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Abstract  

Two independent studies are presented in this thesis. The first study, primarily conducted 

under the supervision of Dr. M. Cahill, involves the investigation into the role of a MAPR protein, 

PGRMC1, in cancer cell biology using a human pancreatic cancer cell line in Chapters 1-6. 

Pancreatic cancer is an aggressive cancer associated with a high metastatic potential and a low 

survival rate of approximately five years. The prognosis for pancreatic cancer has not changed 

significantly for decades due to various factors including often being diagnosed at a late stage, and 

typically having very few early or distinguishable symptoms and unknown aetiology. The 5-year 

survival rate for pancreatic cancer in Australia is 8.7% and women have a lower risk (AIHW, July 

2019). In Australia, 1 in 55 men and 1 in 74 women are diagnosed with pancreatic cancer by age 

85. In 2016, there were close to 3000 deaths from pancreatic cancer in Australia and there are 

approximately 3000 new cases of pancreatic cancer diagnosed in Australia each year.  

Drug resistance to the current standard drug therapies for metastatic pancreatic cancer, such 

as gemcitabine, is high. To improve diagnosis and prognosis of pancreatic cancer, and to enhance 

the efficacy of the current therapies for pancreatic cancer, it is critical to identify protein targets that 

are altered in pancreatic cancer or are involved in the multiple mechanisms of cancer progression 

and metastasis.  

Identification of potential future targets of therapies for pancreatic cancer is critical. 

PGRMC1 presents an attractive target for anti-cancer therapies in pancreatic and other cancers. In 

this thesis, PGRMC1 phosphorylation mutant proteins were expressed in MIA PaCa-2 pancreatic 

cancer cells to investigate the effect of differential phosphorylation of PGRMC1 on cell 

proliferation, response to drugs, and on tumour growth in a mouse xenograft model. The expression 

of the different PGRMC1 proteins did not influence the cells response to several anti-cancer drugs, 

however did significantly affect tumour growth. Furthermore, interaction partners of PGRMC1 

were identified, with and without treatment with the small molecule inhibitor of PGRMC1, AG-

205. AG-205 has the potential to be used to target PGRMC1 in cancer and other diseases such as 
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diabetes and neurodegenerative diseases including Alzheimer’s disease. However, the potential off-

target effect of AG-205 on other MAPR proteins requires investigation. 

The second study, primarily conducted under the supervision of Prof. J. Forwood, involves 

investigation of amyloid fibril formation from ACOT7 protein in Chapter 7. ACOT7 is a member 

of the thioesterase family of enzymes that catalyse the hydrolysis of fatty acyl-CoAs to free fatty 

acids and CoA. Thioesterases have an important function in regulating the cellular levels of fatty 

acyl-CoA ligands for certain transcription factors and in aiding in maintaining lipid homeostasis. 

Dysregulation of lipid metabolism is associated with the development of neurodegenerative 

diseases. ACOT7 is highly expressed in the brain and has been described to play an important role 

in inflammation through regulation of arachidonic acid. Investigation into the role of Acot7 in 

inflammation in the Forwood laboratory lead to a novel finding that the structural instability of 

Acot7 may result in amyloid formation. We tested the propensity of Acot7 to form fibrils, and 

specifically, conditions that promoted or inhibited amyloid fibrils. The initial identification of Acot7 

fibril formation by our research group was detected by the accumulation of protein complexes and 

“laddering” of SDS/boiling resistant complexes during SDS-PAGE.  In collaboration with John 

Carver at ANU, the formation of fibrils was assessed by transmission electron microscopy, a 

Thioflavin T assay, circular dichroism and X-ray diffraction. The structure of Acot7 (PDB: 6VFY) 

is presented and a mechanism for fibril formation from Acot7, involving domain swapping, is 

proposed. This mechanism is based on the ability of the N-terminal and C-terminal hotdog domains 

to superimpose and switch domains, and represents a novel mechanism of amyloid formation. 
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1.1 Introduction to PGRMC1 
PGRMC1 is a multifunctional protein with many highly significant and conserved roles 

both in normal tissues and in several diseases. The PGRMC1 protein has been identified in a variety 

of different tissues and has been known by various names. Some of these include identification as: 

(i) dioxin inducible protein in rats (25-Dx) (Selmin, 2005), (ii) 195 amino acid protein in rats 

(ratp28) (Thomas, 2008), (iii) a protein involved in embryogenesis (VEM-1/VemA) (Runko, 2002, 

2004, 1999), (iv) inner zone antigen (IZA) in the adrenal cortex (Raza, 2001), (v) the human 

homologue, Heme-1 domain protein/ human progesterone receptor (HPR6) (Hand, 2003b) and (vi) 

membrane progesterone receptor (mPR). PGRMC1 is an evolutionarily conserved protein gene in 

eukaryotic cells and the human gene for PGRMC1 is located on the X chromosome (q22-q24) 

(Cahill, 2007). 

