green carbons)/NLS-P4[R] (orange carbons) complex. (b) mIMPαΔIBB (blue carbons)/NLS-P4[G] (violet carbons). (c)
mIMPαΔIBB (cyan carbons)/NLS-P4[A] (pink carbons). (d) mIMPαΔIBB (pink carbons)/NLS-P4[V] (green carbons). (e) mIMPαΔIBB (green carbons)/NLS-P4[M]
(plum carbons). (f) mIMPαΔIBB (ivory carbons)/NLS-P4[P] (green carbons). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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3.4. Impact of the P4 residue on nuclear targeting

To test the effect of the above-mentioned substitutions on the cNLS
function, human embryonic kidney HEK293-A cells were transfected to
express the various cNLSs fused to YFP, and subcellular localization
assessed by confocal laser scanning microscopy (CLSM). YFP-NLS-
P4[R] accumulated strongly in the nucleus, although to a lesser extent
as compared to the positive control YFP-UL44(405–433) [9,65], and in
contrast to YFP alone (Fig. 5, Supplementary Fig. 2), consistent with

nuclear targeting ability. That this accumulation represents active nu-
clear import was demonstrated by showing that nuclear accumulation
was markedly reduced in the presence of co-expressed DsRed-RanQ69L,
a “GTP-locked” form of Ran that inhibits active, IMP-dependent nuclear
import [23,55] (Supplementary Fig. 3). In parallel to CLSM analysis,
HEK293-T cells were processed 48 h post transfection for Western
analysis using a GFP antibody in order to ensure the integrity of each
fusion protein; importantly, all substituted P4 derivatives could be
readily detected, with no evident proteolytic degradation (Fig. 5b).
Consistently with the mIMPαΔIBB binding results, YFP-NLS-P4[R] lo-
calized strongly in the nucleus of> 98% of transfected cells at 24 h and
48 h post transfection (not shown), with CLSM analysis on fixed cells
showing strong levels of nuclear accumulation (Fn/c=6.4, Fig. 5c, d).
All mutant derivatives showed decreased nuclear targeting. Among
them, YFP-NLS-P4[M] and YFP-NLS-P4[A] showed nuclear localization
in c. 80% of transfected cells, with Fn/c values of c. 2.5. YFP-NLS-P4[P]
showed nuclear localization in 60% and 70% of transfected cells at 24
and 48 h post-transfection, with an Fn/c of 2, whereas YFP-NLS-P4[V]
accumulated in the nucleus in< 30% of transfected cells, with an Fn/c
of c. 1.8. Finally, YFP-NLS-P4[G] subcellular distribution was indis-
tinguishable from that of the negative controls YFP-NLS-P2[T] and YFP
alone, accumulating in the nucleus in< 3% of transfected cells, and
with an Fn/c of c. 1.5 (Fig. 5c, d). Importantly, the impairment of nu-
clear targeting due to substitution of the P4 position R with hydro-
phobic residues correlated well with the impact on mIMPαΔΙΒΒ
binding as measured by ELISA (see Fig. 5e). Fluorescent-based analysis
of protein expression levels revealed that all fusion proteins were ex-
pressed to similar levels, suggesting that the differences observed in
terms of nuclear targeting were not due to altered protein expression
levels (Fig. 5f).

To avoid artifacts potentially caused by cell fixation, levels of nu-
clear accumulation of each fusion protein were compared to those of
YFP alone also in living HEK293-A cells (Supplementary Fig. 2a), our
analysis yielding essential identical results as those reported for fixed
cells (Supplementary Fig. 2b). Importantly, we found no correlation
between protein expression levels and nuclear accumulation at the
single cell level (Supplementary Fig. 2c), consistent with the idea that
the differences in nuclear targeting activities are attributable to altered
binding to IMPα.

3.5. Crystallographic comparison of different NLSs complexed with IMPα

The MD simulations suggested that the basis for the reduced
mIMPαΔIBB binding by NLS-P4[M] as compared to NLS-P4[R] mainly
relies on the loss of the electrostatic interactions between the NLS po-
sitively charged side chain of R130 and the negatively charged IMPα
side chain of E107, whereas the substitution with other residues further
impacted IMPα binding, due to the simultaneous loss of good van der
Waals contacts between IMPα and the hydrophobic chain of R. The
effect was more evident for the G substitution, resulting in complex
dissociation, as highlighted by the increased flexibility of the cNLS
through the simulation. To further investigate this, we solved the
crystal structures of NLS-P4[M] and NLS-P4[R] with mIMPαΔIBB at
2.1 Å and 2.6 Å resolution, respectively. Our results indicated that NLS-
P4[R] binds to mIMPαΔIBB in a very similar fashion to the T-ag NLS
(PDB code 1EJL) (Fig. 6), with an RMSD relative to the NLS backbone
atoms along the P2-P5 pockets of 0.162 Å.

In particular, the main chains of the NLS-P4[R] residues F at P-1 and
A at P1 contact the side chains of mIMPαΔIBB residues R238 and N235,
respectively. The NLS-P4[R] residue K (corresponding to T-ag aa 128)
binds mIMPαΔIBB in the P2 position, forming the highly conserved salt-
bridge with mIMPαΔIBB residue D192. NLS-P4[R] residue K at the P2
position also makes side chain interactions with the backbone of G150,
and the side chain of T155. The P3 position, occupied by NLS-P4[R]
peptide residue K (corresponding to T-ag aa 129), has a main chain
interaction with mIMPαΔIBB N188 and W184 side chains. NLS-P4[R]

Fig. 4. Role of the P4 binding residue for cNLS-IMPα/β binding. (a) Schematic
representation of GST-NLS fusion proteins. (b) Bacterially expressed GST fu-
sions were used in GST-pulldown assays to test binding to mIMPαΔIBB as per
the Materials and methods section. Gel lanes correspond to eluted bound pro-
teins, with bands corresponding to mIMPαΔIBB or GST-NLS fusions indicated.
Full gels are in Supplementary Fig. 1. Binding results are representative of> 2
independent experiments (c) ELISA was performed to quantify binding of
mIMPαΔIBB to GST-NLS fusion proteins as described in the Materials and
methods section. Results represent the mean ± SEM (n=2) for curves re-
presentative of> 2 independent experiments.

Table 3
Effect of substitution of the P4 residue within the prototypical cNLS with hy-
drophobic residues on mIMPαΔIBB binding.

Binding parameters

Kd (nM) Bmax (%P4[R])

GST-NLS-P4[R] 19 ± 4 100 ± 2.6
GST-NLS-P4[M] 175 ± 35 103 ± 5.0
GST-NLS-P4[P] 577 ± 55 104 ± 2.8
GST-NLS-P4[A] 664 ± 94 98.5 ± 4.2
GST-NLS-P4[V] 686 ± 39 104 ± 1.7
GST-NLS-P4[G] 720 ± 61 102 ± 2.5
GST-SV40 P2[T] 3070 ± 253 93.5 ± 3.4

Bacterially expressed GST-fusion proteins were used in ELISA assays to calcu-
late the Kd and Bmax values for binding to IMPαΔΙΒΒ. Results represent the
mean ± SEM (n=2).
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Fig. 5. Differential effects on nuclear targeting activity of hydrophobic residues in P4. (a) Schematic representation of the YFP fusion proteins expressed in mam-
malian cells. (b) HEK293-T cells were transfected to express the indicated proteins and processed for Western blotting analysis as described in the Materials and
methods section 48 h post transfection. Fusion proteins were detected using an α-GFP polyclonal antibody. (c) HEK293-A cells were transfected to express the
indicated proteins and processed for CLSM analysis as described in the Materials and methods section 48 h post transfection. Representative images of the indicated
fusion proteins are shown. Localization of the nuclear marker CFP-H2B is shown on the left panels, that of the YFP fusions of interest is shown on the middle panels
and a merged image of the channels is shown on the right panels. Scale bars, 10 μm. (d) Digital images such as those shown in (c) were analyzed as described in the
Materials and methods section to calculate the Fn/c ratio for each fusion protein. Results represent the mean ± SEM (n≥ 3). *= p≤ 0.05. (e) Fold decrease in Fn/c
relative to YFP-NLS-P4[R] for the indicated proteins is plotted against the fold increase in Kd relative to GST-NLS-P4[R] for binding to mIMPαΔIBB. Linear regression
was performed using Prism 6 (Graphpad - Chi2= 0.75). (f) HEK293-T cells were transfected to express the indicated proteins and processed fluorescence quanti-
fication as described in the Materials and methods section 48 h post transfection. Data represent the mean ± SEM from 2 experiments performed in triplicate.
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residue R (corresponding to T-ag aa 130) that resides in the P4 position
makes side chain interactions with the mIMPαΔIBB main chain residues
E107, R106, and L104. NLS-P4[R] residue K (corresponding to T-ag aa
131) that binds in the P5 position has side chain interactions with N146
and Q181 side chains, and main chain interactions with the side chains
of mIMPαΔIBB residues W142 and N146. Thus, NLS-P4[R] binds
mIMPαΔIBB similarly to the T-ag NLS in the P2-P5 region of interest,
with the only exception being an extra side chain hydrogen bond in-
teraction of NLS-P4[R] P4 to the backbone of mIMPαΔIBB residue E107
(Fig. 7a, b).

As predicted by our computational studies, NLS-P4[M] binds to
mIMPαΔIBB in almost identical fashion to NLS-P4[R] and the T-ag NLS
(Fig. 7b), with the notable exception being that the P4 position M re-
sidue, in contrast to R at the P4 position, is not able to establish hy-
drogen bonds with the backbone of mIMPαΔIBB residue R106, and
cannot interact with L104 or E107. Analysis of the interface area be-
tween mIMPαΔIBB and the co-crystallized NLS peptides (Table 4) re-
vealed a slightly higher interaction surface for the NLS-P4[R]
(692.9 Å2), as compared to NLS-P4[M] (670.6 Å2). Similarly, the buried
surface area relative to the P4 position decreased from 145.2 Å2 for the
NLS-P4[R] peptide to 111.0 Å2 for the NLS-P4[M] peptide. We also
performed the same analysis after single aa substitutions of the P4 re-
sidue in silico, starting from the NLS-P4[R]/mIMPαΔIBB complex. The
substitution of the R residue to the other residues tested in our study
resulted in a further decrease of the surface interaction area with

mIMPαΔIBB both for the whole NLS and for the P4 position only
(Table 4). The lowest values were calculated for the G substitution,
which caused a reduction of the NLS interface area to 621.5 Å2, and
buried surface area at the P4 position of 30.3 Å2. Thus, the higher
mIMPαΔIBB binding affinity and nuclear transport activity observed for
NLS-P4[R] as compared to NLS-P4[M] can be ascribed to the specific
interaction of the R residue at the P4 position with mIMPαΔIBB R106,
L104 and E107 residues, whereas the further loss of van der Waals
interactions between NLS side chains and IMPα for residues bearing
shorter hydrophobic side chains is associated with lower IMPα/β
binding affinities and nuclear targeting ability.

3.6. Importance of the cNLS P4 residue for nuclear targeting of human
proteins

To confirm the biological relevance of our findings, we compared
the frequency of aa usage in the human proteome to that found at P4 in
all human nuclear proteins containing the cNLS consensus [(K-K/R-X-
K/R) together with P at the P0 position as per the T-ag NLS (i.e. P-X-K-
K/R-X-K/R – see Fig. 8a)]. As expected, basic residues were sig-
nificantly enriched in the P4 position of the cNLS consensus compared
to the whole human proteome (fractional difference 1.47,
p < 0.0001), indicating that they represent the preferred aa type in P4
(Fig. 8b). On the other hand, all other aa types were significantly un-
derrepresented. Among them, acidic residues were particularly
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Fig. 6. Comparison of the crystal structures of mIMPαΔIBB complexed with NLS-P4[R] and NLS-P4[M] and T-ag NLS. (a) Structure superimposition of cNLS peptides
complexed with mIMPαΔIBB (cyan ribbons). The T-ag NLS (1EJL) carbon backbone is in green, and those for NLS-P4[R] and NLS-P4[M] in magenta and yellow,
respectively. All three NLSs are bound in the major binding site of IMPα, between ARM2–4. Simulated annealing Fo-Fc maps of NLS-P4[R] and NLS-P4[M] are shown
respectively in (b) and (c), contoured to 3σ. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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unfavored (fractional difference −0.54, p=0.0001), whereas polar
(fractional difference −0.30, p=0.0038), and hydrophobic (fractional
difference −0.13, p= 0.0473) ones were better tolerated (Fig. 8b).
Consistently with the well documented ability of IMPα P4 binding
pocket to accommodate small hydrophobic side chains in addition to
basic ones, we found important differences between specific hydro-
phobic residues, with P and M being the most enriched in the P4 po-
sition (fractional differences of 0.45 and 0.31 respectively) and W being
the most rarely used. Overall, this analysis clearly indicated that hy-
drophobic residues are not equally tolerated at the P4 position of
monopartite cNLSs. Strikingly, the frequency of G and A in P4 was very
similar, apparently in contradiction with our results (see above). We
reasoned that this could be due to the fact that, in the case of nuclear
proteins bearing the P-X-K-K/R-G-K/R consensus, nuclear import might
be mediated by other, stronger NLSs. To address in this hypothesis, we
analyzed in detail the 562 human nuclear proteins containing the cNLS
consensus, using the software cNLS Mapper to identify all NLSs in the
sequence of the respective proteins, together with an estimation of their
relative strength in terms of nuclear targeting (see Fig. 8a; Materials
and methods). The P-X-K-K/R-R-K/R sequence was the strongest (or
only) NLS in almost 80% of nuclear proteins bearing it (65 of 82),
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Fig. 7. Schematic representation of mIMPαΔIBB-NLS interactions. (a) The NLS backbones are indicated as horizontal grey lines, from the N- to the C-terminus. NLS
side chains are represented as vertical black lines. Selected mIMPαΔIBB aromatic residues are shown as green rectangles. Selected IMPα acidic residues are shown in
red. Selected mIMPαΔIBB interacting residues are shown in cyan. The single letter aa code is used. (b) Crystal structures of NLS-P4[R] and NLS-P4[M], with
simulated annealing Fo-Fc map contoured to 3σ are shown on the left and right panels, respectively. Hydrogen bonds between the P4 residue and indicated
mIMPαΔIBB residues are represented as dotted yellow lines and distances (Å) are shown in bolded grey. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 4
PISA Interface analysis of NLSs at the P4 position bound to mIMPαΔIBB.
Prototypical NLS P4 Accessible

Surface Area (Å2)
P4 Buried
Surface Area
(Å2)

NLS Interface
Area (Å2)

P4[R] – PDB 5KLR 207.52 145.15 692.9
P4[M] – PDB 5KLT 168.45 110.96 670.6
P4[V]a 132.79 76.35 655.3
P4[A]a 92.84 40.66 632.0
P4[P]a 114.66 38.38 630.7
P4[G]a 70.09 30.31 621.5

P4 Accessible Surface Area (Å2) – indicates the solvent-accessible surface area
of the corresponding residue. P4 Buried Surface Area (Å2) – indicates the sol-
vent-accessible surface area of the corresponding residue that is buried upon
interface formation. Interface Area (Å2) - calculated as difference in total ac-
cessible surface areas of isolated and interfacing structures divided by two.

a Mutations made using simple mutate function in Coot of the P4[R] struc-
ture (PDB: 5KLR).
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which was significantly higher than the 53% average for the P-X-K-K/R-
X-K/R consensus (Fig. 8c). On the other hand, monopartite cNLSs
containing M, P and A were the strongest NLSs in c. 50% of nuclear
proteins bearing them, implying their functionality. Importantly,
monopartite cNLSs with G and V in P4 were the strongest NLS in only
20 and 27% respectively of the proteins bearing them, a significantly
lower percentage (Fig. 8c). Clearly, specific P4 residues such as G have
a negative impact on the strength of the cNLS, and hence imply the
need of the protein to carry additional NLS(s) for efficient nuclear
targeting; alternatively, the presence of a P4[G] cNLS may reflect the
utility of a weak NLS, where strong nuclear accumulation may impact
functionality.

3.7. Importance of the cNLS P4 residue in modulation of cNLS activity

Our data above indicate that the nature of the P4 residue in
monopartite can modulate NLS function in the context of a prototypical
SV40-derived cNLS, with our bioinformatics analysis suggesting that
these findings relate to the physiological situation and cNLSs generally.
To verify this, we compared the effect of P4 and P2 substitutions on NLS
activity in the context of two well-characterized cNLSs; the cNLS from
human cytomegalovirus (HCMV) HCMV DNA polymerase catalytic
subunit UL54 (PAKKRAR-1161) [43], and the C2N motif containing the
cNLS from HCMV DNA polymerase processivity factor UL44
(PNTKKQK-431) [9]. Both sequences, when fused to GFP in transient
expression experiments, confer nuclear accumulation to higher levels
[Fn/c of 9.8 for GFP-UL54(1145–1161) and of 10.2 for GFP-
UL44(405–433), see Fig. 9] than the prototypical NLS (Fn/c of 6.4, see
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Fig. 8. Bioinformatics analysis of P4 residue contribution to cNLS function. (a) Pipeline of the bioinformatics analysis performed. Indicated tools (violet boxes) were
used on specific datasets (white boxes) to obtain specific outputs (see b–c). 1) The ScanProsite software was used to search the sequences of the 20,172 human
proteins deposited in the UniProtKB database for the P-X-K-K/R-X-K/R consensus, leading to the identification of 946 proteins. 2) Annotated subcellular localization
information available on UniProtKB was used to identify the 562 of such proteins annotated as nuclear. Data was used to compare the frequency of aa usage in the
human proteome to that found at P4 in all human nuclear proteins containing the cNLS consensus. (b) Fractional differences in aa usage (see the Materials and
methods section) relative to that in the human proteome are shown as columns, with fractional differences for each aa category shown on the top, along with results
of the Fisher exact test (*= p < 0.5; **= p < 0.05; ***= p < 0.0005; ****=p < 0.0001). 3) The sequence of all nuclear annotated proteins was scanned with
the cNLS mapper software to identify and rank putative cNLSs, leading to the identification of 299 proteins where the P-X-K-K/R-X-K/R consensus is the strongest (or
only) cNLS in the protein. (c) This dataset was used to compare the percentage of nuclear proteins carrying the P-X-K-K/R-X-K/R motif as the strongest cNLS for each
aa tested in this study at the P4 position. The results of the Fisher exact test relative to each aa as compared to any aa is shown (*= p < 0.5). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5), which is attributable to the fact that the UL54 cNLS bears an
additional basic residue at P1 which enhances NLS function, while the
C2N motif includes upstream sequences that are known to enhance
IMPα binding/nuclear import [9,43]. Importantly, in both cases the K
to T substitution in P2 completely ablated NLS function (Fn/c of 1.3 for
UL54-NLS and of 1.2 for UL44-C2N motif), whereas the substitution of
the P4 residues with G significantly decreased nuclear import 2–3-fold
(Fn/c values of 5.6 and 3.6, respectively). These results confirm for-
mally that our analysis with respect to the P4 position is applicable to
cNLSs in a physiological context, potentially of importance as a fine-
tuning mechanism to modulate nuclear levels, rather than the “all or
nothing” effect of the P2[T] mutation.

4. Discussion

This is the first study to delineate formally the role of the P4 posi-
tion in cNLS recognition by IMPα in mammalian cells, importantly
using MD simulation/crystallography, direct binding approaches, nu-
clear targeting assays in a cellular context, and bioinformatics analysis
to define at the molecular level the basis of the observed preference of
different hydrophobic residues in naturally occurring, functional cNLS.
Examination of available crystal structures highlights the relative het-
erogeneity at the P4 position compared to P2/3/5 (Table 1; Fig. 1), but
this is the first study to establish that all substitutions at the P4 position,
both in our prototypical monopartite cNLS, and in two well-
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Fig. 9. The presence of a G residue in P4 of cNLSs impairs nuclear targeting. Relevant cNLS sequences from the HCMV UL54-NLS (a) or HCMV UL44-NLS (d)
substitutive derivatives in this study. The single letter amino acid code is used. Residues interacting with IMPα major binding site are underlined; basic residues are in
boldface; mutated residues are in red; residues upstream to the NLS, enhancing IMPα binding and nuclear targeting activity are in cyan. (b, e) HEK293-A cells were
transfected to express the indicated proteins and processed for CLSM analysis as described in the Materials and methods section 48 h post transfection. Digital CLSM
images representative of the localization of the indicated fusion proteins are shown. Cellular DNA (DRAQ5) is shown in the left panels, the indicated fusions of interest
are shown in the middle panels (GFP) and a merged image of the channels is shown in the right panels (merge). Scale bars, 10 μm. (c, f) Digital images such as those
shown in (b, e) were analyzed as described in the Materials and methods section to calculate the Fn/c ratio for each fusion protein. Results represent the
mean ± SEM (n≥ 3), *= p≤ 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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characterized cNLSs from viral proteins, decrease affinity for IMPα
(Fig. 4)/drastically impact nuclear targeting in a cellular context
(Figs. 5 and 9), confirming the critical contribution of the P4 residue to
NLS function. Importantly, changes in binding affinity correlated well
(Fig. 5e) with effects on nuclear accumulation in cells, consistent with
the fact that IMP:cargo binding affinity is a key determinant of nuclear
transport efficiency [7,9,66–69]. Among the IMPα major binding site
core binding pockets, the P4 position aa is the most flexible in terms of
aa preference, and the one that contributes the least thermo-
dynamically, but the results here show clearly that it plays a significant
role in both IMPα binding and nuclear targeting activity. Indeed, while
positions immediately upstream of the major binding site as well as the
P0/P1 binding pockets have been extensively shown to be sensitive to
phosphorylation-dependent IMPα/β binding regulation
[8,9,12,41,68–72], it is clear that the nature of the aa in the P4 position
also modulates binding to IMPα (see Fig. 4 and Table 3) and NLS ac-
tivity in consequence (see Fig. 5, Supplementary Fig. 2 and Fig. 9). The
present study, together with previous work from our laboratory and
pioneering studies by Kosugi et al., shows that in the case of specific
residues (i.e. D, E and G) such modulation can result in a complete loss
of NLS activity, unless the interaction with IMPα is stabilized by other
residues in addition to those binding the key major binding site posi-
tions P2, P3 and P5 [21,23–25]. Such stabilization can be mediated by
three different cis-acting elements in the cNLS-containing protein: i) a
stretch of basic aas downstream of the cNLS, thus forming a bipartite
signal, such as in the Human Herpes Simplex virus type I DNA poly-
merase processivity factor pUL42, where the putative cNLS
PTTKRGR397 although perfectly matching the cNLS consensus, is not
functional, and the protein is translocated to the nucleus through the
bipartite NLS PTTKRGRSGGEDARADALKKPK413 [23,69]; ii) additional
basic residues in P6 and/or P1, as in the case of HCMV UL54
(Fig. 9a–c); or iii) flanking sequences located upstream of the NLS core
and stabilizing the IMPα:NLS interaction, such as in the case of HCMV
UL44 C2N motif (Fig. 9d–e). The results here also explained for the first
time the mechanistic basis for the importance of the IMPα:P4 residue
interaction in overall binding affinity/nuclear targeting, and its po-
tential implications for cell physiology. Substitution of the hydrophobic
alkyl chain of R with smaller hydrophobic chains at the P4 position
results in the loss of favorable electrostatic interactions and van der
Waals contacts with mIMPαΔIBB, whereas substitution of the positively
charged R side chain with neutral ones only results in the loss of
electrostatic interactions (see Fig. 7). In addition, the nature of P4 re-
sidues can clearly affect binding by influencing the interaction of other
cNLS residues with IMPα (see Fig. 3). Pang et al. [73] recently reported
a P4[G]-carrying cNLS that binds to the minor rather than the major
binding site of IMPα. It should be noted that under conditions allowing
1:1 stoichiometric binding between NLS-P4[R] and mIMPαΔIBB,
minimal binding was detected for GST-NLS-P4[G], while GST-NLS-
P4[V] bound very weakly (Fig. 4b and Supplementary Fig. 1). Similarly,
an ELISA binding assay revealed an increase in the Kd of 38 and 36
times, respectively (Fig. 4c).

