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Abstract	
	

Gcn5-related N-acetyltransferases (GNATs) are members of a very large superfamily that 

catalyse the transfer of an acetyl group from acetyl coenzyme A to a wide range of 

acceptor molecules, releasing the acetylated product and free CoA. The superfamily 

represents more than 10,000 members, and is present within all forms of life. Though 

GNATs are ubiquitous and involved in diverse functions of prokaryotes and eukaryotes, 

most of them still remain structurally and functionally uncharacterised. This PhD study 

investigates the structural and functional characterisation of five uncharacterised GNATs 

from the pathogenic Staphylococcus aureus (SaGNAT-1, 2, 3, 4 and SaSpeG). Moreover, 

this study reveals novel structures and strong substrates of GNATs through x-ray 

crystallography, broad-substrate screening and functional assays. 

This study illustrates the structure and function of SaGNAT-1, a structure exhibiting a 

core GNAT fold, and has high structural homology with phosphinothricin 

acetyltransferases. Putative residues involved in acetyl-CoA and have been identified 

based on structural homology within the GNAT family. We also confirm the SaGNAT-1 

activity against cadaverine, putrescine, L-glutamine and agmatine. 

In this thesis we also report first high resolution structure of SaGNAT-2, diffracting to 

1.6 Å. The structural characterisation of SaGNAT-2 confirms it belongs to the GNAT 

superfamily, and is likely to exist in the monomeric form in solution. SaGNAT-2 has high 

structural homology with RimI protein that acetylates ribosomal S18 peptide. 

The study of two other GNATs in this thesis, SaGNAT-3 and 4, also reveal the presence 

of a GNAT-fold, however SaGNAT-3 possesses five helices rather than four, a unique 

extra helix present between b3 and b4. Through broad substrate screening we confirm 

SaGNAT-3 has strong activity with substrates cadaverine, putrescine, and agmatine 
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whereas SaGNAT-4 shows activity with poly-L-lysine and pterine. These structures were 

also crystallised in the absence and presence of CoA to provide insights into the substrate-

binding pocket.   

Finally, structural and biochemical investigation of SaSpeG protein confirms it forms of 

a dodecameric biological assembly. SaSpeG shows activity against spermine, spermidine, 

cadaverine, putrescine, agmatine, and N-acetyl spermine, among which greatest activity 

noted with putrescine. Overall, this thesis reports novel structural and functional aspects 

of GNATs that will assist to understand their importance in Staphylococcus aureus and 

potential as drug targets.  
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1	Review	of	Literature		

1.1	Introduction	

Gcn5-related N-acetyltransferases (GNATs), are a very large superfamily of enzymes that 

perform acetylation through the catalysis of acetyl group transfer from acetyl coenzyme 

A (AcCoA) to an acceptor molecule, releasing the acetylated product and CoA. The 

superfamily has over 10,000 representatives, present across all kingdoms of life (Favrot, 

Blanchard, & Vergnolle, 2016; Vetting et al., 2005). GNATs are thus ubiquitous and 

involved with diverse aspects of prokaryotic and eukaryotic physiology; however, most 

of them remain structurally and functionally uncharacterised. The GNATs have assorted 

functions depending on the variety of substrates including antibiotics aminoglycosides, 

glucosamine-6-phosphate, histones, serotonin and spermidine (Favrot et al., 2016; 

Vetting et al., 2005) and acetylate the primary amine group of various substrates, using 

acetyl coenzyme A as the donor molecule. Thus, they are responsible for a wide range of 

cellular functions including regulation of transcription, metabolic flux and drug resistance 

mechanisms. Their recognition, interaction and acetylation of a miscellany of substrates 

establish GNATs as an important and interesting enzyme superfamily that warrant further 

study.  

 

To date, over 200 GNAT structures have been deposited in the Protein Data Bank (Kuhn, 

Majorek, Minor, & Anderson, 2013), revealing a highly conserved core tertiary structure. 

The GNAT domain that interacts with AcCoA has a distinctive fold, as reported in the 

two structures determined from the superfamily (Brunzelle et al., 2004; He et al., 2003). 

Most of the subsequent structure determinations have resolved almost the same protein 

topology and AcCoA binding mode. The shared domain is named after the yeast GCN5 
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(general control nonrepressed) and forms a structurally conserved fold (GNAT fold), 

comprising of 6-7 β strands and 4 α helices in the topology β1-α1-α2-β2-β3-β4-α3-β5-

α4-β6 followed by C-terminal strand (Fig 1.1) which may be from same monomer or 

contributed by other monomer (F. Dyda, D. C. Klein, & A. B. Hickman, 2000; Vetting, 

Bareich, Yu, & Blanchard, 2008). The GNAT fold comprises of four conserved sequence 

motifs A-D (Fig 1.2), among which motif A plays an essential role in acetyl-CoA binding. 

Motif A is the longest and most highly conserved in the superfamily, followed by motif 

B, D and C as the least conserved motif. 

 

 

 

 

 

A B 

Figure 1.1: GNAT fold A) conserved topology of GNAT fold present in members of 
GNAT family. B) three dimensional arrangement of secondary elements of GNAT 
structure. 
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However, in the primary sequence, their arrangement order is C, D, A and B. The 

hallmark of motif A is the P-loop that connects helix α3 and strand β4 and has been 

identified as the putative binding site for pyrophosphates of CoA. Motif B is involved in 

binding the 3', 5'-adenosine diphosphate of acetyl-CoA and connects the conserved 

regions within α-helix 4. Motif  D encompasses β2 and β3 strands and stabilises core 

structural elements of the protein without being directly involved in substrate or cofactor 

binding. While motif C is located at the N-terminus of the protein and found lacking in 

some histone N-acetyltransferases completely. These motifs together form the common 

structural core known as the GNAT domain. essence signature of the GNAT domain is 

the splay between β4 and β5 strands, forming a V-shape opening in the central β sheet 

which is crucial in the transfer of acetyl group and binding of AcCoA (Favrot et al., 2016; 

Vetting, Bareich, et al., 2008).  

 

Figure 1.2: Three dimensional structure of GNAT member A) Three dimensional 
structure of GNAT member comprising of four α-helices and six β-strands along with 
P-loop. B) GNAT structure composed of motif A, motif B, motif C, and motif D.      

A B 
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Despite high structural similarity, the sequence alignment between several GNATs shows 

less than 20% identity (L. Holm & Rosenstrom, 2010). This unexpected result in pairwise 

sequence identity among various GNAT members may be because of the notable 

variations in the allosteric binding sites that correspond to their diverse substrates. 

Although GNATs have broad substrate specificity, the biochemical studies to determine 

particular substrate for various uncharacterised GNAT structures have been limited 

comparatively. Moreover, several GNAT representatives have been resolved structurally 

yet to be characterized functionally. This review will emphasize recent advances in our 

perception of the members of GNAT superfamily, dealing with their structures and 

biochemical mechanisms.  

 

1.2	Structure	and	function	of	GNATs			

1.2.1	Histone	N-acetyltransferases		

Histone acetyltransferases (HATs) are member of GNAT superfamily that uses histone 

proteins as their substrate for acetylation. HATs are involved in acetylation of histones at 

specific lysine residues, thereby playing critical roles in enhancing transcription rate. 

They have been implicated in chromatin assembly and DNA replication (Berndsen & 

Denu, 2008). The acetylation of amino groups on lysine residues present in the amino 

terminal tails of histone proteins neutralises the positive charge. As a result, the tight 

binding of the nucleosome core with DNA loosens and histone interacts with other 

proteins freely. Hence, the transcription rate enhances and so the translation of protein 

products. HATs are mainly found in eukaryotes, and yeast Hat1 histone acetyltransferase 

(yHAT) from Saccharomyces cerevisiae was the first histone acetyltransferase to be 

characterised successfully in 1998. The crystal structure of the 320 residues long yHAT 

was solved with AcCoA at 2.3 Å resolution (PDB 1BOB). This monomeric structure from 
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yeast provided the first insights into the tertiary structure of the GNAT superfamily (Fig 

1.3). The yHAT exhibits regioselective acetyltransfer to Lys12 of histone H4, and clearly 

shows interaction of the P-loop with the pyrophosphate moiety of CoA.  

 

 

 

Several histone acetyltransferases contain the unique GNAT motifs A, B and D but lack 

motif C, and the monomeric structure of Hat1 is an example of such a GNAT. Moreover, 

Hat1 when aligned with other GNAT members revealed two relatively conserved glycine 

residues in the consensus Q/RxxGxG sequence that are responsible for the pyrophosphate 

binding (Dutnall, Tafrov, Sternglanz, & Ramakrishnan, 1998). Hpa2 is another histone 

acetyltransferase member from Saccharomyces cerevisiae that exists as a dimer in 

solution but forms a tetramer when complexed with AcCoA (PDB 1QSM). The structure 

of Hpa2 also shows the distinct conserved fold of the catalytic domain of the GNAT 

Figure 1.3: Structure of yeast Hat1 histone acetyltransferase (yHAT) A) monomeric 
structure of yHAT with acetyl-CoA. B) Showing dimeric interface of yHAT between 
chain A (magenta) and chain B (cyan).  

A B 
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superfamily (Fig 1.4). It acetylates Lys14 of histone H3 and Lys12 of histone H4 (Angus-

Hill, Dutnall, Tafrov, Sternglanz, & Ramakrishnan, 1999).  

	

	

1.2.2	Aminoglycoside	N-acetyltransferases	

Aminoglycosidic antibiotics are the key substrates for aminoglycoside N-

acetyltransferases (AACs) of the GNAT superfamily. GNATs were first identified in 

1965 by Okamoto as a bacterial aminoglycoside N-acetyltransferases that developed 

antibiotic resistance to kanamycin and gentamicin (Burk, Ghuman, Wybenga-Groot, & 

Berghuis, 2003; Okamoto & Suzuki, 1965). Aminoglycosides inhibit protein translation 

in bacteria by binding to the 16S rRNA of the 30S ribosome. The emergence of drug 

resistance to aminoglycosides among various pathogenic bacteria has led to considerable 

interest in this member of GNAT family (Xie, Zeng, Luo, Pan, & Xie, 2014). The AACs 

are mainly confined to prokaryotes, and  catalyse N-acetylation of a specific amino group 

present on aminoglycoside antibiotics including gentamicin, tobramycin and netilmicin. 

A B 

Figure 1.4: Structure of Hpa2 A) Hpa2 exists in dimeric form without acetyl-CoA in 
solution, B) forms tetramer on addition of acetyl-CoA.   
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This chemical modification of these drugs reduces their affinity for the target site, thus 

providing pathogenic bacteria resistance.  

 

Depending on the regiospecificity of acetylation, AACs can be classified into four types. 

The AAC(1) in which amino group present at position 1 is acetylated, AAC(3), AAC(2’) 

and AAC(6’) (Fig 1.5) (Maurer et al., 2015). AAC(1) was first detected in Escherichia 

coli (E. coli) and Actinomycete strains, and shown to carry out acetylation of the 1-NH2 

position of apramycin and paromomycin respectively (Lovering, White, & Reeves, 1987; 

Sunada, Nakajima, Ikeda, Kondo, & Hotta, 1999).  

 

 

Figure 1.5: General structure of aminoglycosides A) 4,6-disubstituted 
deoxysreptamine aminoglycoside B) 4,5-disubstituted deoxy streptamine 
aminoglycoside.  
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The crystal structure of Serratia marcescens (S. marcescens) aminoglycoside 3-N-

acetyltransferase (SmAAC) in complex with coenzyme A (CoA) was determined at 2.3 

Å resolution (PDB 1BO4). The SmAAC belongs to AAC(3) family and demonstrates the 

catalytic core of GNAT superfamily including all four canonical motifs (C, D, A and B) 

(Fig 1.6). The structure of SmAAC shows how the enzyme binds AcCoA and suggests 

possible modes of aminoglycosidic antibiotics recognition and catalysis (Chen, Green, & 

Garneau-Tsodikova, 2012; Wolf et al., 1998). The AAC(2′) enzymes are only confined 

in mycobacteria, including AAC(2′)-Ib in Mycobacterium fortuitum, AAC(2′)-Ic in 

Mycobacterium tuberculosis (M. tuberculosis), and AAC(2′)-Id in Mycobacterium 

smegmatis (M. smegmatis) (Ainsa et al., 1997; He et al., 2003).  

 

 

 

Among them, AAC(2′)-Ic from M. tuberculosis was the first to be kinetically and 

structurally well characterized as a ternary complex with bound aminoglycoside 

Figure 1.6: Structure of SmAAC comprised of chain A and chain B along with CoA 
and spermidine.  
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tobramycin and CoA. It exists as a dimer in solution (Ainsa et al., 1997; Hegde, Javid-

Majd, & Blanchard, 2001; Vetting, Hegde, Javid-Majd, Blanchard, & Roderick, 2002). 

The most intense current interest is focussed on the aminoglycoside 6’-N-

acetyltransferases (AAC(6’)) that bind the aminoglycosides to the 30S ribosomal subunit, 

thus conferring resistance to the drug by 6’ acetylation. AAC(6’) members are the most 

widespread aminoglycoside N-acetyltransferases found mostly in Gram negative 

bacterial strains (Vetting, Park, et al., 2008). Aminoglycoside 6’-N-acetyltransferase from 

Salmonella enterica (SeAAC) represents an interesting example among the members of 

AAC(6’) family. SeAAC exists as a dimer in solution and exhibit 6’-N-acetylation of 4,6- 

and 4,5-disubstituted aminoglycosides regioselectively. This dimeric enzyme is 

noteworthy because it is capable of self-acetylation as well as acetylating eukaryotic 

histone proteins (Hegde, Dam, Brewer, & Blanchard, 2002; Vetting, Magnet, Nieves, 

Roderick, & Blanchard, 2004).  

 

1.2.3	Serotonin	N-acetyltransferases	

Serotonin N-acetyltransferase also known as arylalkylamine N-acetyltransferase 

(AANAT) regulate light-mediated melatonin formation. Melatonin is a hormone that is 

responsible for changes in circadian rhythms, sleep-wake cycle and human mood and 

behaviour. It is produced in a diurnal cycle and is shown to control the life span of 

Drosophila melanogaster (Anisimov, 2003). AANAT is the rate-limiting enzyme that 

catalyses the penultimate step in the production of melatonin. In the biosynthesis pathway 

of melatonin, serotonin (5-hydroxytryptamine) is converted to N-acetylserotonin (5-

hydroxy-N-acetyltryptamine) by serotonin N-acetyltransferase(AANAT), followed by 

methylation to generate melatonin (5-methoxy-N-acetyltryptamine) (Dempsey et al., 

2014; Szewczuk et al., 2007; Vetting et al., 2005). AANAT from D. melanogaster was 
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first identified and characterised initially by Maranda and Hodgetts in 1977 (Maranda & 

Hodgetts, 1977) that played a key role in the metabolism of biogenic amines and 

sclerotisation of the cuticle. The N-acetylation activity of AANAT has become relevant 

for inhibitor design, thus regulating melatonin levels in many disorders. AANAT uses an 

ordered Bi-Bi ternary complex mechanism for acetyl transfer. AcCoA initially binds to 

the enzyme followed by serotonin or tryptamine binding. Previous work has suggested 

that the bisubstrate analogues bind tightly to AANAT (Zheng, Scheibner, Ho, & Cole, 

2001). Multiwavelength anomalous diffraction (MAD) was used to solve the structure of 

serotonin N-acetyltransferase with a strong bisubstrate analog inhibitor at 2.0 Å resolution 

(PDB 1KUV). In the AANAT structure, motif A exists as an α/β conformation for AcCoA 

binding, while motif B exhibits a single domain V-shaped notch where the inhibitor binds 

between the two β-strands β4 and β5 (Fig 1.7) (Szewczuk et al., 2007; Wolf, De Angelis, 

Khalil, Cole, & Burley, 2002; Zheng et al., 2001). Residues Tyr168, His120 and His122 have 

been suggested to be essential catalytic residues and also shown to be conserved in most 

of the AANAT members (Anisimov, 2003; Dempsey et al., 2014). These structural 

characteristics prove AANAT to be a member of GNAT superfamily. 
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1.2.4	Glucosamine-6-phosphate	N-acetyltransferases	

Glucosamine-6-phosphate N-acetyltransferase (GlcNAc) is a member of GNAT 

superfamily that catalyses acetylation of glucosamine-6-phosphate. GlcNAc then 

uridylylates the N-acetyl-glucosamine1-phosphate after intramolecular phosphate 

transfer to generate UDP–N-acetylglucosamine (UDPNAc). The product UDPNAc is an 

intermediate compound necessary for biosynthesis of peptidoglycan and 

lipopolysaccharides, and this GNAT superfamily member is mainly involved in bacterial 

cell wall formation.  In Saccharomyces cerevisiae, the gna1 gene encodes for 

glucosamine- 6-phosphate N-acetyltransferase that has been revealed to be essential for 

cell growth in the yeast (Favrot et al., 2016; Hu, Lima, & Wolfe, 2010). GlmU, a 

bifunctional GlcNAc enzyme in E. coli and Staphylococcus epidermidis was found to be 

indispensable for biofilm formation because of its key role in the biosynthesis of the β-

1,6-N-acetyl-d-glucosamine polysaccharide adhesion (Olsen & Roderick, 2001; Stokes 

et al., 2012). Recent work on urinary catheters has demonstrated that biofilm activity is 

Figure 1.7: The structure of AANAT with bisubstrate analog inhibitor CoA-S-acetyl 
5-bromotryptamine, showing motif A and motif B involve in acetyl-CoA and inhibitor 
binding between the two β-strands β4 and β5.  
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controlled by inhibiting activity of GlmU (Edwards et al., 2015; Green et al., 2012). Other 

interesting examples of GlcNAc enzyme include GlmU from M. tuberculosis and MshD 

from M. smegmatis that catalyses the final acetylation step in the biosynthesis of 

mycothiol (Koledin, Newton, & Fahey, 2002; Zhang, Bulloch, Bunker, Baker, & Squire, 

2009). 