PGRMC1 and its homologues belong to the membrane associated progesterone receptor 

(MAPR) gene family and PGRMC1 contains a cytochrome b5 (cytb5) binding domain (Kabe, 2016; 

Thomas, 2008). The yeast PGRMC1 homologue, Dap1 (Damage response protein 1), has been well 

studied. Dap1 has been shown to be required for multiple functions, including in regulation of iron 

metabolism, regulation of cytochrome P450 (CytP450) enzymes (involved in steroid breakdown), 

and in mediating resistance to damage as a result of azole antimycotics in the cell (Cahill, 2007; 

Hughes, 2007; Thomas, 2008). 

The PGRMC1 protein has a wide range of described functions studied in numerous cancer 

and non-cancer cell lines. A diverse range of physiological roles, such as in cholesterol regulation 

(Cahill, 2007), response to oxidative damage (Hand, 2003a), axonal guidance  (Runko, 2002), 

endocytosis (Thomas, 2008), autophagy (Mir, 2013), regulation of the neuroendocrine system 

(Bashour, 2012), neuroprotection (Sun, 2016), iron metabolism (Kalinowski, 2016; Li, 2016), 

mitosis (Peluso, 2014), glucose homeostasis (Zhang, 2014), and steroid synthesis and metabolism 

(Raza, 2001), are associated with this protein. PGRMC1 may have a role in vesicle trafficking 

related to a function as an adaptor protein with the capacity to integrate information from various 

pathways (Cahill, 2016a). All of the mentioned functions of PGRMC1 may involve binding to 
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ligands and other proteins including PGRMC2, which has been shown to form a complex with 

PGRMC1 (Peluso, 2014; Sueldo, 2015).  

PGRMC1 has highest expression in normal liver and kidney tissue, which are heme-rich 

epithelial tissues and have high cytP450 activity (Crudden, 2006). However, PGRMC1 is also 

expressed in various other tissues including brain, pancreas, breast and thyroid (Crudden, 2005; 

Hand, 2003b; Uhlén, 2015). The expression of PGRMC1 is upregulated in various types of cancer, 

including breast (Li, 2019; Neubauer, 2008), endometrial (Friel, 2015), thyroid (Crudden, 2005), 

ovarian (Peluso, 2011, 2013), lung (Ahmed, 2010; Mir, 2012), renal (Zhang, 2017) and colon 

cancers (Crudden, 2005).  

A variety of ligands have been shown to bind to PGRMC1, these include heme (Kabe, 2016; 

Kaluka, 2015), cholesterol (Hughes, 2007) and the small molecule inhibitor of PGRMC1, AG-205 

(Yoshitani, 2005). Cancer environments often show decreased biosynthesis of heme. Increased 

heme synthesis was recently shown to decrease cancer cell proliferation and the Warburg effect 

(Sugiyama, 2019). PGRMC1 has been shown to be upregulated in various types of cancer (Crudden, 

2006; Friel, 2015; Mir, 2011; Neubauer, 2008) and to play an important role in cell proliferation 

and apoptosis (Ahmed, 2010; Peluso, 2011, 2013). Elucidation of the roles and interacting proteins 

of the multifunctional PGRMC1 protein will contribute to our understanding of cancer cell biology 

and tumour progression. PGRMC1 may present a therapeutic target, potentially in combination with 

other small molecule inhibitors, to inhibit pathways involved in tumourigenesis.  

1.2 The structure of PGRMC1 
The PGRMC1 protein consists of a short luminal or extracellular N-terminus followed by 

a single transmembrane domain and a cytoplasmic cytb5 binding domain for heme binding 

(Crudden, 2006). PGRMC1 consists of 195 amino acids and has a molecular weight of ~22-25 kDa 

(Kaluka, 2015), variable with its cellular localisation (Peluso, 2012b) probably due to differential 

phosphorylation and post translational modifications. The partial structure of PGRMC1 has recently 

been solved by protein x-ray crystallography (Kabe, 2016) and the nuclear magnetic 

resonance (NMR) structure was published revealing heme binding to PGRMC1 resulting in 
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dimerisation. A recent study has since described a trimer form of PGRMC1 by Western blot analysis 

of approximately 66 kDa using monoclonal antibodies (108-B6 and 4A68) against a cell surface 

antigen PGRMC1, although the higher molecular weight forms may be due to post translational 

modifications not considered (Kim, 2018).  

 

Figure 1.1 Structure of PGRMC1 protein. a. Domains and binding sites on PGRMC1 Uniprot ID: O00264 

(Adapted from Dr. M. Cahill). The predominant isoform of PGRMC1 is 195 amino acids in length. SH2 and 

SH3 consensus target motifs (green), predicted nuclear export signal (NES) and nuclear localisation signal 

(NLS) (orange) and the cytochrome b5 binding domain (CYT B5) are indicated. b. Crystal structure from 

Kabe et al. (2016). PDB:4X8Y. The cytoplasmic portion of PGRMC1 (aa72-195) containing the cytochrome 

b5 domain was crystallised demonstrating heme-dependent protein dimerisation. Two PGRMC1 domains 

(blue and green) and a heme molecule (orange) are shown.  