According to our analysis, V is not particularly well tolerated at P4
in terms of nuclear targeting functionality (Fig. 5 and Supplementary
Fig. 2). The c-Myc NLS (PAAKRVKLD328) bears V at the P4 position
[74], but it is known that function of the atypical c-Myc NLS relies on
the contribution of other residues, being particularly sensitive to sub-
stitutions in position −2 with respect to the NLS core [10], while
crystallographic studies indicate that the P4 binding pocket of IMPα
undergoes a remarkable conformational change when accommodating
V rather than the preferred R [5,17]. In addition, V at the P4 position is
associated with low NLS activity in Saccharomyces cerevisiae [25].
Clearly (see below; Fig. 8), these findings are consistent with the idea
that a V residue in P4 is not particularly well tolerated in monopartite
cNLSs, even though its presence is not as detrimental as that of a G
residue.

Importantly, our bioinformatics analysis confirmed the relevance

and importance of the nature of the P4 residue for cNLS function,
whereby positively charged residues at the P4 position appear to be
significantly enriched, and negatively aas strongly excluded (see
Fig. 8b). Further, although hydrophobic residues are commonly found
at the P4 position, certain residues are extremely rarely used, especially
the very large and aromatic W. Our analysis clearly demonstrates that G
at the P4 position is linked to impaired NLS recognition by IMPα and
nuclear targeting activity (see Figs. 4, 5 and 9). Indeed, the P-X-K-K/R-
G-K/R sequence is the strongest cNLS in only 20% of the human nuclear
proteins bearing it, much lower than the P-X-K-K/R-X-K/R consensus
(53%; Fig. 8c). This suggests that nuclear import of proteins carrying
this sequence is likely facilitated by the additional stronger NLSs pre-
sent, rather than P-X-K-K/R-G-K/R.

The results here and elsewhere, including in Saccharomyces cerevi-
siae [25], document the role the P4 position residue plays in modulating
cNLS function and IMPα/β binding [21,23–25]. Specific residues dif-
ferentially impact monopartite cNLS function, resulting, in the most
extreme case (i.e., G at the position in the absence of additional stabi-
lizing interactions), in an almost complete loss of functionality. Clearly,
this should be kept in mind when screening for putative cNLSs in se-
quences from the human or other proteomes in future studies.
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Supplementary Figure 1 

 

Supplementary Figure 1. SDS-PAGE visualization of prototypical NLS-P4 variants 

expression and on-column binding to mIMPαΔIBB. Lane 1) precision plus unstained protein 

standards marker; lane 2) whole cell lysate; lane 3) soluble extract; lane 4) GST affinity column 

soluble extract flow through; lane 5) IMPα, Lane 6) IMPα flow through; lane 7) GST affinity 

column elution peak; lane 8) overnight TEV. *G NLS lane 7) IMPα flow through; lane 8) elution 

peak.  
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Supplementary Figure 2 

 

Supplementary Figure 2. Live cell analysis of the effect on nuclear targeting of hydrophobic 

residues at the P4 position. (a) HEK293-A cells were transfected to express the indicated fusion 

proteins and imaged live by CLSM 48 h post transfection. Digital CLSM images representative of 

the localization of the indicated fusion proteins are shown. (b) Digital images such as those shown 

in (a) were analysed as described in the Methods section to calculate the Fn/c ratio for each fusion 

protein. Data represent the mean +/- SEM from pooled data from 2 experiments (> 100 cells). (c) 

Fn values are plotted against the Fn/c ratios relative to single cells transfected with the indicated 

YFP fusion proteins, from images acquired with identical settings. 

0 1000 2000 3000 4000
0.0

0.5

1.0

1.5

2.0

YFP (A.U.)

Fn
/c

YFP 

0 1000 2000 3000 4000
0

1

2

3

YFP (A.U.)
Fn

/c

NLS[A]

0 500 1000 1500 2000
0.0

0.5

1.0

1.5

2.0

YFP (A.U.)
Fn

/c

NLS[G]

0 1000 2000 3000 4000 5000
0

5

10

15

20

25

YFP (A.U.)

Fn
/c

NLS[R] 

0 1000 2000 3000 4000
0

1

2

3

YFP (A.U.)

Fn
/c

NLS[P]

YFP 

YFP-N
LS[R

]

YFP-N
LS[M

]

YFP-N
LS[A

]

YFP-N
LS[P

]

YFP-N
LS[V

]

YFP-N
LS[G

]
0

1

2

3

5

10

15

Expression Plasmid

Fn
//c

0 1000 2000 3000 4000
0

1

2

3

4

5

YFP (A.U.)

Fn
/c

NLS[M

0 1000 2000 3000 4000 5000
0.0

0.5

1.0

1.5

2.0

YFP (A.U.)

Fn
/c

NLS[V]

YFP YFP-UL44-NLS

[R] [M]

[A] [P]

[V] [G]

C
O

N
TR

O
LS

YF
P-

N
LS

-P
4[

X]

c

b

a



 
 

222 
 

Supplementary Figure 3 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3. NLS[R] confers Ran-dependent nuclear targeting to a heterologous 

protein. (a-c) HEK 293-A cells were fixed with paraformaldehyde 4% and incubated with DRAQ5 

to stain cell nuclei, 48 h after being transfected to express the indicated fusion proteins. Cells were 

mounted on glass coverslips and imaged using a Leica TCP SP2 CLSM equipped with a 63x Plan 

Apo oil immersion objective. Merged images of the blue (TO-PRO3), green (YFP fusion proteins, 

as indicated) and red (DsRed2-RanQ69L; DnRan) channels are shown in the top panels, while color 

plot profiles for the indicated sections are shown on the bottom panels. (d) Digital images such as 

those shown in (a-c) were quantified to calculate the mean Fn/c ratios of the indicated fusion 

proteins in the absence (no add.) or presence of DsRed2-RanQ69L.  
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Supplementary Figure 4 
 

 
 
Supplementary Figure 4. Statistical analysis of data shown in Figure 8. (a) Data shown in 

Figure 8b (top panel) and Figure 8c (bottom panel) were statistically analyzed using the Fisher's 

exact chi test. Calculated p values are indicated. Reference, refers to 100 randomly selected proteins 

from the human proteome. (b) Data shown in in Figure 8d (top panel) and Figure 8e (bottom panel) 

were statistically analyzed using the Fisher's exact chi test. Calculated p values are indicated. 

Reference, refers to 100 randomly selected proteins from the human proteome. 

 
 
 
  

P4#res. reference any basic hyd polar acidic
reference0 1 0.0001 0.0001 0.0001 0.0001 0.0304

any 0.0001 1 0.2171 0.8949 0.9288 0.0098
basic 0.0001 0.2171 1 0.2364 0.4605 0.0021
hyd 0.0001 0.8949 0.2364 1 0.9210 0.0169
polar 0.0001 0.9288 0.4605 0.9210 1 0.0231
acidic 0.0304 0.0098 0.0021 0.0169 0.0231 1

P4#res. reference any R
reference 1 0.0001 0.0001

any 0.0001 1 0.0028
K 0.0001 0.7115 0.0329
R 0.0001 0.0028 1
D 0.0014 0.5972 0.7425
E 0.3497 0.0006 0.0001
G 0.0002 0.6674 0.0242
A 0.0001 0.8827 0.052
V 0.0003 0.8502 0.2316
L 0.0003 0.4994 0.22
I 0.0027 1 0.2652
P 0.0001 0.1938 0.3621
F 0.0202 0.4137 0.0394
M 0.0146 0.4224 0.0254
W 0.2386 1 0.5061

percentage#of#proteins#annotated#as#nuclear# ba
P4#res. any basic hyd polar acidic
any 1 0.0509 0.3085 0.1928 0.8741
basic 0.0509 1 0.0153 0.0147 0.3359
hyd 0.3085 0.0153 1 0.5420 0.8673
polar 0.1928 0.0147 0.5420 1 0.7139
acidic 0.8741 0.3359 0.8673 0.7139 1

P4#res. any R
any 1 0.0324
K 0.3308 0.36
R 0.0324 1
D 0.5971 0.1854
E 0.8467 0.5451
G 0.0184 0.0011
A 0.6441 0.1304
V 0.1618 0.0345
L 0.4987 0.08
I 0.3284 0.0815
P 1 0.2045
F 0.4128 1
M 1 0.3777
W 1 1

percentage#of#nuclear#proteins#where#P5X5K5K/R5X5K/R#is#
the#strongest#NLS
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Supplementary Table I. Increased flexibility of P4 residues in cNLSs complexed to 
mIMPαΔIBB 

 

!! PDB codea P0 P1 P2 P3 P4 P5 P6 !!
!! 3L3Q 1.767b 0.391 0.309 0.410 0.393 0.362 0.474 !!
!! 3RZ9 1.670 0.181 0.155 0.176 0.271 0.257 0.619 !!
!! 3RZX  0.923 0.331 0.363 0.671 0.753 0.529 0.149 !!
!! 3OQS  2.409 0.185 0.080 0.110 0.047 0.065 0.646 !!
!! 1Y2A   0.374 0.281 0.284 0.931 0.755 2.432 !!
!! 3BTR  0.905 0.247 0.291 0.244 0.317 0.248 0.708 !!
!! 4MZ5 1.185 0.617 0.241 0.252 0.403 0.324 0.443 !!

!!

mean              1,476 
(0.585)c 

0,332 
(0.152) 

0,246 
(0.097) 

0,306 
(0.186) 

0,445 
(0.300) 

0,362 
(0.222) 

0,781 
(0.751) !!

!!
mean 
centroidd 

0.7 0.3 0.2 0.3 0.4 0.3 0.7 
!!

!! (a) PBD NLS identity as per Table I. 
(b) RMSD (Å) of the backbone atoms of the indicated NLS peptides relative to 
the mIMPαΔIBB/SV40 T-ag NLS complex (1EJL). 

!!

!! !!
!! (c) SD. !!
!! (d) Mean distance of cNLS alpha carbons to the centroid at that location. !!
!! !!
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Supplementary Table II. Data collection and refinement statistics for NLS-
P4[R]:mIMPαΔIBB and NLS-P4[M]:mIMPαΔIBB. 
 

 NLS-P4[R]:mIMPαΔIBB 
(PDB code 5KLR) 

NLS-P4[M]:mIMPαΔIBB   
(PDB code 5KLT) 

Wavelength (Å) 0.9537 0.9537 
Resolution range (Å) 34.05 - 2.2 (2.27 - 2.2) 26.7 - 2.6 (2.693 - 2.6) 
Space group P 21 21 21 P 21 21 21 

Unit cell 79.15, 89.54, and 100.3 Å; 90, 90, 
and 90° 

78.89, 89.55, and 99.77 Å; 90, 90, and 
90° 

Total reflections 538420 (44743) 316718 (38831) 
Unique reflections 36898 (3131) 22383 (2697) 
Multiplicity 14.6(14.3) 14.1(14.4) 
Completeness (%) 1.00 (1.00) 1.00 (1.00) 
Mean I/σ(I) 25.7 (7.8) 9.3 (1.9) 
Wilson B-factor (Å 2) 26.69 34.35 
Rpim 0.021 0.082 
Rwork 0.17 0.21 
Rfree 0.19 0.23 
No. of non-hydrogen atoms 3726 3343 
Macromolecules 3346 3343 
Protein residues 434 434 
r.m.s.d.   

Bonds (Å) 0.004 0.002 
Angles 0.63 0.50 

Ramachandran favoured (%) 98 98 
Ramachandran allowed (%) 1.8 2.3 
Ramachandran outliers (%) 0 0 

 

Supplementary Table II. Data collection and refinement statistics for NLS-

P4[R]:mIMPαΔIBB  and NLS-P4[M]:mIMPαΔIBB. Values in brackets describe the highest 

resolution shell. 
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Appendix 6. Chapter 4 Published Manuscript 
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www.nature.com/scientificreports

Structural Basis for Importin-α 
Binding of the Human 
Immunodeficiency Virus Tat
K. M. Smith, Z. Himiari, S. Tsimbalyuk & J. K. Forwood

HIV-1 has caused 35 million deaths globally, and approximately the same number is currently living with 
HIV-1. The trans-activator of transcription (Tat) protein of HIV-1 plays an important regulatory function 
in the virus life cycle, responsible for regulating the reverse transcription of the viral genome RNA. Tat is 
found in the nucleus of infected cells, but can also invade uninfected neighbouring cells. Regions within 
Tat responsible for these cellular localisations are overlapping and include a nuclear localisation signal 
(NLS) spanning 48GRKKRR, and a cell penetrating peptide (CPP) signal spanning 48GRKKRRQRRRAPQN. 
However, the mechanism by which this NLS/CPP region mediates interaction with the nuclear import 
receptors remains to be resolved structurally. Here, we establish that the HIV-1 Tat:NLS/CPP is able 
to form a stable and direct interaction with the classical nuclear import receptor importin-α and using 
x-ray crystallography, we have determined the molecular interface and binding determinants to a 
resolution of 2.0 Å. We show for the first time that the interface is the same as host factors such as 
Ku70 and Ku80, rather than other virus proteins such as Ebola VP24 that bind on the outer surface of 
importin-α.

The HIV-1 virus has spread worldwide, infecting 60 million people, and causing more than 25 million deaths. 
More than 30 million people currently live with the disease1, but despite highly active antiretroviral therapy 
(HAART) reducing the effects of the virus, these antivirals do not clear the virus from infected patients. HIV-1 
encodes three groups of proteins that are common in all retroviruses. The gag polyprotein, pol polyprotein and 
gp160 precursors are structural proteins that form the outer shell of the virus particle, and are processed to pro-
duce proteins for the virion interior. The accessory regulatory proteins, Vif, Vpr, Vpu and Nef, interact with cellu-
lar ligands and function as adapter molecules or to inhibit normal host function. The third group are the essential 
regulatory elements, Tat and Rev. The primary role of Tat is in regulating the reverse transcription of viral genome 
RNA, whilst Rev is responsible for the synthesis of major viral proteins for viral replication2.

Tat is a transcriptional trans-activator and plays an important role during HIV-1 replication by binding to 
a short-stem loop structure, known as the transactivation response element (TAR) located at the 5′ end of HIV 
RNAs. It assists in the elongation phase of HIV-1 transcription so that full-length transcripts can be produced3, 
and these functions occur within the nucleus of infected cells. Tat has been shown to localise to the nucleus in 
many studies, however, the mechanism by which it interacts with the nuclear import receptors has not been elu-
cidated structurally4, 5.

Nuclear import can occur through passive diffusion (<45 kDa) or by energy dependent nuclear import recep-
tors. The classical nuclear import pathway is the best characterised mechanism and is mediated by an adap-
tor molecule, importin-α, also known as the classical nuclear import receptor, binding cargo that can display a 
nuclear localisation signal (NLS). The transport carrier importin-β interacts with importin-α, and mediates trans-
location across the nuclear envelope through interactions with the nucleoporin proteins lining the nuclear pore 
complex6, 7. Upon entry to the nucleus, the heterotrimer transport complex is dissociated by the small GTPase 
Ran, releasing the NLS-containing cargo, and allowing recycling of the import receptors back to the cytoplasm8, 9.

The HIV-1 Tat derived cell penetrating peptide (48GRKKRRQRRRAPQN61;CPP) has been shown to effectively 
carry a large range of cargoes, from nanoparticles, peptides, nucleic acids and even proteins into cells and the 
nucleus10–14. In vitro studies have shown that Tat is able to bind nuclear import receptors which mediate nuclear 
localisation5, 15, however, a structural basis for this interaction remains to be elucidated. There has also been some 
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debate in the literature about whether Tat can bind directly to importin-α16 or importin-β15. To determine the 
precise binding determinants that mediate interaction between the nuclear import receptor and Tat, the entire 
cell penetrating region of HIV-1 Tat, 48GRKKRRQRRRAPQN61, was recombinantly expressed as a GST-fusion 
and tested for binding to both importin-α and importin-β6, 16. We found a strong and direct interaction between 
Tat:NLS/CPP and importin-α, and no direct interaction with importin-β. Together with structural elucidation 
of the interface by x-ray crystallography, this study provides new insights into the interface between these two 
proteins which mediate localisation of Tat to the nucleus.

Materials and Methods
Plasmid preparation. Tat residues (48GRKKRRQRRRAPQN61) were codon optimised for expression in E. 
coli and cloned into the PGEX4T-1 vector at BamHI/EcoRI sites with an additionally engineered N-terminal TEV 
site for GST-tag cleavage. An isolate of mouse importin-α (homologue of human importin-α; 95% sequence iden-
tity) that lacks the auto-inhibitory N-terminal importin-β binding (IBB) domain (residues 70–529) and cloned 
into the pET30 expression vector has been described previously17. An isolate of mouse importin-β (KPNB1, 
homologue of human importin-α: 99% sequence identity) was cloned into the pMCSG21 vector using protocols 
described previously18, 19.

Recombinant Expression and Purification. Overexpression of importin-α and importin-β was per-
formed using the autoinduction method according to Studier20 and purified as outlined previously21. Briefly, cells 
were resuspended in His buffer A (50 mM phosphate buffer, 300 mM NaCl, 20 mM Imidazole, pH 8), and lysed by 
two freeze-thaw cycles. The soluble cell extract was injected onto a five mL HisTrap HP column (GE Healthcare) 
and washed with twenty column volumes of His buffer A on an AKTApurifier FPLC. The sample was eluted using 
an increasing concentration gradient of imidazole, and eluent fractions were pooled and loaded onto a HiLoad 
26/60 Superdex 200 column, pre-equilibrated in buffer A (50 mM Tris pH 8, 125 mM NaCl). Fractions corre-
sponding to the correct molecular weight were collected, and assessed for purity by SDS-PAGE.

Figure 1. Binding of Tat:NLS/CPP to importin-α and importin-β. (A) SDS-PAGE visualization of complex 
formation between Tat:NLS/CPP and importin-α. (B) SDS-PAGE revealing a lack of complex formation 
between Tat:NLS/CPP and importin-β. Both gels were cropped at the right to remove samples from additional 
purification steps and other experiments. The full gels are presented in the Supplementary Figure 1.
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Tat-NLS was over-expressed as a GST-fusion protein using IPTG to induce the cells at an OD600 of 0.6. 
Following growth for 24 h, cells were harvested by centrifugation, at 6,000 rpm for 30 min and the cell pellet 
resuspended in buffer A and stored at −20 °C. The soluble cell extract containing the GST:Tat-NLS fusion was 
injected onto a GST 5 mL HP column pre-equilibrated in GST buffer A and washed with GST buffer A until the 
UV reading stabilised to baseline. The purified importin-α or importin-β was then added to the GST column, 
washed for a further ten column volumes, and eluted in GST buffer A containing 10 mM glutathione. To cleave 
the GST affinity tag from the Tat:NLS/CPP importin-α, TEV protease cleavage was undertaken overnight, and 
continued until cleavage was complete. The protein mixture was further purification by size-exclusion chroma-
tography on a HiLoad 26/60 Superdex 200 column (GE Healthcare), and the complex concentrated to 7 mg/mL 
using an Amicon MWCO 10 kDa filter, aliquoted, and stored at −80 °C.

Crystallization of Tat-NLS with Importin-α. The final crystallisation condition contained 1.25 M 
sodium citrate pH 7 and 10 mM DTT. The Tat:NLS/CPP importin-α complex was screened using hanging drop 
vapour diffusion method where the protein was mixed in a 1:1 ratio with crystallization condition containing 
reservoir solution and incubated at 296 K. Large rod shaped crystals grew after four days, and the crystals were 
cryoprotected in a reservoir solution 20% glycerol prior to being flash cooled to 100 K in liquid nitrogen.

Data Collection and Structure Determination. A single crystal was used to collect x-ray diffraction 
data on the MX2 crystallography beamline at the Australian Synchrotron. The diffraction data was processed 
using iMosflm22 and scaled and merged using Aimless23, 24. The data was phased by molecular replacement using 
Phaser25 and Protein Data Bank (PDB) structure 5FC8 as a search model. Model rebuilding and refinement were 
undertaken in Coot26–28 and Phenix29, respectively.

GST-pulldown Assay for Affinity Determination. For determination of the dissociation constant, KD, 
glutathione agarose beads washed in GST buffer A were saturated with purified GST-Tat:NLS/CPP. Beads were 
washed three times in GST buffer A and distributed equally in 10 µL aliquots. To each aliquot, 100 µL of two-fold 
serially diluted importin-α was added, with the initial concentration of 30 µM. One additional tube containing 
0 µM importin-α was used as a control. The samples were incubated for one hour at 4 °C before being washed 
twice with 1 mL of GST buffer A. Binding was assessed by adding 20 µL of tris-glycine sample loading buffer to the 
beads, boiled for 10 min, and analysed by SDS-PAGE. Images were recorded using BioRad Gel Doc system and 

Figure 2. Tat:NLS/CPP importin-α crystal diffraction. (A) Rod-shaped crystal of Tat:NLS/CPP importin-α 
shown used for data collection (B) X-ray diffraction image obtained from the Tat:NLS/CPP importin-α crystal 
at the Australian Synchrotron.
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processed in ImageJ30. The data was normalised across each replicate experiment and data analysed using one-site 
specific binding analysis performed in Prism version 7.0b for Mac, GraphPad Software, La Jolla California USA, 
www.graphpad.com.

Results
The Tat:NLS/CPP region forms a direct interaction with importin-α. The NLS/CPP region of Tat, 
spanning residues 49–61, have been shown to contain a functional NLS, however, there has been recent debate 
as to whether the highly basic cell penetrating peptide region is bound using the importin-α adapter, or can bind 
directly to importin-β. Since this region contains a large stretch of positively charged residues, many of which of 
which could fit the definition of a classical NLS binding to importin-α, or an Arg rich importin-β interaction, we 
tested binding against both types of receptors. Here, we immobilised the GST-Tat:NLS/CPP fusion protein onto 
a glutathione column, washed the column, then passed each respective importin over the immobilised proteins 
to assess binding. We observed that most of the importin-α was retained on the column (Fig. 1A), whilst little, if 
any importin-β remained bound (Fig. 1B). These results indicate a direct binding between the Tat:NLS/CPP and 
the classical nuclear import receptor importin-α.

Protein purification and complex formation. To determine the structural basis for the interaction 
between the nuclear import receptor importin-α and Tat NLS/CPP, both proteins were purified to homogeneity 
and isolated as an equimolar complex using the following series of purifications. The nuclear import receptor 
importin-α was first purified by 6-His affinity and size exclusion chromatography, then loaded on a column con-
taining purified GST-Tat:NLS/CPP. The excess importin-α was removed by washing the column extensively and 
following elution, the GST affinity tag was removed by proteolytic cleavage with the TEV protease. The mixture 
was then purified by size exclusion chromatography, where the importin-α:Tat NLS/CPP complex (>58 kDa) 
was successfully separated from excess Tat NLS/CPP (<5 kDa), resulting in a homogenous equimolar complex 
for crystallisation.

Protein crystallisation and data collection. The hanging-drop vapour diffusion method was used to 
obtain large rod-shaped crystals after four days (Fig. 2A). The crystal diffracted to 2.0 Å (Fig. 2B) resolution on 
the MX2 beam line at the Australian Synchrotron, and a total of 110° of data, collected at 0.5° oscillations, were 

Tat:NLS/CPP importin-α (PDB code 5SVZ)
Wavelength (Å) 0.9537
Data-collection temperature (K) 100
Detector Type CCD
Detector ADSC QUANTUM 315r
Mosaicity (°) 0.29
Resolution range (Å) 29.66–2.00 (2.05–2.00)
Space group P 21 21 21

Unit cell (Å) 79.00, 89.83, 99.46
Total reflections 212,694 (15,721)
Unique reflections 46,564 (3,439)
Multiplicity 4.6 (4.6)
Completeness (%) 96.5 (98.2)
Mean I/σ (I) 13.4 (2.4)
Wilson B-factor Å2 27.43
Matthew’s Coefficient (A3/Da) 3.09
Solvent content (%) 60.22
Rpim 0.047 (0.52)
Rwork 0.17 (0.25)
Rfree 0.19 (0.27)
No. of non-hydrogen atoms 3633
 Macromolecules 3319
 Solvent 314
Protein residues 434
r.m.s.d.
 bond length (Å) 0.003
 bond angle (°) 0.65
Ramachandran favored (%) 98
Ramachandran allowed (%) 1.6
Ramachandran outliers (%) 0

Table 1. Data collection and refinement statistics for structure of importin-α in complex with HIV-1 Tat:NLS/
CPP domain. Values in brackets describe the highest resolution shell.
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Figure 3. Crystal structure of Tat:NLS/CPP importin-α. (A) Full structure of Tat-NLS/CPP (purple sticks) 
and importin-α (cyan ribbons/transparent surface) complex. (B) Simulated annealing omit map (green mesh) 
of Tat-NLS/CPP shown at 3σ. (C) Schematic representation of importin-α Tat:NLS/CPP interactions. The 
NLS backbone is indicated as a horizontal magenta line, from the N- to the C-terminus. NLS side chains are 
represented as vertical dotted magenta lines. Selected importin-α Trp and Asn residues are shown in blue. 
Selected importin-α Asp and Glu residues are shown in red. Single amino acid code is used. Structure has been 
deposited to the PDB and issued the code 5SVZ.