 

1.2.5	Spermidine/Spermine	N-acetyltransferases	

Various members of GNAT superfamily are involved in a variety of anabolic and 

catabolic roles. Natural polyamines such as spermine, spermidine, putrescine and 

cadaverine are ubiquitous at low levels and play key roles in the biosynthesis of proteins 

and nucleic acids (Fusi et al., 2008; Loser, 2000). Under stress conditions like heat shock 

treatment, alkaline shift, and ethanol treatment, the production of the polyamines 

increases in the cell gradually (Carper, Willis, Manning, & Gerner, 1991; Goforth, 

Walter, & Karatan, 2013). Spermidine N-acetyltransferase is a critical enzyme for 

preventing spermidine toxicity by acetylating the primary amino group of the cationic 

polyamines. Acetylation neutralises the charge of polyamine, thereby excreted from the 

cell or metabolised by other enzymes further (Franklin et al., 2015; McGinnis et al., 

2009). The gene speG encodes SNATs in various bacteria such as Escherichia coli, Vibrio 

cholera, and Yersinia pestis. Most GNAT members exist in their monomeric or 

homodimeric forms in solution, but typically, SpeG structures have been found as 

dodecamer in solution and are exception to GNAT superfamily (F. Dyda et al., 2000; 

Franklin et al., 2015; Goforth et al., 2013; McGinnis et al., 2009; Vetting, Bareich, et al., 

2008). However, each SpeG monomer follows the signature GNAT fold with a mixed α/β 

conformation, V-shaped cleft and β-bulge, confirming to be a typical GNAT member (Fig 
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1.8) (Barbagallo et al., 2011; Filippova, Kuhn, et al., 2015; Fukuchi, Kashiwagi, Takio, 

& Igarashi, 1994).  

 

 

 

1.2.6	Protein	N-acetyltransferases	

One of the major post-translational mechanism is N-epsilon (Nε) acetylation of lysine 

residues. Recent studies have shown protein regulation in bacteria through acetylation of 

proteins associated with transcription. Thus post-translational modifications remain no 

longer confined to eukaryotes (Jones & O'Connor, 2011; Yu, Kim, Moon, Ryu, & Pan, 

2008; J. Zhang et al., 2009). Acetylated proteins play diverse roles in bacterial cellular 

activities including energy metabolism, transcription, translation, stress response and 

many others (Hu et al., 2010). Moreover, GNAT members are responsible for protein 

acetylation, including both Nε and Nα acetylation of lysine residue and protein terminal 

respectively. They form other class in the GNAT family commonly known as protein N-

acetyltransferases (PATs). SePat from Salmonella enterica was the first Nε-lysine 

A B 

Figure 1.8: Structure of SpeG A) monomer of SpeG composed of four α-helices and six 
β-sheets B) SpeG forms dodecamer in solution.  
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acetyltransferase to be identified and involved in AcCoA synthetase inhibition by 

acetylating the enzyme (Favrot et al., 2016; Starai & Escalante-Semerena, 2004; Thao & 

Escalante-Semerena, 2011). SePat also acetylates several other metabolic enzymes 

including glyceraldehyde-3-phosphate dehydrogenase, isocitrate lyase, propionylate 

propionyl-CoA synthetase, and isocitrate dehydrogenase kinase (Yu et al., 2008; J. Zhang 

et al., 2009). Escherichia coli YfiQ and S.enterica Pat acetylate Lys180 of the global 

regulatory protein RcsB leading to inhibition of RcsB dependent repression of flagellum 

biosynthesis (Hu et al., 2010; Thao & Escalante-Semerena, 2011). Another example of 

PAT member is AcuA in Bacillus subtilis that limits the activity of AcCoA synthetase in 

the bacteria (Gardner & Escalante-Semerena, 2009; Thao & Escalante-Semerena, 2011). 

The major archaeal chromatin protein Alba is also post-translationally modified at Lys16 

by P2, a PAT member from Sulfolobus solfataricus that limit the transcription repression 

by lowering DNA binding affinity of the protein significantly (Favrot et al., 2016; 

Gardner, Grundy, Henkin, & Escalante-Semerena, 2006; Marsh, Peak-Chew, & Bell, 

2005). Mycobacterium tuberculosis encode at least two PAT members and are possible 

targets for drug design. One of them is Rv1347c, which transfers various lengths of acyl 

chains from acyl CoA to Nε of lysine and is responsible for mycobactin synthesis leading 

to virulence of the pathogen (Fig 1.9) (Card et al., 2005; Xie et al., 2014). The other PAT 

member is ArgA encoded by Rv2747 in M.tuberculosis, which  acetylates l-glutamate in 

the biosynthesis of l-arginine and forms N-acetyl-l-glutamate (Errey & Blanchard, 2005; 

Favrot et al., 2016). PA4794 from Pseudomonas aeruginosa is other interesting example 

of protein N-acetyltransferases (PAT). It is different from other type of PAT members 

because it selectively acetylates Nε amine of a C-terminal lysine residue of peptides. 

Thus, PA4794 from P.aeruginosa has been suggested to function as a C-terminal lysine 

protein acetyltransferase (Fig 1.10) (Favrot et al., 2016; Hu et al., 2010; Majorek, Kuhn, 

Chruszcz, Anderson, & Minor, 2013).  
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Figure 1.9: Structure of Rv1347c, a member of PAT subfamily, consists of four α-helices 
and seven β-sheets. Responsible for the production of mycobactin 
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1.3	Conclusions	

The GNAT superfamily represents one of the largest groups of evolutionarily related 

acetyltransferases recognised to date, with multiple paralogs from diverse kingdoms of 

life. A majority of new GNATs discovered either by bioinformatics or by experimental 

methods, tend to provide deeper insights into their diverse roles in numerous organisms. 

In the last decade, numerous structures of different classes of GNATs have been studied 

extensively, but very few of them have been characterised biochemically and 

functionally. The probable reason for this may be the broad substrate specificity of GNAT 

superfamily ranging from the aminoglycoside antibiotics, glucosamine-6-phosphate to 

the histone proteins, serotonin and spermidine. With such diverse array of substrates, 

screening methods are cumbersome and expensive, therefore very limited studies offer a 

complete snapshot if structure, function, and substrate for these family members. There 

is clearly additional knowledge to be gained about the potential manifold of substrates of 

Figure 1.10: Structure of PA4794 from Pseudomonas aeruginosa with CoA (magenta), 
N-phenylacetyl-Gly-Aclys (cyan) and chloramphenicol inhibitor (gray). 
Superimposition of these structures show chloramphenicol binds in the substrates 
binding site and thereby inhibiting enzyme activity 
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this superfamily. The increasing number of GNATs with unknown biochemical functions 

represent an attractive prospect for future research. Furthermore, working on such 

families may lead to new information that will help further to classify this superfamily 

and provide significant information for probable drug targets in pathogens. In this study 

we investigate the structural, functional, and substrates for a variety of GNATS from 

pathogenic organisms.  
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2	Materials	and	Methods		

2.1	Materials	

2.1.1	Genomic	DNAs	

Staphylococcus aureus was chosen as microbe of interest and S.aureus subsp. aureus 

Mu50 was selected as the strain to be studied. The genome for the selected strain was 

analysed using database server Superfamily. The genomic DNA was then obtained from 

American type culture collection (ATCC) with the ATCC number 700699D-5.  

2.1.2	Plasmids	and	their	applications	

Table 2.1 A description of the plasmids and their uses within this study are listed below. 

Plasmids Applications 

pMCSG21 This plasmid used for the expression of protein encoded 

by genes, it contains a T7 promoter, N-terminal 6xHis 

affinity tag, and TEV protease cleavage site upstream of a 

ligation independent cloning site. A spectinomycin 

resistance gene allows selection of transformed colonies 

pRK793-TEV protease To remove the tag from fusion protein TEV protease (in 

house made) had been used in this study. TEV protease 

was purified in laboratory using this plasmid for this 

study.  

	

2.1.3	Oligonucleotides	

After genomic DNA analysis, gene specific primers were designed using Express primer 

tool. Table 2.2 Oligonucleotides used for gene amplification, gene mutation and for clone 

sequencing are listed below. 
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Protein 

Name 

Oligo’s 

Name 

Sequence (5’- 3’) 

 

SaGNAT-1 

FWD TACTTCCAATCCAATGCCATGATTCGATGTGCTAAAAAAGAAGAT
TTAAACGC 

REV TTATCCACTTCCAATGTTACTAGTCTTTTAAATCTAATTCATAAA
AAGCTAAATC 

 

SaGNAT-2 

FWD TACTTCCAATCCAATGCCATGATTGAAATTAAAACATTAACGAAT
AATG 

REV TTATCCACTTCCAATGTTATTACTTATTAATCAAATCATAAAAAA
GCC 

 

SaGNAT-3 

FWD TACTTCCAATCCAATGCCGTGATACGTCAAGCACGTC 

REV TTATCCACTTCCAATGTTATTATTTAACAATTAAATGATGATACA
TGTG 

 

SaGNAT-4 

FWD TACTTCCAATCCAATGCCTTGGATCAACAGTCAAAAGAACAATTA
AACATTAGAG 

REV TTATCCACTTCCAATGTTATTAGTCATTTAAATTCACCCACATAA
CCATTGCG 

	

2.1.4	Bacterial	strains	

Table 2.3 Following strains of Escherichia coli were utilised during this study 

E. coli strain  Purpose 

Top10 E. coli Top10 cells were used during this study to multiply 

cloning/expression vectors and recombinant plasmids by 

performing plasmid isolation. 

BL21(DE3)pLysS E. coli BL21(DE3)pLysS cells were used to express the 

recombinant proteins by auto-induction and IPTG-induction.  
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2.1.5	Molecular	biology	kits	used	

Table 2.4 Following kits were used in this study to perform molecular biology 

experiments.  

Name of Kit Applications 

QIAGEN QIAprep Spin Miniprep Kit Isolation of plasmid DNA 

Gel Extraction Kit Agarose gel extraction of digested DNA 

PCR Product Purification Kit Purification of PCR products for cloning 

	

2.1.6	Buffers,	solutions	and	bacterial	culture	media	

All buffers, solutions and bacterial culture media were prepared with sterile reverse 

osmosis/deionised water and were sterilised by autoclaving for 20 min at 121 °C. All 

FPLC buffers used for protein purification (His/SEC buffers) were sterilised through filter 

(0.22 µm), and collected into sterilised 1L Schott bottles. The composition of buffers, 

solutions for DNA manipulations, bacterial culture media and solutions, protein 

purification and visualisation are listed below in tables 2.5, 2.6 and 2.7. 

 

Table 2.5 Following reagents were used to prepare solutions required for DNA gel 

electrophoresis 

Solution Composition 

DNA Ladder GeneRuler DNA ladder 100-10,000bp (Fermentas) 

DNA loading dye 6x DNA Loading Dye (Fermentas) 

Ethidium Bromide 10 mg/mL in water 
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TAE buffer (50x) 2 M Tris, 5.7% glacial acetic acid, 50 mM EDTA 

 

Table 2.6 Following reagents were utilised to prepare the various buffers and solutions 

required for the protein purification, SDS-PAGE visualization, enzyme assay and 

crystallisation.  

 

Buffers/Solution Composition 

His buffer A 50 mM phosphate buffer (pH 8.0) 300 mM NaCl, 20 

mM imidazole 

His buffer B 50 mM phosphate buffer (pH 8.0), 300 mM NaCl, 500 

mM imidazole 

His (R C Stevens & W N 

Lipscomb) buffer A 

50 mM phosphate buffer (pH 8.0), 500 mM NaCl, 30 

mM imidazole, 10% glycerol 

His (R C Stevens & W N 

Lipscomb) buffer B 

50 mM phosphate buffer (pH 8.0), 500 mM NaCl, 500 

mM imidazole, 10% glycerol 

GST-A buffer 50 mM Tris (pH 8.0), 125 mM NaCl 

SDS-PAGE sample buffer Novex 2x Tris-Glycine (Life Technologies) 

SDS-PAGE running 

buffer 

1x MES buffer (Life Technologies) 

Coomassie blue stain 0.2% Coomassie brilliant blue R-250, 40% ethanol, 

10% glacial acetic acid 

Destain buffer 40% ethanol, 10% glacial acetic acid 

Stop solution (for enzyme 

assay) 

6 M Guanidine HCl, 100 mM Tris (pH 8.0) 
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DTNB solution (for 

enzyme assay) 

50 mM Tris (pH 8.0), 125 mM NaCl, 0.2 mM DTNB, 

0.5 M EDTA (pH 8.0) 

 

 

Table 2.7 Bacterial culture media and solutions were prepared using following reagents 

Solutions/media Composition 

Auto-induction media 10 g/L tryptone, 5 g/L yeast extract, 1x NPS, 1x 5052, 

1 mM MgSO4 

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

5052 (50x) 25% glycerol, 2.5% glucose, 10% α-lactose 

Luria-Bertani (Albanesi 

et al.) Broth 

10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl 

LB agar 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 

g/L agar 

	

2.1.7	Substrates	

All substrates were purchased from Sigma–Aldrich. Stock solutions of substrates were 

prepared using GST-A buffer and sterilised through syringe filter 0.22 µm and stored at 

-20˚C in the freezer. 

Table 2.8 Substrates were used in this study to characterise GNATs functionally are listed 

below. 

S.No. Name of substrate S.No. Name of substrate 

1 Spermine 41 L-Asparagine 
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2 Spermidine trihydrochloride 42 Agmatine sulfate salt 

3 Thialysine 43 L-Arginine 

4 L-Lysine 44 L-Aspartic acid 

5 Poly-L-lysine hydrobromide 45 L-Glutamic acid 

6 L-Serine 46 L-Phenylalanine 

7 L-Threonine 47 Kanamycin B sulfate salt 

8 L-Methionine 48 Apramycin sulfate salt 

9 N-Acetyl-L-methionine 49 NADP 

10 Neomycin trisulfate salt hydrate 50 Creatine 

11 Gentamicin 51 Cytidine 

12 Puromycin dihydrochloride 52 L-tyrosine 

13 Chloramphenicol 53 L-valine 

14 D-(+)-Glucosamine 

hydrochloride 

54 antibiotic G418 

15 D-Glucosamine 6-phosphate 55 Polymyxin B sulfate 

16 Dopamine hydrochloride 56 Bacitracin 

17 Epinephrine 57 Adenosine 

18 Ethyl-4-aminobutyrate 

hydrochloride 

58 Guanidine hydrochloride 

19 N-Phenylacetyl-Gly-Lys 59 L-Ornithine monohydrochloride 

20 Asp-Phe methyl 

ester(aspartame) 

60 Pyridoxamine dihydrochloride 

21 Cadaverine dihydrochloride 61 Thiamine hydrochloride 
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22 Putrescine dihydrochloride 62 Nicotinamide 

23 L-Glutamine 63 Blasticidine S hydrochloride 

24 Glycine 64 Colistin sulfate salt 

25 L-Alanine 65 L-citrulline 

26 L-Tryptophan 66 L-Homoserine 

27 L-Leucine 67 L-isoleucine 

28 Streptomycin sulfate salt 68 Sulfacetamide 

29 Tobramycin 69 Cephalexin 

30 Ampicillin 70 7-Aminocephalosporanic acid 

31 NAD 71 Guanosine 

32 Thiamine pyrophosphate 72 α-Methyl-DL-serine 

33 Adenosine-3′,5′-cyclic 

monophospha(cAMP) 

73 Folic acid 

34 Urea 74 Pterine 

35 Allantoin 75 AICAR(5-Aminoimidazole-4-

carboxamide-1-β-D-ribofuranosyl-

5′-monophosphate) 

36 Tyramine 76 4-Aminobenzoic acid 

37 Serotonin hydrochloride 77 N-acetyl isoleucine 

38 5-Amino-4-

imidazolecarboxamide 

hydrochloride 

78 N-Acetyl-L-tryptophan 

39 L-Glutathione oxidized 79 N1-Acetylspermine 

trihydrochloride 
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40 Acetyl-Ser-Asp-Lys-Pro 80 Nα-Acetyl-L-glutamine 

	

2.2	Methods	

2.2.1	Gene	amplification	by	polymerase	chain	reaction	(PCR)	

After designing primers for the target genes, primers were ordered and received from the 

company GeneWorks. Mother and working stocks were prepared and stored in -20 ͦ C 

freezer. Target genes were amplified from genomic DNA by performing polymerase 

chain reaction with forward and reverse primers (table 2.2). Additional nucleotides in the 

sense primer (5’TACTTCCAATCCAATGCC---3’) and antisense primer 

(5’TTATCCACTTCCAATGTTA---3’) were added to facilitate the ligation independent 

cloning. These additional nucleotides formed overhangs complimentary to the ligation 

site of pMSCG21 following incubation with T4 DNA polymerase (Eschenfeldt, 2009 

#67). All reactions were performed using HotStarTaq Master Mix (Qiagen). The PCR 

reaction reagents and thermal cycling details are detailed below in Tables 2.9 and 2.10.  

Table 2.9 PCR Reagents 

Reagents Volume Final concentration 

Sterile H2O 20.5 µL N/A 

HotStarTaq master mix 25 µL N/A 

Forward primer  1.5 µL 0.3 mM 

Reverse primer 1.5 µL 0.3 mM 

Genomic DNA  1.5 µL <1 µg/50 µL 
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Table 2.10 PCR Cycle 

Cycle step Temperature 

(°C) 

Time min (Leesong, 

Henderson, Gillig, 

Schwab, & Smith) 

Cycles 

1. Initial activation 95 15 1 

2. Denaturation 94 1 1 

3. Annealing 58 1 1 

4. Extension 72 1-3 (1Kb= 1min) 1 

5. Repeat steps 2-4    29 

6. Final extension 72 10 1 

7. Hold 4 ∞ 1 

	

2.2.2	Purification	of	the	amplified	products	

PCR products were purified through QIAquick PCR purification kit as per protocol 

mentioned in the manual. One volume of PCR product was mixed with five volume of 

PB buffer. Mixture was added onto QIAquick column and centrifuged for 60 sec at 

approximately 14000 x g. The flowthrough was discarded and target DNA was washed 

twice with 750 µL of buffer PE (containing ethanol). Then column was allowed to airdry 

to remove residual ethanol and finally DNA was eluted in 35 µL of buffer EB.  