1.3 Post-translational modifications of PGRMC1 
PGRMC1 has previously been detected in a higher molecular weight form that is not always 

susceptible to reducing agents, resulting in the prediction of several post-translational modifications 

of PGRMC1 including phosphorylation (Neubauer, 2008), sumoylation (Peluso, 2012b), (Peluso, 

2014) and ubiquitination (Cahill, 2007; Mir, 2012) of PGRMC1. Recently, post-translational 

modifications on PGRMC1 were identified using mass spectrometry (Hornbeck, 2015; Sabbir, 

2019). Post-translational modifications moderate protein function, localisation and ability to interact 

with other proteins. On PGRMC1, the serine 181 residue is constitutively phosphorylated in non-
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stimulated MCF-7 cells (Neubauer, 2009). PGRMC1 likely requires the activation of a phosphatase 

for binding of proteins with a SH2 domain to tyrosine 180 residue. PGRMC1 is phosphorylated at 

the serine 181 residue in the endoplasmic reticulum, however, the tyrosine residue on PGRMC1 is 

not (Ahmed, 2010). This suggests that the phosphorylation of PGRMC1 may play an important role 

in protein translocation. 

1.3.1 Phosphorylation 

Located on PGRMC1 are consensus phosphorylation sites for tyrosine kinases (Cahill, 

2007). Potentially, a tyrosine kinase is able to phosphorylate tyrosine residue 180 when serine 

residue 181 is phosphorylated and PGRMC1 likely requires the activation of a serine phosphatase 

before a tyrosine kinase can phosphorylate tyrosine residue 180 and enable binding of proteins with 

a SH2 domain. The putative phosphatases and kinases that mediate PGRMC1 phosphorylation 

status are unknown.  

PGRMC1 activates Protein kinase B (Akt) through an unknown mechanism. It has been 

suggested that PGRMC1 may act as an adapter protein as it has many recognised potential 

binding/docking sites for other proteins including 3-Phosphoinositide-dependent protein kinase 1 

(PDK1), which activates Akt by phosphorylation. Calcium influx was induced by a membrane-

impermeable progesterone conjugate (Ahmed, 2012). Phosphatidylinositol 3-kinase (PI3K) 

activation results in the phosphorylation of Protein kinase C (PKC) and Extracellular signal-

regulated kinase 1/2 (ERK1/2). ERK2 is induced by PGRMC1 and it was demonstrated that an 

ERK2 consensus site at the threonine 178 residue on PGRMC1 could be phosphorylated in vivo 

(Munton, 2007). Basal ERK levels are decreased up to 40 percent in cells over expressing PGRMC1. 

Liu et al. (2009) found that the ERK signalling pathway was required for progesterone induced 

PGRMC1 dependent cell proliferation in rat neural progenitor cells. This could be related to a 

feedback inhibition of signalling through the adjacent putative SH2 protein-binding domain at 

tyrosine residue 180 and serine residue 181.  

1.3.2 Ubiquitination 

PGRMC1 has also been shown to be ubiquitinated through detection of ubiquitin proteins 
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in immunoprecipitated samples by mass spectrometry (Sabbir, 2019). Ubiquitination involves the 

activation, conjugation and ligation of the target protein, subsequently resulting in ubiquitin binding 

via an isopeptide bond to available lysine residues on the protein or a peptide bond to the N-terminus 

of the protein (Pickart, 2004). Ubiquitination most often results in the protein being targeted for 

degradation. Monoubiquination can alter protein activity, regulate protein-protein interactions, or 

influence the cellular localisation resulting in recycling of the receptor to the cell surface, or can 

direct the protein to the exosome pathway. Receptor internalisation after activation also involves 

monoubiquitination. Proteins must be monoubiquitinated to be taken into exosomes (Buschow, 

2005), and PGRMC1 was identified within exosomes (Mir, 2012). This suggests that 

monoubiquitinated PGRMC1 is secreted into the extracellular space via the exosome pathway. 

Potential sites of ubiquitination have been identified on PGRMC1 (K163, K169 and K172), which 

could also mediate protein signalling dependent on the SH2 binding domains (Cahill, 2007). 

1.3.3 Sumoylation 

Higher molecular weight bands of PGRMC1 seen in Western blot analysis lead to the 

prediction of sumoylation of PGRMC1. Small ubiquitin like modifier (SUMO) proteins, structurally 

similar to ubiquitin, are small molecular weight peptides that bind to proteins to moderate protein 

function, interactions, subcellular localisation and transcriptional activity (Wilkinson, 2010). 

Sumoylation of nuclear proteins is associated with a role in the regulation of transcription (Peluso, 

2012a). SUMO proteins also become attached to a lysine on the target protein via an isopeptide 

bond to the glycine located at the C-terminal of the SUMO protein (Hay, 2005). Small ubiquitin-

like modifier 1 (SUMO-1) is a small protein transferred to lysine residues on proteins that, during 

mitosis, localises to the mitotic spindle and other SUMO proteins localise to the centromere and 

condensed chromosomes (Zhang, 2008). A higher molecular weight form of PGRMC1 of ~54 kDa 

was shown to be sumoylated by precipitation with a SUMO-1 antibody (Peluso, 2012b). Three 

consensus sumoylation sites at K136, K187, and K193 have been identified, which may alter the 

stability or transcriptional function of PGRMC1. PGRMC1 has other lysine residues that could 

potentially be sumoylated (Cahill, 2016a; Peluso, 2014). The predicted sumoylation sites adjacent 
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to the SH2 binding domains at Y139 and Y180, when sumoylated, probably prevent interactions at 

the SH2 domains.  