Tat:NLS/CPP Importin-α
Atom Residue Number Distance (Å) Atom Residue Number
NH1 Arg 52 2.84 O Leu 104
NH1 Arg 52 2.81 O Arg 106
NH2 Arg 52 3.02 O Arg 106
NH2 Arg 52 3.20 O Glu 107
O Arg 53 3.24 NE1 Trp 142
N Arg 53 2.89 OD1 Asn 146
O Arg 53 2.66 ND2 Asn 146
NZ Lys 50 2.91 O Gly 150
NZ Lys 50 2.80 OG1 Thr 155
NH1 Arg 53 2.49 OE1 Gln 181
O Lys 51 3.02 NE1 Trp 184
N Lys 51 2.81 OD1 Asn 188
O Lys 51 2.79 ND2 Asn 188
*NZ Lys 50 2.89 OD1 Asp 192
O Arg 49 2.77 ND2 Asn 235

Table 2. Tat:NLS/CPP hydrogen bond interactions with importin-α generated by PDBSum35–38 *Salt bridge 
interaction.
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Figure 4. LigPlot interaction schematic for Tat:NLS/CPP importin-α structure. Tat:NLS/CPP intramolecular 
bonds are shown as solid purple lines, importin-α intramolecular bonds are shown as solid orange lines. 
Importin-α residues involved in hydrophobic contacts are shown as multiple red fanning lines. Corresponding 
atoms involved in hydrophobic contacts are shown with small orange fanning lines. Hydrogen bonds and their 
length are shown as green dotted lines. Figure was made using LigPlot34.

NLS
Importin-α major binding 
site PDB ID
P1 P2 P3 P4 P5

HIV1 Tat R K K R R This study

SV40T7, 39, 40 K K K R K 1EJL, 1BK6, 
1Q1S, 1Q1T

αIBB6 L K K R N 1IAL, 1IQ1
Venezuelan 
Equine 
Encephalitis 
Capsid

A K K P K 3VE6

Ku7041 S K R P K 3RZX
Ku8041 A K K L K 3RZ9
CLIC442 A K K Y R 3OQS
Dengue 2 NS5 
C-terminus M K R F R 5FC8

Dengue 3 NS5 
C-terminus M K R F R 5HHG

XPG43 S K R K R 5EKF, 5EKG

Table 3. PDB deposited cNLSs binding to the major site of importin-α.
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indexed, merged and scaled using iMosflm v.1.0.722 and AIMLESS23, 24 (Table 1). The structure was solved by 
molecular replacement using Phaser25, 31 with PDB 5FC8 as a model. Following rebuilding and refinement, the 
2.0 Å resolution structure was refined to a Rwork/Rfree of 0.16/0.19 using iterative cycles of refinement and mod-
elling in Phenix29 and COOT28 respectively. The final model consisted of 426 residues of importin-α, 8 residues 
of the Tat:NLS/CPP, and 319 water molecules. The N- and C-terminal amino acid residues of the Tat:NLS/CPP 
peptide displayed poor density due to flexibility, allowing only accurate placement of the protein peptide chain. 
Stereochemistry and other refinement statistics are presented in Table 1.

Binding determinants of the HIV-1 Tat:NLS/CPP in complex with importin-α. The overall structure 
of importin-α exhibited an all α-helical structure arranged as ten sequential armadillo (ARM) motifs as described 
previously6. The Tat:NLS/CPP binds to the major binding site of importin-α within ARM domains 2–4 (Fig. 3A,B). 
There are no NLS residues in the minor binding site, indicating that the NLS region is monopartite. The main chain 
of Tat residue Arg49 interacts with the side chain of importin-α residue Asn235 in the P1 site (Figs 4 and 5). Tat 
residue Lys50 binds importin-α at the P2 site where it forms a salt bridge with importin-α residue Asp192 as well 
as additional side chain interactions with importin-α residues Gly150 and Thr155. The Tat peptide backbone of 
residue Lys51 hydrogen bonds the side chains of importin-α residues Asn188 and Trp184 in the importin-α P3 
binding site. The side-chain of Tat residue Arg52 in the P4 position hydrogen bonds with the importin-α main 

Figure 5. Importin-α interacting residues from Tat NLS/CPP region. (A) Importin-α shown in cyan (ribbons 
and surface view), Tat:NLS/CPP shown in magenta (sticks). NLS residues visible within crystal structure, and 
bound to the N-terminal concave ARM domains of importin-α, are shown in stereoview for 3D visualisation 
(B) Each P-site that interacts with importin-α is displayed with each interaction highlighted with dashed lines.
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chain of residues Leu104, Arg106, and Glu107. The P5 binding site is occupied by Tat residue Arg53 which makes 
main chain interactions with the side chains of importin-α residues Trp142 and Asn146. The overall binding buries 
717 Å2 of surface area, and is mediated by 15 hydrogen bonds and 1 salt bridge interaction (Figs 3 and 4). Further 
details on the NLS binding determinants are shown in Figs 4B and 5 and summarised in Table 2.

Figure 6. Quantitative GST-pull down for binding affinity determination. Glutathione agarose containing the 
GST-Tat:NLS/CPP incubated and washed with two-fold serially diluted importin-α (initial concentration of 
30 µM). Samples analysed by SDS-PAGE and images recorded using BioRad Gel Doc system were processed 
from triplicate gels and processed in ImageJ and analysed using one-site specific binding in Prism 7.0. A 
representative gel showing binding is included, and the original, uncropped gel is provided in Supplementary 
Figure 2.

Figure 7. Overlay of cNLSs bound at the major site of importin-α. Conservation of NLS structures are coloured 
accordingly: Tat (magenta), SV40T (cyan), αIBB (pink), Venezeualan equine encephalitis virus (gold), Dengue 
2 NS5 C-terminus (orange), Dengue 3 NS5 C-terminus (green), XPG (dark green), Ku70 (nude), Ku80 (grey), 
CLIC4 (purple), all overlaid onto Tat:NLS/CPP bound importin-α (cyan). Overlay of NLSs are enlarged within 
the P1-P5 positions.
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Binding affinity of the HIV-1 Tat:NLS/CPP in complex with importin-α. To estimate the bind-
ing affinity, importin-α was serially titrated against equal concentrations of HIV-1 Tat:NLS/CPP, and binding 
captured using a GST-pulldown. The binding affinity was determined to be 1.2 ± 0.2 µM from three replicates 
(Fig. 6). The binding affinity measured for HIV-1 Tat:NLS/CPP is in the low micromolar range and similar to 
previously reported values of other NLSs including Dengue 2 C-terminal NS5, 0.27 ± 0.1 µM; and Dengue 3 
C-terminal NS5 0.37 ± 0.11 µM32.

Discussion
There has been contention as to which nuclear import receptor is responsible for the nuclear translocation of 
Tat. One study suggests Tat is importin-α mediated15, whereas another study has shown that it is dependent on 
importin-β16. Here, we show that the C-terminal 55RRR is not providing additional binding to importin-α, and 
of the residues visible in the crystal structure 48GRKKRRQR, only residues 48GRKKRR mediate binding with 
importin-α. Our results support the findings of Ruben et al., who have shown nuclear import can be mediated by 
Tat-NLS/CPP residues GRKKR16. This binding motif is consistent with the previously defined monopartite class 
2 NLSs33. The P1-P5 binding determinants in Tat:NLS/CPP are resolved within the presented 2.0 Å structure, and 
are consistent with previously solved structures (Table 3 and Fig. 7).

The major binding site of importin-α interact with five principal binding determinants in NLSs, known as 
P1-P5 (Table 3). These binding determinants P1-P5 bind between ARM domains 2–4 in importin-α and are con-
served across previously determined NLS structures (Fig. 7). Position 1 (P1) on an NLS is the most divergent as 
only a main chain interaction is made with importin- α. Position 2 (P2) is the most highly conserved with a strict 
requirement of a lysine residue at this position to form the critical salt bridge interaction with importin-α residue 
D192 as well as side chain interactions with the main chains of importin-α residues T155 and G150. Position 3 
(P3), position 4 (P4), and position 5 (P5), prefer long basic amino acids, however, for all characterised NLSs, there 
is a great variability in the amino acids at these positions (Fig. 7). The P3 site which is less conserved than the P2 
site, can bind to Lys, Arg, and Leu residues, whilst the P5 site is similarly conserved and can bind Lys, Arg, and 
Asn residues. The P4 site is less conserved than P4 and P5, and can bind Pro, Phe, Arg, Lys, Leu, Tyr, and P1 is the 
least conserved binding to Met, Asn, Lys, Arg, Leu, Ala, and Ser residues32 (Table 3). The Tat:NLS/CPP (Fig. 5A,B) 
residues 49RKKRR fit within the requirements of the P1-P5 NLSs and bind importin-α in a similar fashion to 
other importin-α bound NLS structures, whilst other positively charged residues 55RRR were found not to bind 
in our structure. The similarities between HIV-1 Tat:NLS/CPP and previously reported NLS importin-α struc-
tures can be seen in sequence conservation (Table 2), structural overlay comparisons (Fig. 7) and from calculated 
RMSD values that varied from 0.150–0.431 Å (Table 4). Overall, this is the first time the NLS region within HIV-1 
Tat has been determined structurally by X-ray crystallography. Through interaction with the N-terminal arginine 
rich motifs in importin-α, eight amino acids in Tat have been revealed and binding determinants identified that 
mediate interaction with the classical nuclear import receptor.
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Abstract
Dengue virus NS5 is the most highly conserved amongst the viral non-structural proteins
and is responsible for capping, methylation and replication of the flavivirus RNA genome.
Interactions of NS5 with host proteins also modulate host immune responses. Although rep-
lication occurs in the cytoplasm, an unusual characteristic of DENV2 NS5 is that it localizes
to the nucleus during infection with no clear role in replication or pathogenesis. We exam-
ined NS5 of DENV1 and 2, which exhibit the most prominent difference in nuclear localiza-
tion, employing a combination of functional and structural analyses. Extensive gene
swapping between DENV1 and 2 NS5 identified that the C-terminal 18 residues (Cter18)
alone was sufficient to direct the protein to the cytoplasm or nucleus, respectively. The low
micromolar binding affinity between NS5 Cter18 and the nuclear import receptor importin-
alpha (Impα), allowed their molecular complex to be purified, crystallised and visualized at
2.2 Å resolution using x-ray crystallography. Structure-guided mutational analysis of this
region in GFP-NS5 clones of DENV1 or 2 and in a DENV2 infectious clone reveal residues
important for NS5 subcellular localization. Notably, the trans conformation adopted by Pro-
884 allows proper presentation for binding Impα and mutating this proline to Thr, as present
in DENV1 NS5, results in mislocalizaion of NS5 to the cytoplasm without compromising
virus fitness. In contrast, a single mutation to alanine at NS5 position R888, a residue
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conserved in all flaviviruses, resulted in a completely non-viable virus, and the R888K muta-
tion led to a severely attenuated phentoype, even though NS5 was located in the nucleus.
R888 forms a hydrogen bond with Y838 that is also conserved in all flaviviruses. Our data
suggests an evolutionarily conserved function for NS5 Cter18, possibly in RNA interactions
that are critical for replication, that is independent of its role in subcellular localization.

Author Summary
DENV NS5 is critical for virus RNA replication and an important drug target based on its
high sequence conservation across serotypes, and the successful development of potent
drugs that target the homologous NS5B of hepatitis C virus. NS5 also mediates other func-
tions that are important for innate and adaptive immune responses by the infected host.
Extensive gene swapping and functional analyses between NS5 of DENV serotypes 1 and
2, that are the two most disparate in terms of nuclear vs cytoplasmic localization of NS5
identified the last 18 amino acid residues of the ~900 amino-acid residues long protein to
be responsible for subcellular localization. Because this region is very flexible and not easily
seen in crystal structures of DENV NS5, co-crystals of the newly discovered peptide region
with importin α were obtained. Structure-based mutations introduced into a DENV2
infectious clone showed that the proline to threonine at position 884 resulted in NS5 being
mostly cytoplasmic without affecting virus replication. However mutation of arginine 888,
which is conserved in all flaviviruses, to alanine resulted in a completely non-viable virus,
suggesting that the C-terminal region is essential for NS5 function irrespective of its role
in subcellular location.

Introduction
Dengue is one of the most prevalent and important mosquito-borne viral disease and endemic
in more than 100 tropical and subtropical countries. Nearly half of the world’s population is
thought to be at risk of dengue infection and ~100 million symptomatic dengue cases are
reported each year [1, 2]. Dengue infection in humans, caused by any one of the four distinct,
but closely related Dengue virus serotypes (DENV1-4), is mostly asymptomatic but those who
manifest the disease exhibit a wide-spectrum of clinical symptoms, ranging from self-limiting
dengue fever (DF) to life-threatening severe dengue characterized by vascular leakage, throm-
bocytopenia and bleeding [3]. The current treatment for dengue infection is mainly supportive.
A tetravalent vaccine that is partially effective has been licensed in Brazil, Mexico and the Phil-
ippines. There are no antiviral drugs that can be used to prevent or treat dengue infection. Clas-
sical vector control strategies remain the cornerstone in preventing transmission, and
molecular vector control approaches are gaining prominence [4].

The DENV single-stranded positive-sense RNA genome (~11kb) contains a single open
reading frame that is flanked by 5’- and 3’-untranslated regions. The open reading frame is
translated into an ~3,300 amino acid residue polyprotein precursor that is cleaved by host and
viral proteases into three structural (C, prM and E) and seven nonstructural (NS; NS1, NS2A,
NS2B, NS3, NS4A, NS4B and NS5) proteins [5]. Among the NS proteins, NS5 is the largest
(103 kDa, 900 amino acids) and the most conserved with a sequence identity of around 70%
among the four serotypes [5, 6]. It contains methyltransferase (MTase) [7–9] and putative gua-
nylyltransferase activities [10] at its N-terminal region, and the C-terminal region carries out
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RNA-dependent RNA polymerase (RdRp) activity [11–13]. In infected cells, NS5 works in con-
cert with NS3 to participate in type 1 cap formation [14] and viral RNA replication [15–18]. In
addition to its enzymatic activities, DENV NS5 has been shown to modulate the host immune
response and to induce the expression and secretion of DHF-associated immunomediators, IL-
6 and IL-8 [19, 20]. More specifically, the N-terminal region of DENV2 NS5 can bind to
human STAT2 [21], and promote UBR4-mediated STAT2 degradation that results in the inhi-
bition of type I interferon signalling [21–24].

NS3 N570 and NS5 K330 are key residues involved in the interaction between NS3 and NS5
that act cooperatively to replicate the viral RNA within discrete replication complexes (RCs)
[15, 25] but the mechanistic details such as the order in which the various processes occur dur-
ing the early stages in viral RNA replication remains unknown. The introduction of K330A
mutation into a DENV2 infectious clone does not yield any viable virus while the N570A muta-
tion, although severely attenuated (5% of WT level), is able to accumulate negative-strand
RNA at the early stages of viral RNA replication. However, because of the impaired interaction
with NS5, its positive-strand RNA synthesis function is muted [17, 26]. Even though NS5 from
the four serotypes of DENV are highly similar in structure and function it has been shown to
be transported into the nucleus utilising the host nuclear transport machinery composed of
importin-alpha and beta-1 to varying degrees [27, 28]. The phenotypic differences in subcellu-
lar localization can be ascribed to adaptive changes acquired during virus evolution but its
essentiality and role in pathogenesis remains contentious. The importin-alpha recognition of
basic-residue-rich nuclear localization signal (NLS) on NS5 facilitates its passage across the
nuclear pore complex [27–29]. Previous NS5 localization studies have suggested that the a/
bNLS (residues 369–389) [29, 30] and bNLS (residues 320–368) [31] reside within an interdo-
main linker region spanning residues 320–405 until the atomic resolution structure of DENV
RdRp and recent functional studies [32] revealed that these residues map within the palm and
thumb subdomains raising the possibility that they are not accessible for interaction with the
importin machinery of the host cell.

Using an in-house generated NS5 antibody [33], DENV1-4 NS5 was shown to differentially
localize in infected cells. In particular, DENV1 NS5 is predominantly cytoplasmic while DENV2,
3 and 4 NS5 appear in the nucleus of infected cells [28]. In order to explore the causes underlying
these distinct phenotypes from a structural and functional perspective, we hypothesized that a
sequence within DENV1 NS5 plays a dominant role in influencing the function of a/bNLS. We
performed extensive gene swapping between DENV1 and 2 full-length NS5 proteins to search
for the signal sequence. We unexpectedly discovered a C-terminal monopartite NLS in DENV2
NS5 that resides within residues 883–900. This region of NS5 is very flexible and was not
observed in our previous crystal structures of DENVNS5 [11, 13, 34] or JEV NS5 [35] but
appears to play a role in NS5 oligomerization in a more recently published structure [36]. In this
work, structural, biochemical, computational and reverse genetics data provide a compelling pic-
ture that the C-terminal region of DENVNS5 alone is sufficient to determine the localization dif-
ferences between DENV serotypes. Our data also suggest that the C-terminal region may carry
out an evolutionarily conserved function that is essential for flavivirus replication and pathogene-
sis. The implications of this discovery on DENV pathogenesis are discussed.

Results
The C-terminal 18 residues (Cter18) of DENV NS5 confer its
nucleocytoplasmic shuttling ability
To assess the NS5 subcellular localization of DENV1-4, infected Huh-7 cells were examined
and quantified using confocal laser scanning microscopy (CLSM) image analysis (Fig 1A,
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Fig 1. Subcellular localization of NS5 in DENV1-4 infected cells and sequence alignment of DENV1 and 2 NS5. (A) Huh-7 cells were
infected with DENV1-4 at MOI 10 and the infected cells (>90%) were analysed for presence of NS5 (green) and dsRNA (red) by IFA at 24h
post-infection. Digitized images were captured by Zeiss LSM 710 upright confocal microscope by 63× oil immersion lens. Image analysis
was performed on digitized images of NS5 staining with ImageJ software [52] to determine nuclear to cytoplasmic fluorescence ratio (Fn/c)
as done previously [17, 29, 30, 42]. (B) Sequence and structural analysis of DENV1 NS5 aligned against DENV2 NS5. The alignment was
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>90% infectivity). We found DENV1 NS5 distributed somewhat equally between the nucleus
and cytoplasm with an Fn/c of around 0.84 ± 0.22 (n = 57) while DENV2, 3 and 4 NS5 are local-
ized to the nucleus (DENV2 Fn/c = 20.75 ± 1.05, n = 47; DENV3 Fn/c = 13.01 ± 0.63, n = 51; and
DENV4 Fn/c = 4.94 ± 0.32, n = 49). Similar observations were also seen in DENV1-4 infected
A549 and Vero cells (S1A and S1B Fig, respectively). To explore the importance of nuclear
NS5 and the implications of the serotype-dependent differences in the localization pattern, we
initially focused on NS5 from DENV1 and 2 as examples of NS5 proteins that did not or did
localize to the nucleus and exhibited the greatest difference in Fn/c. Firstly, we carried out exten-
sive domain shuffling in an ectopically expressed full-length GFP-NS5 protein in order to bet-
ter understand the functional elements within NS5 that contributed to differential subcellular
localization. The gene segments encoding the functional domains and motifs, namely the
MTase and RdRp domains (residues 1–273 and 274–900 respectively, Fig 1B), the newly
defined short interdomain linker region (residues 263–272), and the residues 320–405 which
are thought to be a hot spot for protein interactions including bNLS (residues 320–368) [31]
and a/bNLS (residues 369–389) [29, 30] were swapped by overlap PCR reactions to generate
the corresponding GFP-NS5 plasmids (Fig 2A). Transfected Vero cells that expressed the vari-
ous GFP constructs as intact proteins were fixed at 24 h post-transfection and stained with
anti-GFP for CLSM (Fig 2B). The GFP-NS5 fusion constructs that contained residues 406–900
of DENV2 NS5, namely D11-273D2274-900, D11-319D2320-900 and D11-405D2406-900 (correspond-
ing to construct 3, 4 and 5, respectively, in Fig 2A) were predominantly localized in the nucleus
(Fig 2B). In contrast, the chimeric NS5 proteins that contained residues 406–900 of DENV1
NS5, namely D21-273D1274-900, D21-319D1320-900 and D21-405D1406-900 (corresponding to con-
struct 6, 7 and 8, respectively, in Fig 2A) were predominantly localized in the cytoplasm (Fig
2B). Taken together, these results suggest that the region responsible for the differential subcel-
lular localization of DENV1 and 2 NS5 is located within the C-terminal end of RdRp domain,
from residues 406–900.

In order to further delineate the sequence responsible for differential subcellular localization
within residues 406–900, we focused on exchanging gene segments that satisfy both require-
ments (i) presence of sequence variation and (ii) absence of structural motif (PDB: 4V0Q [34]
and 4K6M [35])(Fig 1B). As shown in Fig 2A and 2B, chimeric GFP-NS5 proteins of DENV2
that contained residues 363–394, 395–497, 509–537, 543–576 of DENV1 (corresponding to
construct 9, 10, 11 and 12 respectively, in Fig 2A) were found predominantly in the nucleus. In
contrast, the chimeric DENV2 NS5 proteins that contained residues 627–900 and 709–900 of
DENV1 (corresponding to construct 13 and 14, respectively, in Fig 2A) were found in the cyto-
plasm. This series of gene segment shuffling delineated residues 709–900 of DENV2 NS5 as the
sequence element responsible for the observed differential subcellular localization (Fig 2B, con-
struct 13). Even though D21-708D1709-900 (Fig 2B, construct 13) contained all the previously
characterized signal sequences (ie. bNLS and a/bNLS) required for nuclear transport, its locali-
zation was predominantly cytoplasmic compared to D21-900 (Fig 2B, construct 2). Close inspec-
tion of the C-terminal 190 amino acid residues of DENV1 and 2 NS5 revealed a relatively

performed using Clustal Omega and the numbering of the alignment is based on DENV2 NS5. The PDB file of DENV3 NS5 protein (PDB:
4V0Q, [34] was used as the input file for secondary structure depiction. The secondary structures are indicated by solid boxes (α-helices),
checked boxes (310 helix) and arrows (β-sheets) above the sequence alignment and they are coloured light blue for the Mtase domain,
orange for linker (residues 264–273) and blue for the fingers, green for the palm and red for the thumb of the RdRp domain. The bNLS
sequence (residues 320–368) [31], the a/bNLS sequence (residues 369–389) [29, 30] and the priming loop sequence (residues 786–809)
[13] are boxed in red. Within bNLS, K330 (red asterisk and bold) is important for NS3–NS5 interaction [26]. NS5 residues that are not
identical to DENV1 and DENV2 are highlighted in grey. Other highlighted residues Y838 and R888 are discussed in the text. The electron
density of the last 12 amino acid residues (boxed in blue) are generally missing in most DENV NS5 crystal structures (PDB: 2J7U, 4C11 and
4V0Q). The GenBank accession numbers of DENV1 and DENV2 are EU081230 and EU081177, respectively.

doi:10.1371/journal.ppat.1005886.g001
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Fig 2. Subcellular localization of chimeric DENV1 and 2 NS5 fused to GFP. (A) Schematic diagrams of WT DENV1 and 2, and chimeric
DENV1/2 GFP-NS5 protein mammalian expression constructs. The indicated NS5 gene regions of DENV1 and DENV2 were exchanged by
gene swapping and their localization were analysed in Vero cells (B). The construct number and gene boundaries that were defined for
swapping are indicated on the left and the exchanged segments are shaded in the schematic (DENV1 in grey and DENV2 in white). The
observed subcellular localization of these constructs are indicated on the right (Cyt for predominately cytoplasmic localization and Nuc for
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lower sequence conservation (67% sequence similarity), particularly in the last 18 amino acid
residues (Fig 1B). This region is also poorly conserved within DENV3 and DENV4 NS5 (S2
Fig). Furthermore, the last 12 amino acid residues are thought to be highly flexible and either
not modelled in crystallographic structures [11, 13, 34], or only modelled in a subset of mole-
cules within the asymmetric unit where crystal packing may induce a stable conformation [36].