2.2.3	Competent	cells	preparation	using	Escherichia	coli	

For the preparation of competent E. coli strains CaCl2 and MgCl2 method was used (Li et 

al., 2015). E. coli Top10 or BL21(DE3)pLysS cell suspensions (Life Technologies) were 

streaked onto LB agar plates under sterilised condition and incubated overnight at 37 °C. 

A 5 mL starter culture in LB broth was then prepared by inoculating with a single colony 
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from the above plate, and incubated overnight at 37 °C, shaking at 220 RPM. Next day, 

a 250 mL baffled flask containing 100 mL LB broth was inoculated with 100 µL of 

overnight grown starter culture. Cell culture was grown at 30 °C, shaking at 90 RPM until 

an optical density at 600 nm of 0.4 – 0.6 was reached. Cells were then harvested at 3000 

x g by centrifugation at 4 °C for 10 min, resuspended in 25 mL of ice cold 100 mM MgCl2 

and incubated for 10 min on ice. After incubation, the cells were pelleted down by 

centrifugation, resuspended in 25 mL of ice cold 100 mM CaCl2 and incubated for 30 min 

on ice. After incubation, the cells were re-harvested and resuspended in 5 mL of 100 mM 

CaCl2 and 20% glycerol before being divided into 200 µL aliquots, flash frozen in liquid 

nitrogen and then stored at -80 °C. Competency and antibiotic sensitivity of competent 

cells was examined before use. 

2.2.4	Transformation	of	vector	and	target	genes	into	E.	coli	competent	

cells	

Transformation of pMCSG21 vector into chemically competent E. coli top10 cells for the 

propagation and plasmid constructs into E. coli BL21(DE3)pLysS cells  for the 

expression respectively was performed via the heat shock method. One microlitre of 

plasmid DNA (spectinomycin antibiotic marker gene, 40 ng) was added to 50 µL of 

competent bacterial cells and incubated on ice for 30 min. Cells were then incubated at 

42 °C in the waterbath for 45 sec, and placed on ice for a further 2 min. Two hundred 

microliters of room temperature LB broth was added to the cells before incubation for 45 

min at 37 °C, shaking at 220 rpm. Transformed colonies were screened by plating 50 µL 

of transformation culture on LB plates containing 100 µg/mL of spectinomycin and 

incubating overnight at 37 °C. 
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2.2.5	Extraction	of	the	transformed	vector	

The transformed plasmid DNA was obtained by performing plasmid isolation protocol 

using QIAprep Spin Miniprep Kit. Plasmid DNA was propagated in 5 mL LB broth 

inoculated by single colony of Top10 E. coli cells containing the desired antibiotic and 

inoculated broth was grown overnight at 37 °C with shaking at 220 RPM. Bacterial cells 

were harvested by centrifugation at 3000 x g for 5 min, then resuspended in 250 µL of 

buffer P1 (containing RNase A). E. coli cells were lysed using 250 µL of buffer P2 

(containing LyseBlue reagent), and genomic DNA was precipitated by the addition of 

350 µL of buffer N3. Genomic DNA and cell debris was pelleted by centrifugation at 

14000 x g for 15 min. Supernatant was loaded onto the QIAprep spin column and passed 

through the column by centrifugation for 1 min at 4500 x g. Plasmid DNA was then 

washed with 500 µL of buffer PB and 2x 750 µL of buffer PE (containing ethanol) before 

being eluted in 50 µL of buffer EB.  

2.2.6	SspI	digestion	of	pMCSG21	vector	

Approximately 5 µg of vector DNA was incubated with 1x SspI buffer (Promega) and 40 

U of SspI (HC, GQ; Promega) to linearised vector, at 37 °C for 2 hrs as per Table 2.11.  

Table 2.11 Digestion of vector 

Sample Volume Final concentration 

Sterile H2O 12.5 µL N/A 

SspI 10x reaction buffer 2 µL 1x 

Vector DNA 5 µL 5 µg 

SspI 0.5 µL 2 U/µL 
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2.2.7	Agarose	gel	electrophoresis	

DNA samples were run for separation on the prepared 1% agarose gels containing 0.01 

mg of ethidium bromide per 50 mL of agarose gel, submersed in 1x TAE buffer within a 

horizontal slab apparatus. For samples preparation 2 µL of 6x DNA loading dye was 

mixed in 10 µL of sample volume and ran on a gel along with Fermentas GeneRuler DNA 

ladder for comparison of molecular weight. Electrophoresis was performed at 70 V for 

approximately 1.5 hrs followed by illumination and imaging under UV light using Biorad 

Gel document system. 

2.2.8	DNA	gel	extraction	

Linearised vector DNA was purified using the Qiagen QIAquick gel extraction kit. Vector 

DNA was separated on agarose DNA gel, and excised from the agarose. Agarose 

containing the DNA fragment of interest was weighed and later dissolved by the addition 

of three volumes of buffer QG to one volume of agarose gel, heating at 50 °C, and 

vortexing every 2 min until dissolved. One gel volume of isopropanol was added to the 

sample before being loaded onto the QIAquick column and passed through the column 

by centrifugation for 1 min at approximately 14000 x g. The flow through was discarded 

and target DNA was washed twice each time with 500 µL of buffer QG and followed by 

750 µL of buffer PE (containing ethanol) before being eluted in 35 µL of buffer EB. 

Following purification of target DNA, the concentration of DNA was determined by 

spectrophotometry at 260 nm.  

2.2.9	T4	polymerase	treatment		

Pair of overhangs about 15 bp was generated on linearised vector DNA (section 2.2.8) 

and PCR products (section 2.2.2) by T4 DNA polymerase treatment (LIC grade, 

Novagen) in the presence of either dGTP or dCTP (Promega). Linearised vector DNA 

was incubated with T4 DNA polymerase and dGTP. The 3’-5’ exonuclease activity of T4 
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DNA polymerase hydrolyses nucleotides from the 3’ ends of the vector until reaching a 

guanosine residue, creating a 15 bp 5’ overhang. Similarly, purified PCR product (section 

2.2.2) was incubated with T4 DNA polymerase and dCTP. The exonuclease activity of 

T4 DNA polymerase hydrolyses nucleotides from extensions added to target DNA (Table 

2.1) by the LIC specific primers (Table 2.2), creating a 15 base pair overhang 

complimentary to the T4 DNA polymerase treated vector. The components of the T4 

treatment reactions are detailed below (Table 2.12, Table 2.13). Samples were incubated 

at 22 °C for 30 min, followed by 20 min at 75 °C. 

Table 2.12 T4 DNA polymerase treatment with purified PCR product  

Reagents Volume Final Concentration 

Sterile H2O Made up to 40 µL N/A 

10x T4 DNA polymerase 

reaction buffer 

4 µL 1x 

dCTP (100 mM) 1 µL 2.5 mM 

DTT (100 mM) 2 µL 5 mM 

Purified PCR product  As per concentration     

(70 ng) 

1 ng/µL 

T4 DNA polymerase  1.5 µL ~4 U 

 

Table 2.13 T4 DNA polymerase treatment with linearised vector 

Reagents Volume Final Concentration 

Sterile H2O Made up to 40 µL N/A 

10x T4 DNA polymerase 

reaction buffer 

4 µL 1x 
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dGTP (100 mM) 1 µL 2.5 mM 

DTT (100 mM) 2 µL 5 mM 

Purified vector DNA  As per concentration   

(200 ng) 

5 ng/µL 

T4 DNA polymerase  1.5 µL ~4U 

	

Following T4 DNA polymerase treatment, PCR product was combined with 7.5 ng 

(1.5 µL) of vector DNA at a 3:1 ratio of insert to vector, and incubated on ice for 30 min 

to allow T4 treated fragments to anneal. Top10 E. coli cells were then transformed using 

2.5 µL of reaction mixture as described in section 2.2.4.  

2.2.10	Ligation	independent	cloning	

The genes encoding GNATs from pathogen Staphylococcus aureus SaGNAT-1, 2, 3 and 

4 were cloned into the expression vector pMCSG21 by ligation independent cloning, 

using a previously established protocol (Eschenfeldt, Lucy, Millard, Joachimiak, & Mark, 

2009). Recombinant clones contained full-length GNAT gene, an N-terminal 6-histidine 

tag and a Tobacco etch virus (R. C. Stevens & W. N. Lipscomb, 1992) protease cleavage 

site between gene and tag. 

2.2.11	Colony	PCR	screening	

Positive clones were screened by performing colony PCR using HotStarTaq Master Mix 

(Qiagen).  Approximately ¼ portion of the colony was used to prepare master patching 

plate, incubated for 6 hrs at 37 °C. ½ Patched colony then was added to the prepared PCR 

master mix (Table 2.14) by sterile pipette tip and gently resuspended. Positive control 

was prepared as above, using genomic DNA as a template and to prepare negative control 
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non-transformed E. coli Top10 cells was used as template DNA. In all reactions listed 

primers in Table 2.2 were used, and reaction cycles as per Table 2.10 

Table 2.14 Colony PCR reagents 

Reagents Volume Final Concentration 

Sterile H2O 10.5 µL N/A 

HotStarTaq Master Mix 12.5 µL N/A 

FWD primer (10 µM) 0.75 µL 0.3 µM 

REV primer (10µM) 0.75 µL 0.3 µM 

Template DNA 1/2 of a patched colony/ 

gDNA for positive control 

N/A 

	

2.2.12	DNA	Sequencing	

Purified plasmids were sent to the Australian Genome Research Facility (AGRF) to 

confirm the target gene was inserted into the vector and no mutations or frame shift errors 

had occurred.  

2.2.13	Transformation	of	GNAT	genes	into	BL21	cells	

Competent E. coli BL21(DE3)pLysS cells were transformed with recombinant plasmid 

as per section 2.2.4 for protein expression. All the recombinant proteins including S9, 

S10, S12, S15, and SpeG were expressed in E. coli BL21(DE3)pLysS (Life Technologies)  

using auto-induction media (F. William Studier, 2005). Selected few colonies were 

incubated overnight in 10 mL of LB broth (Table 2.7) supplemented with 100 µg/ml 

spectinomycin at 37 °C, with shaking at 220 rpm. 
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2.2.14	Expression	of	proteins	by	auto-induction	method	

2 L flasks containing 500 mL of auto-induction media containing spectinomycin 

(100 µg/ml) were inoculated with 1 mL of overnight grown culture at 37 °C and incubated 

again overnight at 25 °C with shaking at 90 rpm. Cells were pelleted down by 

centrifugation at 7500 x g for 30 min, following centrifugation, the cell pellet was 

resuspended in 1/10 the volume of His buffer A and stored at -20 °C until use. 

2.2.15	Purification	of	proteins	by	affinity	chromatography	

Lysis of the cells were done by performing three freezing-thawing cycles while 

incubating with 1 ml of lysozyme (20 mg/ml) and 10 µl of deoxyribonuclease-I (50 

mg/ml, Sigma-Aldrich) to reduce sample viscosity. Cells were incubated at 25 °C for 30 

min and mixed until homogeneous. The cell debris was cleared by centrifugation at 25000 

x g and 18°C for 30 min and the supernatant filtered through a 0.45 µm syringe filter 

(Millipore) before applying to a 5 ml HisTrap affinity column (G.E. Healthcare) 

equilibrated with His buffer A. After sample injection, the matrix was washed with 10-

15 column volumes of His buffer A to remove unbound protein. His-tagged protein was 

eluted by applying His buffer B (Table 2.6) to the matrix, using a linear increase in 

imidazole concentration from 20 mM to a final concentration of 500 mM. Fractions 

containing the desired recombinant protein were pooled and incubated overnight at 4 °C 

with ~700 µg of TEV protease to remove the 6xHis tag.  

2.2.16	TEV	protease	preparation	

TEV protease plasmid (Table 2.1) was transformed into BL21(DE3)pLysS cells. 

Transformed few colonies were inoculated in 5mL of LB broth containing 100 µg/mL 

ampicillin and incubated overnight at 37 °C, shaking at 220rpm. The following day, 2x 

500 mL of LB broth containing 100 µg/mL ampicillin was inoculated using 2 mL of 

overnight culture. Culture was grown at 37 °C with shaking at 90 rpm until an OD600 of 
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0.4 was reached. The culture was then incubated for 2 hrs at 20 °C, before the addition of 

500 µL of 1 M isopropyl β-D-1-thiogalactopyranoside (Promega). Cells were incubated 

for a further 20 h at 20 °C, then harvested by centrifugation for 30 min at approximately 

7500 x g. Harvested cells were resuspended in His(R. C. Stevens & W. N. Lipscomb, 

1992) Buffer A (Table 2.6), and frozen overnight at -20 °C. Cells were lysed by freeze-

thaw cycle, the addition of 20 mg of lysozyme, and 1x Fast Break Cell Lysis reagent 

(Promega). DNase I (Sigma-Aldrich) was added to the sample and incubated on ice for 

30 min. Cell debris was removed by centrifugation at 25000 x g for 20 min, the 

supernatant was then collected and filtered using a 0.45 µm low protein binding filter 

(Millipore). The soluble cell lysate was injected onto a 5 mL HisTrap HP column (GE 

Healthcare) equilibrated with His (R. C. Stevens & W. N. Lipscomb, 1992) buffer A 

(Table 2.6). After sample injection, the matrix was washed with 15 column volumes of 

His (R. C. Stevens & W. N. Lipscomb, 1992) buffer A to remove un-tagged proteins. 

TEV protease was eluted by applying an increasing gradient of His  buffer B (Table 2.6) 

to the column. Fractions containing recombinant TEV protease were pooled, aliquoted 

and stored at -80 °C. The eluted sample was not purified by size exclusion 

chromatography or concentrated using Amicon ultracentrifugal device, as the protein 

rapidly precipitates following elution from the column. 

2.2.17	Size	exclusion	chromatography	of	overnight	digested	proteins	

After cleaving the His tag off, the sample was applied to a pre-equilibrated Superdex 200 

26/60 size exclusion column (SEC, GE Healthcare) and protein was eluted in GST buffer 

A (Table 2.6). Protein was concentrated using an Amicon ultracentrifugal device 

(Millipore) with a 10 kDa molecular weight cut off, aliquoted and stored at -80 °C. The 

concentration of purified acetyltransferase proteins was then assessed by 

spectrophotometry at 280 nm in conjunction with extinction coefficients calculated using 
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the ExPasy ProtParam tool (Wilkins et al. 1999) and the amino acid sequences of 

acetyltransferase proteins.  

2.2.18	Purity	of	the	proteins	checked	by	SDS-PAGE	

The effectiveness of protein expression and purification (sections 2.2.14 to 2.2.17) was 

analysed by SDS-PAGE using samples taken at multiple points throughout protein 

expression and purification (described in Table 2.15). Samples were separated using 

precast 4 – 12% polyacrylamide/Bis-Tris gels (Life Technologies) and 1x MES running 

buffer. Whole cell, soluble cell lysate, and column flow through samples were prepared 

using a 1:10 ratio of sample to 2x SDS sample buffer (Life Technologies). All other 

samples were prepared at a 1:1 ratio. Samples were heated for 2 min at 80 °C, followed 

by vortexing for 1 min and centrifugation at 14000 x g for 1 min. Supernatant was loaded 

into the wells of the polyacrylamide gel, alongside a Precision Plus Protein Standards 

(Bio-Rad) molecular weight marker (see appendix 2). Electrophoresis was performed at 

150 V for approximately 35 min. Gels were stained in Coomassie blue solution for 

approximately 20 min and destained using successive changes of destain solution over a 

period of approximately 1 hr. 

Table 2.15 Samples taken for SDS-PAGE to examine protein over-expression and 

purification	

Samples Description 

Whole Cell 

Lysate 

5-10 µL of sample was collected after lysis of cells  

Flow through 10 µL of  sample was collected while lysate was loading onto the 

column 

Elution (affinity) 10 µL of samples were collected after observing elution peak 



36 
	

TEV digestion 10 µL of sample was collected after TEV digestion of target 

protein 

SEC Elution 10 µL of elution samples were collected while size exclusion 

chromatography run 

Concentrated 5-8 µL sample was collected after concentrating protein 

	

2.2.19	Protein	crystallisation	set-up	

Initial crystallisation trials were carried out using the hanging drop vapour diffusion 

method in 48 well VDX (500 µL, 22mm diameter) plates (Hampton Research), and a 1:1 

ratio (total drop volume 3 µl) of protein with commercially available Hampton 

crystallisation screens including Crystal Screen and Crystal Screen II, Peg/Ion I & II) and 

Molecular Dimensions (Proplex I & II, Pact Premier I & II. Initial crystallisation 

conditions were then optimised by changing salt, buffer and/or precipitant concentrations, 

pH, and protein concentration, in a stepwise fashion. All crystallisation screens and 

optimisations were incubated at 23 °C. Prior to data collection, crystals were placed in 

cryoprotectant (glycerol 15-35%) and flash-cooled in liquid nitrogen.  

2.2.20	X-ray	Diffraction	and	protein	structure	determination	

Large, diffraction quality crystals were frozen in cryoprotectant comprised of glycerol 

(15-35%) in crystallisation solution. Diffraction data were collected at -173 °C at a 

wavelength of 0.95370 Å either on MX1 or MX2 beamline at the Australian Synchrotron. 

The collected diffraction data were indexed and integrated using iMOSFLM (Battye et al 

2011) and scaled in AIMLESS (Evans 2006, 2011) from the CCP4 suite (Winn et al. 