Peluso et al. (2012b) also showed that the ability of PGRMC1 to regulate T-cell 

factor/lymphoid enhancer-binding factor 1 (TCF/LEF-1) activation is dependent on sumoylation 

status of PGRMC1. Progesterone stimulates sumoylation of PGRMC1 in the cytoplasm, which 

appears to be necessary for transport into the cell nucleus suggesting sumoylation is a post-

translational modifier of PGRMC1. PGRMC1 is required for anti-apoptotic action of progesterone 

and therefore transport to the nucleus is essential. A higher molecular weight (sumoylated) form of 

PGRMC1 was found in the nucleus further supporting nuclear PGRMC1 as a transcriptional 

regulator and the localisation of the 52 kDa species of PGRMC1 to the nucleus was shown to be 

progesterone dependent (Peluso, 2010). The subcellular colocalisation of SUMO-1 with PGRMC1 

was confirmed by proximity ligation assay (Peluso, 2012a). More recently, sumoylation of 

PGRMC1 was confirmed by mass spectrometry (MS) which detected sumo modifying proteins in 

PGRMC1 immunoprecipitated fractions (Sabbir, 2019). It is yet to be determined whether 

PGRMC1 is escorted into the nucleus by SUMO proteins and is then desumoylated in the nucleus, 

or another mechanism is involved into transportation of PGRMC1 into the nucleus. The role of 

PGRMC1 as a possible transcription regulator in the nucleus is of great interest in regards to the 

upregulation or downregulation of genes in relation to cell survival and cell proliferation. 

1.4 MAPR protein family 
PGRMC1 and PGRMC2 are part of a family of proteins known as MAPR proteins. There 

are four members of the MAPR family, two of which were discovered relatively recently, neuron-

derived neurotrophic factor Neudesin (NENF) and neuron-derived extracellular heme-binding 

protein, Neuferricin. Both of these proteins and PGRMC1 have shared homology, including an 

extracellular heme-binding MAPR domain. NENF has a described involvement in neuronal 

differentiation and survival via MAPK and PI3K pathways (Kimura, 2013). It has been suggested 

that NENF may present an explanation for increased cell proliferation associated with increased 

PGRMC1 expression in various cell lines (Liu, 2009). NENF has more recently been associated 



	 8	

with metabolism, obesity and Type 2 Diabetes (Kratochvilova, 2019). While PGRMC1 is involved 

in heme synthesis and sterol metabolism (Cahill, 2016b; Piel, 2016), Neuferricin has a role in 

cytP450 interactions and steroidogenesis (Ryu, 2017). NENF and Neuferricin proteins are secreted 

factors, in contrast to PGRMC1, which is located on the cell membrane and contains a 

transmembrane domain. Alike PGRMC1 AG-205 has an effect on both NENF and Neuferricin, and 

NENF and Neuferricin have been associated with cell proliferation and tumourigenesis (Han, 2012; 

Kimura, 2012; Ohta, 2015). 

1.5 The small  molecule inhibitor of PGRMC1, AG-205 
The small molecule inhibitor of PGRMC1, AG-205, is frequently used to study the role of 

PGRMC1 in various cellular processes. AG-205 was modelled against the heme-binding pocket of 

the MAPR protein from Arabidopsis thaliana encoded by the AT2G24940 gene (Cahill, 2007; 

Yoshitani, 2005). AG-205 is however a likely a ligand specific for all MAPR family members 

including PGRMC2, Neudesin and Neuferricin (Kimura, 2013; Yoshitani, 2005). AG-205 treatment 

is more effective where PGRMC1 expression is very low, further supporting an off-target effect 

(Abate, 2015). A small molecule inhibitor of PGRMC2 has recently been identified and it would be 

interesting to assess if it is also able to target other proteins in the MAPR family of proteins (Parker, 

2017).  

AG-205, employed as a presumably PGRMC1-specific inhibitor has been shown to induce 

apoptosis in lung and breast cancer cells (Ahmed, 2010). AG-205 ablates the ability of progesterone 

to block cell death (Will, 2017). AG-205 treatment inhibits PGRMC1, resulting in decreased cell 

viability of various cancer cell lines, despite increased PGRMC1 mRNA levels (Ahmed, 2010). The 

mechanism of AG-205 inhibition of PGRMC1 is largely unknown (Ahmed, 2010; Aizen, 2015). 