To test the functional relevance of the C-terminal region, we truncated GFP-NS5 by intro-
ducing a stop codon at residue 882 or 883 of DENV1 and DENV2 NS5 respectively (Fig 3A,
construct 15 and 17, respectively). Surprisingly, C-terminal truncated DENV2 NS5 protein,
D21-882 (construct 17) that contains the previously characterized conventional a/bNLS [29, 30]
was mostly localized to the cytoplasm (Fig 3B). Both C-terminal truncated and full-length
DENV1 NS5 proteins, D11-881 and D11-900 respectively (Fig 3A, construct 15 and Fig 2A, con-
struct 1) were mainly cytoplasmic. Collectively, this data suggested that residues 883–900 con-
tain the determinants for subcellular localization of NS5 from DENV1 and 2.

We tested the hypothesis that replacing residues 883–900 of DENV1 NS5 with the corre-
sponding DENV2 NS5 sequence should drive the former, predominantly into the nucleus (Fig
3A, construct 16). The DENV11-882DENV2883-900 chimeric NS5 localized predominantly in the
nucleus (Fig 3B, construct 16). Replacing residues 883–900 of DENV2 NS5 with the corre-
sponding DENV1 sequence (Fig 3A, construct 18) caused NS5 protein to be localized in the
cytoplasm (Fig 3B, construct 18). To ensure that the phenomenon is not cell-type specific these
constructs were also transfected into BHK-21 or HEK293T cells (S3A and S3B Fig, respec-
tively), where similar observations were made. Taken together, our findings imply that C-ter-
minal residues 883–900 of NS5 contain the sequence elements that account for the differential
subcellular localization of DENV1 and 2 NS5.

The Cter18 of DENV2 NS5 contains a monopartite nuclear localization
signal
Due to the unexpected finding that residues 883–900 of DENV2 NS5 were sufficient for locali-
zation to the nucleus, we examined the sequence for the presence of a potential NLS (S2 Fig)
and found that the basic residues at position 887–888 and 890–891 of DENV2 could possibly
contribute to binding to nuclear import receptors for translocation to the nucleus [37]. To test
the importance of these basic residues for nuclear accumulation of full-length NS5, we intro-
duced alanine substitutions at these positions, as well as nonsense mutations immediately after
these positions into DENV2 GFP-NS5. Alanine substitutions of K887/R888 and R890/R891 of
DENV2 NS5 resulted in predominantly cytoplasmic localization (Fig 3A and 3B, constructs 19
and 20, respectively). Similarly, truncation immediately after the first basic cluster K887/R888
(known as D21-888, Fig 3A and 3B, construct 21) also resulted in predominantly cytoplasmic
localization. Remarkably, the ability for DENV2 NS5 to nuclear-localize was restored when a
truncation was introduced immediately after the second basic cluster R890/R891 (known as
D21-891, Fig 3A and 3B, construct 22). The first basic cluster K887/R888 is also present in
DENV1 (corresponding to residue 886 and 887) but the second cluster is K889/N890 com-
pared to R890/R891 in DENV2. Given the subtle charge differences in the second cluster
within the C-terminal region between the two proteins it was unclear why DENV1 NS5 was

predominately nuclear localization). (B) The GFP-NS5 protein constructs described in A were transfected into Vero cells and fixed at 24-h
post-transfection. Anti-GFP (ab6556 IgG, 1:1000) antibody was used for immunostaining and digitized images were captured by Zeiss LSM
710 upright confocal microscope by 40× oil immersion lens. The construct numbers used in Fig 2A are indicated in parenthesis in the images.
The image used are representative of two independent experiments.

doi:10.1371/journal.ppat.1005886.g002
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Fig 3. DENV1 and 2 NS5 C-terminal residues 883–900 confer differential sub-cellular localization. (A) Schematic diagram of full-
length and truncated DENV1 and 2, and chimeric full-length DENV1/2 fused to GFP. The plasmid annotation is as described in Fig 2A. (B)
The GFP-NS5 protein constructs described in A were transfected into Vero cells and fixed at 24-hour post-transfection. Anti-GFP (ab6556
IgG, 1:1000) antibody was used for immunostaining and digitized images were captured by Zeiss LSM 710 upright confocal microscope by
40× oil immersion lens. The construct numbers used in Fig 3A are indicated in parenthesis in the images. Nuclear to cytoplasmic
fluorescence ratio (Fn/c) as previously described [17, 29, 30, 42] are indicated and data are shown as mean Fn/c, n! 30 cells from a single
assay, representative of two independent experiments.

doi:10.1371/journal.ppat.1005886.g003
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mostly cytoplasmic (to be discussed later). We decided to explore the structure and function of
this region with respect to its binding to nuclear import proteins.

The Cter18 of DENV1-4 NS5 interact differentially with importin-alpha
Since our gene swapping studies were carried out for DENV1 and 2 NS5 we decided to explore
the importance of the Cter18 across all four serotypes. We hypothesized that binding to the
nuclear import receptor Impα will vary according to the observed subcellular localization (Fig
1A). To test this biochemically we compared the affinity of residues 865–900 of DENV1-4 NS5
(based on DENV2 NS5 numbering) for Impα lacking the auto-inhibitory importin beta bind-
ing domain (Impα, Fig 4A and 4B) [38]. A solid-phase binding assay was established, where
residues 865–900 of DENV1-4 NS5 were recombinantly expressed as a C-terminal GST-fusion

Fig 4. Characterization of the binding of DENV1-4 NS5 residues 865–900 to Impα. (A) After pre-incubation of glutathione coated plate with GST-NLS
fusion protein, 2-fold serially diluted of Impα (starting from 12.5 μM) was added. Bound Impα protein was detected with anti-6x His tag HRP antibody.
Following development with the colorimetric substrate TMB, the reaction was stopped and absorbance at 450nmwas taken. Data were fitted to one site
specific binding equation using Graphpad Prism 6.0f from triplicate measurements of two independent experiments.(B and C) Result of binding assay
performed with glutathione beads that were incubated with GST-NLS fusion protein. (B) 2-fold serially diluted of Impα (starting from 800 nM) was incubated
with GST-NLS fusion protein in a final volume of 50 ml. After incubation, beads were sedimented and protein was eluted using GST B buffer. (C) Elutled
proteins were visualised on SDS-PAGE and analysis was performed using one site specific binding function in Graphpad Prism 6.0f. Results are shown as
the mean ± SD of duplicates from two independent experiments.

doi:10.1371/journal.ppat.1005886.g004
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protein and captured by a glutathione microtitre plate. Serially diluted Impα protein was
added to the plate, washed, and detected colorimetrically by probing with HRP-conjugated
anti-His that binds to the His6 tag of Impα. As shown in Fig 4A, GST-DENV2865-900 and
GST-DENV3865-900 (Kd = 4.53 ± 0.61 μM and 0.66 ± 0.16 μM, respectively) bound stronger to
Impα than GST-DENV1865-899 and GST-DENV4865-901 (Kd = 53.96 ± 6.59 μM and
18.54 ± 5.13 μM, respectively).

To confirm this result in a different assay system, a GST pull down assay was performed
using glutathione-agarose beads and serially diluted Impα, with visualisation and quantitation
of bound Impα performed by SDS-PAGE and ImageJ respectively (Fig 4B and 4C). The results
confirm that DENV2 and 3 C-terminal residues bind Impα, whilst the binding observed in the
NS5 for DENV1 and DENV4 NLSs are very weak. Similar binding affinity values were
obtained, with strong binding for GST-DENV2865-900 and GST-DENV3865-900 (Kd =
0.27 ± 0.11 μM and 0.37 ± 0.11 μM, respectively), whilst the binding of DENV1 and 4 were too
weak to quantify. Overall, the affinity of DENV2 and 3 NS5 for importin by in vitro assay are
similar while the affinity of DENV1 and 4 NS5 are weak. The differences in affinity measure-
ment are within the expected range noted for well characterised targets such as SV40 T-ag NLS
which can vary from 10–1000 nM depending on the methodolgy that is used [38, 39].

Together, our biochemical binding data appear to be consistent with the subcellular locali-
zation in infected cells for DENV1, 2 and 3 where DENV1 NS5 is mainly cytoplasmic whilst
the protein from DENV2 and 3 are mainly localized in the nucleus. DENV4 NS5 deviated from
the expected because it did not appear to bind Impα in our binding assays and yet the protein
is mainly localized to the nucleus in the infected cells. Interestingly, this lack of binding may be
explained by previous bioinformatic analysis which predicted that the C-terminal of DENV 4
NS5 is probably phosphorylated at Ser894 prior to nuclear localization in the infected cell [40]
(see Discussion).

Structure of Impα bound to Cter18 of DENV2 and 3 NS5
In order to examine the precise residues that mediate the interaction with importin-α, x-ray
crystallography was undertaken of protein complexes comprised of Impα bound to the DENV
C-terminal residues 865–900. To obtain a 1:1 complex between the nuclear import receptor
and the C-terminal region from respective DENV NS5 serotypes, the GST-tagged DENV C-
terminal fusion proteins were first immobilized on glutathione affinity resin, washed, and
Impα added to the column. Following further washing and elution from the column, the NS5
Cter18:Impα complex was released from GST by thrombin cleavage, and passed through a size
exclusion column to remove excess NS5 C-terminal peptide, and then repurified over a gluta-
thione column to remove uncleaved purified GST products (see Methods). As expected the
poor binding affinity of DENV1 and DENV4 C-terminal residues prevented their respective
capture of Impα, and therefore precluded structural analysis. In contrast, the C-terminal region
of DENV2 and 3 formed a stable complex with Impα throughout purification, and yielded well
diffracting crystals (S4 Fig). Crystals of Impα:DENV2 and 3 C-terminal region diffracted to 2.2
Å and 2.1 Å resolution, respectively. Both crystals belong to the P212121 space group, and the
structures solved by molecular replacement using the structure of importin-α (PDB: 3UL1) as
a search probe (Fig 5). The final R/Rfree were 0.177/0.216 and 0.183/0.207 for the Impα
DENV2 and 3 C-terminal region respectively (see Table 1 for full data collection and refine-
ment statistics). The nuclear import receptor Impα displayed the characteristic super-helical
structure consisting of ten armadillo repeats (ARM), with each ARM repeat consisting of three
α-helices. Strong positive residual electron density for residues 881–893 of DENV2 and 3 NS5
could be clearly discerned at the major NLS binding site of ARM2, 3, 4 of Impα, consistent
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with our cell localization data indicating that mutations within K887/R888 and R890/R891 can
drastically impact nuclear accumulation.

Extensive side chain and main chain interactions are established between DENV2 and 3 C-
terminal NLS and Impα are summarized in Table 2. The NLSs of DENV2 and 3 NS5s are
almost identical except for residue 891 where it is R and K respectively (Fig 5). Since this is the
only variant residue close to the binding interface between the two structures and since this res-
idue does not contact Impα, the analysis of both DENV2 and 3 NS5 C-terminal NLSs will be
combined. One exception is that the side chain of Y882 from DENV2 NS5 hydrogen bonds
with the side chain of E354 of Impα while in DENV3 NS5 it forms hydrogen bonds with Impα
E354 and R315 (Table 2A). Main chain atoms of DENV2 NS5 P884, S885, M886 interact with

Fig 5. Structure of the DENV2 and DENV3 Cter18-Impα complex. (A and B) Atomic resolution structures of DENV2 Cter18-Impα complex and DENV3
Cter18-Impα complex. (A) DENV2 Cter18 (purple) and DENV3 Cter18 (red), in complex with Impα (yellow) reveal they are both monopartite NLSs and bind
Impα in the major binding pocket (ARMs 2–4). (B) The 3σ simulated annealing Fo-Fc omit map, supports this model and position of the c-terminal NLS
residues. The biggest energetic contribution to the interaction is from K887 which forms a salt bridge with Impα residue D192, R888 is also critical for
hydrogen binding Impα residues N188 and N228, as is R890 that forms hydrogen bonds with Impα residues N146 and Q181. (C) NLS binding
determinants in the DENV1-4 Cter18.

doi:10.1371/journal.ppat.1005886.g005

Table 1. Data collection and refinement statistics. DENV2 NS5 C-terminal NLS: Impα and DENV3 NS5 C-terminal NLS: Impα data collection and refine-
ment statistics:

DENV2C-termNLS: Impα DENV3C-termNLS: Impα

Wavelength (Å) 0.9537 0.9537

Resolution range (Å) 31.32–2.2 (2.279–2.2) 31.35–2.1 (2.175–2.1)

Space group P 21 21 21 P 21 21 21
Unit cell (Å, °) 79.25 88.96 100.39 90 90 90 78.94 89.88 100.37 90 90 90

Measured reflections 160470 (11571) 172369 (14223)

Unique reflections 36643 (3080) 41892 (3446)

Multiplicity 4.4 (3.8) 4.1(4.1)

Completeness (%) 100 (99) 99 (100)

Mean I/sigma (I) 23.5 (7.6) 10.5 (1.9)

Wilson B-factor (Å2) 26.63 30.26

Rpim 0.021(0.085) 0.053(0.455)

Reflections used in refinement 36589 (3555) 41840 (4172)

Reflections used for R-free 1825 (199) 2088 (175)

R-work 0.1770 (0.1943) 0.1825 (0.2659)

R-free 0.2158 (0.2678) 0.2066 (0.2900)

Number of non-hydrogen atoms 3684 3713

macromolecules 3373 3371

Protein residues 440 440

RMS (bonds) (Å) 0.006 0.010

RMS (angles) (°) 1.02 1.34

Ramachandran favored (%) 99 99

Ramachandran allowed (%) 1.4 1.4

Ramachandran outliers (%) 0 0

Rotamer outliers (%) 2.2 2.2

Clashscore 2.79 5.14

Average B-factor (Å2) 36.08 41.38

macromolecules 35.66 40.94

solvent 40.65 45.68

Statistics for the highest-resolution shell are shown in parentheses.

doi:10.1371/journal.ppat.1005886.t001
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side chain atoms of residues R238, W231, and N235 of Impα respectively (Fig 5A). The side
chain of NS5 residue K887 (P2 position) makes a salt bridge with the carboxylic group of Impα
residue D192 and hydrogen bonds with T155 and a backbone interaction is also established
with G150. The DENV2 NS5 residue R888 side-chain (P3 position) forms extensive interac-
tions with Impα; its guanidinium group forms hydrogen bond interactions with N228 and also
its backbone interacts with Impα side-chain residues N188 andW184. The NS5 residue R890
(P5 position) form side chain interactions with ImpαN181, and the backbone makes

Table 2. PISA interface analysis of DENV C-terminal NLS Impα bond forming residues.

C-terminal NLS Distance [Å] Impα Bond*

DENV2 TYR 882 [OH] 3.55 GLU 354 [OE2] H

PRO 884 [O] 2.85 ARG 238 [NH1] H

SER 885 [O] 3.18 TRP 231 [NE1] H

MET 886 [O] 2.86 ASN 235 [ND2] H

ARG 888 [O] 2.87 TRP 184 [NE1] H

ARG 888 [O] 3.04 ASN 188 [ND2] H

ARG 890 [O] 3.04 TRP 142 [NE1] H

ARG 890 [O] 2.99 ASN 146 [ND2] H

LYS 887 [NZ] 3.10 GLY 150 [O] H

LYS 887 [NZ] 2.68 THR 155 [OG1] H

LYS 887 [NZ] 2.80 ASP 192 [OD1] H

ARG 888 [N] 2.73 ASN 188 [OD1] H

ARG 888 [NH1] 2.71 ASN 228 [OD1] H

ARG 888 [NH2] 2.88 ASN 228 [OD1] H

ARG 890 [N] 2.93 ASN 146 [OD1] H

ARG 890 [NH1] 2.63 GLN 181 [OE1] H

GLU 892 [N] 3.08 SER 105 [O] H

LYS 887 [NZ] 2.80 ASP 192 [OD1] SB

DENV3 TYR 882 [OH] 3.84 ARG 315 [NH2] H

PRO 884 [O] 2.96 ARG 238 [NH1] H

SER 885 [O] 3.00 TRP 231 [NE1] H

MET 886 [O] 2.86 ASN 235 [ND2] H

ARG 888 [O] 2.95 ASN 188 [ND2] H

ARG 888 [O] 2.94 TRP 184 [NE1] H

ARG 890 [O] 3.03 TRP 142 [NE1] H

ARG 890 [O] 2.84 ASN 146 [ND2] H

TYR 882 [OH] 3.44 GLU 354 [OE2] H

LYS 887 [NZ] 2.79 ASP 192 [OD1] H

LYS 887 [NZ] 2.82 THR 155 [OG1] H

LYS 887 [NZ] 3.07 GLY 150 [O] H

ARG 888 [N] 2.72 ASN 188 [OD1] H

ARG 888 [NH1] 2.65 ASN 228 [OD1] H

ARG 888 [NH2] 2.80 ASN 228 [OD1] H

ARG 890 [N] 2.78 ASN 146 [OD1] H

ARG 890 [NH1] 2.63 GLN 181 [OE1] H

GLU 892 [N] 2.67 SER 105 [O] H

LYS 887 [NZ] 2.79 ASP 192 [OD1] SB

* H = hydrogen bond, SB = salt bridge

doi:10.1371/journal.ppat.1005886.t002
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interactions with the side-chains of Impα residues W142 and N146. Additionally, E892 of NS5
form main chain interactions with S105. The NLS binding determinants, P1-P5, for DENV2
and 3 NS5 are listed in Fig 5B.

The structures of the Impα complexes with DENV2 and 3 C-terminal peptides and models
highlight key interacting residues required for their subcellular localization and as yet unknown
functional modulation in viral life cycle. However, a sequence alignment of this C-terminal
region of DENV1-4 NS5 reveals only minor differences in the NLS binding determinants
across the four serotypes, including with DENV1 NS5 (Fig 5B). Based on the structures, we
therefore hypothesized that residue P884 in the NS5 protein of DENV2 and 3 (and possibly
DENV4 following specific phosphorylation) might be a key determinant for presenting the cor-
rect conformation of the C-terminal peptide region for binding. Conversely, DENV1 T883
(analogous position to P884) may not allow the peptide to adopt a conformation conducive to
binding. To test this hypothesis, we introduced a T883P mutation for DENV1 GFP-NS5 and
P884T for DENV2 GFP-NS5 (Fig 6A). Strikingly the T883P mutation in DENV1 NS5 resulted
in a mostly nuclear localized protein while the P884T in DENV2 and 3 resulted in a mostly
cytoplasmic protein, establishing that a “trans” conformation for the Pro residue (Fig 6B) is
required for the C-terminal NLS peptide to adopt a correct conformation conducive to binding
Impα. We note that a “trans” conformation of a proline residue preceding monopartite NLSs
was also observed in other NLS-Impα structures deposited in the PDB (Fig 6C).

Mutations in DENV2 C-terminal region in infectious cDNA affect virus
replication and NS5 nuclear localization
Overall the structural studies and the subcellular localization studies imply that the conforma-
tional presentation of the NS5 C-terminal residues determines their subcellular localization
during the course of infection. Since we identified the Cter18 of DENV NS5 to be the key region
for differential subcellular localization we embarked on testing the importance of the NLS
binding determinants identified in the structure in the context of virus infection. We intro-
duced K887A/R888A or R890A/R891A into the DENV2 cDNA clone, as previously described
[17]. In vitro RNA transcripts that were produced from these clones were used to transfect
BHK-21 cells and samples were harvested over the course of 5 days to assess viral replication
by real-time qRT-PCR and NS5 localization by IF. No infectious virus was recovered from the
supernatant of DENV2 NS5 K887A/R888A mutant virus and a ~ 2 log lower viral plaque was
observed for DENV2 NS5 R890A/R891A compared to WT virus for day 2 and 3 post-transfec-
tion. Furthermore, a smaller plaque phenotype was observed for the latter (Fig 7A and 7B). To
confirm that no infectious virus was present in the supernatant due to differential plaque mor-
phologies, we carried out real-time qRT-PCR to measure absolute copy numbers of extracellu-
lar viral RNA. In agreement with the plaque assay data, the extracellular viral RNA level for
DENV2 NS5 K887A/R888A mutant virus mirrored the previously published non-replicative
control DENV2 NS5 K330A and remained consistently negative throughout the 5-day experi-
ment, thus indicating no infectious virus particles were being produced for these mutant
viruses (Fig 7C). Next, we also measured the copy numbers of both positive- and negative-
sense intracellular RNA as before [17] and showed that the total intracellular viral RNA copy
numbers of the DENV2 NS5 R890A/R891A mutant virus was at least 10-fold lower than
DENV2WT for days 1–4 post-transfection (Fig 7D). The intracellular viral RNA copy num-
bers for DENV2 NS5 K887A/R888A mutant virus and the non-replicative control NS5 K330A
remained unchanged, implying that was no active RNA replication and the mutation was lethal
to virus. In order to demonstrate that the defect in viral replication is not due to the enzymatic
role of NS5 in viral replication, we purified both bacterially expressed N-terminal His6-tagged
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Fig 6. Impact of Cter18 conformation on DENV1 and DENV2 NS5 subcellular localization. (A) T883P
and P884T mutations were introduced into DENV1 and 2 GFP-NS5 plasmids, respectively. The mutated
plasmids were transfected into Vero cells and fixed at 24 hr post-transfection. Anti-GFP (ab6556 IgG, 1:1000)
antibody was used for immunostaining and digitized images were captured by Zeiss LSM 710 upright
confocal microscope by 63× oil immersion lens. Nuclear to cytoplasmic fluorescence ratio (Fn/c) as previously
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described [17, 29, 30, 42] are indicated and data are shown as mean Fn/c, n! 30 cells from a single assay,
representative of two independent experiments. (B) The Pro884 residue in both DENV2 and DENV3 NS5 C-
terminal NLSs (shown in purple and pink respectively) is in the trans-conformation. The 3σsimulated
annealing Fo-Fc omit map, supports this model and position of the Pro884 residue. Importin-alpha is shown
as yellow ribbons. (C) Conservation of an N-terminal Pro residue in NLSs that bind the major binding site of
importin-alpha. Importin-alpha is shown as grey ribbons and the Pro residues are labelled red. From left to
right the top panel contains PARP2 (5D5K,shown in yellow); Venezuelan Encephalitis Virus (3VE6, shown in
blue), DENV2 (5HHG; shown in purple); and the bottom panel contains SART3/TIP110 (5CTT; shown in
magenta), Ku80 (3RZ9; shown in green), DENV3 (5FC8; shown in red).

doi:10.1371/journal.ppat.1005886.g006

Fig 7. Role of Cter18 NS5 examined in a DENV2 infectious clone. (A-D) BHK-21 cells were electroporated with 10 μg of genomic-length RNA of WT
DENV2 and mutants; supernatants and infected cells were harvested daily and consecutively for 5 days. Supernatants were used to (A and B) check for
plaque production on BHK-21 cells and to (C) determine absolute copy numbers of extracellular viral RNA by real-time RT-PCR. Absolute copy numbers of
viral RNA in log scale per ml of supernatant used for real-time RT-PCRwas plotted; data are shown as the mean ± SD from two independent experiments.
Data was normalised by deriving the absolute copy numbers from the mean values of the standards used in the two independent experiments. (D) RNA was
extracted from infected cells and absolute copy numbers of intracellular viral RNA was determined by real-time RT-PCR. Absolute copy numbers of viral
RNA per μg of RNA used for real-time RT-PCRwas plotted; data are shown as the mean ± SD from two dependent experiments. The mutants were
examined in two separate experiments. K887A/R888A, R890A/R891A and K330A were done in one set of experiment (n = 2) whereas R888A, R888E,
R888K and P884T were done in a separate experiment (n = 2). WT was included in both experiment and only one set of WT data was shown here as
representative of two independent experiments.

doi:10.1371/journal.ppat.1005886.g007
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truncated DENV2 NS5 protein encompassing residues 1–882, or full-length NS5 protein that
contained either K887A/R888A or R890A/R891A mutation for de novo initiation/elongation
and primed elongation assays [34] (S5 Fig). The proteins were purified to>95% as determined
by SDS-PAGE (S5A Fig) and were found to be similarly folded based on similar Tm values as
determined by thermofluor assay (S5A Fig, top panel). As shown in S5B and S5C Fig, both
K887A/R888A and R890A/R891A mutants and C-terminal truncated NS5 protein exhibited
RdRp activity similar to WT NS5 protein. The data collectively suggests that residues 883–900
of NS5 do not influence the in vitro RdRp activity and suggests that the C-terminal region of
NS5 may play an important structural role in viral replication within the RC in an infected cell.