2011). The number of molecules within the asymmetric unit was estimated based on the 

Matthews coefficient (VM) and predicted molecular weight of the protein (Matthews 

1968, Kantardjieff et al. 2003). To determine phases and generate the initial electron 
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density map, molecular replacement was performed in Phaser (McCoy et al. 2007) using 

the search models detailed in the results chapters. Iterative cycles of model rebuilding 

with WinCoot (Emsley et al. 2010) were used for manual model building and real space 

refinement between successive rounds of structure refinement using Refmac5 

(Murshudov et al. 2011) and Phenix (Afonine et al. 2012).  

2.2.21 GNAT activity assays 

It is very difficult to assign functions to uncharacterised GNATs because their substrate 

binding domains are not conserved. Although GNATs are able to acetylate a myriad of 

substrates, the preferred substrate for an uncharacterised member cannot be identified or 

predicted from the structure alone. In order to tackle the issue of substrate identification 

for GNAT members, a broad substrate screening was done spectrophotometrically using 

a previously described biochemical approach (Kuhn et al., 2013). Once the potential 

substrates for previously uncharacterised GNATs were unraveled, the specific activity of 

the particular enzymes were determined by coupled colour change reaction with 5, 5-

dithiobis-(2- nitrobenzoate) (DTNB) (Hunt, Solaas, Kase, & Alexson, 2002; Tilton, 

Shockey, & Browse, 2004; Wei, Kang, & Cohen, 2009; Yamada, Furihata, Tamura, 

Watanabe, & Suga, 1996) that was recorded by a Biotek microplate reader at 415 nm 

wavelength. Enzyme assays were assessed in two steps, starting with screening of 80 

substrates followed by time-dependent kinetics. All the reactions were performed in 

duplicates and in 96-well clear flat-bottom polystyrene plates with a reaction volume of 

50µL. 

2.2.21.1	Screening	of	the	substrates	

While screening, the reaction was started by adding enzyme master mix composed of 50 

mM Tris pH 8.0, 125 mM NaCl, 15 µg of enzyme, and 0.5 mM of AcCoA to the 

previously placed 25 mM substrates (Table 2.8) in 96-well plate. The reaction was 
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proceeded for 10 min at 37°C and stopped using 50 µL of stop solution (Table 2.6). Later 

the reaction was incubated with 200 µL of DTNB solution (Table 2.6) for 10 min at room 

temperature to detect product of the reaction. Finally the change in absorbance was 

measured at 415 nm using microplate reader. Among 80 substrates screened, the substrate 

showing highest optical density for a particular GNAT was considered to be the possible 

substrate. The positive substrates were then further assessed kinetically.    

2.2.21.2	Time	dependent	kinetics	

The kinetics of enzyme was performed with various concentration of best substrate 

(observed in the screening) to determine the specific activity.  The kinetic reaction was 

initiated by adding enzyme master mix consists of 50 mM Tris pH 8.0, 125 mM NaCl, 1-

6 µg of enzyme (specific concentration is mentioned in result chapters), and 0.5 mM of 

AcCoA to various concentration of substrate. For each substrate concentration, six 

reactions were proceeded for six different time interval (0, 1, 2.5, 5, 7.5, and 10 min) in 

duplicates at room temperature. The reaction was stopped by adding 50 µL of stop 

solution (Table 2.6) and reaction product was detected by incubating reaction with 200 

µL of DTNB solution (Table 2.6) for 10 min at room temperature. Finally, the change in 

optical density was recorded at 415 nm using spectrophotometer. The specific activity 

was calculated using the extinction coefficient Σ412=13,600 M-1cm-1 (Yamada et al., 

1996). Graphpad Prism (version 6) was used to plot the data and calculate enzyme kinetics 

parameters. 
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3.	Structural	characterisation	of	a	Gcn5-related	N-
acetyltransferase	(SaGNAT-1)	from	Staphylococcus	
aureus.	
 

3.1	Abstract	

The Gcn5-related N-acetyltransferases (GNATs) are expressed ubiquitously and perform 

a diverse range of cellular functions through the acetylation of small molecules and 

protein substrates. Using activated acetyl coenzyme A as a common acetyl donor, GNATs 

catalyse the transfer of an acetyl group to acceptor molecules including aminoglycoside 

antibiotics, glucosamine-6-phosphate, histones, serotonin and spermidine. There is often 

only very limited sequence conservation between members of the GNAT superfamily, in 

part, reflecting their capacity to bind a diverse array of substrates. In contrast, the 

secondary and tertiary structures are highly conserved, but then at the quaternary level 

there is further diversity, with GNATs shown to exist in monomeric, dimeric, or 

tetrameric states. Here we describe the X-ray crystallographic structure of a GNAT 

enzyme from Staphyloccocus aureus with only low sequence identity to previously 

solved GNAT proteins. It contains many of the classical GNAT motifs, but lacks other 

hallmarks of the GNAT fold including the classic β-bulge splayed at the β-sheet interface. 

The protein is likely to be a dimer in solution based on analysis of the asymmetric unit 

within the crystal structure, homology with related GNAT family members, and size 

exclusion chromatography. The study provides the first high resolution structure of this 

enzyme, providing a strong platform for substrate and cofactor modelling, and 

structural/functional comparisons within this diverse enzyme superfamily.  
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3.2	Introduction	

The Gcn5-related N-acetyltransferases (GNATs) are a very large enzyme superfamily 

with more than 10,000 members identified across all kingdoms of life (Vetting et al., 

2005). They were first identified as aminoglycoside acetyltransferases from bacteria that 

developed antibiotic resistance to kanamycin and gentamicin (Vetting et al., 2005). The 

GNATs catalyse the transfer of an acetyl group from acetyl CoA to the primary amine of 

substrates including antibiotics aminoglycosides, glucosamine-6-phosphate, histones, 

serotonin and spermidine (Berndsen & Denu, 2008; Bewley et al., 2006; Reith & Mayer, 

2011; Vetting, Park, et al., 2008; Wolf et al., 2002). In spite of the substrate and functional 

diversity, the basic structure of GNAT members is highly conserved. Members of the 

family share a common fold known as the GNAT fold, comprised of 6-7 anti-parallel β-

strands and 4 α-helices in the topology β1-α1-α2-β2-β3-β4-α3-β5-α4-β6-β7.  

 

The GNAT fold contains four conserved motifs A-D, arranged in the order C, D, A and 

B in the primary sequence. The most highly conserved motif across the superfamily is 

motif A, followed by motif B, D, and C. The hallmark of motif A is the “P-loop”, 

connecting helix α3 and strand β4, which plays an essential role in binding the β-

mercaptoethylamine and pantothenic acid moieties of acetyl-CoA. Motif B spans 

conserved regions within α-helix 4 and is involved in binding the 3', 5'-adenosine 

diphosphate of acetyl-CoA. Motif D, encompassing β2 and β3 strands is not directly 

involved in substrate or cofactor binding, but stabilises core structural elements of the 

protein, while motif C, located at the N-terminus of the protein, is the least conserved 

with some histone N-acetyltransferases lacking this motif completely. These motifs 

together comprise the common structural core known as GNAT domain. A signature of 

the GNAT fold is a splay between β4 and β5 strands, forming a V-shape opening in the 
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central β sheet which is crucial in the transfer of acetyl group and binding of acetyl-CoA 

(Vetting, Bareich, et al., 2008).  

 

Whilst cell regulation through acetylation has been well characterised in eukaryotes, the 

role of protein acetylation within prokaryotes has only emerged recently, providing 

support that acetylation based regulation is an important and universal process. 

Staphylococcus aureus is an important pathogenic and multi-drug resistant bacterium, 

contains 35 putative GNAT enzymes, many of which remain uncharacterised both 

functionally and structurally. This pathogen can cause a number of life threatening 

illnesses including bacteremia, meningitis, osteomyelitis, pneumonia, septic phlebitis and 

endocarditis (Shittu & Lin, 2006; M. Trautmann, P. Lepper, & F. J. Schmitz, 2002). 

Moreover, rates of S. aureus infections have increased over past decade as has antibiotic 

resistance to commonly used antibiotics including rifampicin, vancomycin and 

methicillin (Cosgrove et al., 2003; Stefani & Goglio, 2010). Resistance towards the 

aminoglycoside antibiotics can occur through a range of mechanisms including 

aminoglycoside modifying enzymes, ribosomal mutations, or excretion of the 

aminoglycoside. Aminoglycoside-modifying enzymes can inactivate antibiotics by 

covalently attaching either a phosphate, nucleotide, or acetyl moiety to either the amine 

or the alcohol key functional group (or both groups) of the antibiotic, changing the charge 

or sterically hindering the antibiotic (Julian Davies & Gerard D. Wright, 1997; F. Dyda 

et al., 2000). Thus, characterisation of proteins capable of playing a role in antibiotic 

resistance and regulatory functions within important pathogenic bacteria provides an 

important platform for rational drug design, development of new inhibitors, and an 

enhanced understanding of the putative functional roles.  
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Here, we describe the structure of an uncharacterised, GNAT family member from S. 

aureus. Our structure confirms that the protein exhibits many of the classical GNAT 

motifs, has high structural similarity with the phosphinoacetyl GNAT proteins, and is 

likely to exist as a dimer in solution based on biophysical and crystallographic properties.  

 

3.3	Materials	and	methods	

3.3.1	Cloning	and	expression	

The gene encoding the putative N-acetyltransferase from S. aureus subsp. aureus Mu50 

NP_373053 (SaGNAT-1) was PCR amplified from genomic DNA purchased from 

American Type Cell Culture (ATCC), and cloned into the expression vector pMCSG21. 

The fidelity of the clone was confirmed by DNA sequencing and the plasmid transformed 

into E. coli BL21 (DE3) pLysS for recombinant expression. A 5 ml Luria–Bertani (LB) 

broth starter culture containing 100 µg/ml spectinomycin was used to inoculate 500 ml 

of auto-induction media (F. William Studier, 2005) containing 100 µg/ml spectinomycin 

grown at 25ºC for 24 h. The cells were harvested by centrifugation and the cell pellet 

resuspended in 50 ml of His buffer A (50 mM Phosphate buffer pH 8.0, 300 mM NaCl, 

20 mM Imidazole) and stored at -20ºC. 

 

3.3.2	Protein	purification	and	crystallisation		

The E. coli cells were lysed by 2 repetitive freeze-thaw cycles in the presence of 20 mg 

of lysozyme, and the lysate centrifuged at 15,000 rpm for 30 min. The supernatant was 

filtered through a 0.45 µm filter and the supernatant loaded onto a 5 ml Ni2+ column 

(HisTrap HP, GE Healthcare) in His buffer A. Following extensive washing of the 

column (> 10 column volumes) in His buffer A, the protein was eluted using an increasing 
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gradient of His buffer B (50 mM phosphate buffer pH 8.0, 300 mM NaCl, 500 mM 

imidazole). Elution fractions were pooled and treated with TEV protease (100µL of 3.3 

mg/mL) overnight at 4ºC to remove the affinity tag. Size exclusion chromatography 

(Superdex 200 column, GE healthcare) was performed in GST buffer (50 mM Tris pH 

8.0, 125 mM NaCl), and the protein concentrated to 27 mg/ml using an Amicon 

ultrafiltration device (Millipore). The purity of the protein was assessed by SDS-PAGE 

and stored at -80⁰C. Crystallisation screening was undertaking using the hanging-drop 

vapour-diffusion method and commercially available screens (Hampton Crystal Screen, 

PEG/Ion, Crystal Screen 2 and PEG/Ion 2). The drops contained 1.5 µl of the protein, to 

which an equal volume of reservoir solution was mixed, and suspended over 300 µl of 

reservoir at 296 K. Plate shaped diffraction quality crystals were obtained in 1 M sodium 

acetate trihydrate, 100 mM HEPES pH 7.5, and 50 mM cadmium sulphate hydrate. 

 

3.3.3	Data	collection,	structure	determination	and	refinement	

Crystals were flash-cooled at 100 K in liquid nitrogen with reservoir solution containing 

30% glycerol as a cryoprotectant. Diffraction data were collected from a single crystal at 

the MX2 crystallography beamline at the Australian Synchrotron. Data were indexed and 

integrated using iMOSFLM (Battye, Kontogiannis, Johnson, Powell, & Leslie, 2011) and 

scaled in AIMLESS (Evans, 2011). Molecular replacement was undertaken using Phaser 

(McCoy et al., 2007) and the chain of PDB 2JLM (48% sequence identity) as a search 

model. Model building and refinement was performed in Coot (P. Emsley, Lohkamp, 

Scott, & Cowtan, 2010) and Phenix respectively (Echols et al., 2012). 
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3.3.4	Enzyme	assays:		

Broad-substrate screening and enzyme kinetics of SaGNAT-1 was performed by 

spectrophotometric method using a coupled colour change reaction with 5,5-dithiobis-(2- 

nitrobenzoate) (DTNB) as described (Filippova, Kuhn, et al., 2015; Filippova, Weigand, 

et al., 2015; Yamada et al., 1996). Both substrate screening and enzyme kinetics assay 

reactions were carried out in 96-well flat-bottom plates, each reaction volume was 50 µL 

composed of 50 mM TrisHCl pH 8.0, 0.5 mM AcCoA, and 25 mM substrate. The 

exceptions were 0.4 and 1.9 mM for acetyl-Ser-Asp-Lys-Pro and AICAR, respectively. 

Additionally, the final concentration of chitosan and poly-L-lysine in the reactions was 4 

mg/mL. The screening and kinetics assay reactions were started adding 1 and 3.75 µg of 

enzyme respectively. The reaction was proceeded for 10 min at 37 °C and stopped adding 

50 µL of stop solution comprised of 100 mM TrisHCl pH 8.0 and 6 M guanidine HCl. 

The enzymatic activity was recorded as the increase in the formation of 2-nitro-5-

thiobenzoate anion (TNB2-) a yellow product that can be measured at 415 nm (E=13,600 

M-1cm-1) by the reaction of DTNB with free CoASH. Graphpad Prism (version 6) was 

used to plot the data and calculate enzyme kinetics. 
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3.4	Results	and	discussion	

3.4.1	Protein	production	and	structure	determination	

To determine the x-ray crystallographic structure of SaGNAT-1, the gene encoding the 

protein was cloned into bacterial expression vector pMCSG21 (Eschenfeldt et al., 2009) 

and recombinantly expressed as a 6-His tagged fusion protein in E. coli BL21 (DE3) 

pLysS. The protein was solubly over-expressed using the auto-induction method (F. 

William Studier, 2005) (see Fig 3.1 lanes 1 and 2), and a two-step purification 

incorporating affinity and size exclusion chromatography resulted in greater than 95% 

purity (Fig 3.1). SaGNAT-1 protein crystals produced in 1 M sodium acetate trihydrate, 

100 mM HEPES pH 7.5, and 50 mM cadmium sulphate diffracted to 2.15 Å and were 

indexed and integrated in the space group C121, with unit cell parameters a = 97.5, b = 

78.9, c = 66.0 Å, α = 90, β = 112.0, γ = 90º. Molecular replacement using Phaser (McCoy 

et al., 2007) and chain A of PDB model 2JLM was used to place 2 molecules in the 

asymmetric unit, corresponding to a Matthews coefficient of VM 3.18 Å3Da-1 and 61.4 

% solvent content (Matthews, 1968b). Extensive model building and refinement using 

COOT (P. Emsley et al., 2010) and Phenix (Echols et al., 2012) respectively produced a 

final model with an Rcryst and Rfree 0.18 and 0.22 respectively. All amino acid residues 

were modelled with the exception of the final C-terminal residue. Coordinate and 

structure factors have been validated and deposited to Protein Data Bank and assigned 

the PDB ID code 4MBU. Data-collection and refinement statistics are summarized in 

table 3.1.  
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Table 3.1. Data collection and refinement statistics of SaGNAT-1.  Statistics for the 
highest-resolution shell are shown in parentheses. 

 

 

 

Figure 3.1: Protein purification profile of SaGNAT-1. A) FPLC profile of the affinity 
purification, with SDS-PAGE insert showing lane 1 - whole bacterial cell lysate; lane 
2 - soluble protein fraction of the bacterial cell lysate; lane 3 – flow-through from the 
affinity column; lane 4 – affinity elution. B) Size exclusion purification indicating the 
theoretical elution volumes for monomer, dimer, and trimer, and an SDS PAGE insert 
lane 5 – showing the final purity of the protein. 
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3.4.2	Structure	of	SaGNAT-1	

The refined x-ray crystallographic structure revealed SaGNAT-1 to be an α/β protein 

comprised of 4 α-helices and 7 β-strands, with a topology β1-α1-α2-β2-β3-β4-α3-β5-α4-

β6-β7 (Fig 3.2). All β-strands are arranged sequentially according to sequence, with the 

exception of β7, located between strands β5-6. Two central antiparallel β-sheets (β1-4 

and β5-8) are splayed between β4 and β5 to create a V-shape in the protein (Fig 3.2). 

The two β-sheets are held together at the V joint by hydrogen bonding located on the N-

terminal residues in strands β4-β5, and diverge at Ser83 and Ala117. This signature feature 

of GNATs is stabilised by hydrogen bond interactions between water molecules and the 

amide N and carbonyl O atoms from the protein main chain. The N-terminal arm of the 

protein is comprised of an antiparallel β-sheet (β1-4) flanked by 3 α-helices (α1, α2 on 

one side, α3 on the other), and the C-terminal arm is comprised of an antiparallel sheet 

(β5-7) flanked by α4 on the same side as α3.  