AG-205 was modelled to dock the cytb5 like domain on an Arabidopsis thaliana protein (Yoshitani, 

2005). Furthermore, AG-205 changed the spectroscopic properties of PGRMC1 in complex with 

heme suggesting that AG-205 interacts with PGRMC1 at the heme-binding domain and may 

influence PGRMC1 interactions with heme binding proteins (Ahmed, 2010; Kaluka, 2015). 

Although the binding of AG-205 to PGRMC1 is apparent, due to the potential binding to other 
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MAPR proteins and an off-target effect, experiments involving AG-205 that infer PGRMC1 specific 

effects should be treated as circumspect until further evidence of binding specificity is provided. 

1.6 Identif ication of PGRMC1 complex as the sigma 2 receptor binding site  
Sigma receptors are important in regulation of ion channels and cancer cell apoptosis. The 

Sigma-2 receptor (S2R)  also plays a role in regulation of neurotransmitters and their receptors, in 

endocrine/immune system functions and in cancer proliferation (Mach, 2013). The S2R has been 

validated as a tumour marker of cell proliferation both in vitro and in vivo (Kashiwagi, 2007). S2R 

expression was shown to be increased 10-fold in breast cancer cells undergoing proliferation, 

compared with quiescent breast cancer cells (Mach, 1997) and the level of S2R expression can be 

used to determine the proliferative status of tumours. The S2R has also been identified as a potential 

chemotherapeutic target for treatment and synthetic ligands to the S2R could potentially be 

implemented in cancer diagnosis and therapy (Xu, 2011). Xu et al. (2011) showed that the binding 

site for the S2R is located within a complex containing PGRMC1. This was demonstrated using a 

S2R probe, WC-21, consisting of S2R ligand and fluorescent label, which detected the membrane 

bound PGRMC1 (Xu, 2011). Furthermore, PGRMC1 expression was shown to correlate with 

binding activity of the S2R fluorescent probe, SW120, consistent with PGRMC1 as the S2R binding 

site (Zeng, 2015). 

There has since been controversy surrounding the misinterpretation of the identification of 

PGRMC1 as the S2R, although the publication stated ‘PGRMC1 protein complex as the putative 

sigma-2 receptor binding site’ (Xu, 2011). It has since been clearly shown that the S2R and 

PGRMC1 protein are not the same entity. For example, PGRMC1 is seen on SDS-PAGE using 

Western blot analysis as a ~25 kDa protein and the S2R is reportedly identified as ~18-21 kDa 

protein and it has been shown that S2R is not a splice variant of PGRMC1 (Chu, 2015). Treatment 

targeting S2R ligands that induced cell death in the pancreatic cancer cells did not kill the cells in 

the surrounding tissue, despite the expression of PGRMC1 in both cancer and non-cancerous cells 

(Hornick, 2012). Furthermore, it has been shown that PGRMC1 levels are not upregulated in breast 

cancer 10-fold, as the S2R activity was found to be by Mach et al. (1997) in breast cancer cells 
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undergoing proliferation (Mach, 1997). Another study showed that decreased expression of 

PGRMC1 using siRNA did not affect S2R activity in MCF-7 breast cancer cells (Abate, 2015). S2R 

binds with high affinity to haloperidol and 1,3-di-o-tolylguanidine (DTG), and binding to DTG is 

specific for S2R where dextrallorphan or pentazocine are used to bind Sigma-1 receptor sites. 

Overexpression or knockdown of PGRMC1 did not significantly alter DTG binding or 

photolabelling of the S2R in HEK293 or NSC34 cells (Abate, 2015; Chu, 2015). PGRMC1 showed 

significantly less binding affinity for DTG and haloperidol that is characteristic of the S2R (Chu, 

2015). Recently, the gene for the S2R was identified as Sigma intracellular receptor 2 (TMEM97) 

and it was shown that the complex formed with PGRMC1 and TMEM97 endocytoses the Low-

density lipoprotein receptor (LDLR) (Riad, 2018). Furthermore, the knockdown of TMEM97 or 

PGRMC1 expression did not affect S2R-mediated responses (Zeng, 2019). Our research group has 

since identified the importance of expression of a second gene, Translocator protein (TSPO), also 

required for TMEM97/S2R activity (Thejer, unpublished). 

Histones and associated proteins have been suggested as S2R ligand binding proteins based 

on MS analysis (Colabufo, 2006). However, not only is the S2R extremely low in abundance but it 

resides in lipid rafts and is very difficult to immunoprecipitate without compromising its functional 

integrity making it very difficult to identify and characterise (Chu, 2015). The S2R has also been 

associated with the response to oxidative damage. The S2R ligands were shown to arrest cell 

proliferation and sensitised cancer cells to undergo apoptosis, although this was cell line dependent 

(Ahmed, 2010).  A S2R ligand, siramesine, was shown to induce cell death under conditions of 

oxidative stress through lysosomal leakage supporting that S2R plays a role in regulation of 

lysosomal integrity and oxidative balance (Ostenfeld, 2005).  