We next examined the subcellular localization and level of dsRNA for DENV2WT and
R890A/R891A mutant in transfected BHK-21 cells by CLSM. We observed the nuclear locali-
zation of DENV2WT NS5 protein as earlier, and the distribution of DENV2 NS5 R890A/
R891A mutant protein was similar to DENV1 NS5 and mainly in the cytoplasm. Notably,
despite the high percentage of NS5 being localized to the nucleus in DENV2WT transfected
cells, we are able to detect the presence of NS5 in the cytoplasm (green, top row) which co-
localizes well with the cytoplasmic dsRNA staining (red, middle row) on day 3 post-transfec-
tion (Fig 8). The level of dsRNA is more scattered and lower in the DENV2 NS5 R890A/R891A
mutant even though much higher level of NS5 is present in the cytoplasm (Fig 8, right panel).
This data suggests that only a fraction of total NS5 in the infected cell is needed for the viral
RNA replication in the membrane associated replication complex within the cytoplasm and
that the majority of the protein is shunted to the nucleus or other subcellular locations.

To explore the lethality involved with mutations in the basic residues that form the mono-
partite NLS within Cter18,in more detail we mutated DENV2 NS5 P884 to Thr (as found in
DENV1 at position T883) in order to delineate the importance of presentation of the NLS for
importin binding and its impact on infectivity and viral RNA replication. We also made a sin-
gle mutation at DENV2 NS5 R888 to alanine, lysine or glutamate because this residue is
completely conserved in all flaviviruses whilst K887 is not. Like the DENV2 NS5 K887A/
R888A, the R888A and R888E mutants were completely non-viable (Fig 7A, 7C and 7D).
R888K however was severely attenuated and no plaques could be observed although more than
2 log reduction in extracellular RNA could be detected by qRT-PCR. Interestingly, DENV2
NS5 P884T replicated like WT DENV2 NS5 but it showed a conspicuous difference in NS5
subcellular localization (Figs 7 and 8) similar to the data obtained for GFP-NS5 constructs
bearing the same mutations (Fig 6A). Remarkably, the single amino acid change from Pro (as
found in DENV2, 3 and 4) to Thr (as found in DENV1) at this position resulted in a more cyto-
plasmic DENV2 NS5, but yet its replication is still similar to WT DENV2 NS5. Taken together,
the mutations in the C-terminal region in the DENV2 infectious clone suggest that R888 has a
critical role in replication initiation that is independent of the subcellular distribution of NS5
but the C-terminal region may have an essential role in early events of RNA replication analo-
gous to that of the HCV C-terminal peptide [41].

Discussion
The Cter18 of DENV1-4 NS5 defines its polyphenotypic sub-cellular
localization
The elucidation of both DENV3 NS5 RdRp and the more recent full length NS5 structures
reveal that NS5 residues 320–405 form an integral part of the RdRp domain, and are distrib-
uted within α2-α7 helices [13]. The α2-α4 helices (bNLS residues 320–341) form part of the
thumb subdomain; α5 and α7 helices (residues 349–355 and 397–405 respectively) are found
at the finger tips, between the fingers and thumb subdomains and α6 helix (residues 367–386)
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forms part of the palm subdomain. The a/bNLS (α6-α7) is thus distributed between the fingers
and palm subdomains. In conjunction with biochemical and reverse genetics studies, NS5 resi-
due K330, which occurs immediately N-terminal to α3, has been unambiguously identified as
being critical for NS3 binding and viral RNA replication [26]. Furthermore, structures of full
length NS5 [34 ] revealed that residue R352, which was also thought to be part of the bNLS,
makes extensive interactions with residues in the MTase domain of NS5 and these interdomain
interactions have now been shown to be functionally critical for non-enzymatic roles of NS5 in
virus RNA replication and infectivity [34 ]. Taken together and given the location of bNLS and

Fig 8. Polyphenotypic distribution of NS5 and dsRNA in wild type andmutant DENV in transfected cells. BHK-21 cells transfected with (A) DENV2
WT, (B) DENV2 R890A/R891A (C) DENV2 P884T and (D) DENV2 R888K (as in Fig 7) were analysed for presence of NS5 (green) and dsRNA (red) by IFA
on day 3 post-transfection. Digitized images were captured by Zeiss LSM 710 upright confocal microscope by 63× oil immersion lens and image analysis
was performed on with ImageJ software [52] to determine the nuclear to cytoplasmic fluorescence ratio (Fn/c) of NS5 as done previously [17, 29, 30, 42].
The mean Fn/c ± SEMwas calculated for! 30 cells and the Fn/c values together with % of infectivity are indicated. Data from one experiment are shown.
Insets: zoom-in views of the dotted boxed regions.

doi:10.1371/journal.ppat.1005886.g008
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a/bNLS, it is not surprising that mutations [29, 30] or truncations [13, 42] in residues 320–405
destabilize the NS5 protein structure and can conceivably result in a pleiotropic effect on NS5
activity, nuclear localization and RNA replication. Therefore, from a structural perspective the
residues 320–405 of DENV2 NS5 are unlikely to direct subcellular localization. This notion is
further supported by analysis of the nuclear localization ability of residues DENV 2 NS5 resi-
dues 368–405 fused to 2xGFP (S6 and S7 Figs) in comparison with the newly discovered C-ter-
minal 18 residues or the SV40 T antigen sequence.

The investigation into the distinctly different subcellular localization of DENV1 and
DENV2 NS5 using gene swapping and CLSM quantification led to the surprising finding that
the C-terminal 18 residues from 883–900 of NS5 is sufficient to determine its nuclear or cyto-
plasmic localization. This region does not appear to be necessary for in vitro RdRp activity (S5
Fig) and is not visible in most of the NS5 structures reported [11, 13, 34, 35]. The importance
of the region in subcellular localization is supported by: (i) truncation of the C-terminal end of
DENV2 NS5 by removing the last 18 amino acid residues, greatly reduced the nuclear targeting
ability of NS5 (Fig 3B) despite the presence of an intact a/bNLS [29, 30], (ii) replacement of the
C-terminal sequence of DENV1 NS5 with the corresponding region of DENV2 NS5, resulted
in the protein being predominantly localized in the nucleus compared to WT DENV1 NS5
which is usually distributed between the cytoplasm and nucleus (Fig 3B), (iii) mutation of
DENV2 NS5 C-terminal residues through alanine replacement or nonsense mutation resulted
in a predominantly cytoplasmic NS5 protein (Fig 3A and 3B) and (iv) a chimeric protein con-
struct of the C-terminal region of DENV2 NS5 (D2883-900) with a tandem GFP gene (2×GFP)
was targeted to the nucleus (S8 Fig) to the same extent as the classical monopartite SV40 NLS
compared to 2x GFP alone which was predominantly cytoplasmic.

However, one of the puzzles was that even though the binding determinants of Cter18 of
DENV2 and 3 NS5 that bound to Impα are similar to Cter18 of DENV1 NS5, the binding affin-
ity of the latter for the nuclear transport factor was weak (Fig 4). This prompted us to hypothe-
size that Thr883 (analogous positions P884 in DENV2,3 &4) may not constrain the
presentation of DENV1 NS5 Cter18 for binding to Impα as might Pro in the same position.
Indeed CLSM studies confirmed this notion: GFP-DENV1 NS5 T883P with presumably
restricted presentation of the Cter18 became enriched mainly in the nucleus since the binding
determinant is present in this sequence. In stark contrast GFP-DENV2 NS5 P884T showed the
opposite phenotype and became predominantly cytoplasmic (Fig 6). More importantly, even
in the context of DENV2 infectious clone the NS5 P884T mutation resulted in NS5 being
mostly localized to the cytoplasm demonstrating that a single amino acid change can result in
altered phenotype. Our data demonstrates that Cter18 of DENV2 and 3 NS5s may directly
interact with cellular importins to target the protein to the nucleus while the Cter18 of DENV1
NS5 may have evolved to bind to other host factors as well and is mostly located in the cyto-
plasm. The Cter18 of DENV4 NS5 has the conserved Lys at P2 position found in NLSs but
lacks other binding determinants needed for in vitro binding to Impα. However it has been
predicted that Ser894 within Cter18 of DENV4 may be phosphorylated prior to shuttling to the
nucleus (Figs 1 and S8) (40). This has not been formally shown in the context of infectious
virus although computational modelling of Cter18 of DENV4 NS5 phosphorylated at Ser894
suggests it may interact with residues in Impα (S9 Fig). This requires further validation. Fur-
thermore the mostly cytoplasmic location of DENV2 NS5 P884T makes it a valuable mutant to
explore in detail the non-replication functions of NS5 that is involved in the modulation of
innate immune response and other host factor interactions that may contribute to dengue
pathogenesis [20–24].

Taken together, these findings demonstrate that the sequence directing the subcellular local-
ization of DENV NS5 occurs within residues 883–900. The NS5 structural studies highlighted
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the challenges for residues 320–405 to form the signal sequence although the thumb subdo-
main has been identified as a “hot spot” for protein interactions [17, 26, 34].

Structural determinants of polyphenotypic DENV NS5 subcellular
localization
In this study the structures of Impα bound to DENV2 and 3 C-terminal NLS regions of NS5
provided a structural basis for differential nuclear localization. The DENV2 and 3 C-terminal
18 residues follow the consensus XXKR(^DE)(R/K), and is a class 2 NLS responsible for the
nuclear localization of the NS5 [43]. DENV1 and 4 do not contain the same class 2 NLS which
further suggests this region may be responsible for the differential subcellular localization
observed within dengue serotypes. The two NS5 peptides bind the major binding site (ARM
repeats 2–4) of Impα comprised of four principal binding cavities that interact with the NLS
side-chain residues P2-P5 (Fig 5A and 5B). For all characterised NLSs, the most crucial struc-
tural determinant is a Lys residue located at position P2 [44]. The P2 Lys side-chain forms a
salt bridge with the highly conserved importin-α Asp192 side-chain (Table 2). Although there
is an observed preference for long basic amino-acids at the other major binding site positions
(P3, P4, P5), NLSs can have a range of different amino-acids in these positions. The conserved
Lys residue in the P2 major binding site groove is maintained in the in Cter18 of DENV1-4, and
other NLS structures deposited to the PDB (Table 3). Overall, the importin-α recognition site
used by the C-terminal region of NS5 to mediate nuclear localization is highly conserved, and
the same site used by other cellular NLSs. Functional studies revealed that the highest affinity
of Impα is to the C-terminal region of DENV2 and 3 NS5 which may be the driver for their
prominent nuclear localization compared to DENV1 and 4. Complex structures of Impα and
DENV2 and 3 C-terminal NLS region of NS5 provide a structural basis that the classical mono-
partite KRFR motif in the C-termini of DENV2 and DENV3 NS5 is responsible for nuclear
localization.

Arginine 888 is critical for flaviviral RNA replication
Although>95% of the NS5 is in the nucleus of DENV2 infected cells, the images obtained in
this study clearly show co-localization between NS5 and dsRNA clustered in the perinuclear
region (Fig 8A). Similarly for DENV1 NS5 where a large proportion of the protein is distrib-
uted in the cytoplasm, co-localization between NS5 and dsRNA in the perinuclear region is
similarly confined to a specific area. These images suggest that for RNA replication to occur in
a coordinated fashion within the replication complex, it may be necessary to limit the level of

Table 3. Comparison of PDB deposited NLSs binding only the Impα2 major site.

Source protein IMPα2 Major cNLS binding site PDB code

P1 P2 P3 P4 P5

Dengue 2 NS5 C-terminus M K R F R 5HHG (in this paper)

Dengue 3 NS5 C-terminus M K R F R 5FC8 (in this paper)

SV40T K K K R K 1EJL [60], 1BK6 [61], 1Q1S [62], 1Q1T [62]

Human androgen receptor R K L K K 3BTR [63]

αIBB L K K R N 1IAL [50], 1IQ1 [64]

Venezuelan Equine Encephalitis Capsid A K K P K 3VE6 [65]

Ku70 S K R P K 3RZX [66]

Ku80 A K K L K 3RZ9 [66]

CLIC4 A K K Y R 3OQS [67]

doi:10.1371/journal.ppat.1005886.t003
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NS5 in this environment. In this respect, it is possible that the Cter18 of DENV1-4 NS5s may
have undergone adaptive evolution to engage specific cellular proteins to shuttle the excess
NS5s away from the replication factories. The fully functional DENV2 P884T mutant and the
lethality of R888A mutation support this notion and suggests that the C-terminal region plays
essential roles in the very early event in viral RNA replication and are independent of their role
in nuclear localization (Figs 8C and S10). Indeed residue R888 is conserved in all four dengue
serotypes at this position and also completely conserved in all flaviviruses including Zika virus
[45] and Tick-Borne Encephalitis Virus NS5 (Fig 9A). So what is the role of R888 and how can
it impact viral RNA replication?

One possibility is that it may be involved in an RNA binding event at the very early stage of
viral RNA replication that is conserved in all flaviviruses. Mutational study on basic residues of
NS5 have identified dibasic residues on the thumb subdomain, namely K840/R841 (located
within helix α26), which are lethal to virus when mutated to alanine, despite an intact polymer-
ase activity that can use viral RNA as template [46]. Based on the importance of the K887/R888
in this study and its location in thumb subdomain, it is tempting to hypothesize that R888 may
be involved in binding to RNA for a critical RNA replication initiation event.

A second possibility that is supported by available NS5 structures and functional studies in
the present work is that R888 may be involved in the oligomerization of NS5 which may be
required for de novo RNA replication. This notion is based on the recently reported DENV3
NS5 structure carrying a six-residue priming loop deletion (795WSIHAH800) which crystallized
as dimers [36] and revealed that the C-terminal region of NS5 can interact with neighbouring
NS5 monomers. In the “type 2 dimers” where the C-terminal region could be resolved, residues
R890 to G897 from one monomer formed an α-helix that interacts with the MTase domain of
another NS5 molecule. Importantly R888 in the “type 2 dimer”makes a key interaction with
the hydroxyl group of Y838, which is also completely conserved in all flaviviruses and is located
in a loop between α25 and α26 in the same monomer (Fig 9B). It is likely that critical interac-
tions for de novo priming are correctly positioned when R888 bonds with Y838 when NS5 oli-
gomerizes during early stages of the infection. The survival of the virus is dependent on
successful translation of the genomic RNA that is released from the infecting virion and the
copying of negative-strand RNA template. Once sufficient negative-strand RNA is made, NS5
interacts with NS3 to carry out further synthesis of genomic RNA for packaging. Previously we
showed that N570A mutation in NS3 permits negative-strand RNA synthesis in the early stages
of infection but the weakened NS3-NS5 interaction prevents further new synthesis of positive-
strand genomic RNA required for packaging the infectious virion. The NS5 R888A and R888E
mutations are lethal in the infectious clone, whilst R888K appears to be slightly viable and
infectivity was around 10% compared to WT and is able to support some negative-strand RNA
synthesis compared to the former (S11 Fig). It is tempting to propose that the accumulation of
negative-strand RNA in the first 3–12 hour post infection requires NS5 oligomerization. At the
later stages NS5 interaction with NS3 and other unknown factors within the RC may require
that the concentration of NS5 is limited and this is achieved by the excess NS5 being shunted
to different subcellular locations using sequence features on the exposed C-terminal region to
either the nucleus or throughout the cytoplasm away from the RC (Fig 9B). While this manu-
script was under review, independent experimental support for the crucial role of Y838 in repli-
cation initiation was published in a study by Hodge and colleagues [47] using yeast three
hybrid RNA binding to DENV RdRp as well as site directed mutatgenesis studies in a DENV
replicon. They showed that the 3’UTR panhandle structure interacts near the thumb subdo-
main of RdRp in a region that contains several positively charged residues and also including
the conserved Y838 that has been implicated in this work to be involved in RNA interactions
together with R888. Based on RNA binding and mutational studies the authors suggested that
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Fig 9. Sequence variation and conformational flexibility of NS5 Cter18 regulates the oligomeric state, nuclear localization, viral replication. (A)
Sequence variation of residues 828–848 and 883–900 of DENV1–4 and representative flaviviruses. Arrow highlights the completely conserved Y838
and R888. The alignment was performed using Clustal Omega. The virus sequences and their GenBank accession numbers are as follows: DENV1-4
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the stacking interaction between the sidechain of Y838 and the RNA base may be required for
replication initiation. Taken together, the C-terminal region which is located in the thumb sub-
domain along with the priming loop (emanating from α-helices in the thumb loop) may hold
the key to initiate de novo RNA synthesis.

In summary, we have identified a motif within the Cter18 of NS5 from DENV1-4 and possi-
bly other flaviviruses as main determinant for differential subcellular localization and distribu-
tion away from the RCs. Similar to HCV, NS5 Cter18 of flaviviruses may be critical for the early
events during RNA replication [41]. The residues R888 and Y838 that are found to interact
with each other in DENV are conserved in all flaviviruses including Zika virus that is causing
high numbers of children to be born with birth defects (microcephaly) as well as causing
increasing number of cases with Guillain-Barré syndrome [45]. The present discovery may
guide the design of a pan-flavivirus inhibitor.

Materials and Methods
Cell lines and virus strains
Huh-7 cells (ATCC) were cultured in DMEMmedium (Gibco) supplemented with 10% FBS,
100 units/ml penicillin, and 100 μg/ml streptomycin (1% P/S). Vero (ATCC) and HEK293T
(ATCC) cells were cultured in DMEM high glucose medium (Gibco) supplemented with 10%
FBS. A549 cells (ATCC) were cultured in Ham’s F-12K medium (Gibco) supplemented with
10% FBS and 1% P/S. BHK-21 cells (ATCC) were cultured in RPMI1640 medium (Gibco) sup-
plemented with 10% FBS and 1% P/S. All cells were maintained at 37°C, with 5% CO2. C6/36
cells (ATCC) were cultured in RPMI1640 medium supplemented with 25 mMHEPES, 10%
FBS and 1% P/S at 28°C, in the absence of CO2.

The four DENV serotypes (GenBank accession numbers for the relevant sequences are:
DENV1 (EU081230), DENV2 (EU081177), DENV3 (EU081190) and DENV4 (GQ398256)
that were used in the study was grown in C6/36 cells and titered in BHK-21 cells before storage
at -80°C. These viruses were isolated during a local dengue outbreak that occurred in 2005 as
part of the Early Dengue infection and outcome (EDEN) study in Singapore [48].

Plasmid construction
His6-tagged DENV2 NS5 bacterial expression constructs: DENV2 NS5 gene was amplified by
PCR from DENV2 cDNA clone (GenBank accession number: EU081177) [17, 48]. The PCR
fragment was cloned into pET28b (Novagen) that was pre-cut with NdeI and SacI by recombi-
nation with CloneEZ PCR cloning kit (Genscript) according to manufacturer’s protocol.

GST-tagged DENV1-4 NS5 peptide bacterial expression constructs: DENV1-4 NS5 gene
fragments that corresponded to residues 865–900 of DENV2 NS5 were ordered from Genscript
and amplified by PCR. The PCR products were digested with BamHI and EcoRI and cloned
into pre-cut PGEX4T-1 vector.

GFP-tagged DENV1 and 2 NS5 mammalian expression constructs: DENV1 and 2 NS5
genes were amplified by PCR from DENV1 (GenBank accession number: EU081230) and

(same GenBank accession number as above), Japanese Encephalitis virus (JEV; M55506), West Nile virus (WNV; M12294), Murray Valley Encephalitis
virus (MVE; AF161266), Tick-Borne Encephalitis Virus (TBEV; U27495), Yellow Fever virus (YFV; X15062) and Zika virus (ZIKV;KU497555) [58]. (B)
Model of the role of the C-terminal region of NS5 that is required for the formation of dimer and the initiation of de novo viral RNA replication and
interaction with importin-α or NS3. On the left: de novo RNA synthesis by NS5 oligomers independent of NS3 interaction as implied by NS3 N570A
mutation [59] and non-viability of NS5 R888A as identified in this study. On the right: NS3 interaction with NS5 thumb domain in the RC will support
higher plus strand RNA synthesis or NS5 Cter18 interacts with host importins or other factors to be localized to nucleus or cytoplasm in a regulated
manner.

doi:10.1371/journal.ppat.1005886.g009
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DENV2 cDNA clone (same GenBank accession number as above) [17, 48], respectively. The
PCR fragments were digested with XhoI and XmaI and cloned into pre-cut pEGFP-C1 vector
(Clontech).

DENV1 and 2 GFP-NS5 domain-swapped and motif-swapped gene segments were gener-
ated by overlap extension PCR. DENV1 and DENV2 GFP-NS5 constructs (as described) were
used as templates for overlap extension PCR. The PCR products were digested and cloned into
pEGFP-C1 vector as described above.

2×GFP-tagged DENV1-4 NS5 mammalian expression constructs: To create a 2×GFP vec-
tor, GFP gene was amplified by PCR from pEGFP-C1 plasmid with the forward primer 5’-G
TACAAGTCCGGAATGGTGAGCAAGGGCGAGGAGC-3’ and the reverse primer 5’-CG
CCGCCTCGAGCCTTGTACAGCTCGTCCATGCCGAG-3’. The PCR product was digested
with BspEI and XhoI and cloned into pre-cut pEGFP-C1 vector. DENV1-4 NS5 gene fragments
that corresponded to residues 883–900 of DENV2 NS5 were amplified by PCR from DENV1-4
cDNA clones (GenBank accession numbers for the relevant sequences are: DENV1 (same Gen-
Bank accession number as above), DENV2 (same GenBank accession number as above),
DENV3 (EU081190) [48] and DENV4 (GQ398256) [49]). The PCR products were digested
with XhoI and XmaI and cloned into pre-cut 2×GFP vector. SV40NLS gene fragment (peptide
sequence: PKKKRKV) was also cloned similarly into 2×GFP vector to serve as a positive con-
trol for monopartite NLS.

The full list of primers used for all the above mentioned plasmid constructions is available
upon request.

Plasmid transfection
One day prior to transfection, 1.6×105 Vero cells were seeded onto 12-well plate containing
glass cover slips, and incubated overnight at 37°C with 5% CO2. The following day, Vero cells
were transfected using Lipofectamine 2000 (Invitrogen) with 2 μg of plasmid per well respec-
tively, according to the manufacturer’s protocol.

Site-directed mutagenesis
Deletion and point mutation of NS5 basic residues to alanine in both DENV2 His6-tagged and
GFP-tagged NS5 plasmids were done using QuikChange II XL site-directed mutagenesis kit
(Stratagene), according to the manufacturer’s protocol. The full list of primers is available
upon request. Mutations were confirmed by automated DNA sequencing.

pWSK29 D2 fragment 3 (refer to [17], see Fig 4) was subjected to site-directed mutagenesis
to generate point mutation at residues 884, 887, 888, 890 and 891. Mutation in fragment 3
clone was confirmed by sequencing and was excised from the vector by XbaI and SacI and
cloned into pWSK29 D2 fragment 1+2 plasmid that was similarly cut with XbaI and SacI [17].

Bacterial protein expression and purification
His6-tagged DENV2 NS5 bacterial expression constructs were transformed into Escherichia
coli (E. coli) BL21 CodonPlus (DE3)-RIL cells (Stratagene) for protein expression and purified
as previously published [34]. Heat stability analyses by thermo-fluoresence were performed on
purified proteins as described previously to check protein folding and stability [11].

GST-tagged DENV1-4 NS5 peptide bacterial expression constructs were transformed into
E. coli BL21 (DE3)-pLysS cells (Novagen). From an overnight starter culture, 500 μl was used
to inoculate each covered sterile 2 L baffled flask containing 500 ml expression media (1mM
MgSO4, ampicillin (100 μg/ml), 5% 20x NPS, 2% 50x 5052, 1% Tryptone, 0.5% yeast extract).
The sterile flask was incubated at RT on a platform orbital at 90 rpm for 24 h. The cells were
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then harvested via centrifugation at 18°C and 6000 rpm, and the cell pellet resuspended in GST
buffer A. The resuspended cells were run on a 4–12% Bis-Tris gel to ensure overexpression of
GST-tagged DENV NS5 peptide.