 

Figure 3.2: Tertiary structure of SaGNAT-1 in cartoon format, with α-helices, β-
strands, and loops colored in red, yellow, and green respectively. 
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To assess both the sequence and structural similarities of SaGNAT-1 with other GNAT-

proteins, BLAST and DALI searches were undertaken. A sequence homology search of 

the non-redundant database using BLASTP (2.2.28) revealed the most closely related 

enzyme to be a phosphinothricin N-acetyltransferase (YP_008780792) from Bacillus 

cereus, sharing 60% sequence identity. This low sequence identity between the two 

closest related homologues is not unusual in the GNAT family, with subfamilies well 

documented to have highly variable amino-acid sequences, yet retaining very high 

structural homology (Vetting et al., 2005). In support of this, a structural homology 

search using DALI revealed 3 proteins with an rmsd of less than 1 Å, all corresponding 

to phosphinothricin acetyltransferases (PDB 1yr0 / rmsd  0.8 / 40% sequence identity; 

PDB 2jlm / rmsd  1.0 / 48% sequence identity; PDB 2bl1 / rmsd 0.9 / 47% sequence 

identity). The structural overlay and alignment of these proteins is presented in Fig 3.3, 

with the conserved active site and CoA binding site residues highlighted based on 

homology with other GNAT family members.  
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3.4.3	Quaternary	structure	of	SaGNAT-1	

SaGNAT-1 is likely to exist as a dimer based on the crystal structure, structural 

similarity with homologous proteins, and elution profiles from size exclusion 

chromatography. In the asymmetric unit of the crystal, two SaGNAT-1 molecules were 

present with a buried surface area of 1,397 Å2, strongly suggesting that this interaction 

is biologically relevant. Analysis of the inteferaces within the crystal using PISA 

(Proteins, Interfaces, Structures and Assemblies) also predicted this dimer configuration 

is likely to represent the biological unit, with other possible crystallographic contacts 

displaying less than 200 Å2 of surface area. Consistent with this result, the structural 

homology search above confirmed that the proteins with an rmsd of less than 1 Å also 

exist in the same dimeric configuration. Finally, the elution profile during size exclusion 

chromatography supports that the protein exists as a dimer in solution (Fig 3.1B). The 

full dimer conformation is presented in Fig 3.4, and detailed interactions that mediate 

the dimer binding are also described. Briefly, the binding interface in comprised 

Ala75:Tyr28/Tyr146; Tyr30:Gln77; Arg71:Glu81; Thr140:A;a138; 

Thr114:Thr142/Asn143; Thr79:Val144; Thr142:Glu158; Asp160:Asn143. 

Figure 3.3: Structure based alignment of the SaGNAT-1 (green) with 3 acyl-transferases 
and RMSD less than 1 Å. 1YR0 (orange), 1BL1 (blue), and 2JLM (magenta) are crystal 
structure of phosphinothricin acetyltransferase from Agrobacterium 
tumefaciens, Pseudomonas aeruginosa, and Acinetobacter baylyi respectively. 

Blue and red boxes depict conserved CoA binding and active site residues respectively, 
yellow box indicate residues involved in dimer formation, and unfilled boxes represent 
strictly conserved residues. 
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3.4.4	Broad-substrate	screening	and	kinetics	

To identify possible substrates of SaGNAT-1, eighty substrates were screened using a 

broad-substrate screening assay (see methods sections 2.1.7). Activity was observed for 

four substrates: cadaverine, putrescine, L-glutamine and agmatine (Fig 3.5AB). The 

specific activity of SaGNAT-1 was also determined for cadaverine, putrescine, and L-

glutamine by performing DTMB kinetic assay (Fig 3.6ABC, section 2.1.7.). Detailed 

kinetic parameters were calculated and tabulated in the table 3.2.  

 

A comparison with other related N-acetyl transferases was performed using DALI to 

assess active site configurations and substrate binding sites between the most structurally 

Figure 3.4: Quaternary structure of SaGNAT-1 showing interacting residues at the 
dimer interface 
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related proteins (Liisa Holm & Rosenström, 2010). Overall, SaGNAT-1 shared 40-47 % 

sequence homology with top the 40 related N-acetyl transferase structures, some of them 

solved by structural genomics consortia, but remain uncharacterized and unpublished. 

The enzyme most structurally similar to SaGNAT-1 is from Pseudomonas aeruginosa 

and called ‘pita’(Davies, Tata, Beavil, Sutton, & Brown, 2007). The enzyme was solved 

in apo- (PDB 2J8N) and substrate-L-methionine sulfoximine bound forms (PDB 2J8R), 

and revealed a similar GNAT fold. The substrate-binding site is formed by the dimer 

interface, as shown in the figure 4.7, with the presence of an open tunnel occupied with 

water molecules in our structure representing the substrate binding site near to α2 helix 

and tunnel (Fig 3.7).    
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Substrates 

Figure 3.5A: Screening of the 1-40 substrates for the SaGNAT-1, details of the substrates including names are mentioned in the section 2.1.7. 
SaGNAT-1 showed activity against 21: Cadaverine, 22: Putrescine, and 23: L-Glutamine 
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Figure 3.5B: Screening of the 41-80 substrates for the SaGNAT-1, details of the substrates including names are mentioned in the section 2.1.7. 
SaGNAT-1 showed activity against 42: Agmatine.   
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Figure 3.6: Kinetics of SaGNAT-1. Specific activity of SaGNAT-1 was determined with 
A) cadaverine B) putrescine C) L-Glutamine. D)  Chemical structure of cadaverine 
putrescine and L-glutamine are shown to compare length of the substrate and position of 
–NH2 functional group.   

Figure 3.7: The surface stereoview of SaGANT-1 with open tunnel occupied with 
water molecules (blue spheres), one side of open tunnel is the substrate binding site 
and other site is acetyl-CoA binding site.    
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Table 3.2: Kinetic parameters of enzyme SaGNAT-1.  

Substrate Km (mM) Kcat (S-1) Kcat/Km              
(M-1S-1) 

h         
(Hill  coefficient) 

L-Glutamin 20.94±3.02 1.03 0.05 1.91±0.28 

Cadverine 2.34±0.83 0.47 0.2 1.411±0.4750 

Putrescine 1.60±0.42 0.33 0.2 2.23±1.15 

	

3.5	Conclusion  

Here, we describe the 2.15Å structure of a GNAT family member within S. aureus. 

The structure confirms that the protein exhibits the core GNAT fold, and has high 

structural homology with phosphinothricin acetyltransferases. Consistent with this, 

the closest homologue identified by BLAST sequence analysis, was also a 

phosphinothricin acetyltransferase. Putative residues involved in acetyl-CoA and 

have been identified based on structural homology within the GNAT family. We also 

confirm the SaGNAT-1 activity against cadaverine, putrescine, L-glutamine and 

agmatine.   
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4.	Structural	characterisation	of	SaGNAT-2	protein	

4.1	Abstract		

Staphylococcus aureus is a prevalent microorganism, capable of causing a wide range 

of infections and diseases. Several strains of this bacterial species have developed 

antibiotic resistance to methicillin and vancomycin, and higher death rates are still 

being reported each year due to multi-drug resistant strains. Certain GCN5-related N-

acetyltransferases (GNATs) exhibit a broad substrate range, including 

aminoglycosides, histones, other proteins and serotonin, and have been implicated in 

antibiotic drug resistance. Here, we report the expression, purification, crystallisation 

and preliminary X-ray diffraction analysis of a GNAT from S. aureus (SaGNAT-2). 

SaGNAT-2 was recombinantly expressed and crystallised by hanging drop vapour 

diffusion method at 296 K, and the crystals diffracted to 1.6 Å on the MX2 beamline 

at the Australian Synchrotron. Crystals belong to the space group P 43 21 2 with unit 

cell parameters a = 84.86 b = 84.86 c = 49.06 α = 90 β = 90 γ = 90. A full structural 

and functional analysis was undertaken to provide novel insights into the protein 

function. SaGNAT-2 is like present in monomeric form, possesses a GNAT fold 

confirms a member of GNAT superfamily. None of the substrate among eighty 

substrates showed a strong activity with SaGNAT-2, this may be due to presence of 

inhibitory loop within acetyl-CoA binding domain that prevents acetyl-CoA binding.  

However, this needs to be proved by performing further experiments. 

4.2	Introduction	

Staphylococcus aureus is a Gram positive, non-motile, non-spore-forming facultative 

anaerobic coccal species. Infections may cause various diseases, ranging from minor 

skin infections (furuncles, boils) and eye infections (keraritis), through to life 
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threatening diseases including septic arthritis, pneumonia, bacteremia, meningitis, 

osteomyelitis, and endocarditis (Shittu & Lin, 2006; M. Trautmann, P. Lepper, & F.-

J. Schmitz, 2002). The emergence of antibiotic resistance in S.aureus has led to 

increasing incidences of life threatening infections, and certain strains of S.aureus 

have developed multi-resistance against essential antibiotics including methicillin, 

rifampicin and vancomycin (Cosgrove et al., 2003; Stefani & Goglio, 2010). 

Approximately 19,000 deaths occur annually in the United States due to methicillin-

resistant Staphylococcus aureus (MRSA) infections (Klevens et al., 2007) and in 

2011, ~80,000 invasive MRSA infections were reported in the United States (Dantes 

et al., 2013). 

N-acetyltransferase activity has shown to be one mechanism through which bacteria 

are able to develop antibiotic resistance. The enzymes that catalyse these reactions 

transfer the acetyl groups from acetyl-CoA to primary amines or arylamines (Brooke 

et al., 2003; Vetting et al., 2005). Based on their cognate substrates and reaction 

mechanism, they can be broadly categorised into either arylamine N-

acetyltransferases (NAT1, NAT2) or GCN5-related N-acetyltransferases (GNATs). 

Arylamine N-acetyltransferase have shown to inactivate isoniazid, a front-line anti-

tubercular agent (Sandy, Holton, Fullam, Sim, & Noble, 2005), while enzymes of 

GNAT family show diverse substrate specificity including aminoglycosides, 

histones, serotonin. Aminoglycoside N-6'-acetyl transferases (AAC6's)6, a member 

of the GNAT family, are responsible for inactivation of the aminoglycoside 

containing antibiotics (J. Davies & G. D. Wright, 1997). GNAT members also exist 

in other emerging drug resistant bacteria including Pseudomonas aeruginosa, 

Klebsiella pneumoniae, Salmonella enterica and Streptococcus pneumoniae and 

shares identity ranging from 25% to 30%.  
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In addition to antibiotic modification, GNATs are responsible for a wide range of 

cellular functions through their recognition, interaction, and acetylation of diverse 

substrates, and are one of the largest enzyme families with approx 10,000 

representatives from all kingdoms of life (Fred Dyda, David C. Klein, & Alison 

Burgess Hickman, 2000; Vetting et al., 2005). The basic structure of GNAT fold is 

highly conserved (Vetting et al., 2005), sharing a common domain that is named after 

the yeast GCN5 and forms a structurally conserved fold, consisting of 6 to 7 beta 

strands ( b) and 4 helices (a) in the topology b1-a1-a2-b2-b3-b4-a3-b5-a4-b6, 

followed by a C-terminal strand which may be from the same monomer or 

contributed by another  monomer (EMBL-EBI Interpro., 2013). In this chapter, we 

report the 1.7 Å crystal structure of an N-acetyltransferase from S. aureus (SaGNAT-

2) in the GNAT family. To date, this is one of the highest resolution structures to be 

solved in this family (1.7 Å), enabling a detailed structural analysis of key 

components including the active site and substrate binding pockets. Our structure 

may also assist in determining the structure/function relationships of GNATs in 

related pathogenic microbes including Bacillus anthracis, Streptococcus pneumoniae 

and Clostridium botulinum (27-38% sequence identity) due to their universally 

conserved nature. 
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4.3	Methods	

4.3.1	Cloning		

SaGNAT-2 gene SAV0826 was amplified using polymerase chain reaction (PCR) 

from genomic DNA (gDNA) of S. aureus subsp. aureus Mu50. The initial 

denaturation of gDNA was performed at 367 K for 15 minutes followed by 30 cycles 

including cyclic denaturation at 367 K for 1 minute, annealing at 331 K for 1 minute, 

extension at 345 K for 30 seconds and final extension was carried out at 345 K for 

10 minutes. PCR amplified product was purified using the QIAGEN PCR 

purification kit, producing single band on 1% agarose gel. The forward and reverse 

primers used were TACTTCCAATCCAATGCCATGATTGAAATTAAAA 

CATTAACGAATAATG and TTATCCACTTCCAATGTTATTACTTATTAAT 

CAAATCATAAAAAAGCC respectively, where the bold nucleotides are 

complementary to the gene sequence, and the unbold are required for ligation 

independent cloning (LIC). The purified amplicon was cloned into Ssp1 digested and 

linearised pMCSG21 vector (Harvard Plasmid Repository) using T4 polymerase 

treatment (Eschenfeldt et al., 2009). Clones were initially confirmed by colony PCR, 

and the fidelity to the sequence confirmed using DNA sequencing at the Australian 

Genome Research facility. 

4.3.2	Expression	and	Purification		

SaGNAT-2 was recombinantly expressed as an N-terminal 6-His tagged fusion 

protein. A single colony of transformed Escherichia coli BL21 (DE3) pLysS cells 

was inoculated in 5 ml Luria–Bertani (LB) broth containing Spectinomycin (100 

µg/ml) overnight at room temperature (RT), from which 1ml of this starter culture 

was added to 500 ml of auto-induction media (F. W. Studier, 2005) in the presence 
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of Spectinomycin (100 µg/ml) and incubated at 298 K for 24 h in a shaking incubator. 

The cells were harvested by centrifugation at 5383 g (Beckman Coulter Avanti J-E) 

and the cell pellet resuspended in 30 ml of His buffer A (50 mM Phosphate buffer 

pH 8.0, 300 mM NaCl, 20 mM Imidazole). Cell lysis was performed by 3 freeze and 

thaw cycles and addition of lysozyme (1 ml of 20 mg/ml stock). The cell debris was 

removed by centrifugation at 25,000 g (Beckman Coulter Avanti J-E) and the 

supernatant containing the recombinant protein was subjected to affinity and size 

exclusion chromatography. During affinity chromatography (HisTrap 5 ml HP, GE 

Healthcare), the His-tagged protein was applied to the column on FPLC machine 

(Acta Purifier, GE Healthcare), and unbound proteins removed through extensive 

washing (20 column volumes) in His buffer A. The protein was eluted from the 

column by applying a gradient of increasing imidazole concentration up to 500 mM 

in His buffer B (50 mM Phosphate buffer pH 8.0, 300 mM NaCl, 500 mM Imidazole) 

over 10 column volumes. To cleave the 6 HIS affinity tag from the protein, TEV 

protease was added at a final concentration of 15 µg/ml and incubated for 12 h at 276 

K. This left three N-terminal residues encoded by the vector, Ser, Asp, and Ala. The 

protein was further purified by size exclusion chromatography (Superdex 200 

column, GE healthcare) in buffer containing (50 mM Tris pH 8.0, 125 mM NaCl), 

eluting at a volume consistent with a monomeric species. The protein was 

concentrated to 27 mg/ml using Millipore protein concentrators, the purity assessed 

by SDS-PAGE (Fig 4.2), and aliquoted and stored at 193 K in 50 µl aliquots for 

crystallisation trials.  
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Figure 4.2: SDS page analysis of 
recombinant SaGNAT-2: Lane 1, 
whole cell lysate after lysozyme 
treatment; lane 2, supernatant after 
centrifugation; lane 3, flow through 
of the fraction collected during 
affinity chromatography; lane 4, 
impurity peak fraction; lane 5, 
elution fraction after affinity 
chromatography; lane 6, TEV 
digestion of recombinant SaGNAT-
2; lane 7, elution after gel filtration; 
lane 8, pooled and concentrated 
SaGNAT-2 after gel filtration; lane 9, 
marker. 

Figure 4.1: Purification of recombinant SaGNAT-2 A) affinity chromatography, 
B) size exclusion profiles 
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4.3.3	Crystallisation	

Crystal trials were performed using the sparse matrix hanging drop vapour diffusion 

method in 48 well plates, using a range of Hampton crystallisation screens (Hampton 

Crystal Screen, Crystal Screen 2, PEG/Ion, and PEG/Ion 2). Drops were set up 

manually by mixing the protein sample and reservoir solution together in a 1:1 ratio 

(total volume 3 µl), suspended over the reservoir solution (300 µl) and incubated at 

296 K.  To obtain X-ray diffraction quality crystals, approximately 300 optimisation 

drops were set up by changing precipitant concentration and pH. Large diamond 

shaped crystals that were readily reproduced (Fig 4.2) and suitable for diffraction 

were obtained in the condition 2.25 M Sodium formate; 100 mM Sodium acetate 

trihydrate pH 4.0. 

 

 

4.3.4	Data	collection	and	processing	

Optimised crystals described above (4.3.3) were flash-cooled in cryoprotectant 

comprised of the reservoir solution containing 30% glycerol. A single crystal was 

used to collect 360 degrees of data on the MX2 crystallography beamline at the 

Australian Synchrotron (Fig 4.3). Auto-indexing, merging and scaling of the 

diffraction data were performed using iMOSFLM (Battye et al., 2011) and AIMLESS 

Figure 4.3: Diamond shape 
SaGNAT protein crystals grown 
in 2.25 M Sodium formate; 100 
mM Sodium acetate trihydrate 
pH 4.0 at 296 K. 
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(P. Evans, 2006; Evans, 2011). Molecular replacement will be used for solving the 

structure of SaGNAT-2. 

 

4.3.5	Broad-substrate	screening	assay	

The broad-substrate screening is based on change in absorbance observed when 5, 5-

dithiobis-(2- nitrobenzoate) (DTNB) hydrolysed into 2-nitro-5-thiobenzoate anion 

(TNB2-) by thiol group (present on CoA) in the enzymatic reaction. This reaction is 

carried out in two steps, first GNAT enzyme transfers acetyl group to substrate from 

acetyl-CoA makes CoA free with thiol group. In second step this thiol group interacts 

with disulfide bond present within DTNB hydrolyses to TNB2-, this TNB2- ions has 

yellow colour which is monitored at 415 nM.  (Filippova, Kuhn, et al., 2015; 

Filippova, Weigand, et al., 2015; Yamada et al., 1996). Eighty substrates were 

screened (section 2.1.7) through this assay which is carried out in 96-well flat-bottom 

plates, with each reaction volume of 50 µl composed of 50 mM TrisHCl pH 8.0, 0.5 

mM AcCoA, and 25 mM substrate. The reaction was started by the addition of 1 µg 

of enzyme, incubated for 10 min at 37 °C, and terminated by adding 50 µl of stop 

solution composed of 100 mM TrisHCl pH 8.0 and 6 M guanidine HCl. Finally the 

Figure 4.4: A) X-ray diffraction pattern at 1° and (B) 360°. 
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enzymatic activity was recorded as the increase in the formation of 2-nitro-5-

thiobenzoate anion (TNB2-) at 415 nm (E=13,600 M-1cm-1) by the reaction of DTNB 

with free CoASH. 