1.7 Cellular localisation  
PGRMC1 has been shown to be expressed and bind proteins in various different cellular 

locations including cytoplasmic (Friel, 2015), in a perinuclear localisation (endoplasmic reticulum) 

(Crudden, 2005; Neubauer, 2009), on the plasma membrane (Aizen, 2015; Krebs, 2000; Zhang, 

2014), in the nucleus (Sabbir, 2019), in the nucleolus (Terzaghi and Zuccotti, 2016), at the mitotic 
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spindle (Lodde, 2011), and in exosomes or an extracellular location (Conde-Vancells, 2008). 

PGRMC1 colocalised with S2R in the mitochondria and endoplasmic reticulum (Xu, 2011). Several 

binding partners of PGRMC1 have been described to be tissue specific.  

The mPR family of proteins are steroid receptors, both at the cell surface and membrane, 

which bind to progestogens and neurosteroid progesterone. Since the initial misinterpretation of 

PGRMC1 as mPR due to differing PGRMC1 nomenclature, PGRMC1 has been shown to increase 

mPR expression in multiple cell lines (Thomas, 2014). PGRMC1 is also involved in progesterone 

signalling at the plasma membrane, however, whether PGRMC1 is an adaptor protein, part of a 

complex or a specific progesterone receptor is unclear (Peluso, 2013). Binding of progestins and 

the effect of PGRMC1 on apoptosis are dependent on expression of mPR at the plasma membrane. 

PGRMC1 and mPR are upregulated in cancer cells and both influence anti-apoptotic functions of 

progestins (Thomas, 2014). 

PGRMC1 upregulation increased plasma localisation of mPR and a physical interaction 

measured by NMR recently suggests that progesterone may bind to PGRMC1 in the heme binding 

cleft, though a direct interaction was not demonstrated (Kaluka, 2015). However, steroid 

competition studies show that progesterone receptor binding is characteristic of mPR and not 

PGRMC1. PGRMC1 has not been shown to initiate G protein activation at the plasma membrane 

(Thomas, 2014). However, mPR have G protein-binding domains and have been shown to mediate 

progesterone signalling at the plasma membrane through activation of G proteins. PGRMC1 and 

mPR may form part of a membrane progesterone receptor protein complex, with mPR responsible 

for progesterone binding and G protein coupling PGRMC1 as the adaptor protein, transporting mPR 

to the plasma membrane. This probably involves the heme binding domain of PGRMC1, which has 

been shown to bind various other proteins. Further studies should investigate the relationship 

between heme binding, alternative ligand binding, and the cellular localisation of PGRMC1. 

1.8 Heme binding  
The structure of the PGRMC1 protein (aa72-195) showed that PGRMC1 was bound to 

heme, coordinated at the tyrosine 113 site, resulting in dimerisation (Kabe, 2016). The heme-
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mediated dimerisation of PGRMC1, stabilised by hydrophobic heme stacking, is important for 

interactions with Epidermal growth factor receptor (EGFR) and cytP450 proteins, as well as for 

cancer proliferation and drug resistance. PGRMC1 enhanced doxorubicin resistance of cancer cells 

by promoting cytP450 activity (Kabe, 2016). Carbon monoxide disrupted heme stacking and 

resulted in dissociation of the PGRMC1 dimer. It has been previously shown that PGRMC1 binds 

PGRMC2; this interaction potentially represents heterodimerisation (Peluso, 2014). Kabe et al. 

(2016) state that the tyrosine 113 is required for heme chelation, and mediates PGRMC1 

dimerisation, with the assumption that this is the only type of dimerisation possible. However, Cahill 

et al. (2017) suggest that PGRMC1 phosphorylation may regulate the cytP450 interaction and 

membrane trafficking functions through tyrosine 113, which is also the phosphate acceptor of a 

membrane trafficking immunoreceptor tyrosine-based activation motif (ITAM) motif. It is probable 

that if PGRMC1 is phosphorylated at tyrosine 113 heme binding cannot occur. PGRMC1 protein is 

often cited as having a role in heme chaperoning and the yeast homolog of PGRMC1, Dap1, has 

also previously had a suspected role in heme synthesis (Cahill, 2017b; Piel, 2016). However, these 

functions have not been experimentally validated. PGRMC1 has been shown to interact with 

mitochondrial Ferrochelatase (FECH), the final enzyme in the heme synthetic pathway (Piel, 2016). 

PGRMC1 may be involved in heme transport, and this is potentially a conserved function of 

PGRMC1. 

1.9 Progesterone binding 
There are two recognised non-classical progesterone receptor proteins families involved in 

steroid receptor signalling; the mPR family (also known as progestin and adipoQ receptor (PAQR) 

proteins) and the MAPR family of cytb5-like heme binding proteins that includes PGRMC1. 

PGRMC1 plays an essential role in promoting cell survival and has been implicated in regulation 

of apoptosis through its effect on progesterone signalling in both normal and cancer tissues in vitro 

(Peluso, 2011). In MDA-MB-231 breast cancer cells, the progesterone dependent anti-apoptotic 

effect induced with doxorubicin treatment was PGRMC1 dependent (Clark, 2016). Furthermore, 

PGRMC1 influenced the susceptibility of endometrial tumours to chemotherapeutic drugs in a 
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mouse xenograft study (Friel, 2015). The protective effect involving PGRMC1 is likely dependent 

on cytP450 interactions (Kabe, 2016).  