Purification of GST-tagged DENV1-4 peptide constructs in complex with mouse importin-
α lacking the auto-inhibitory importin-β binding domain (Impα) [50] were performed using
on-column methods. Firstly, the cell suspensions were subjected to two freeze/thaw cycles and
the addition of 1 ml lysozyme (20 mg/ml) to lyse the cell wall, and addition of 10 μl DNase
(5 μg/ml) to degrade the DNA and reduce the viscosity of the sample. The cell extract was cen-
trifuged at 12,000 rpm for 30 min at 10°C to remove cell debris, and further clarified by passage
of the supernatant through a 0.45 μm syringe filter.

The soluble extract was injected onto a GST Buffer A equilibrated GST-trap 5 ml column
using a superloop at 0.5 ml/min to allow interaction of the with GST-trap column. Following
injection, the column was washed with 10 column volumes of GST buffer A and purified Impα
was injected into column using a superloop at 0.5 ml/min to allow interaction of Impα with
bound GST-NLS. The GST-trap column was then further washed with GST buffer A before
elution of the complex with GST buffer B containing 10 mM glutathione. Elution fractions
were analysed by SDS-PAGE, and pooled. Removal of the GST affinity tag, a necessary proce-
dure for crystallisation, was performed by adding 50 μl thrombin (0.5 units/μl) and incubated
overnight at 4°C. Separation of the GST tag from the NLS-Impα complex was achieved by gel
filtration before concentration to 7.5 mg/ml for DENV2 C-NLS and 16 mg/ml for DENV3
C-NLS. All concentrated samples were assessed for purity using SDS-PAGE.

Generation of in vitro transcribed m7-capped DENV 5’UTR-core-3’UTR
RNA template
The DENV2 RNA template used in de novo initiation/elongation assay comprised of the DENV2
50-UTR sequence, 72nt of the capsid-coding sequence, followed by the 30-UTR [34]. Both the 50-
UTR-core and 30-UTR sequences were obtained by PCR fromDENV2 cDNA clone (same Gen-
Bank accession number as above) [17, 48] and overlap PCR was performed to join the T7 pro-
moter-50-UTR-core PCR product to the 30-UTR sequence. The final PCR product (DENV 50-
UTR-core-30-UTR) was gel purified and was in vitro transcribed using the T7 mMESSAGEmMA-
CHINE kit (Ambion) according to the manufacturer’s protocol, with slight modification. Briefly,
the reaction mix contained 5.6 μl of linearized DNA (!3 μg), 2 μl of rGTP, rCTP and rUTP,
0.4 μ1 of rATP, 3 μl of m7G(5')ppp(5')A RNA Cap Structure Analog (total 2.5 units), 1 μ1 RNase
inhibitor, 2 μ1 T7 RNA polymerase and 2 μ1 10× reaction buffer. The reaction mix was initially
incubated at 37°C for 30 min, and the reaction was spiked with an additional 1.8 μl rATP and
0.2 μl 10× buffer before further incubation at 37°C for 2 h. 1 μl of TURBODNase was added and
the reaction was incubated at 37°C for 15 min to remove the DNA template. Following the addi-
tion of 27 μl nuclease-free water and 30 μl lithium chloride, RNA was allowed to precipitate over-
night at -80°C. After overnight incubation, the reaction mix was spun at 13,200 rpm at 4°C for 15
min to pellet the RNA. The supernatant was carefully removed and the RNA pellet was resus-
pended in 1 ml of 70% ethanol. The mixture was spun at 13,200 rpm at 4°C for 10 min and the
70% ethanol was removed. The RNA pellet was allowed to air-dry at RT and resuspended in
RNase-free water. The RNA concentration was measured by NanoDrop 2000 UV-Vis Spectropho-
tometer. The resuspended RNA was run on 0.6% DNA agarose gel to check the RNA integrity.

De novo initiation/elongation and elongation assay
The de novo initiation/elongation assay was carried out as previously described [34], with slight
modification. Briefly, the reaction comprised of 100 nM DENV2 NS5 wild-type or mutant
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protein, 100 nM in vitro transcribed m7-capped DENV2 5´-UTR-core-3´-UTR RNA, 20 μM
ATP, 20 μMGTP, 20 μMUTP, 5 μMAtto-CTP (Trilink Biotechnologies), in a volume of 15 μl
of assay buffer (50 mM Tris-HCl, pH 7.5, 10 mM KCl, 1 mMMgCl2, 0.3 mMMnCl2, 0.001%
Triton X-100 and 10 μM cysteine). The elongation assay was carried out as previously
described [51], with slight modification. Briefly, the reaction comprised of 100 nM DENV2
NS5 wild-type or mutant protein, 100 nM pre-annealed DENV2 30-UTR-U30 RNA (compris-
ing a 50 single-stranded sequence of U30 followed by a 10-nt duplex hairpin sequence from
DENV2 30-UTR; 50-U30-AACAGGUUCUAGAACCUGUU-30) [51], 5 μMAtto-CTP (Trilink
Biotechnologies), in a volume of 15 μl of assay buffer (50 mM Tris-HCl at pH 7.5, 10 mM
KCl, 0.5 mMMnCl2, 0.01% Triton X-100, and 10 μM cysteine). The DENV2 30-UTR-U30

RNA was heated at 95°C for 3 min, and cooled to RT for pre-annealing. All reactions were
allowed to proceed for up to 3 h at RT. At the indicated time-points, 10 μl of 2.5× STOP
buffer (200 mM NaCl, 25 mMMgCl2, 1.5 M DEA, pH 10; Promega) with 25 nM calf intesti-
nal alkaline phosphatase (CIP; New England Biolabs) was added to the wells of both assays
to stop the reactions. The plate was shaken and centrifuged briefly at 1200 rpm, followed by
incubation at RT for 60 min and the released AttoPhos was monitored by reading on a
Tecan Infinite F200 PRO microplate reader at excitationmax and emissionmax wavelengths of
422 nm and 566 nm, respectively. All data points were collected in duplicates in 384-well
black opaque plates (Corning).

Confocal laser scanning microscopy and computation of nuclear to
cytoplasmic fluorescence ratio (Fn/c)
At an appropriate time post-transfection, cells that were either transfected with mammalian
expression plasmids or in vitro transcribed viral RNA, or mock-transfected were fixed with ice-
cold methanol: acetone (1:1) for 15 min at -20°C. Following fixation, cells were washed once by
PBS and analyzed by immunofluorescence assay, using primary antibodies against GFP
(ab6556, 1:1000; Abcam), or NS5 (5R3, 30 nM [33]), and secondary antibodies coupled to
Alexa-Fluor 488 or Alexa-Fluor 594 (Invitrogen). Coverslips were mounted using ProLong
Gold antifade reagent with DAPI (Invitrogen). Digitized images were captured by Zeiss LSM
710 upright confocal microscope (Carl Zeiss, Germany) at 40/64×magnification. Image pro-
cessing was performed with ImageJ software [52]. For grey-scale image, the 8-bit full-colour
image was converted to 16-bit grey-scale image.

Image analysis was performed on digitized images with ImageJ software [52] to determine
nuclear to cytoplasmic fluorescence ratio (Fn/c) of each cell using the following formula: Fn/c =
(Fn-Fb)/(Fc-Fb), where Fn is the nuclear fluorescence, Fc is the cytoplasmic fluorescence and Fb
is the background fluorescence [28–30, 42]. Fn/c value of> 1 indicates nuclear localization,< 1
indicates cytoplasmic localization and = 1 indicates equal distribution between the nucleus and
cytoplasm. The mean Fn/c ± SEM was calculated for! 30 cells.

Microtitre plate binding assays
The wells of the glutathione coated plate (Thermo Scientific Pierce) were rinsed three times
with 200 μl of wash buffer (PBS containing 0.05% Tween-20), followed by addition of 100 μl of
each GST-NLS cell lysate in triplicate. The plate was covered and incubated for 1 h at RT and
then washed a further three times with wash buffer. 100 μl of serially diluted Impα (2-fold serial
dilutions in PBS, starting from 12.5 μM) was added to each respective wells, and incubation for
1 h at RT. The plate was then washed three times with wash buffer and 100 μl of the prepared
anti-6x His tag HRP antibody (1/5000 dilution) added to each well. The plate was incubated in
the dark for 1 h at RT, and washed three times with 200 μl/well of wash buffer. The binding
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reaction was initiated by the addition of 100 μl of 3,30,5,50-tetramethylbenzidine (TMB) sub-
strate per well. After 20 min incubation, 100 μl of stop solution (1 M H2SO4) was added to stop
the reaction, and measured using a plate reader at 450 nm. The KD was calculated using the
one-site specific binding analysis with Prism Graphpad 6.0f.

Bead-binding assay
100 μl of clarified GST-NLS cell lysate was incubated with 50 μl of glutathione-agarose beads
for 30 min at 4°C. Following incubation, the beads were washed three times in 1 ml of GST
buffer A (50 mM Tris pH 8.0 and 125 mM NaCl) to remove unbound GST-NLS fusion pro-
tein. The bound beads were resuspended in 50 ml GST buffer A to obtain a 1 nM concentra-
tion of bound GST-NLS fusion protein. Serially diluted Impα (2-fold serial dilutions in GST
buffer A, starting from 800 nM) was incubated with GST-NLS fusion protein bound beads
for 30 min at 4°C. The beads were pelleted at 500 x g for 5 min and unbound Impα was
removed. Bound Impα and GST-NLS fusion proteins were eluted by incubating beads with
100 μl of GST buffer B (50mM Tris pH 8.0, 125 mM NaCl and 10 mM reduced L-glutathi-
one) for 10 min at RT. The beads were pelleted and the eluted proteins were analysed by
SDS-PAGE. Densitometry and binding affinity analyses were performed using ImageJ and
Prism Graphpad 6.0f, respectively.

In vitro transcription, RNA electroporation, plaque assay, real-time RT-PCR (reverse tran-
scription-PCR) and immunofluorescence assay (IFA)

The above experiment was performed as per described previously [17]. IFA against NS5
protein by anti-NS5 human antibody 5R3 [34] and dsRNA by anti-dsRNA mouse antibody J2
(Scicons) was performed. IFA images were captured on inverted fluorescence microscope
(Olympus IX71, Center Valley, USA) at 40x magnification and image analysis was performed
with ImageJ software [52].

Crystallization, data collection and structure solution of Impα-NLS
complexes
Crystals of Impα in complex with DENV3 NS5 C-terminal NLS were obtained in a condi-
tion containing 1 M sodium citrate and 10 mM DTT at pH 7, and DENV2 NS5 C-terminal
NLS were obtained in a condition containing 1 M ammonium sulfate and 0.1 M sodium
HEPES at pH 7. X-ray diffraction data were collected at the Australian Synchrotron on the
MX1 macromolecular crystal beam line [53]. Data were processed using iMosFlm [54],
where the diffraction images were indexed and integrated, then scaled, phased and refined
using AIMLESS [55–57], Phenix Phaser MR, and Phenix.refine, respectively [57]. Struc-
tural modelling was performed using COOT to ensure all molecules were correctly posi-
tioned within the electron density map generated from the collected X-ray data. Once the
best fit between the structural model and experimental data was achieved (measured by
R-free, R-work), and other model validation procedures confirmed that the model was of
good quality, the model and data was deposited into the protein data bank (PDB) for final
validation.

Protein Data Bank deposition
All protein structure coordinates and structure factor files for DENV2 C-terminal NLS and
DENV3 C-terminal NLS complexes with importin alpha are available from the Protein Data
Bank database (accession numbers: 5HHG and 5FC8, respectively).
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Statistical analysis
Student’s t-test was used to determine statistical significance. P values! 0.05 were considered
as significant.

Supporting Information
S1 Fig. NS5 subcellular localization pattern in DENV infected A549 and Vero cells. (A)
A549 cells and (B) Vero cells were infected with DENV1-4 at MOI 10 and the infected cells
(>90%) were analysed for presence of NS5 (green) and dsRNA (red) by IFA at 24h post-infec-
tion. Digitized images were captured by Zeiss LSM 710 upright confocal microscope by 63× oil
immersion lens. Image analysis was performed on digitized images of NS5 staining with ImageJ
software [52] to determine nuclear to cytoplasmic fluorescence ratio (Fn/c) as done previously
[28–30,42]. The mean Fn/c ± SEM was calculated for" 30 cells.
(TIF)

S2 Fig. Sequence alignment of residues 883–900 of DENV1-4 NS5 with SV40 monopartite
NLS. The alignment was performed using Clustal Omega. Basic amino acid residues similar to
those of DENV2 NS5 (at position 887–888 and 890–891) in the aligned sequences are shaded
in grey. The virus sequences and their GenBank accession numbers are as follows: DENV1
(EU081230), DENV2 (EU081177), DENV3 (EU081190) and DENV4 (GQ398256). The resi-
due numbering is indicated above the alignment and it is based on DENV2 protein sequence.
(TIF)

S3 Fig. Subcellular localization pattern of full-length and truncated DENV1 and DENV2,
and chimeric full-length DENV1/2 GFP-NS5 in BHK21 and HEK293T cells. (A and B)
GFP-NS5 protein constructs described in Figs 2A and 3A were transfected into (A) BHK21
cells and (B)HEK293T cells and fixed at 24-hour post-transfection. Anti-GFP (ab6556 IgG,
1:1000) antibody was used for immunostaining. Digitized images were captured by Zeiss LSM
710 upright confocal microscope by 40× oil immersion lens. The construct numbers used in
Fig 2A are indicated in parenthesis in the images.
(TIF)

S4 Fig. Crystals of DENV2 and DENV3 NS5 C-terminal NLS:Impα. (A and B) Gel filtration
profiles of (A) DENV2 NS5 C-terminal NLS:Impα and (B) DENV3 NS5 C-terminal NLS:
Impα. To obtain DENV-NLS:Impα complex, size exclusion chromatography was undertaken
on AKTA FPLC using an S200 26/60 column (GE Healthcare). A protein sample of! 12 ml
was loaded into a column that was pre-equilibrated with GST buffer A at a flow rate of 2.5 ml/
min. The larger DENV-NLS:Impα complex eluted before GST dimer and good separation was
observed. Fractions containing pure DENV-NLS:Impα complex were combined, and concen-
trated using a 15 ml, 10 kDa Amicon centrifuge device as per manufacturer’s instruction. The
final purified and concentrated protein DENV2 (7.5 mg/mL) and DENV3 (16 mg/mL) were
put into crystal trials and yielded rod-shaped crystals. (C and D) Protein crystals in hanging
drop. Rod-shaped crystals of Impα in complex with (C) DENV2 NS5 C-terminal NLS and (D)
DENV3 NS5 C-terminal NLS were obtained in conditions containing 1 M ammonium sulfate
and 0.1 M sodium HEPES at pH 7, and 1 M sodium citrate and 10 mM DTT at pH 7, respec-
tively.
(TIF)

S5 Fig. Biochemical characterization of RdRp activity of C-terminal truncated and mutated
NS5 proteins. (A)His6-tagged NS5 proteins were expressed in E. coli and were purified from
cell lysates by Ni-NTA affinity chromatography with HisTrap HP 1 ml column and size-
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exclusion chromatography with HiPrep Superdex-200 gel filtration column. 2 μg protein was
analyzed for purity and integrity by SDS-PAGE and Coomassie blue staining. Numbers on the
top are the melting temperature of purified proteins (Tm values) measured by thermofluor
assay are indicated in parenthesis. Results are shown as the mean of duplicates from one inde-
pendent experiment. Numbers on the left are the sizes of molecular mass standards in kDa. (B
and C) RdRp activity of DENV2WT and mutant NS5 proteins was measured in (B) de novo
initiation/elongation and (C) elongation assays. (B) De novo initiation/elongation was carried
out with 100 nM capped DENV 5’UTR-core-3’UTR RNA (corresponding to nucleotides 1 to
175 and 10277 to 10723 of the genome), 100 nM purified NS5 protein and 5 μMAtto-CTP. (C)
Elongation assay was carried out 100 nM DENV2 30UTR-U30 RNA (corresponding to nucleo-
tides 10714 to 10723 of the genome), 100 nM purified NS5 protein and 3 μMAtto-ATP. (B
and C) The amount of released AttoPhos in both assays was monitored by reading the reaction
mix on a microplate reader at excitationmax and emissionmax wavelengths 422 nm and 566 nm,
respectively. The activity of each protein is expressed as percentage relative to the activity of
WT NS5. Results are shown as the mean ± SD of duplicates from two independent experi-
ments.
(TIF)

S6 Fig. Subcellular localization pattern of DENV2 NS5 R888K in transfected BHK21 cells.
BHK-21 cells transfected with DENV2WT and DENV2 P888K were analysed for presence of
NS5 (green) and dsRNA (red) by IFA on day 3 post-transfection. Digitized images were cap-
tured by Zeiss LSM 710 upright confocal microscope by 63× oil immersion lens and image
analysis was performed on with ImageJ software to determine the nuclear to cytoplasmic fluo-
rescence ratio (Fn/c) of NS5 as done previously. The mean Fn/c ± SEM was calculated for! 30
cells and the Fn/c values are indicated. Data from one experiment are shown.
(TIF)

S7 Fig. Fusion of residues 368–405 of DENV2 NS5 to 2×GFP does not target 2×GFP to the
nucleus. Vero cells were transfected with either 2×GFP or 2×GFP-fusion plasmids encoding
residues 320–405, 320–367, 368–405, 368–389, 387 and 405 and 883–900 of DENV2 NS5, and
fixed at 24h post-transfection. 2×GFP-fusion plasmid encoding SV40 NLS was included as a
positive control for monopartite NLS. The cells were stained and images were captured as
described previously.
(TIF)

S8 Fig. Functional characterization of DENV2 NS5 C-terminal monopartite NLS. Vero
cells were transfected with either 2×GFP or 2×GFP-fusion plasmids, and fixed at 24h post-
transfection. 2×GFP-fusion plasmid encoding SV40 NLS was included as a positive control for
monopartite NLS. Anti-GFP (ab6556 IgG, 1:1000) antibody was used for immunostaining and
digitized images were captured by Zeiss LSM 710 upright confocal microscope by 40× oil
immersion lens. Nuclear to cytoplasmic fluorescence ratio (Fn/c) as previously described [28–
30,42] are indicated and data are shown as mean Fn/c, n! 30 cells from a single assay, represen-
tative of two independent experiments.
(TIF)

S9 Fig. Structure based modelling of the DENV4 NLS peptide containing phosphorylated
Ser894. (A) Impα is shown as yellow ribbons, with key interacting R101 residue shown in
magenta, the backbone of DENV4 C-terminal NLS model is shown in blue and (B) as in A,
with the phosphorylated serine shown in orange. The models were made using COOT and the
simple mutate function on the structure of DENV3 C-terminal NLS in complex with Impα.
The serine was phosphorylated using “the phosphorylate this residue function” in the
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modelling tools of COOT. The distance was measured using the measure function in COOT
and images were created using PyMOL.
(TIF)

S10 Fig. Subcellular localization pattern of DENV2 GFP-NS5 R888A in Vero cells. GFP,
DENV2 GFP-NS5 WT and R888A protein constructs were transfected into Vero cells and
fixed at 24 hr post-transfection. Anti-GFP (ab6556 IgG, 1:1000) antibody was used for immu-
nostaining and digitized images were captured by Zeiss LSM 710 upright confocal microscope
by 63× oil immersion lens.
(TIF)

S11 Fig. Positive and negative strand synthesis in WT and mutated DENV2 infectious
clone. BHK-21 cells were electroporated with 10 μg of genomic-length RNA of WT DENV2
and mutants; supernatants and infected cells were harvested daily and consecutively for 5 days
[59]. RNA was extracted from infected cells and absolute copy numbers of intracellular viral
positive (solid line) and negative (dotted line) RNA was determined by real-time PCR. The val-
ues of viral genome numbers were normalized to actin expression level and absolute copy num-
ber of viral RNA per μg of RNA was plotted; data are shown as the mean ± SD from two
dependent experiments.
(TIF)
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Active transport of proteins from the cytoplasm to the
nucleus is mediated by a family of nuclear transport
receptors known as importins (or karyopherins), together

with a number of ancillary proteins including nucleoporins and
Ran1–3. The classical nuclear import pathway is best understood,
and is initiated by recognition of proteins that contain a classical
nuclear localisation sequence (NLS) by importin α4. This complex
is transported through the nuclear pore complex by importin β,
involving interactions with FG repeat regions contained within
nucleoporin proteins5,6. Once the complex has traversed the
nuclear envelope, RanGTP dissociates the complex, and the
import receptors are recycled back to the cytoplasm to perform
further rounds of transport7–10. Importin α is constructed from
an N-terminal importin β-binding (IBB) domain and a C-
terminal NLS binding domain featuring ten armadillo (ARM)-
repeat motifs11. Most commonly, the cargo NLS binds on the
concave site of the ARM repeats and involves interactions at
either the major site, through ARM repeats 2–4 in the case of
classical monopartite NLSs (e.g., SV40T-ag12), the minor site
involving ARM repeats 6–8 (e.g., human phospholipid scram-
blase13, TPX214) or both the major and minor sites in the case of
classical bipartite NLSs (e.g., nucleoplasmin12). Although this
process has been well characterised for the importin α1 adaptor
protein, many nuclear proteins exhibit specificity for other
importin α isoforms, and the molecular basis for this specificity is
understood poorly. Complicating our understanding of how
importin α isoforms exhibit specificity, the seven importin α
isoforms are highly conserved in the regions that mediate NLS
binding. Establishing how nuclear cargo are recognised in an
isoform-specific manner is important for understanding many
key regulatory processes including cell differentiation, cancer and
viral infection. For example, both RCC1 (the exchange factor of
Ran that regulates the directionality of nuclear transport) and
HIV-1 integrase (responsible for integrating the HIV-1 genome
into the DNA of an infected cell) bind specifically to importin
α315,16. STAT1, a signalling molecule in the innate immune
system response, binds specifically to the convex C-terminal
surface of importin α5, α6 and α717,18. The avian influenza PB2
viral polymerase subunit, which is a major virulence determinant,
has isoform specificity for importin α3 in avian hosts and
importin α7 in mammalian hosts, providing a kinetic advantage
owing to lower importin α autoinhibition by the importin beta
binding domain19.

The W protein of Nipah virus (NiV) is recognised specifically
by importin α3, which occurs through an NLS in the unique C-
terminal domain20,21, however, the basis of this specificity
remains unclear. HeV and NiV are recently emergent, zoonotic
pathogens of the Henipavirus genus in the Paramyxoviridae
family. These viruses use bats of the Pteropus genus as reservoir
hosts but cause infections in humans with a high rate of fatality
(~ 60%)22. The viruses are non-segmented, negative-sense RNA
viruses and encode six genes, five of which encode a single pro-
tein, whereas, the sixth gene, P, encodes four proteins: P, V, W
and C. Of these, P, V and W share a common N-terminal
domain, but differ within the C-terminal domain owing to frame-
shifting that results from insertion of non-template encoded
nucleotides into P gene transcripts23–25. This results in proteins
that have different functions and cellular locations, with only the
W protein displaying steady-state nuclear localisation owing to a
C-terminally located NLS20,26. In the context of NiV infection,
the nonstructural W protein plays an important role in viru-
lence27–29. It has been demonstrated to antagonise innate anti-
viral defences by blocking interferon-induced gene expression
and by preventing expression of type I IFNs, with nuclear loca-
lisation shown to be important for the latter function20,30. A
recent study has identified additional host targets of NiV W,

including the PRP19 complex, for which the nuclear localisation
of W appears to be required for the interaction31.

Previous reports have demonstrated specificity of the importin α3
adaptor for the NiV W protein, however, like most cargo, the basis
for this specificity is unknown20,32. Here, we establish key differ-
ences in the binding interface of W proteins with importin α1 and
α3, providing insights into adaptor specificity. We use mutagenesis
and chimeras of importin α1 and α3 to confirm the importance of
these differences and show that the C-terminal ARM repeats 7 and
8 of importin α3 are important for specificity as their conformation
in importin α3 allows for an extensive binding interface not possible
in importin α1. These insights extend our understanding of adaptor
specificity and establish how important nuclear cargo proteins are
imported in an isoform-specific manner.