 

4.4	Results	and	Discussion	

4.4.1	Purification	and	crystallisation	

Recombinant SaGNAT-2 from S. aureus was over-expressed in E. coli BL21 (DE3) 

pLysS cells in auto-induction medium, producing approximately 50 mg of protein 

per litre of bacterial culture. Purification of SaGNAT-2 to homogeneity was achieved 

through Ni-affinity and size exclusion chromatography (Fig 4.1). Proteolytic removal 

of the 6-His tag TEV treatment resulted in a 3 kDa reduction in the molecular weight 

(Fig 4.2). Further purification using size exclusion chromatography resulted in a 

protein of greater than 95% purity (Fig 4.2), and the elution volume was consistent 

in size with that of a monomer.  

Screening of crystal inducing conditions of SaGNAT-2 through sparse-matrix 

hanging drop vapour diffusion method resulted in small diamond shaped crystals in 

condition 34 of Hampton Crystal Screen (0.1 M Sodium acetate trihydrate pH 4.6, 1 

M Sodium formate). These crystals were optimised by changing the pH and the 

concentration of the precipitant, producing single, large diffraction quality crystals in 

2.25 M Sodium formate; 100 mM Sodium acetate trihydrate pH 4.0 at 296 K (Fig 

4.3). The crystals were stable and resistant to synchrotron radiation damage 

throughout 360 degrees of data collection (Fig 4.4). SaGNAT-2 crystals diffracted to 

1.7 Å and the data frames were indexed, merged and scaled using iMOSFLM 1.0.7 

and AIMLESS with an Rpim of 2.9 and 10.2% across all resolution shells and the 
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outer resolution shell, respectively. The crystals belong to the space group P 43 21 2, 

with unit cell parameters a = 84.86, b = 84.86, c = 49.06. The data-collection statistics 

are summarised in table 4.1. A Matthews coefficient VM of 2.35 Å3Da-1 for one 

molecule in the asymmetric unit strongly suggested a single molecule present in the 

asymmetric unit with 47.7% solvent content (Matthews, 1968a) (18831 Da). Model 

rebuilding and refinement was performed in COOT (Paul Emsley & Cowtan, 2004) 

and Phenix (Adams et al., 2010) respectively, and the final model, containing 

residues 1-163 but lacking residues for a small loop region (residues 74-76), was 

refined to RWork and RFree values of 18% and 20% respectively, no Ramachandran 

outliers, and good stereochemistry (see table 4.1). The coordinates and structure 

factors have been deposited and validated in the Protein Data Bank (PDB) and issued 

the code 4LUA.  

Table 4.1: Data-collection and refinement statistics. Values in parentheses are for the 

highest-resolution shell. 

Wavelength (�) 0.9537 

Resolution range (�) 26.86  - 1.6 (1.657  - 1.6) 

Space group P 43 21 2 

Unit cell 84.939 84.939 49.07 90 90 90 

Unique reflections 24191 (2316) 

Multiplicity 13.8 (10.3) 

Completeness (%) 99.75 (97.47) 

Mean I/sigma(I) 66.15 (7.72) 

Wilson B-factor 19.88 

R-merge 0.1816 (0.4775) 

R-work 0.1733 (0.2220) 

R-free 0.2078 (0.2851) 
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Number of non-hydrogen atoms 1459 

  macromolecules 1296 

  Ligands 6 

  Water 157 

Protein residues 156 

RMS(bonds) 0.019 

RMS(angles) 1.76 

Ramachandran favored (%) 98 

Ramachandran outliers (%) 0 

Clashscore 0.78 

Average B-factor 29.3 

  macromolecules 28 

  Ligands 17.7 

  Solvent 40.6 

PDB Code 4LUA 

 

4.4.2	3D	Structure	and	structural	analysis	of	SaGNAT-2		

4.4.2.1	Overall	structure	

SaGNAT-2 is an a/b structure composed of a central seven-stranded b-sheet (β1- β7) 

enclosed by four a-helices (a1-4, Fig 4.5A). The central b-sheet exhibits mostly 

antiparallel b-strands with the exception of b4 and b5 strands, which are parallel and 

create a V-shape within the central β-sheet. The b-strands within the sheet are 

arranged sequentially with respect to the sequence except b7 which is positioned 

between b5 and b6 at the C-terminus. The overall topology of SaGNAT-2 is β1-α1-

α2-β2-β3-β4-α3-β5-α4-β6-β7 which is a common feature of members in the GCN5-

related N-acetyltransferase (GNAT) superfamily. The lengths of α1, α2, α3, and α4 

helices are 16, 11, 19 and 11 residues long respectively, whilst the β-strands vary in 
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length from 4-12 amino acids. Assessment of the biologically relevant form by PISA 

(Proteins, Interfaces, Structures and Assemblies server), and structure analysis of the 

symmetry related molecules in the crystal reveal SaGNAT-2 appears to be 

monomeric, which is also consistent with the biological unit of the structurally similar 

SeGNAT (see below). 

 

The structural alignment of SaGNAT-2 on DALI (L. Holm & Rosenstrom, 2010) 

server to search structural homologs revealed similarity with other GNATs proteins. 

The highest ranked structures were PDB 3G8W from Staphylococcus epidermidis 

(RMSD 1.7, SeGNAT) and PDB ID: 2CNM from Salmonella enterica (RMSD 2.4, 

SenGNAT), sharing 44% and 12% sequencing identity to SaGNAT-2 respectively 

(Fig 4.5B). The structure of SeGNAT was solved by structural genomics and remains 

Figure 4.4: The three dimensional structure of SaGNAT-2 A) monomeric structure 
displayed with the topology of secondary elements B) the superimposition of highly 
similar structures, SeGNAT (salmon, RMSD 1.7) and SenGNAT (cyan, RMSD 2.4) 
with SaGNAT-2 (slate), showing major differences in the loops present in the 
structure 1) between b6 and b7 2) between a1and a2 helices 3) and between b4 and 
a3.  



70 
	

to be published whilst SenGNAT was structurally and biochemically characterised 

(Vetting, Bareich, et al., 2008). SenGNAT is an RimI protein which facilitates the N-

acetylation of ribosomal protein S18 with the peptide substrate comprised of the first 

six residues of ribosomal S18 protein. In this study, we assessed the activity of 

SaGNAT-2 protein against a wide range of putative GNAT substrates (details of the 

substrates can be found in section 2.1.7).  
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Figure 4.6A: Screening of the 1-40 substrates for the SaGNAT-2, details of the substrates including names are mentioned in the 
section 2.1.7. None of the substrate showed potential activity. 
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Figure 4.6B: Screening of the 41-80 substrates for the SaGNAT-2, details of the substrates including names are mentioned in the 
section 2.1.7.  
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4.4.2.2	Substrate	screening	and	presence	of	inhibitory	loop	

Through the broad-substrate screening assay, eighty substrates were screened for the 

SaGNAT-2. These assays revealed only poor activity for the substrates, with the 

measured optical densities for all substrates ranging from 0.0 to 0.3. When compared 

with measured optical densities of positive substrates of other GNATs (SaGNAT-1, 

SaSpeG) in this thesis, these measurements are very low indicating poor activity against 

these 80 substrates (Fig 4.6AB). To investigate a possible structural basis for this lack 

of activity, the structure of the highly active SaeGNAT was superimposed with the 

SaGNAT-2 to provide comparisons between the acetyl-CoA and substrate-binding site. 

As presented in the figure 4.6, two regions within acetyl-CoA binding site appeared to 

occlude acetyl-CoA binding. The first region was mapped to a long loop insertion 

between a1 and a2 helices, which in SaGNAT-2 is 13 amino acids in length, whilst in 

SaeGNAT, it is only four amino acids and doesn’t occlude binding. The pantothenic acid 

of acetyl-CoA clashed with this loop region and this may provide a structural basis for 

the poor activity. The other inhibition spot is observed at the N-terminus of a3 helix 

where the phosphates acetyl-CoA are hindered by the N-terminus residue Lys93, 

preventing acetyl-CoA to be found in the pocket.   
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4.5	Conclusion	

SaGNAT-2 is a member of the GNAT superfamily, possesses a signature GNAT-fold, 

and is likely present in the monomeric form in solution. We have screened eighty 

substrates through broad-substrate screening assay however no substrate showed strong 

activity. We explain probable reasons for no activity with screened substrates that 

promotes inhibition of acetyl-CoA binding in the pocket. Although in our study we 

couldn’t find the positive substrate for SaGNAT-2 it may acetylate ribosomal S18 

peptide since it has higher structural similarity to RimI protein (SenGNAT) that 

acetylates ribosomal S18 peptide. This work is beyond the current study and will be 

assessed in subsequent work within the laboratory.

Figure 4.6: Structural basis of low activity of SaGNAT-2. A) Superimposition of 
SaGNAT-2 (slate) with SaeGNAT (cyan, yellow), B) a loop between a1 and a2 
helices and Lys93 located at N-terminus of a3-helix inhibit an acetyl-CoA binding 
in the pocket. 
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5.	Structural	and	functional	characterisation	of	SaGNAT-

3	and	SaGNAT-4	from	Staphylococcus	aureus	

5.1	Introduction		

The Gcn5-related N-acetyltransferase (GNAT) superfamily is widespread in 

eukaryotes and prokaryotes, containing enzymes that transfer an acetyl group from 

acetyl-coenzyme A to an acceptor substrate and release both CoA and the acetylated 

product. GNATs are important because they are involved in various physiological 

processes including bacterial drug resistance, transcription regulation, metabolic flux 

and stress reaction, by acetylating a wide variety of substrates ranging from 

aminoglycoside antibiotics, serotonin, polyamines like spermine, spermidine to 

histone proteins (Favrot et al., 2016; Hu et al., 2010; Majorek et al., 2013; McGinnis 

et al., 2009). Despite moderate primary sequence homology and high substrate 

diversity among GNAT members, the fundamental structure of GNAT fold remains 

conserved (Dempsey et al., 2014; F. Dyda et al., 2000; Neuwald & Landsman, 1997; 

Vetting et al., 2005). Structurally characterised members of the GNAT family share a 

common fold, composed of four α helices encompassing a mixed six to seven 

parallel/antiparallel β-sheet in the topology β1-α1-α2-β2-β3-β4-α3-β5-α4-β6 (Burk et 

al., 2003; F. Dyda et al., 2000; Vetting, Park, et al., 2008).  

More than 100,000 members of GNAT family from all domains of life have revealed 

to be monomers or homodimers in solution and exhibit either direct transfer or ping-

pong kinetic mechanisms (Favrot et al., 2016; Neuwald & Landsman, 1997; Vetting, 

Bareich, et al., 2008). The GNAT fold is roughly composed of four conservative 

sequence motifs; motif C (β1-α1), followed by motif D (β2-β3), motif A (β4-α3), and 

motif B (β5-α4) in the primary sequence. Motifs A and B have been shown to be the 
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most conserved across the family due to presence of the conserved six residue segment 

Gln/Arg-X-X-Gly-X-Ala/Gly that constitutes acetyl-CoA binding site and involved in 

catalysis (X-any amino acid). The least conserved is motif C that is almost absent in 

some histone N-acetyltransferases (Fukuchi et al., 1994; Hu et al., 2010; McGinnis et 

al., 2009; Wolf et al., 1998). 

 The loop that connects β4 and α3, also known as P loop, is involved in acetyl-CoA 

binding because it forms few hydrogen bonds between nitrogen of amide backbone 

and the pyrophosphate group of acetyl-CoA. Another characteristic structural feature 

of GNAT members is the β-bulge located on β4, forming a V-like cleft where the 

pantotheine moiety of AcCoA is located (Burk et al., 2003; Card et al., 2005; Franklin 

et al., 2015; Vetting, Bareich, et al., 2008; Vetting et al., 2005). 

Staphylococcus aureus is an important pathogenic bacterium that is becoming 

increasingly difficult to treat due to multi-drug resistance. It remains to be an emerging 

threat, with a variety of clinical infections ranging from septicemia, pneumonia, 

endocarditis, wound sepsis, septic arthritis to life-threatening meningitis, bacteremia, 

osteomyelitis and post-surgical toxic shock syndrome (Blumenthal et al., 2016; 

Holland, Arnold, & Fowler, 2014; McConeghy, Bleasdale, & Rodvold, 2013). The 

role of acetyltransferases in S. aureus have recently been implicated in virulence and 

biofilm determination. Recent studies reveal that S. aureus contains 35 putative GNAT 

enzymes, many of which need to be characterised both functionally and structurally 

(Cort et al., 2008; Jones & O'Connor, 2011; Majorek et al., 2013; Shittu & Lin, 2006).  

Here, we describe the structures of uncharacterised GNAT family members from S. 

aureus (SaGNAT-3 and SaGNAT-4) along with their activity with potential 

substrates. Our structure confirms that both proteins exhibits GNAT-fold, SaGNAT-3 
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has high structural homology with the GNAT protein from Enterococcus faecalis and 

SaGNAT-4 has high structural similarity with Rimi protein from Salmonella 

typhimurium that acetylates S18 protein of prokaryotic ribosome.  

5.2	Methods	

5.2.1	Expression	and	purification	of	SaGNAT-3	and	4		

The open reading-frames of SaGNAT-3 and 4 were PCR amplified from genomic 

DNA purchased from American Type Cell Culture (ATCC), and cloned into the 

expression vector pMCSG21 by performing ligation independent cloning (LIC) 

(Eschenfeldt et al., 2009). The fidelity of the clones was confirmed by DNA 

sequencing and the confirmed clones were transformed into E. coli BL21 (DE3) pLysS 

for recombinant expression. A single colony was inoculated in  5 mL of the Luria 

Burtani broth (LB) containing spectinomycin (100 µg/mL) and was grown overnight 

in a shaking incubator at 37°C. This culture was used to inoculate 2 L of autoinduction 

media containing spectinomycin (100 µg/mL) (F. William Studier, 2005).  Cells were 

incubated at 25 °C, 95 rpm for 24 h, then harvested by centrifugation at 18 °C, 6000 

rpm for 30 min. The cell pellet was resuspended in 100 mM sodium phosphate pH 8.0, 

300 mM sodium chloride, and 20 mM imidazole and stored at -20 ºC. Cells were lysed 

by three freezing-thawing cycles in the presence of 1 mL of lysozyme (20 mg/mL), 

and cell debris removed by centrifugation at 18 °C, 12,000 rpm for 30 min. The 

supernatant was passed through a 0.45 µm syringe filter (Millipore, USA) before 

loading onto a five mL HisTrap affinity column, washing with ten volumes of 

resuspension buffer, and elution using a gradient over five ml column volumes with 

100 mM sodium phosphate pH 8, 300 mM sodium chloride, 500 mM imidazole. The 

eluted protein was incubated with 100 µl TEV protease (5 mg/mL) for 12 h to remove 

the His-tag, then purified by size exclusion chromatography column using a pre-
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equilibrated column with 50 mM Tris pH 8.0, 150 mM NaCl. A total of ~20 mg and 

15 mg of SaGNAT-3 and 4 proteins respectively were obtained from four litres of 

bacterial culture, concentrated to a final concentration of ~15 and 10 mg/mL 

respectively, and stored at -80ºC. The purity, assessed by SDS-PAGE and size 

exclusion chromatography was >95 and 90% respectively (Fig 5.1A-F). 
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5.2.2	Crystallisation	and	structure	solution	

Initial screening of crystal inducing condition of SaGNAT-3 and 4 was performed by 

the hanging drop vapour diffusion method using the commercially available Hampton 

Research Crystal Screen (HCS-1), Crystal Screen 2 (HCS-2), PEG/Ion, and PEG/Ion 

2. Initial crystals of SaGNAT-3 were observed in 42 condition of HCS-1 composed of 

50 mM potassium phosphate and 20% PEG8000. SaGNAT-4 was crystallised in 39th 

condition of HCS-1 comprised of 2 M ammonium sulphate, 10 mM HEPES pH 7.5, 

2% PEG400 and obtained crystals were diffraction quality hence directly used for 

diffraction. The crystallising condition of SaGNAT-3 was optimised by varying 

concentration of precipitant PEG8000 and the final crystal condition that led to 

structure determination was obtained in 50 mM potassium phosphate and 22% 

PEG8000. X-ray data set was collected from a single crystal, cryoprotected in mother 

liquor containing 30% glycerol for both protein crystals, diffracted at the Australian 

Synchrotron (Fig 5.2A-D). The data was indexed and integrated using Mosflm (Battye 

et al., 2011) and scaled in aimless (Philip Evans, 2006). Molecular replacement was 

performed using chain A of model PDB ID 1U6M (sequence identity 33%) and PDB 

ID 2CNM (sequence identity 27%)  in Phaser (McCoy et al., 2007) for SaGNAT-3 

Figure 5.1: Purification of the SaGNAT-3 & 4 by affinity and size exclusion 
chromatography yielding >95% pure protein A (SaGNAT-3) B (SaGNAT-4); SDS-
PAGE analysis of samples through the purification process 1) size marker 2) whole cell 
bacterial lysate showing over-expressed 3) soluble supernatant following centrifugation 
4) the flow-through of unbound proteins following loading of the supernatant onto the 
affinity column 5) elution of His-tagged  protein 6) His-tag removal from protein by 
TEV protease 7) following size exclusion chromatography, 8) concentrated samples, C 
(SaGNAT-3)  & E (SaGNAT-4); His-tag affinity of protein and D (SaGNAT-3)   & F 
(SaGNAT-4); Size exclusion chromatography profiles with corresponding lane markers 
4, 5, and 7 from AB, showing a single, homogenous peak eluting from the size exclusion 
column.  
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and 4 respectively. Structural refinement and model building was performed using 

Refmac version: 5.7.0029 (Evans & Murshudov, 2013), Phenix-refinement (Adams et 

al., 2010; Afonine et al., 2012) and Coot (Paul Emsley & Cowtan, 2004).  