It is not known where progesterone binds PGRMC1. Kaluka et al. (2015) provided some 

evidence that progesterone binds PGRMC1 in the heme-binding cleft. It was demonstrated that 

progesterone bound to ferric heme-loaded PGRMC1 and PGRMC1 in the deoxy ferrous state, 

resulting in a conformational change in heme. This is predicted to be a result of progesterone binding 

in the heme-binding cleft, though a direct interaction was not demonstrated (Kaluka, 2015). In 

contrast, progesterone had previously been predicted to bind PGRMC1 within the transmembrane 

domain (Peluso, 2008; Peluso, 2009). AG-205 was modelled against the heme-binding cleft of the 

MAPR protein from Arabidopsis thaliana (Cahill, 2007; Yoshitani, 2005). If, as predicted by Kaluka 

et al. (2015), both AG-205 and progesterone bind within the heme binding cleft, they likely compete 

for the same binding site. Will et al. (2017) demonstrated that AG-205 ablates the ability of 

progesterone to block cell death and AG-205 treatment influenced PGRMC1-dependent effect on 

cell viability, possibly related to a progesterone-dependent effect, in various cancer cell lines 

through an unknown mechanism (Ahmed, 2010; Aizen, 2015). In summary, it is possible that 

progesterone and AG-205 are competing for binding in the heme-binding cleft of PGRMC1, though 

the direct binding of progesterone or AG-205 has not yet been demonstrated using a crystal structure 

or other experiments. 

Progesterone, an important inhibitor of apoptosis, is thought to act through a membrane receptor 

at the cell surface. However, the nuclear membrane receptor is not expressed by theca cells and in 

granulosa cells is only transiently expressed (Thomas, 2008). The anti-apoptotic effect of 

progesterone is PGRMC1- and PGRMC2-dependent. The complex formation of PGRMC1 in the 

cytoplasm with PGRMC2 and Progestin and adidoQ receptor 7 (PAQR7) is predicted to be 

necessary for the roles progesterone plays in apoptosis and in regulating human follicle development 

(Sueldo, 2015). When investigating binding of PGRMC1 to progesterone, recombinant PGRMC1 

did not exhibit binding to progesterone, however, overexpression increased progesterone binding 

and siRNA decreased progesterone binding (Ahmed, 2012). A recent study has provided evidence 
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to support PGRMC1 binding progesterone, resulting in a conformational change of heme (Kaluka, 

2015).  

PGRMC1 is certainly involved in progesterone signalling, though possibly indirectly through 

binding to the anti-apoptotic, RNA binding protein Plasminogen activator inhibitor 1 RNA-binding 

protein (PAIRBP-1), which interacts with PGMRC1 in rat granulosa and theca cells at the plasma 

membrane (Peluso, 2005, 2006). Transfection of a PGRMC1-GFP peptide mimic that binds 

PAIRBP-1 resulted in an increased rate of apoptosis of granulosa cells up to 4-fold, even in the 

presence of progesterone. The interaction between PAIRBP-1 and PGRMC1, not required for 

progesterone binding, appears to couple PGRMC1 to downstream components of the signal 

transduction pathway (Peluso, 2013). The anti-apoptotic effect of progesterone in spontaneously 

immortalised granulosa cells (SIGCs) was also blocked with mPR siRNA, supporting a pathway 

involving a PGRMC1/ mPR complex. Progesterone treatment of SIGCs caused increased 

expression of the anti-apoptotic gene Bcl2a1d and decreased expression of the pro-apoptotic gene, 

BAD (Bcl-2-associated death promoter); changes in expression that were dependent on PGRMC1 

expression (Peluso, 2010).  Expression of the proto-oncogene, Myb, and the pro-apoptotic gene, 

EAF2 (ELL associated factor 2) were also increased 2-3 fold (Peluso, 2012a). Activation of 

TCF/LEF-1 caused suppression of genes known to promote entry into the cell cycle. TCF/LEF-1 is 

suppressed by progesterone through a PGRMC1-dependent mechanism. This supports a pathway 

in which the PGRMC1 complex regulates gene transcription and ultimately apoptosis (Peluso, 

2013).  

Progesterone treatment significantly increased the expression of Neurofibromatosis type 1 (NF-

1), responsible for negative regulation of RAS oncogene signal transduction pathway, and Pituitary-

specific transcription factor 1 (Pit-1), a growth hormone transcription factor. Also significant was 

the decreased expression of Pax-5, which is a transcription factor important in defining body 

patterning during embryogenesis, as well decreased expression of oestrogen receptor (ER), Thyroid 

hormone receptor (THR), and TF11D, which binds the TATA box promoter region of genes 

(Peluso, 2012a). MicroRNAs, Let-7i and miR-98, may play a role in regulation of PGRMC1 

expression. There are putative microRNA Let-7i/miR-98 binding sites located on PGRMC1 and 
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following progesterone treatment, increased Let-7i and miR-98 expression resulted in decreased 

expression of PGRMC1 in SKOV-3 ovarian cancer (Wendler, 2011). PGRMC1 stimulation by Let-

7i is likely influenced by progesterone (Nguyen, 2018). PGRMC1 has a demonstrated important 

role in multiple normal reproductive functions as reviewed by (Peluso, 2013; Qin, 2015). In 

Gonadotropin releasing hormone (GnRH) neurons the effects of progesterone were blocked by AG-

205 (Bashour, 2012). PGRMC1 in the female rat ventromedial hypothalamus influences female 

reproductive behaviour (Krebs, 2000).  