Results
Henipavirus W preferentially bind importin α3 and α4. The W
proteins of henipaviruses share a common N-terminal domain
with P and V proteins, but have a unique NLS bearing C-terminal
domain that is recognised preferentially by importins α3 and α4
(KPNA4 and KPNA3), rather than the better characterised
importin α1 (KPNA2) (Fig. 1a and Supplementary Fig. 1A)20. To
confirm this, and assess W binding against a more extensive
range of importin α isoforms, we performed co-
immunoprecipitation assays against respective importins and
probed for the presence of HeV and NiV W. We found that both
HeV and NiV W bound preferentially to importin α3 and α4, but
not importin α1, α5, α6 or α7 (Fig. 1b and Supplementary Fig. 2).
These importin αs extend across all subfamilies (Supplementary
Fig. 1B), confirming that the W protein binds specifically to
members of importin α subfamily-2.

To determine the binding affinities between importin α3 and
Henipavirus W proteins, as well as confirm a direct interaction,
the C-terminal NLS domain of the W protein from both HeV and
NiV were cloned as a glutathione S-transferases (GST) fusion
protein and assessed for importin α binding by isoforms from
representative subfamilies. From enzyme-linked immunosorbent
assay (ELISA) measurements, we found that importin α3 bound
with high affinity to the W protein from both HeV and NiV (19.9
nM and 14.4 nM, respectively), whereas importin α1 and α7
bound with much lower affinity (1.4 µM and 1.5 µM, respectively,
to HeV W; and 1.5 µM and 1.1 µM, respectively, to NiV W)
(Fig. 1c; Supplementary Table 1). We found comparable binding
using microscale thermophoresis (MST) assays, with importin α3
binding NiV W protein with high affinity (4.4 nM), whereas
importin α1 and α7 displayed a much lower affinity (681 and 696
nM, respectively) (Fig. 1d; Supplementary Table 2). Together
these data establish a direct, high-affinity interaction of the W
proteins from henipaviruses for importin α3 compared with other
importin α subfamilies.

Structural basis for importin α isoform specificity to W. To
establish the mechanism and molecular basis of the isoform-specific
differences, we used X-ray crystallography to determine the struc-
tural interface of both the high-affinity importin α3 interaction and
the low-affinity importin α1 interaction. Structures were determined
for importin α3 and α1 bound to both the HeV W and NiV W C-
terminal NLS-bearing domain (Fig. 2 and Fig. 3, respectively).
Crystals of the importin α1:HeVW complex had P212121 symmetry
and diffracted to 2.2 Å resolution. The asymmetric unit (ASU)
contained one importin α1 chain bound to a single HeV W chain,
in which residues 434–441 were bound to importin α1. The inter-
action was mediated by 15 hydrogen bonds, one salt bridge inter-
action, and buried a surface area of 683.5 Å2 (see Table 1 for full
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data collection and refinement statistics and Supplementary Table 3
for a detailed list of the interactions).

The structure of the importin α3:HeV W complex was
determined in three different space groups (Table 2), with all
crystals exhibiting highly similar structures (r.m.s.d < 0.35;
Supplementary Fig. 3) and containing one HeV W NLS chain
bound to a single importin α3 chain (the highest resolution
structure of 1.6 Å will be used for further discussion and analysis).
In contrast to the importin α1:HeV W complex, importin α3
bound a more extensive region of the HeV W C-terminal domain
NLS (residues 419–444) and showed a more extensive array of
hydrogen bonds (31 vs 15), seven salt bridge interactions (7 vs 1),
and a greater buried surface area (1616.9 vs 683.5 Å2); (see
Supplementary Table 4 and Supplementary Table 5 for a detailed
list of interactions and summary comparisons, respectively).

To test whether the same binding patterns were present in the
NiV W protein, we examined the binding determinants of importin
α:NiV W complexes using the same approach. We observed
binding patterns that were very similar to those seen with HeV W
for both importin α1 and α3 (Fig. 3). Crystals of the importin α1:

NiV W complex (that had P212121 symmetry and diffracted to 2.1
Å resolution) bound residues 436–443 of the NiV W C-terminal
domain. In comparison, the importin α3:NiV W complex had
P1211 symmetry, diffracted to 2.3 Å resolution, and showed more
extensive binding, with residues 421–446 bound to importin α3.
The binding interface was also similar to HeVW, with the importin
α1:NiVW complex mediated by 15 hydrogen bonds, one salt bridge
interaction, and a buried surface area of 688.7 Å2. The importin α3:
NiV W interface was mediated through 31 hydrogen bonds, seven
salt bridge interactions, and buried 1591.8 Å2 of surface area. These
results indicate that the interaction of the henipavirus W proteins
with importins is highly conserved.

Establishing the structural interface between importin α1 and
α3 in both HeV W and NiV W highlighted key differences in
importin recognition and gave insights into isoform specificity.
Notably, despite binding the same region of HeV W and NiV W,
importin α3 exhibited a 2.4-fold more extensive interaction
buried surface area than importin α1, with 16 additional
hydrogen bonds, and six additional salt bridge interactions,
consistent with its > 50-fold higher affinity. Both W proteins
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Fig. 1 Binding of Henipavirus W proteins to importins. The NLS regions of Henipavirus W proteins bind with high affinity and specificity to the importin
α2 subfamily containing importin α3 and α4. a The W proteins contain the Soyouz module moiety (Soyouz) and PCT disordered (Paramyxo_PCT) regions,
which are conserved across paramyxovirus phosphoproteins. However, the W proteins of HeV and NiV W also possess a unique C terminus compared
with other P gene products and contain an NLS that mediates translocation of W into the nucleus. b HeV W and NiV W interact with importin α3 and α4.
Co-immunoprecipitation assay performed with Flag antibody on lysates of HEK293T cells expressing Flag-tagged importin α1, α3, α4, α5, α6, α7 and HA-
tagged full length HeV W and NiV W, as indicated. Western blots were performed for HA and Flag. WCL, whole cell lysate; IP, immunoprecipitation.
pCAGGS denotes empty vector control. c The NLS region of HeV W and NiV W interact with high affinity to importin α3. An ELISA was performed using
GST-W (GST as a negative control) proteins coated on 96-well plates, and binding of 6xHis-tagged importin α1, α3, α7 assessed using an anti-6xHis HRP
antibody. Error bars show the S.E.M for three replicates. dMST assay confirms high affinity binding of importin α3 to the NLS region of NiVW proteins, and
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interacted with the major binding site of importin α1 and α3,
involving residues PPTKARV of W and ARM repeats 2–4 of
importin in both structures. However, there were marked
differences residing outside this region, with importin α3 ARM
repeats 6–9 binding HeV W and NiV W residues 419–444 and
421–446, respectively (Figs. 2, 3). To probe the interaction of the
importin α3:HeV W interface in greater detail, we designed
mutations to disrupt key salt bridges at the major and minor sites
of importin α3 (Fig. 4a). We found that mutations within the viral
W proteins predicted to disrupt interactions at the minor site of
importin α3 (specifically, R422A/R423A and R422D/R423D in
the HeV W C-terminal domain and R424A/R425A and R424D/
R425D in NiV W C-terminal domain) were no longer pulled
down with importin α3 in our co-immunoprecipitation assay
(Fig. 4b). Similarly, mutations predicted to disrupt interaction at
the importin α3 major site, K437A/K438A and K437D/K438D in
HeV W C-terminal domain, and K439A/K440A and K439D/
K440D in the NiV W C-terminal domain, also failed to
interact with importin α3. Consistent with these results, we
found that mutations in both the major and minor site-binding
regions of HeV W disrupted the affinity of interaction to
importin α3 in ELISA (Fig. 4c), and resulted in reduced nuclear

accumulation (Fig. 4d, e). Overall, these results indicate that the
binding of W to both the importin α major and minor sites is
important for the high affinity interaction of henipavirus W to
importin α3.

ARMs 7 and 8 of importin α3 mediate isoform specificity. Our
structural analysis of the W protein bound to importin α1 and
α3 showed that all binding determinants on importin α3 are
conserved in importin α1 (Fig. 5a and Supplementary Fig. 4),
suggesting that isoform specificity is not due to differences in the
NLS-binding groove. This is consistent with previous work by
Pumroy et al. 19. To gain insights into the basis of isoform spe-
cificity, we superimposed the structures of importin α1:HeV W
and importin α3:HeV W, and found the structures to be highly
similar, with an r.m.s.d. of 1.1 Å across 411 residues (Fig. 5b),
except for the positioning of ARM repeats 7 and 8. Notably, in
importin α1, ARM repeats 7 and 8 are positioned closer to the
inner surface of the NLS-binding interface, whereas in importin
α3, these regions are positioned in a more open conformation.
Because these ARM repeats provide a critical point of difference
between the binding of importin α isoforms, we investigated why
the W NLS region did not bind importin α1 in the extended
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Fig. 2 Structural comparisons and basis for high affinity interaction of HeV W with importin α3. Importin α1:HeV W and importin α3:HeV W structures
were solved to 2.2 Å and 1.6 Å resolution, respectively. The importin α adaptors are shown in cartoon and surface representation (importin α1: bright
yellow, importin α3: light orange) and HeV W NLS in stick representation (magenta: carbon atoms, red: oxygen atoms, blue: nitrogen atoms) with
associated simulated annealing Fo-Fc omit maps of the NLSs contoured to 3σ in green. Schematics of the binding interface and specific interactions are
shown below (magenta: carbon atoms, red: oxygen atoms, blue: nitrogen atoms), with hydrogen bond and salt bridge interactions depicted by dash lines
(black and red respectively), and the partner interactions for importin α1 (bold italics) and importin α3 coloured as orange: carbon atoms, red: oxygen
atoms, blue: nitrogen atoms. The location of these interactions in the ARM repeats highlight the greater interaction interface of the HeV W NLS for the
importin α3 adaptor

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05928-5

4 NATURE COMMUNICATIONS | �(2018)�9:3703� | DOI: 10.1038/s41467-018-05928-5 | www.nature.com/naturecommunications



 
 

275 
 

conformation by superimposing the HeV W NLS from importin
α3 onto the importin α1 structure. Although almost all other
ARM repeat interactions remained the same, ARM repeats 7 and
8 of importin α1 clashed with the HeV W C terminus (Fig. 5b),
indicating that the positioning of these ARM repeats in importin
α3 allows for favourable interactions that are not possible with
importin α1.

As these ARM repeats appeared to be important for isoform
specificity, we tested whether these regions were flexible and able
to adapt to accommodate different NLSs. We superimposed
importin α1 structures bound to a variety of NLSs including
monopartite and bipartite, NLSs within domains including
CAP80, and BiMax, and found that in all structures the importin
α1 C-terminal ARM repeats 7 and 8 were in the same position
(Fig. 5c). Similarly, superposition of a variety of importin
α3 structures confirmed these regions are highly similar in all
structures and allow for favourable binding (Fig. 5d). This -
supports the notion that the positioning of these ARM
regions, highly similar across a wide range of structures, is
conducive to high affinity binding of W in importin α3, but not
importin α1.

Cargo-free importin α1 and α3 retain position of ARMs 7–8.
To extend on the structural repertoire of importin α structures,
we tested whether these ARM repeats are similar in the structures
of importin α isoforms that do not contain bound cargo. Importin
α1 and α3, crystallised in P212121 and P1211 space groups,
respectively, both contained one chain in the ASU. This is the first
report of these adaptors being crystallised without cargo bound in
the NLS-binding pockets, although a dimer of importin α1 has
been reported previously33. Comparison of the cargo-free and W
NLS-bound forms of importin α1 showed that the structures were
remarkably similar with an r.m.s.d of 0.180 Å across 408 residues,
and importantly, the positioning of ARM repeats 7 and 8 remain
unchanged (Fig. 6a). Superposition of importin α3 in the cargo
free and bound forms showed that the N-terminal ARM repeats
1–4 are repositioned by up to 5 Å (Fig. 6b), consistent with
previous findings that a more flexible hinge region is present in
importin α315. However, the position of ARM repeats 7 and 8 was
retained in both the cargo free and bound forms of importin α3.
These results suggest that ARMs 7 and 8 do not undergo con-
formational changes to accommodate binding of the W NLS in
either importin α1 or α3. Significantly, although the flexible hinge
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Fig. 3 Structural comparisons and basis for high-affinity interaction of NiV W with importin α3. Importin α1:NiV W and importin α3:NiV W structures were
solved to 2.1 Å and 2.3 Å resolution, respectively. The importin α adaptors are shown in cartoon and surface representation (importin α1: bright yellow,
importin α3: light orange) and NiV W NLS in stick representation (magenta: carbon atoms, red: oxygen atoms, blue: nitrogen atoms) with associated
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region of importin α3 is unlikely to play a role in cargo containing
an NLS in the C terminus of the protein (as the NLS ends before
reaching the hinge region), the positioning of ARM repeats 1–3
could play a role in the binding of proteins harbouring an NLS at
the N terminus, such as RCC1 (see Discussion).

Chimera of importin α1 ARMs 1-5:α3 ARMs 6-10 retains
binding. To test our hypothesis that the positioning of ARM
repeats 7 and 8, located in the C terminus of importin α3, mediate
the isoform specificity for W protein, we examined whether
chimeras comprised of importin α1 and importin α3 could
mediate binding to W proteins (Fig. 7a). We found that a chimera
comprised of the N terminus of importin α1 (IBB domain and
ARMs 1–5) and the C terminus of importin α3 (ARMs 6–10)
(importin α1ARM1-5:α3ARM6-10) bound W, whereas the reverse
chimera comprised of importin α3 IBB ARMs 1–5 and importin
α1 ARMs 6–10 (importin α3ARM1-5:α1ARM6-10) did not pull-
down W (Fig. 7b). These results support the structural data that
the C-terminal domain of importin α3 mediates isoform speci-
ficity for the W protein. Moreover, the importin α1ARM1-5:
α3ARM6-10 bound with 8.3 nM affinity to HeV W, and 4.7 nM

affinity to NiV W, comparable to the binding affinity of importin
α3 (Supplementary Fig. 5). To further test the involvement of
ARMs 7 and 8 in mediating specificity, we designed an importin
α3 mutant based on the structural data to disrupt interactions in
ARMs 7/8 (N348 A/N352A/E387A/N394A), and found a marked
reduction in binding to both HeV and NiV W proteins (Fig. 7c).
Confirming their functionality, both the importin α1ARM1-5:
α3ARM6-10 chimera and importin α3 ARMs 7/8 mutant retained
the ability to bind to the SV40Tag classical NLS (Supplementary
Fig. 6). The importin α3ARM1-5:α1ARM6-10 formed inclusion
bodies during overexpression and could not be purified. These
results, together with the structural data, suggest that the posi-
tioning of the C-terminal ARM repeats 7 and 8 are important for
mediating isoform specificity of henipavirus W proteins.

Discussion
In this study, we present high-resolution structures of importin α
isoform adaptors bound to the NLS regions of HeV W and NiV
W, providing insights into the molecular basis of importin α
isoform specificity. We found that HeV W and NiV W proteins
bind importin α3 preferentially, and that these NLS regions

Table 1 Data collection and refinement statistics for importin α1 structures

Impα1a NiV W Impα1a HeV W Impα1a

Data Collection

Wavelength (Å) 0.9537 0.9537 0.9537
Space group P 21 21 21 P 21 21 21 P 21 21 21
Cell dimensions

a, b, c (Å) 78.5, 90.0, 100.7 77.9, 88.8, 97.6 79.0, 89.3, 100.4
α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (Å) 24.54–2.50

(2.60–2.50)
29.61–2.10
(2.16–2.10)

19.76–2.20
(2.28–2.20)

Rpim 0.061 (0.365) 0.033 (0.253) 0.029 (0.147)
Mean I/σ (I) 10.2 (2.9) 11.7 (2.4) 18.5 (5.4)
CC1/2 0.989 (0.751) 0.998 (0.814) 0.999 (0.928)
Total reflections 154,003 (17460) 136,253 (11369) 208,967 (18156)
Unique reflections 24,805 (2822) 38,272 (3193) 36,721 (3139)
Completeness (%) 98.6 (100) 96 (97.8) 99.8 (100)
Redundancy 6.2 (6.2) 3.6 (3.6) 5.7 (5.8)
Wilson B-factor 26.4 31.8 22.6

Refinement

Resolution (Å) 24.54–2.50 28.79–2.10 19.76–2.20
Reflections used in

Refinement 24,772 (2478) 38,216 (3843) 36,662 (3611)
Rfree 1262 (133) 1864 (172) 1861 (176)

Rwork 0.1910 (0.2227) 0.1854 (0.2690) 0.1915 (0.2257)
Rfree 0.2129 (0.2572) 0.2032 (0.3062) 0.2121 (0.2774)
Number of non-hydrogen atoms 3361 3555 3431
Macromolecules 3244 3306 3306
Protein residues 426 434 434
B factors 42.49 51.14 38.89
Protein 42.66 51.31 38.98
Water 37.95 48.89 36.67

R.M.S. deviations

Bond lengths (Å) 0.004 0.005 0.003
Bond angles (°) 0.59 0.73 0.62

Ramachandran plot (%)

Favoured 99 99 98
Allowed 1.4 1.4 1.9
Outliers 0 0 0
Rotamer outliers (%) 1.1 1.1 0.27
Clash score 0.46 0.90 1.19

aValues in parentheses are for highest resolution shell
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interact with higher affinity over other importin α subfamilies.
Using structural approaches, we identified key features that
account for adaptor specificity. We found that the isoform spe-
cificity was localised to the C-terminal ARM repeats 7 and 8, and
that the positioning of these domains was an important deter-
minant for mediating specificity.

Although numerous studies have reported specificity of nuclear
adaptors for a wide range of cargo19 ,34–37 and associated function
of these interactions in many diseases36 , the mechanism(s)
behind NLS adaptor specificity has remained elusive. Recently,
one study described the specificity of the RCC1 factor for
importin α3, highlighting that additional residues outside the NLS
were important for maintaining specificity15 . A comparison
between the mechanism presented in the RCC1 study and our
study, highlights a number of important differences. The study by
Sankhala et al. 15 indicated that the NLS of RCC1 binds in the
major binding site of ARMS 2–4 of both importin α1 and α3, with
additional interactions occurring at the N terminus of importin
α3 ARM repeats 1–4 and the β-propeller region of RCC1,

mediated by flexibility and rotation of importin α3 in ARM
repeats 1–2. This mechanism of isoform specificity is well suited
to cargo containing NLSs at the N terminus, and our structural
data of the unbound and NLS-bound forms of importin
α3 supports this model. This mechanism is distinct, however,
from that governing specificity for cargo such as the W proteins
in this study, where the NLSs are located at the C terminus
because the protein interface would not extend past the N ter-
minus of ARM repeats 2–4. Thus, it may be possible that isoform
specificity of cargo containing N-terminal NLSs may reside
through differential interaction of the N-terminal ARM repeats,
whereas cargo bearing C-terminal NLSs may show specificity
through differential interaction with the C terminus of importins,
as demonstrated in this study. Although further work will be
needed to establish how extensive these rules are, it is likely that
different mechanisms may govern isoform specificity, dependent
upon the position of the NLS within the cargo.

The findings of our study are distinct from mechanisms that
have been previously hypothesised. The IBB domain has been

Table 2 Data collection and refinement statistics for importin α3 structures

Impα3a NiV W Impα3a HeV W Impα3a crystal
form 1

HeV W Impα3a crystal
form 2

HeV W Impα3a crystal
form 3

Data collection

Wavelength (Å) 0.9537 0.9537 0.9537 0.9537 0.9537
Space group P 1 21 1 P 1 21 1 P 1 21 1 P 1 21 1 P 21 21 21
Cell dimensions

a, b, c (Å) 47.1, 53.2, 91.3 47.7, 65.6, 73.9 47.4, 65.7, 74.2 48.1, 60.0, 89.9 48.2, 59.0, 169.3
α, β, γ (°) 90, 92.87, 90 90, 99.79, 90 90, 99.76, 90 90, 97.85, 90 90, 90, 90
Resolution (Å) 19.81–2.30

(2.38–2.30)a
38.21–2.30
(2.38–2.30)

19.84–1.6
(1.63–1.60)

19.95–2.20
(2.27–2.20)

29.49–2.30
(2.38–2.30)

Rpim 0.086 (0.304) 0.087 (0.274) 0.061 (0.174) 0.081 (0.369) 0.032 (0.077)
Mean I/σ (I) 11.3 (1.8) 8.6 (3.5) 7.1 (3.3) 9.6 (3.7) 17.1 (8.8)
CC1/2 0.977 (0.785) 0.781 (0.817) 0.989 (0.899) 0.974 (0.446) 0.997 (0.973)
Total reflections 105,917 (11,952) 46,617 (4355) 254,011 (12,863) 90,676 (7765) 286,394 (27,948)
Unique reflections 19,290 (1942) 19,881 (1953) 58,984 (2917) 25,833 (2232) 22,252 (2139)
Completeness (%) 95 (98.2) 98.9 (99.2) 99.4 (99.6) 99.6 (99.8) 100 (100)
Redundancy 5.5 (6.2) 2.3 (2.2) 4.3 (4.4) 3.5 (3.5) 12.9 (13.1)
Wilson B-factor 37.1 20.4 10.7 15.5 15.1
Refinement

Resolution (Å) 19.48–2.30 36.75–2.30 19.58–1.60 19.95–2.20 29.36–2.30
Reflections used in

Refinement 19,147 (1978) 19,788 (1980) 58,886 (5838) 25,804 (2546) 22,192 (2161)
Rfree 937 (91) 989 (94) 2894 (275) 1227 (115) 1119 (123)

Rwork 0.2500 (0.2662) 0.1991 (0.2177) 0.1711 (0.1978) 0.1859 (0.2606) 0.1771 (0.1929)
Rfree 0.2684 (0.3212) 0.2223 (0.2917) 0.1962 (0.2421) 0.2148 (0.2946) 0.2182 (0.2578)
Number of non-hydrogen
atoms

3210 3592 3738 3678 3624

Macromolecules 3206 3400 3400 3419 3419
Protein residues 415 440 440 442 442

B factors 55.53 30.56 18.57 30.72 27.54
Protein 55.56 30.59 17.77 30.47 27.46
Water 35.29 30.04 26.57 33.99 28.91

R.M.S. deviations

Bond lengths (Å) 0.005 0.006 0.015 0.003 0.006
Bond angles (°) 1.03 0.75 1.21 0.54 0.71

Ramachandran plot (%)

Favoured 99 98 99 98 98
Allowed 1.2 2.1 1.4 2.3 2.1
Outliers 0 0 0 0 0

Rotamer outliers (%) 0.83 0.26 0.52 0.52 0.52
Clash score 3.57 1.03 1.76 0.87 1.89

aValues in parentheses are for highest resolution shell
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shown to auto-inhibit differentially across isoforms19. However,
our results identify clear differences in the structural positioning
of the C-terminal ARM domains 7–8 of importin α1 and α3,
accompanied with a significant increase in the binding interface
at this region in importin α3. In addition, the chimeric protein
importin α1ARM1-5:α3ARM6-10 binds to W, whereas importin
α3ARM1-5:α1ARM6-10 does not interact, confirming that the C-
terminal domain of the importin α is the differentiating factor,
rather than the N terminus. The importance of the C-terminal
ARM repeats has been demonstrated for importin α5 binding of
nonclassical NLS cargo, involving a distinct mechanism and ARM
repeat 1038. It has also been hypothesised that that flexibility of
importin α3 may mediate increased specificity and/or affinity, and
indeed, this was described as a contributing factor to the binding
of RCC1. However, this is unlikely to have a role in the specificity
of importin α3 for the W protein, because the difference in
binding interactions occur outside of the hinge region. As well, if
the hinge region was critical for mediating specificity, the
α3ARM1-5:α1ARM6-10 chimera would have interacted with W if the
hinge region was the critical region for mediating specificity. In
addition, we show through structural comparisons between apo-
and W bound-importin α3, that structural changes in the N
terminus were not associated with direct binding interactions in
this region. Importantly, these results do not discount the pre-
vious work of RCC1 binding, but rather, complement and extend
it by highlighting that different mechanisms are likely to exist in
mediating specificity.

Our study defines a basis to explain the importin α specificity
of henipavirus HeV W and NiV W virulence factors for impor-
tins, demonstrating that differences in the ARM repeats in the C
terminus of importin α3 mediate specificity. Nuclear transport of
cargo in an isoform and tissue-specific manner is critical for
health and disease. Subtype switching of importin α1 to α5 in

embryonic stem cells results in the initiation of neural differ-
entiation39, and the maintenance and lineage determination of
embryonic stem cells40. Differential expression of importin α3 has
been demonstrated to occur following rabies infection, with
overexpression observed only in paralytic rabies, suggesting a
possible prognostic marker41. The inhibition of importin α3 has
also been shown to attenuate prostate cancer mestastasis42. The
expanded rules for isoform specificity outlined here will
provide important insights into our understanding of nuclear
transport adaptor cargo specificity and their function in cellular
processes.