 

 

 

5.2.3	Enzyme	activity	assay	

The activity assays including screening and kinetics of SaGNAT-3 and 4  were 

performed spectrophotometrically using a coupled colour change reaction with 5, 5-

Figure 5.2: Protein crystal and X-ray diffraction image of SaGNAT-3 & 4. A) 
A crystal of SaGNAT-3, B) diffracted to 2.0 Å. C) A crystal of SaGNAT-4, D) 
diffracted to 2.6 Å. 
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dithiobis-(2- nitrobenzoate) (DTNB) (Filippova, Kuhn, et al., 2015; Filippova, 

Weigand, et al., 2015; Yamada et al., 1996). Eighty substrates from different 

categories were screened (see section 2.7.1 for details of substrates) in an initial 

screening assay. The assay reaction of volume of 50 µL composed of 50 mM TrisHCl 

pH 8.0, 0.5 mM AcCoA, and 25 mM substrate was carried out in 96-well flat-bottom 

plates. The substrates acetyl-Ser-Asp-Lys-Pro, AICAR, chitosan and poly-L-lysine 

were used at different concentration due to their insolubility problem at high 

concentration (25mM) and composition (poly-L-Lysine). The final concentrations of 

acetyl-Ser-Asp-Lys-Pro, AICAR, chitosan and poly-L-lysine in the reactions were 0.4 

mM, 1.9 mM, 4 mg/mL and 4 mg/mL respectively. 1 µg of both enzymes was used to 

start reaction of screening assay. For kinetics assay, SaGNAT-3 and 4 was taken at 

concentration of 35 ng and  0.4 µg per reaction respectively, incubated for 10 min at 

37 °C, and the reaction was terminated by adding 50 µL of stop solution composed of 

100 mM TrisHCl pH 8.0 and 6 M guanidine HCl. The enzymatic activity was recorded 

as the increase in the formation of 2-nitro-5-thiobenzoate anion (TNB2-) at 415 nm 

(E=13,600 M-1cm-1) by the reaction of DTNB with free CoASH. Graphpad Prism 

(version 6) was used to plot the data and calculate enzyme kinetics. 

5.3	Result	and	Discussion	

5.3.1	Expression,	Purification	and	Crystallisation	

To determine the x-ray crystallographic structure of SaGNAT-3 and 4, the genes 

encoding the proteins were cloned into bacterial expression vector pMCSG21 

(Eschenfeldt et al., 2009) and recombinantly expressed as a 6-His tagged fusion 

protein in E. coli BL21 (DE3) pLysS. The protein was solubly over-expressed using 

the auto-induction method (F. William Studier, 2005) (see Fig 5.1AB lanes 1 and 2), 
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and a two-step purification incorporating affinity and size exclusion chromatography 

resulted in greater than 95% purity (Fig 5.1AB). Protein crystals of SaGNAT-3 

produced in 50 mM potassium phosphate and 20% PEG8000, diffracted to 2.0 Å. 

SaGNAT-4 protein crystals obtained in condition comprised of 2 M ammonium 

sulphate, 10 mM HEPES pH 7.5, and  2% PEG400, diffracted to 2.6 Å. Diffracted 

images of SaGNAT-3 and 4 were indexed and integrated in the space group P1 and 

P22121 respectively, with unit cell parameters a = 45.46, b = 68.97, c = 73.46 Å, a = 

67.23, b = 91.69, g = 75.27° and a = 64.24, b = 108.90, c = 112.82 Å, a = 90, b = 90, 

g = 90°, respectively. Molecular replacement was performed using Phaser (McCoy et 

al., 2007), using chain A of PDB ID 1U6M and PDB ID 2CNM for SaGNAT-3 and 4 

respectively, used to place 4 molecules in the asymmetric unit of both protein. The 

asymmetric units of SaGNAT-3 and 4 were corresponded to a Matthews coefficient 

of VM 2.74 (55% solvent content) and  2.49 (50.68 % solvent content) Å3Da-1 

(Matthews, 1968b) respectively. Extensive model building and refinement using 

COOT (P. Emsley et al., 2010) and Phenix (Adams et al., 2010), respectively. All 

chains within asymmetric unit of SaGNAT-3 and 4 are similar in structure with 

greatest root mean square deviation (RMSD) 0.8 Å and 0.55 Å, respectively. A final 

model of SaGNAT-3 represented a Rwork and Rfree of 0.19 and 0.23, respectively 

whereas SaGNAT-4 model had a Rwork and Rfree of 0.23 and 0.27, respectively, no 

Ramachandran outliers, and good stereochemistry (Table 5.1). All amino acid residues 

were modelled with the exception of a last C-terminal residue (Lys183) in SaGNAT-3 

and five residues (Gly140, Glu141, Gly142, Glu143 and Asp144) of loop present between 

b-6 and b-7 strands in SaGNAT-4 structure. Coordinates and structure factors have 

been validated and deposited to Protein Data Bank and assigned the PDB ID codes 
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4M85 for SaGNAT-3 and 4T83 for SaGNAT-4. Data-collection and refinement 

statistics are summarised in Table 5.1.  

Table 5.1. 

Wavelength (Å)                                    0.9786 0.9786 
Resolution range (Å 29.19  - 2.0 (2.072  - 2.0) 39.5  - 2.6 (2.693  - 2.6) 
Space group                       P 1 P 2 21 21 
Unit cell   45.486 68.866 73.623 112.798 

91.861 104.723 
64.2399 108.9 112.82 90 90 90 

Unique reflections                        52306 (5189) 25031 (2476) 
Multiplicity                              3.9 (3.9) 12.3 (12.5) 
Completeness (%)                       0.98 (0.97) 1.00 (1.00) 
Mean I/sigma(I)                      20.71 (2.96) 68.21 (7.08) 
Wilson B-factor                           24.53 33.13 
R-merge                       0.1065 (0.6284) 0.6807 (1.268) 
Model refinement   
 R-work                     0.1766 (0.2485) 0.2261 (0.2750) 
 R-free                    0.2110 (0.3208) 0.2686 (0.3133) 
Refined model   
Atoms                               6668 4972 
Water molecules                0 0 
No. of molecules in 
a.u. 

4 4 

Protein residues in a.u.                                734 567 

RMS deviation   
RMS(bonds)                              0.006 0.022 
RMS(angles)                             1.04 2.01 
Ramachandran plot   
Ramachandran favored 
(%)                                 

98 98 

Ramachandran 
allowed (%)                                    

1.9 1.6 

Ramachandran outliers 
(%)                                   

0 0 

Average B factor (Å2) 26.9 34.66 

Macromolecules                               25.89 34.34 
Ligands 0 42.86 

Solvent                               36.22 28.98 

PDB code 4M85                        4T83 
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5.3.2	Overall	structure	of	SaGNAT-3	and	4	

Both refined structures of SaGNAT-3 and 4 displayed GNAT-fold comprised of a 

central b-sheet made of seven b-strands which are almost antiparallel except two 

parallel strands b4 and b5 and five α-helices in SaGNAT-3 and four α-helices in 

SaGNAT-4. The extra helix (α3) in SaGNAT-3 was also observed in highly similar 

GNAT structure reported by structural genomics group from E. faecalis (EfGNAT, 

PDB ID 1U6M), however this never been explained through the research article. The 

topology of secondary elements in SaGNAT-3 and 4 were observed as β1-α1-α2-β2-

β3-α3-β4-α4-β5-α5-β6-β7 and β1-α1-α2-β2-β3-β4-α3-β5-α4-β6-β7 respectively (Fig 

5.3AB, & 7.4A). The b-4 and b-5 strands within a central b-sheet forms a V-shape at 

interface. The length of α-helices and β-strands in SaGNAT-3 varies from 11-22 

residues and 4-10 residues, respectively. An extra α3-helix is 21 amino acids long and 

followed by long loop of 15 amino acids which is an additional feature of this GNAT 

(Fig 5.5). Within SaGNAT-4, the length of α-helices and β-strands varies from 10-16 

and 4-13 residues, respectively.   
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Figure 5.3: Structure of SaGNAT-3 and topology of secondary elements, A) Central 
b-sheet is comprised of seven  b-strands which are surrounded by B) five a-helices. 
P-loop is present at C-terminal of a4 helix.  

Figure 5.4: Structure of SaGNAT-4 and topology of secondary elements, A) 
Central b-sheet is comprised of seven  b-strands which are surrounded by four 
a-helices. P-loop is present at C-terminal of a3-helix. B) CoA bound in the 
cleft formed by a3-a4 helices and b4-b5 strands. 2Fo-Fc map contoured at 2s 
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5.3.3	CoA-bound	structure	

To investigate acetyl-CoA binding site in SaGNAT-3 and 4, we determined the 

structure of SaGNAT-3 and 4 in complex with CoA. Co-crystallisation of SaGNAT-3 

and 4 with CoA at concentration 5 mM was performed to obtain binary structure, all 

chains of asymmetric unit were presented CoA in the canonical cofactor-binding site. 

In each monomer of SaGNAT-3, CoA binds in the cleft created by strands β4 and β5 

and by helices α4 and α5 whereas in SaGNAT-4, the cleft created by strands β4 and 

β5 and by helices α3 and α4. In SaGNAT-3, the pyrophosphate moiety of CoA 

interacts with the main-chain nitrogen atoms of residues Gly124, Gly126, Ala128, and 

Thr129 except Thr118 which interacts with side chain oxygen. The pyrophosphate 

moiety of CoA present in the SaGNAT-4 forms hydrogen bonding with main-chain 

nitrogen atoms of Gly87, Gly89, Gly91, and Gln92 among which side-chain nitrogen of 

Gln92 also interacts with pyrophosphate moiety. These residues are present in the P-

loop of motif A in both structures. The 3′-phosphate of CoA in SaGNAT-3 structure 

Figure 5.5: An unique feature of SaGNAT-3, presence of an extra-helix a-3 
followed by a long loop (red).  
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displays hydrophobic interactions with the side chains of Lys157, Lys161 and Ala154, 

however in SaGNAT-4 structure 3′-phosphate of CoA forms hydrogen bonds with 

side-chain nitrogens of Asn126, His122, and Gln92 residues (Fig 5.6 & 7.7). The sulfur 

atom of CoA is located in close proximity to Thr115, Val120, Tyr159, and Glu114 in 

SaGNAT-3 structure and Tyr124 in SaGNAT-4 structure. Tyr residue in sulfur 

proximity is conserved among GNATs. This residue is proposed to function as the 

general acid to protonate the thiolate anion of CoA after transfer of the acetyl group to 

the substrate. 
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Figure 5.6: LigPlot showing detailed interactions including hydrogen bonding (green 
dashed lines) and hydrophobic contacts (an arc with spoke) of CoA with SaGNAT-3.  
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Figure 5.7: LigPlot showing detailed interactions including hydrogen bonding (green 
dashed lines) and hydrophobic contacts (an arc with spoke) of CoA with SaGNAT-4.  
 
 
5.3.4	Broad	substrate	screening	and	kinetics	

To identify potential substrates for the previously uncharacterized SaGNAT-3 and 4 

enzymes from Staphylococcus areus, we screened a library of 80 compounds from 

multiple substrate classes including, antibiotics, amino acids, polyamines, and 

different metabolites. The broad-substrate screening yielded three positive hits, 

cadaverine, putrescine, and agmatine for SaGNAT-3 and two hits poly-L-lysine and 
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pterine for SaGNAT-4 (Fig 5.8A-D).  Acetylation of cadaverine, putrescine, and 

agmatine by SaGNAT-3 and acetylation of poly-L-lysine by SaGNAT-4 was 

measured to calculate specific activity of enzyme and other kinetic parameters (Fig 

5.9A-D).  Km and Kcat values of all positive substrates are mentioned in the Table 

5.2.  
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Figure 5.8A: Screening of the 1-40 substrates for the SaGNAT-3, details of the substrates including names are mentioned in the section 2.1.7. 
SaGNAT-3 showed strong activity against 21: Cadaverine and 22: Putrescine.  

Substrates 
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Figure 5.8B: Screening of the 41-80 substrates for the SaGNAT-3, details of the substrates including names are mentioned in the section 
2.1.7. SaGNAT-1 showed strong activity against 42: Agmatine. 
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Figure 5.8C: Screening of the 1-40 substrates for the SaGNAT-4, details of the substrates including names are mentioned in the section 2.1.7. 
SaGNAT-4 showed strong activity only against 5: Poly-L-Lysine  
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Figure 5.8D: Screening of the 41-80 substrates for the SaGNAT-4, details of the substrates including names are mentioned in the section 2.1.7. 
SaGNAT-4 showed strong activity only against 73: Pterine  
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Table 5.2: Kinetic parameters of enzyme SaGNAT-3 and 4.  

Note: * 

Substrate unit is mg. 

	

Enzyme Substrates Km 

(µM or mg) 

Kcat     
(s-1) 

Kcat/Km H (hill’s 
Coefficient) 

Sa
G

N
A

T
-3

 

Agmatine 375.7±57.13 298.93 0.795 NA 

Cadaverine 734.7±131.7 309.09 0.420 1.58±0.26 

Putrescine 314.4±48.56 172.68 0.549 2.94±1.14 

Sa
G

N
A

T
-4

 

Poly-L-lysin* 0.79±0.14 5.87 7.460 3.87±1.95 

Figure 5.9: Kinetics of SaGNAT-3 & 4, Specific activity of SaGNAT-3 with A) 
Cadaverine, B) Putrescine, and C) Agmatine. D) Specific activity of SaGNAT-4 with 
poly-L-lysine.  
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5.4	Conclusion	

Both SaGNAT-3 and 4 are members of GNAT superfamily and exhibit GNAT-fold, 

however SaGNAT-3 possesses five helices instead four, an extra helix is present between 

b3 and b4. Through broad substrate screening we confirm SaGNAT-3 have potential 

activity with substrates cadaverine, putrescine, and agmatine whereas SaGNAT-4 shows 

activity with poly-L-lysine and pterine. We have also determined structures of both 

proteins with CoA ligand to get insights into the acetyl-CoA binding pocket.  
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6.	Structural	and	functional	characterisation	of	a	

dodecameric	acetyltransferase	from	Staphylococcus	

aureus	

6.1	Introduction	

GCN-related acetyltransferases (GNATs) are a large superfamily of enzymes, which 

catalyse the transfer of acetyl groups from acetyl-coenzymeA (AcCoA), to a wide range 

of substrates including polyamines, histones, and aminoglycoproteins. The enzyme 

spermidine N-acetyltransferase (SpeG), found in some human pathogenic bacteria 

including Escherichia coli, Staphylococcus aureus, Vibrio cholerae, Yersenia pestis, 

Shigella, and Coxiella burnetii, acetylate spermidine or spermine (Filippova, Weigand, 

et al., 2015), and this role is most commonly observed under several environmental 

stresses including heat shock, cold shock, ethanol, alkaline and spermidine exposure 

(Carper et al., 1991; Fukuchi, Kashiwagi, Yamagishi, Ishihama, & Igarashi, 1995; 

Limsuwun & Jones, 2000). The physiological role of the SpeG was also studied in the 

E. coli by knocking down the SpeG gene, where in SpeG deficient E. coli exposed to 

spermidine, spermidine was found to be bound to ribosomes and restricted protein 

synthesis remarkably, leading to decreased cell viability. Rescuing these cells with a 

transformed SpeG gene produced acetylated spermidine decrease cell toxicity (Fukuchi 

et al., 1995). The structures of the SpeG have been determined from human pathogens 

such as E. coli, V. cholerae, and C. burnetii. The typical structure of SpeG observed in 

the above mentioned pathogens consist of twelve monomers arranged in two stacked 

hexamers, where two monomers from opposite hexamers (Fred Dyda et al., 2000; 

Filippova, Kuhn, et al., 2015; Filippova, Weigand, et al., 2015).  The SpeG structure was 

also determined with ligands such as AcCoA, CoA, and spermidine, which revealed the 
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presence of the canonical substrate binding site for the AcCoA along with an allosteric 

binding site (Filippova, Weigand, et al., 2015).  

Recent studies showed both pathogenic and non-pathogenic bacteria utilised the SpeG 

to reduce the polyamines concentration in the cell (Barbagallo et al., 2011; Joshi, 

Spontak, Klapper, & Richardson, 2011; McGinnis et al., 2009; Planet et al., 2013). S. 

aureus USA300 is hypersensitive to the polyamines, however during infection, obtains 

SpeG through horizontal gene transfer and overcomes the polyamines toxicity, which 

promotes biofilm formation and virulence (Joshi et al., 2011; Planet et al., 2013). The 

disruption of a V. cholerae biofilm was observed with the high concentration of 

polyamines including spermine, spermidine and putrescine (McGinnis et al., 2009). 

Conversely, in Shigella SpeG is silenced through convergent evolution allows to 

accumulate polyamines inside the cells, which promotes the survival of Shigella under 

oxidative stress inside the macrophase (Barbagallo et al., 2011).  

Due to an emerged role of the SpeG in the pathogenesis, we carried out the structural 

and functional elucidation of SpeG from S. aureus (SaSpeG) to understand this enzyme 

at molecular level. The structure of SaSpeG revealed a dodecameric structure formed by 

a dimer of hexamers, where one hexamer is stacked on the top of other hexamer. Each 

monomer of the SaSpeG exhibits a classical GNAT fold, which is conserved among 

other superfamily members. Screening of eighty putative substrates for SaSpeG led to 

the identification of enzyme activity against polyamines including spermidine, spermine, 

cadaverine, putrescine and agmatine, with the greatest activity observed for putrescine 

(Km 69.67 mM and kcat 11.16 s-1). Interestingly, activity of polymines including 

cadaverine, putrescine and agmatine, have not been observed in the previous studies of 

SpeG from E. coli (EcSpeG) and V. cholera (VcSpeG), and we use the structure of 

SaSpeG to provide a structural basis for this binding.  
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6.2	Methodology	

6.2.1	SpeG	expression	and	purification	

The recombinant SpeG clone was synthesised commercially from Genscript Company, 

and cloned into the pMCSG21 expression vector at the SspI site. The recombinant 

plasmid was transformed into E. coli BL21 (DE3) pLysS, and a single colony used to 

inoculate 5 ml of the Luria Burtani broth containing spectinomycin at a concentration of 

100 µg/ ml. This culture was grown overnight in a shaking incubator at 37°C and used 

to inoculate 2 L of autoinduction media containing spectinomycin at a concentration of 

100 µg/ ml (F. William Studier, 2005).  Cells were incubated at 25°C, 95 rpm for 24 h, 

then harvested by centrifugation at 18°C, 6000 rpm for 30 min. The cell pellet was 

resuspended in 100 mM sodium phosphate pH 8.0, 300 mM sodium chloride, and 20 

mM imidazole and stored at -20ºC. Cells were lysed by three freezing-thawing cycles in 

the presence of 1 ml of lysozyme 20 mg/ ml, and cell debris removed by centrifugation 

at 18°C, 12,000 rpm for 30 min. The supernatant was passed through a 0.45 µm syringe 

filter (Millipore, USA) before loading onto a five ml HisTrap affinity column, washing 

with ten volumes of resuspension buffer, and elution using a gradient over five ml 

column volumes with 100 mM sodium phosphate pH 8, 300 mM sodium chloride, 500 

mM imidazole. The eluted protein was incubated with 100 µl TEV protease (5 mg/ml) 

for 12 h to remove the His-tag, then purified by size exclusion chromatography column 

using a pre-equilibrated column with 50 mM Tris pH 8.0, 150 mM NaCl. A total of ~13 

mg protein was obtained from four litres of bacterial culture, concentrated to a final 

concentration of ~10mg/ml, and stored at -80ºC. The purity, assessed by SDS-PAGE 

and size exclusion chromatography was >95%.    
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6.2.2	Crystallisation	and	structure	solution	

Conditions that induce crystal formation were screened by the hanging drop vapour 

diffusion method using the commercially available Hampton Research Screens, Crystal 

Screen (HCS-1), Crystal Screen 2 (HCS-2), PEG/Ion, and PEG/Ion 2. Initial crystals 

were observed in conditions 4 and 37 of HCS-1 and 23, 25, 26 and 32 of HCS-2. These 

conditions were optimised by varying pH, precipitant concentration, and protein 

concentration, and the final crystal conditions that led to structure determination were 

obtained in 0.1 M NaCl, 0.1 M HEPES pH 8.0, 1.6 M ammonium sulphate. X-ray data 

set was collected from a single crystal, cryoprotected in mother liquor containing 30% 

glycerol, diffracted at the Australian Synchrotron (Fig 6.1DE). The data was indexed 

and integrated using Mosflm (Battye et al., 2011) and scaled in aimless (Philip Evans, 

2006). Molecular replacement was performed using chain A of model PDB ID 4JJX in 

Phaser (McCoy et al., 2007). Structural refinement and model building was performed 

using Refmac version: 5.7.0029 (Evans & Murshudov, 2013), Phenix-refinement 

(Adams et al., 2010; Afonine et al., 2012) and Coot (Paul Emsley & Cowtan, 2004).  

6.2.3	Enzyme	activity	assay	

The activity of SaSpeG was measured spectrophotometrically using a coupled colour 

change reaction with 5, 5-dithiobis-(2- nitrobenzoate) (DTNB) (Filippova, Kuhn, et al., 

2015; Filippova, Weigand, et al., 2015; Yamada et al., 1996). Eighty substrates were 

screened (see section 2.1.7), categorised into distinct groups, including polyamines, 

antibiotics, vitamins, coenzymes, nucleosides, amino acids, catecholamines, 

antioxidants, organic building blocks, some metabolites and small peptides. The assay 

reactions were carried out in 96-well flat-bottom plates, with each reaction volume of 50 

µL composed of 50 mM TrisHCl pH 8.0, 0.5 mM AcCoA, and 25 mM substrate. The 

exceptions were acetyl-Ser-Asp-Lys-Pro, AICAR, chitosan and poly-L-lysine, their 

final concentrations in the reactions were 0.4 mM, 1.9 mM, 4 mg/mL and 4 mg/mL 
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respectively. The reaction was started by the addition of 1 µg of enzyme, incubated for 

10 min at 37 °C, and quenched by adding 50 ul of stop solution composed of 100 mM 

TrisHCl pH 8.0 and 6 M guanidine HCl. The enzymatic activity was recorded as the 

increase in the formation of 2-nitro-5-thiobenzoate anion (TNB2-) at 415 nm (E=13,600 

M-1cm-1) by the reaction of DTNB with free CoASH.  

6.3	Result	and	Discussion	

6.3.1	Overall	structure	of	SaSpeG		

To study this protein structurally and functionally, the gene encoding SaSpeG was 

cloned, recombinantly expressed, and purified to approximately 95% purity (Fig 

6.1ABC). The crystal obtained in the condition composed of 0.1 M NaCl, 0.1 M HEPES 

pH 8.0, 1.6 M ammonium sulphate diffracted to 1.81Å at the Australian synchrotron 

macromolecular crystallography beamlines (Fig 6.1DE). The phases were determined 

using chain A of 4JJX as a search model (55% sequence identity) in the molecular 

replacement program, and model rebuilding and refinement performed using COOT 

(Paul Emsley & Cowtan, 2004) and Phenix (Adams et al., 2010) respectively. The final 

model was refined to an Rwork and Rfree values of 22% and 24%  respectively (Table 

6.1).The refined crystal structure of SaSpeG displayed an a/b fold comprised of central 

seven b-strands which are almost antiparallel except two parallel strands b4 and b5 and 

four α-helices surround this β-sheet with a topology β1-α1-α2-β2-β3-β4-α3-β5-α4-β6-

β7 (Fig 6.2).These interconnected b-sheets formed a V-shape at interface  of b-4 and b-

5 strands within protein. The length of α-helices and β-strands varies from 11-17 residues 

and 5-12 residues, respectively.   
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Figure 6.1: Purification of the SaSpeG by affinity and size exclusion chromatography 
yielding >95% pure protein A) His-tag affinity and B) Size exclusion chromatography 
profiles with corresponding lane markers 4, 5, and 7 from C, showing a single, 
homogenous peak eluting from the size exclusion column at approximately molecular 
70kDa C) SDS-PAGE analysis of samples through the purification process 1) size 
marker 2) whole cell bacterial lysate showing over-expressed SaSpeG 3) soluble 
supernatant following centrifugation 4) the flow-through of unbound proteins following 
loading of the supernatant onto the affinity column 5) elution of His-tagged SaSpeG 
protein 6) His-tag removal from SaSpeG by TEV protease 7) SaSpeG following size 
exclusion chromatography. D) crystal of SaSpeG in a loop for diffraction E) X-ray 
diffraction image showing data collected at 1.8Å.   
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Table 6.1: Data collection and refinement statistics of SaSpeG.  Statistics for the 

highest-resolution shell are shown in parentheses. 

 SaSpeG 

Wavelength (�) 0.9537 

Resolution range (�) 37.99  - 1.81 (1.875  - 1.81) 

Space group P 6 2 2 

Unit cell 107.95 107.95 65.23 90 90 120 

Unique reflections 20348 (1948) 

Multiplicity 16.6 (16.4) 

Completeness (%) 97.06 (95.54) 

Mean I/sigma(I) 13.19 (2.22) 

Wilson B-factor 26.54 

R-merge 0.02035 (0.2922) 

Reflections used for R-free  

R-work 0.2208 (0.3032) 

R-free 0.2560 (0.3400) 

Number of non-hydrogen atoms 1522 

  macromolecules 1404 

  Ligands  

  Water 118 

Protein residues 166 

RMS(bonds) 0.008 

RMS(angles) 1.11 

Ramachandran favored (%) 99 

Ramachandran allowed (%) 1 

Ramachandran outliers (%) 0 

Average B-factor 30.5 

  macromolecules 30.1 

  Ligands  
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  Solvent 36.1 

PDB code 5IX3 

  

 

 

 

We examined all possible quaternary forms of SaSpeG structure by characterising the 

interfaces both within the asymmetric unit, and possible oligomers formed by symmetry 

operations. The most biologically relevant quaternary form was a dodecamer formed by 

dimer of hexamer (Fig 6.3AB) and interaction between units of these hexameric ring 

forms a typical GNAT dimer (Fig 6.3C). However, from size exclusion profile the 

protein form appeared as a tetrameric in solution. This finding is consistent with the 

reported multiple forms of VcSpeG in previously published study (Filippova, Kuhn, et 

al., 2015; Filippova, Weigand, et al., 2015). Three types of intermolecular interfaces 

were observed within the dodecamer (Fig 6.3C) in which, interface 1 comprising 

contacts that mediate interactions within GNAT dimer, interface between two hexamers 

(Fig 6.3C), and interface 2, interactions between monomers within hexamer. The third 

interface possesses very weak interactions and present between two monomers of 

Figure 6.2: Ternary structure of SaSpeG A) Monomer of SaSpeG comprised of α-
helices and seven β-strands B) Topology of secondary structural elements of SaSpeG 
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hexamers positioned cross to each other (Fig 6.3C). The contacts that form the GNAT 

dimer at interface 1 include an extensive array of hydrogen bonds, and two salt bridges 

as summarized in Table 6.2, and comprise a buried interface area of 6,378 Å2 (~20% 

buried area). The six salt bridge interactions are formed between residues His112 and 

Glu142 and the corresponding symmetry related interaction (Table 6.2). Interactions at 

interface 2 shares 25% buried area, comprised of 11 hydrogen bonds (Table 6.2) and two 

salt-bridge interactions, the latter interactions involving Glu33 and Arg52. Much weaker 

interactions found in the interface 3, composed of only four hydrogen bonds. A full 

description of the interactions is summarized in (Table 6.2). 

 

 

 

 

 

 

 

 

Figure 6.3: Biological assembly of SaSpeG A) Dodecameric arrangement of SaSpeG 
formed by dimmer of hexamer B) interactions between two hexameric rings C) two 
GNAT dimmers, chain A and chain B forms one GNAT dimmer and chain C and 
chain D forms other. Interface-1 interactions lie within GNAT dimmer, chain A and 
chain B or chain C and chain D, interface-2 interactions between chain B and chain 
D or chain A and chain C, Interface-3 interactions are present between chain A and 
chain D or chain B and chain C.  
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Table 6.2: Showing interactions within dodecamer of SaSpeG. 

Interface I   

H-bonds Chain                Dist(Å)     Chain 

 1  A:ASN  72[ ND2]   3.59  B:TYR  26[ OH ]  

 2   A:ASN  77[ ND2]   2.89  B:GLN 143[ O  ]  

 3   A:HIS 112[ NE2]   2.67  B:GLU 142[ OE2]  

 4   A:LYS 113[ NZ ]   2.85  B:LYS 141[ O  ]  

 5   A:LYS 113[ NZ ]   2.62  B:GLN 143[ OE1]  

 6   A:LEU 139[ N  ]   2.92  B:GLU 137[ O  ]  

 7   A:LYS 141[ N  ]   2.79  B:GLU 137[ OE2]  

 8   A:TYR  26[ OH ]   3.59  B:ASN  72[ ND2]  

 9   A:GLU 137[ O  ]   2.92  B:LEU 139[ N  ]  

 10   A:GLU 137[ OE2]   2.79  B:LYS 141[ N  ]  

 11   A:LYS 141[ O  ]   2.85  B:LYS 113[ NZ ]  

 12   A:GLU 142[ OE2]   2.67  B:HIS 112[ NE2]  

 13   A:GLN 143[ O  ]   2.89  B:ASN  77[ ND2]  

 14   A:GLN 143[ OE1]   2.62  B:LYS 113[ NZ ] 

Salt 
bridge 

   

 1   A:HIS 112[ NE2]   2.67  B:GLU 142[ OE2]  

 2   A:GLU 142[ OE2]   2.67  B:HIS 112[ NE2] 

   

Interface II   

H-bonds Chain                Dist(Å)     Chain 

 1  A:THR  36[ OG1]   2.80  C:GLU   7[ OE1]  

 2  A:LEU  35[ N  ]   3.34  C:GLU   7[ OE1]  

 3  A:THR  36[ N  ]   2.97  C:GLU   7[ OE1]   

 4  A:LEU  35[ N  ]   3.08  C:GLU   7[ OE2]  
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 5  A:TYR 145[ OH ]   2.74  C:PHE 106[ O  ]  

 6  A:GLY 148[ N  ]   3.05  C:ASN 107[ O  ]  

 7  A:LYS 147[ N  ]   3.29  C:ASN 107[ O  ]  

 8  A:THR  36[ OG1]   3.18  C:TYR   8[ N  ]  

 9  A:GLU  33[ OE2]   3.10  C:ARG  52[ NE ]  

 10  A:GLU  33[ OE1]   2.36  C:TYR 104[ OH ]  

 11  A:TYR 150[ OH ]   2.99  C:ASN 110[ ND2] 

Salt 
bridge 

   

 1  A:GLU  33[ OE1]   3.84  C:ARG  52[ NE ]  

 2  A:GLU  33[ OE2]   3.10  C:ARG  52[ NE ]  

 

Interface III 

  

H-bonds Chain                Dist(Å)     Chain 

1  A:ARG  76[ NH1]   2.64  D:TYR  73[ O  ]  

 2  A:ASN 110[ ND2]   3.03  D:ILE  74[ O  ]  

 3  A:TYR  73[ O  ]   2.64  D:ARG  76[ NH1]  

 4  A:ILE  74[ O  ]   3.03  D:ASN 110[ ND2]  

 

6.3.2	Broad	substrate	screening	

The screening of 80 substrates and specific activity of SaSpeG was determined through 

DTMB assay (section 2.1.7.). In the substrates screening, the activity of SaSpeG was 

observed against spermine, spermidine, cadaverine, putrescine, agmatine, and N-acetyl 

spermine (Fig 6.4AB). The specific activity of SaSpeG was determined with acetyl-CoA 

against spermidine, cadaverine, putrescine, and agmatine (Fig 6.5). Detailed kinetic 

parameters are mentioned in the Table 6.3.   
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Screening of substrates 1-40 

Figure 6.4A: Screening of the 1-40 substrates for the SaSpeG, details of the substrates including names are mentioned in the section 2.8. 
SaSpeG showed activity against 1: Spermine, 2: Spermidine, 21: Cadaverine and 22: Putrescine.   
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Figure 6.4B: Screening of the 41-80 substrates for the SaSpeG, details of the substrates including names are mentioned in the section 2.1.7. 
SaSpeG showed activity against 42: Agmatine, and 79: N-acetyl spermine.   
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Figure 6.5: Specific activity (DµMole/mg/min) of SaSpeG determined with 
spemidine, cadaverine, putrescine and agmatine.  
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Table 6.3: Kinetic parameter of SaSpeG determined against substrates including 

spermidine, agmatine, putrescine and cadaverine.  

Substrates Km (mM) Kcat (S-1) Kcat/Km            
(M-1S-1) 

h 
(Hill’s coefficient) 

Spermidine 22.15 ± 2.23 10.31  4.65 X 102 3.96 ± 1.59 

Agmatine 24.94 ± 1.83 7.99  3.20 X 102  4.79 ± 2.79 

Putrescine 69.67 ± 1.8 11.16 1.60 X 102 3.75 ± 0.33 

Cadaverine 69.46 ± 2.4 8.92 1.28 X 102 5.0  ± 0.76 

 

6.3.3	Comparison	of	SaSpeG	with	VcSpeG	

Previously reported SpeG structures from Vibrio cholerae were crystallised with 

different ligands including CoA, spermin, spermidine and acetyl-CoA (Filippova, 

Weigand, et al., 2015) and also had been reported with multiple-oligomeric forms of 

VcSpeG in the solution. The structural comparison of VcSpeG and SaSpeG revealed 

some common features, existence of more than one biological forms, SaSpeG elutes in 

size exclusion column at volume 208 mL which corresponds to tetramer of SaSpeG 

however the protein has been crystallised in dodecameric form. VcSpeG mostly present 

in dodecameric form after coming into contact of ligands viz. CoA, spermin, acetyl-CoA 

and spermidine however this effect has not been studied in this study.  The structure of 

SaSpeG was compared with the closely related structures after performing structural 

alignment on DALI server, revealing more than 15 structures of VcSpeG having up to 

55% sequence identity and RMSD of less than 1.0 Å. The comparative analysis of these 

structures with SaSpeG revealed a conserved topology of β1-α1-α2-β2-β3-β4-α3-β5-α4-

β6-β7. The structures of VcSpeG were reported with ligands spermin, spermidine and 

without ligand, upon superimposition with SaSpeG structure revealed similar 

architecture of unliganded form of both. Notably, the position of 12 amino acid long 
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loop between α1 and α2 changes upon substrate binding, allowing substrate to access 

the substrate binding site (Fig 6.6).  

 

 

 

6.4	Conclusion	

SaSpeG protein is in a tetrameric form in solution however with reference to previous 

study done on VcSpeG suggests most of the protein turn to dodecameric form in presence 

of ligand. In this study, structural analysis of SaSpeG concludes that a dodecamric form 

has been crystallised. SaSpeG showed activity against spermine, spermidine, cadaverine, 

putrescine, agmatine, and N-acetyl spermine, among which greatest activity noted with 

putrescine.  

 

Figure 6.6: (left-side) Superimposition of 3D structures of SaSpeG (cyn), VcSpeG 
(yellow), VcSpeG with spermin (magenta), and VcSpeG with spermidine (slate). (Right-
side) showing superimposition of 12 amino acids long loop present between α1and α2 
in both cases liganded form and unliganded form.  
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