Methods
Plasmids for recombinant protein expression. The C-terminal domain of HeV
(residues 409–448; UniProtKB P0C1C6) and NiV (residues 411–450; UniProtKB
P0C1C7) with an N-terminal TEV cleavage site (ENLYFQS) were codon optimised
for expression in Escherichia coli and synthesised (Genscript, Piscataway, NJ).
These constructs were cloned into pGEX4T-1 vector at BamHI and EcoRI sites.
Importin α3 and α7 lacking the auto-inhibitory IBB domain (residues 64–521 and
73–536) were codon optimised for E. coli expression, synthesised and cloned into
pET15b vector at NdeI and EcoRI sites. The importin α chimeras lacking the auto-
inhibitory IBB domain (for recombinant expression) were comprised of
α1aa71–279:α3aa271–521 and α3aa64–270:α1aa280–529, with numbering accord-
ing to UniProtKB P52292 and UniProtKB O00629 for importin α1 and importin
α3, respectively. Importin α1ΔIBB, encoding residues 71–529, was cloned in the
pET30 vector as described previously43,44.

Recombinant expression and purification. Plasmids were transformed into BL21
(DE3) pLysS cells and expressed using the Studier auto-induction method45. In
brief, starter cultures were inoculated into 2 L baffled flasks containing 500 mL of
expression media consisting of 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5%
glycerol, 0.05% glucose, 0.2% (w/v) α-lactose, 0.025 M NH4SO4, 0.05 M KH2PO4,
0.05 M Na2HPO4, 1 mM magnesium chloride and either 100 µg/mL ampicillin, or
50 µg/mL kanamycin. Cells were harvested via centrifugation at 6500×g and 18 °C
for 30 min and resuspended in phosphate buffer (PB) (20 mM imidazole, 300 mM
NaCl, 50 mM phosphate pH 8.0) or Tris-buffered saline (TBS) (Tris pH 8.0, 125
mM NaCl) buffer with complete ethylenediaminetetraacetic acid (EDTA)-free
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protease inhibitor. Cells were lysed using two freeze–thaw cycles and addition of
20 mg lysozyme and 0.5 mg DNase.

Affinity purifications of 6xHis-tagged importin α were performed by injecting
clarified cell lysate onto a GE HisTrap 5 mL column using PB, washing the column
with 15 column volumes and then eluting over 5 column volumes using a gradient
elution with high imidazole PB (500 mM imidazole, 300 mM NaCl, 50 mM
phosphate pH 8.0). Affinity purifications of GST-tagged proteins were performed
on a GST Trap 5 mL column using TBS, and elution buffer containing 10 mM
glutathione. All size exclusion purifications were performed on a Superdex 200 pg
26/600 column using TBS pH 8.0, and eluted proteins were pooled and
concentrated using 10 kDaMW centrifuge filters. Complex formation was
performed as described previously46.

ELISA. The method was based on previously published microtiter plate assays47. In
brief, 96-well clear plates were coated with GST-NLS fusion proteins using bicar-
bonate/carbonate buffer pH 9.6 for 2 h at room temperature. The plates were
washed using TBS containing 0.05% v/v Tween20 (TBST). Blocking was achieved
using 5% (w/v) skim milk in TBST for 2 h at room temperature. Wells were washed
three times in TBST buffer and incubated with decreasing concentrations of 6xHis-

tagged importin αΔIBB (400, 300, 200, 100, 50, 25, 12.5 and 0 nM) diluted in TBS
for 2 h. The plate was washed three times, blocked for 2 h, washed a further three
times and then incubated for 2 h with 100 µL a 1/5000 dilution of anti-6xHis 4HRP
conjugated rabbit polyclonal antibody (Abcam ab1187). The plate was washed a
further three times before addition of 100 µL of TMB substrate (Sigma T4444). The
colorimetric reaction proceeded for 20 min before being stopped with 100 µL of 2
M H2SO4, and the absorbance measured at 450 nm using an Epoch microplate
spectrophotometer (Biotek). One-site specific binding analysis using least squares
fit was performed using GraphPad Prism version 7.00 for Mac, GraphPad Software,
La Jolla California USA, www.graphpad.com.

Microscale thermophoresis. Affinity measurements using MST were carried out
employing a Monolith NT.115 instrument (NanoTemper Technologies)48. Purified
importin α1, α3 and α7 in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 150 mM NaCl, pH 8.0 were labelled using the NHS RED Nano-
Temper labelling kit according to the manufacturer’s instructions. For the assay, 5
μL of labelled protein was mixed with 10 μL of the unlabelled NiV W at various
concentrations and 5 μL of 0.05% (w/v) Tween20. All experiments were incubated
for 10 min before applying samples to Monolith NT Standard Treated Capillaries
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Fig. 5 Structural basis for specificity of Henipavirus W binding to the importin α3. a Importin α3:HeV W structure coloured by conservation of amino acids
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with importin α3, with sequence colour rendering red at 30%, white 60%, and blue 100% sequence identity. Figure created in UCSF Chimera using
importin α alignments from Clustal Omega. bTo identify structural differences, the structures of importin α1:HeV W and importin α3:HeV W were
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residues clashing with the W NLS owing to the difference in positioning of ARMs 7 and 8 in importin α1. All clashing residues are positioned on the α-
helices of the ARMs. c Structural comparisons of importin α1 bound to a range of cargo was examined by superimposing the α1:HeV W NLS structure
determined in this study (reference molecule, coloured yellow), with importin α1 bound to a monopartite SV40T NLS12 (1EJL), bipartite Bimax NLS59,60

(3UKW), and two domain bound structures of CAP8061 (3FEX, 3FEY) coloured according to r.m.s.d as described in b. Positioning of the α-helices in ARMs
7 and 8 are relatively static across all structures. d Structural comparisons of importin α3 bound to a range of cargo was examined by superimposing the
α3:HeV W NLS structure determined in this study (reference molecule coloured orange) with the monopartite RanBP362 (5ZXZ), the NiV W (this study),
and domains of PB219 (4UAE) and RCC115 (5TBK) coloured according to r.m.s.d as described in b. Positioning of α-helices in ARMs 7 and 8 are also
relatively static across all structures
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Importin α1 cargo-free vs HeV W bound structures
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(NanoTemper Technologies). Thermophoresis was measured at 25 °C with laser
off/on/off times of 5 s/30 s/5 s. Experiments were conducted at 20% light-emitting
diode power and 20–40% MST infra-red laser power. Data from three indepen-
dently performed experiments were fitted to the single binding model via the NT.
Analysis software version 1.5.41 (NanoTemper Technologies) using the signal from
Thermophoresis+ T-Jump.

Crystallisation. All crystals were obtained using the hanging drop vapour diffusion
method over a 300 µL reservoir solution. Importin α1ΔIBB was crystallised with 1
M NH4SO4, 0.01 M DTT, 0.1 M sodium HEPES pH 7.0. The importin α1ΔIBB:NiV
W and importin α1ΔIBB:HeV W complexes were crystallised in 0.01 M DTT, 0.7
M sodium citrate and 0.1 M sodium HEPES pH 7.0, with rod-shaped crystals
forming within 2–3 days. Importin α3ΔIBB was crystallised using 0.2 M sodium
nitrate, 0.1 M Bis-Tris propane pH 6.5 and 25% (w/v) PEG 3350. Plate-like crystals
formed within 2–3 weeks. The importin α3ΔIBB:NiV W complex crystallised in
0.2 M lithium nitrate, 20% (w/v) PEG 3350 conditions with a rod morphology that
diffracted to 2.3 Å. The importin α3ΔIBB:HeV W complex crystallised in three
forms. Crystal form 1 was obtained using 0.1 M sodium citrate pH 5.0 and 20% (w/
v) PEG 2000, crystal form 2 was obtained using 0.1 M sodium HEPES pH 7.5, 25%
(w/v) PEG 200 MME and crystal form 3 obtained using 0.2 M sodium chloride, 0.1
M MES pH 6.5, 10% (w/v) PEG 4000 conditions. Diffraction of the importin
α3ΔIBB:HeV W complex crystal forms ranged from 1.6–2.3 Å.

Data collection and processing. X-ray diffraction data were collected at the
Australian Synchrotron on the MX149 and MX250 macromolecular beam lines
using an ASDC Quantum 210r, ASDC Quantum 315r detector and Eiger 16 M
detector, respectively. Data reduction and integration was performed using
iMosflm51 for data collected using ADSC 210r and ADSC 315r detectors, whereas
reduction and integration of data collected on Eiger 16 M was performed using
XDS52. Merging, space group assignment, scaling and selection of 5% reflections
for Rfree calculations was done using Aimless53,54 and the CCP4 suite55. Phasing
was performed using molecular replacement in Phaser MR56, with PDBID 5FC8
used as a search model for importin α1 cargo-free, importin α1:HeV W complex
and importin α1:NiV W. The importin α3:HeV W complex was phased using
4UAE as a search model, from which the solution was then used as a search model
for the importin α3:NiV W complex. The cargo-free importin α3 structure was
phased by placing the N terminus and C terminus domains separately. Models
were refined using iterative cycles of manual real space coot57 and maximum
likelihood phenix refine58.

Cell culture and plasmids. HEK293T (ATCC—CRL-3216) and Hela cells (ATCC
—CCL-2) were maintained in Dulbecco's Modified Eagle Medium, supplemented
with 10% fetal bovine serum and cultured at 37 °C and 5% CO2.

The sequence for HeV W (NCBI: JN255804.1) was synthesised (Genscript,
Piscataway, NJ) and cloned with N-terminal Flag- and HA-tags into the
mammalian expression plasmid pCAGGS. pCAGGS HA NiV W was previously
described20. NiV W was subcloned with a Flag-tag into pCAGGS. Overlapping
PCR was used to clone HeV W R422A/R423A, HeV W R422D/R423D, HeV W
K437A/K438A, HeV W K437D/K438D, NiV W R424A/R425A, NiV W R424D/
R425D, NiV W K439A/K440A, NiV W K439D/K440D and importin α3 ARMs 7/8
mutant (N348 A/N352A/E387A/N394A), which were then cloned with an HA- or
Flag-tag into pCAGGS. pCAGGS Flag importin α1, α3, α4, α5, α6 and α7 were
previously described20,36. Importin α3 was subcloned with an HA-tag into
pCAGGS. Overlapping PCR was used to generate the chimeric importin α1ARM1-5:
α3ARM6-10 (residues 1–279 of importin α1 and residues 271–521 of importin α3)
and importin α3ARM1-5:α1ARM6-10 (residues 1–270 of importin α3 and residues
280–529 of importin α1), which were cloned with Flag tags into pCAGGS. For
additional information regarding primers used in this study, please see
Supplementary Table 6.

Co-immunoprecipitation assays. HEK293T cells (1 × 106) were transfected with
the indicated plasmids using Lipofectamine 2000 (Thermo Fisher Scientific, MA) and
at 24 h post transfection, cells were lysed in NP-40 lysis buffer (50mM Tris pH 7.5,
280mM NaCl, 0.5% Nonidet P-40, 0.2mM EDTA, 2mM ethylene glycol-bis(β-
aminoethyl ether)-N,N,N',N'-tetraacetic acid, 10% glycerol, protease inhibitor (com-
plete; Roche, Indianapolis, IN)). Anti-FLAG M2 magnetic beads or EZview Red anti-
HA Agarose affinity gel (Sigma-Aldrich, St. Louis, MO) were incubated as indicated
with lysates for 1 h at 4 °C, washed five times in NP-40 lysis buffer, and eluted using
3X FLAG or HA peptide (Sigma-Aldrich, St. Louis, MO) at 4 °C for 30min. Whole
cell lysates and co-precipitation samples were analysed by western blot.

Immunofluorescence. Hela cells (3 × 104) grown on glass coverslips were trans-
fected with indicated HeV and NiV W plasmids (300 ng) using Lipofectamine 2000
(Thermo Fisher Scientific, MA). At 24 h post transfection, cells were fixed using 4%
paraformaldehyde and permeabilised using 0.1% Triton X-100. Cells were stained
using mouse anti-HA (H3663, Sigma-Aldrich, MO) (dilution 1:500) and secondary
antibody conjugated to Alexa Fluor 594 (A-11032, Thermo Fisher Scientific, MA)
(dilution 1:2000). Images were taken using a Zeiss LSM 800 confocal microscope at
× 64. To determine the ratio of nuclear to cytoplasmic fluorescence signal (Fn/c),

Hela cells (1 × 104) were plated in a 96-well plate (black, clear bottom, Corning)
and transfected with the indicated HeV and NiV W plasmids (300 ng) using
Lipofectamine 2000. At 24 h post transfection, cells were fixed and permeabilised as
above and stained with anti-HA (H6908, Sigma-Aldrich, MO) (dilution 1:500) and
Alexa Fluor 488 (A32731, Thermo Fisher Scientific, MA) (dilution 1:2000). Images
were taken at × 10 using a BioTek Cytation 5 Cell Imaging Multi-Mode reader and
were analysed using Gen5 Image Prime software to determine Fn/c, using the
calculation Fn/c= (Fn-background)/(Fc-background), where Fn is nuclear fluor-
escence and Fc is cytoplasmic fluorescence. Fn/c was determined for 50 cells in
each condition; error bars indicate the standard error of the mean (SEM).

Antibodies. Polyclonal rabbit anti-Flag (F7425), polyclonal rabbit anti-HA
(H6908), and monoclonal mouse anti-HA (H3663) were purchased from Sigma-
Aldrich (St. Louis, MO). Monoclonal rabbit β-actin antibody was purchased from
Cell Signalling (4967 S) (Danvers, MA).

Western blots. Lysates were run on 10% Bis-Tris Plus polyacrylamide gels (Thermo
Fisher Scientific, MA) and transferred to polyvinylidene difluoride membrane (Bio-
Rad, Hercules, CA). Membranes were probed with the indicated antibodies and were
developed using Western Lightning Plus ECL (Perkin Elmer, Waltham, MA) and
imaged using a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA).

GST pull-down assay. Each binding experiment was comprised of 100 µL of 30
µM GST or GST-SV40Tag, combined with 100 µL of 30 µM of each importin α
variant, and incubated at room temperature for 2 h with 50 µL of glutathione
agarose beads (Sigma G4510). The beads were centrifuged and washed three times
with 1 mL Tris wash buffer (125 mM NaCl, Tris pH 8.0). Samples were centrifuged,
the supernatant discarded, and 50 µL sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer containing 100 mM DTT was added to
each tube. Samples were heated for 10 min at 95 °C, vortexed for 5 min, centrifuged
for 10 min at 17 000 × g and analysed by SDS-PAGE (165 V for 30 min on a 4–12%
Bis-Tris plus gel (Novagen)).

Data availability
Atomic coordinates and related structure factors have been deposited to the Protein Data
Bank with accession codes 6BW1, 6BW0, 6BW9, 6BWA, 6BWB, 6BVV, 6BVT and 6BVZ
for the importin α1:HeV W (P212121 space group), importin α1:NiV W (P212121 space
group), importin α3:HeV W crystal form 1 (P1211 space group), importin α3:HeV W
crystal form 2 (P1211 space group), importin α3:HeV W crystal form 3 (P212121 space
group), importin α3:NiV W (P1211space group), importin α1 (P212121 space group),
importin α3 (P1211 space group), respectively. All other data that support the findings of
this study are available from the corresponding authors on reasonable request.
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Appendix 9. Structural and Functional Characterisation of 

the Importin a/b Nuclear Import Heterodimer 

 

A9.1 Human Importin a/b Complexes 

Multi-cellular organisms have evolved multiple isoforms of the adapter protein 

importin a (IMPa) to specifically bind to particular cargoes. The IMPa isoforms have 

been shown to function in an isoform and tissue specific manner. The importin a/b 

(IMPa/b) heterodimer structure has remained elusive to structural biologists for over 

20 years. However, previous studies were performed using the IMPa1 isoform. The 

hypothesis is that testing of additional isoforms which have varied flexibility and 

electrostatics with IMPb may provide a better opportunity for favourable crystal 

contacts to occur and allow the complex to pack together in a uniform manner inside 

a crystal lattice. This would enable collection of X-ray diffraction data from the crystal 

to see how this receptor/adaptor complex is interacting in a full-length context. This is 

important as it is the biological assembly for nuclear import of cargoes that use the 

classical pathway. Therefore, we tested a representative IMPa isoform from each 

subfamily, as well as the recently discovered IMPa8, which despite being placed in 

subfamily a1, contains only 55% similarity to the other IMPa in this family (IMPa1).  
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A9.1.1 Recombinant Expression and Purification of Importin b  

Importin b (IMPb) and yeast importin b (Kap95) were recombinantly expressed and 

purified using the auto-induction method and His affinity purification followed by size 

exclusion purification protocols (Figure A9.1).  

 

Figure A9.1 IMPb purifications. A) FPLC traces, UV (mAU) in blue, imidazole (20-
500mM) in green. B) SDS-PAGE analysis 

 

A9.1.2 Importin a3/b Complex and Importin a7/b Complex 

IMPa1 (KPNA2) was the first to be discovered as a nuclear import receptor in 

eukaryotic cells. Many studies have shown the cargo recognition motifs that are 

favourable for this isoform and there are six defined classes of NLS that are recognised 

by IMPa1 with information on what mutations are favourable and unfavourable 

(Kosugi, Hasebe, Matsumura, et al., 2009). X-ray crystallography methods have 

previously shown how the IBB domain of IMPa1 interacts with the nuclear import 

receptor IMPb (Cingolani et al., 1999). IMPa3 (KPNA4) was successfully complexed 

with the human IMPb. However, interestingly it was observed that Kap95 did not 

interact with human IMPa3 (Figure A9.1). Similarly, IMPa7 (KPNA6) was 

successfully complexed with human IMPb and did not bind Kap95 (Figure A9.2).  

 



 
 

286 
 

 

Figure A9.2 SDS-PAGE of S200 purifications for IMPa3:IMPb, IMPa3 KAP95,  
IMPa7:IMPb, and IMPa7 Kap95. Corresponding fractions from each purification are 
run on the gel for direct comparison. Complexes that formed IMPa3:IMPb and 
IMPa7:IMPb shifted to the left as a 1:1 complex. Kap95 did not bind either IMPa3 or 
IMPa7 and these are seen as two separate peaks.  

 

A9.1.2 Importin a8/b Complex 

IMPa8 is the most recently discovered isoform in human and bovine cells. The 

recombinant IMPa8 protein expresses at very low levels. The IMPb binding domain 

was recombinantly expressed as a GST-fusion to observe whether previous findings 

regarding IMPa1 IBB were similar for IMPa8 (Cingolani et al., 1999). It is reported 

in the literature that IMPa8 binds IMPb with a much higher affinity than the other 

isoforms of IMPa. To gain structural insights, we cloned the IBB domain from IMPa8 

as a GST fusion to perform pull-down experiments and crystallization trials (only one 

other IBB IMPb structure has been solved, Cingolani 2000). The IMPa8 IBB domain 

formed stable complexes with both human IMPb  and yeast IMPb  (Kap95). This 

showed the IMPa8 IBB domain alone is sufficient for interaction with IMPb across 

different organisms (Figure A9.3). A future experiment could aim to determine 

whether full-length IMPa8 forms stable interactions with human IMPb and yeast 

IMPb. 
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Figure A9.3 Analytical preparation of IMPa8-IBB domain IMPb complexes. A) 
FPLC traces of affinity purification, UV (mAU) in blue. B) SDS-PAGE analysis of 
peak fractions. 

 

Using previous findings from Cingolani et. al, I hypothesize that due to the high 

sequence similarity in the IBB domain between yeast and human IMPa’s, the variance 

causing abrogation between human IMPa and yeast IMPb (Kap95) is unlikely to be 

within the IBB interaction region. This assumption is not dissimilar to findings 

regarding IMPa NLS binding regions and isoform specificity. Yeast importin b 

(Kap95) did not bind to human IMPa1, 3, or 7, but yeast IMPa could bind to human 

IMPb. However, when the IBB domain is in the context of the full-length adapter 

IMPa, interaction no longer occurs with the yeast IMPb. Sankhala et al., showed 

specificity of IMPa3 to RCC1 was due to a propeller domain close to the NLS of 

RCC1 that could be accommodated due to the N-terminal flexibility of IMPa3. It is 

possible that a similar mechanism may be occurring for specificity of the IMPa 

interactions and would be worth investigating adding linker regions between the IMPa 

IBB and ARM-Core domains to see if Kap95 can then bind a human IMPa. 
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A9.2 Single-celled Eukaryotic Importin-a/b Complex 

It is common in structural biology to look towards simpler organisms as a strategy for 

achieving diffraction quality crystals. As the human isoforms of importin a/b did not 

crystallise, despite extensive efforts, the next strategy involved testing another single 

celled eukaryotic organism. The fungus fungus Magnaporthe oryzae, causative 

pathogen of rice-blast IMPa/b complex was trialled, 60mg/mL complex was obtained 

(Figure A9.4). Despite extensive sparse-matrix screening using the hanging drop 

vapour diffusion method previously described, no crystals were obtained. 

 

 

Figure A9.4 SDS-PAGE of purifications for Magnoparthe oryzae; IMPa, IMPb and 
complex IMPa/b preparations.  

 

A9.3 Cryo-electron Microscopy Approach Using b-Galactosidase 

SV40NLS fusion as a scaffold for Importin a/b 

The rationale behind this approach is to utilize the large size of IMPa/b (150kDa), and 

the symmetry of b-galactosidase (b-gal) as a scaffold. To generate a tetramer of b-gal 

which has the SV40 NLS from the polio virus would allow four IMPa/b complexes to 

bind and form a supramolecular complex. The complex would be ~1MDa, which is a 

good size for pursuing structure determination by cryo-electron microscopy.  
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A9.3.1 Recombinant Expression and Purification of b-galactosidase scaffold 

Recombinantly expressed b-galactosidase-SV40-NLS fusion protein was isolated 

from E. coli soluble extract with p-aminophenyl-B-D-thiogalatopyranoside agarose 

(A0414 Sigma) for affinity purification. The purified protein was eluted using 0.1M 

sodium borate pH10 buffer. The b-galactosidase-SV40NLS was then further purified 

using superdex 26/600 column and buffer exchanged into GST A (Figure A9.5). 

 

Figure A9.5 Affinity and size exclusion purification of b-galactosidase. SDS-PAGE 
gel of purification process. FPLC trace of size exclusion purification, UV (mAU) 
shown in blue, conductivity (mS/cm) shown in orange. 

 

A9.3.2 Purification of Importin a/b  

 
Figure A9.6 Size exclusion purification of IMPa/b. SDS-PAGE gel of purification 
process. FPLC trace of size exclusion purification, UV (mAU) shown in blue, 
conductivity (mS/cm) shown in orange. 
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A9.3.3 Purification of b-galactosidase-SV40-NLS scaffold and Importin a/b for 

cryoEM studies 

To form a larger complex of IMPa/b with b-gal as a scaffold, excess IMPa/b (from 

A9.3.2) was added to purified b-gal (from A9.3.1) at a ratio of 2:1 and incubated 

overnight at 4 °C. Further size exclusion allowed separation of b-galactosidase-SV40-

NLS:IMPa/b complex from the excess IMPa/b complex. This b- galactosidase-SV40-

NLS:IMPa/b complex was then concentrated to 10mg/mL and posted to Spain at room 

temperature after addition of 10mM DTT and 15% glycerol to stabilize the complex 

for pursuit of cryo-EM studies. 

 

 

Figure A9.7 Size exclusion purification of b-galactosidase IMPa/b. The first peak is 
the b-galactosidase IMPa/b, the secondary peak is excess IMPa/b. 

 

Whilst many varied attempts were made in this study to capture the structure of 

IMPa/b heterodimer, it is likely the inherent flexibility of this complex precludes 

structural determination by X-ray crystallography. Recent advancements in cryo-

electron microscopy provide an attractive alternative method for structure 

determination as it does not rely upon the proteins to be able to form crystals. It will 

be interesting to see if the utilisation of b-galactosidase as a scaffold will assist in the 

imaging of IMPa/b. 
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