1.10 A role as an adapter/transport protein  
There is accumulating supporting evidence for a role of PGRMC1 in regulating vesicle 

trafficking. Two relatively new areas of interest involving the role of PGRMC1 in membrane 

trafficking are in Diabetes and Alzheimer’s disease (Izzo, 2014a; Zhang, 2014). It was shown that 

in Alzheimer’s disease PGRMC1 acts at the synaptic membrane and regulates Amyloid beta (Aβ) 

oligomer receptor expression, or is part of this receptor complex involving the S2R (Izzo, 2014b, 

2014a). Inhibition with small molecules showed improved cognitive properties in an Alzheimer’s 

mouse model (Izzo, 2014a). PGRMC1 binds and regulates cytP450 activity, similarly to Dap1, 

donating heme to cytP450 proteins involved in ergosterol synthesis. It has been recently suggested 

that PGRMC1 potentially functions as a heme transporter protein by cycling between ferric and 

ferrous states (Kaluka, 2015). It has not yet been determined if the phosphorylation status of 

PGRMC1 influences its involvement in vesicle trafficking (Cahill, 2016b). 

The recent identification of the structure of the heme dependent dimer of PGRMC1 may 

provide insight into regulation of receptors (Kabe, 2016). AG-205 is a strong antagonist of 

PGRMC1 widely used to investigate PGRMC1 functions. Similar to the described role of PGRMC1 

in mediating EGFR cell surface localisation, inhibition of PGRMC1 by treating pancreatic beta cells 

with AG-205 altered the cell surface localisation of the Glucagon-like peptide 1 (GLP-1) receptor, 

which has an important function in glucose homeostasis (Zhang, 2014). PGRMC1 overexpression 

promoted mPR  (from the unrelated PAQR/mPR protein family) expression and PGRMC1 knockout 

reduced mPR expression in zebrafish oocytes, further supporting a role for PGRMC1 as an adaptor 
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protein, which can regulate receptor functions of mPR, and ER (Wu, 2018). Furthermore, PGRMC1 

was shown to suppress cell cycle passage through the G1 checkpoint in granulosa cells (Peluso, 

2014; Sueldo, 2015). This required PGRMC1 and PAQR7. 

PGRMC1 could potentially also mediate cell surface localisation of the progesterone 

receptor (PR), mimicking a progesterone dependent activity (Cahill, 2016a). Following the recent 

identification of the role of PGRMC1 in iron metabolism, it has been suggested that PGRMC1 is 

acting as a ligand receptor to mediate cellular availability of iron (Li, 2016). PGRMC1 has also 

been shown to play a role as an adaptor protein in regulating meiotic arrest in zebrafish oocytes 

through Egfr and treatment AG-205 prevented expression of Egfr at the plasma membrane of the 

oocytes (Aizen, 2015). 

1.11 A role in response to oxidative stress 
Reactive oxygen species (ROS) cause oxidative damage to tissues and cell death, and are 

capable of causing genomic mutations leading to tumourigenesis. ROS are associated with 

inflammatory responses. PGRMC1 is widely expressed in epithelial tissues where it was initially 

described to play a role in response to damages such as inflammation (Hand, 2003b). Cell response 

to oxidative damage is a complex process involving signalling from transmembrane receptors and 

intracellular kinases. Several events that occur in cell death signalling are shown to be dependent 

on mitochondrial alterations and break formation in DNA (Cerella, 2009). PGRMC1 expression 

sensitised the MCF-7 breast cancer cells subjected to hydrogen peroxide (H2O2) treatment to 

undergo apoptosis, or programmed cell death suggesting a role in the oxidative damage response 

(Hand, 2003a).  

In another study, phosphorylation of PGRMC1 at residues serine 57 and serine 181 was 

detected in vivo, and it was suggested that phosphorylation status might correlate with cellular 

localisation of PGRMC1 (Neubauer, 2009). Studies to determine the effect of manipulating 

PGRMC1 at the sites of phosphorylation found that when two mutations were introduced, at 

residues serine 57 and serine 181, there was an increased resistance of transfected MCF-7 cells to 

peroxide-induced cell death (Neubauer, 2008). 
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It is not fully understood how cells are able to survive in the hypoxic conditions that are 

produced in some tumours. However, it is the current understanding that hypoxic conditions induce 

changes in cells resulting in altered cell metabolism, increased angiogenesis, epithelial 

mesenchymal transition (EMT), and increased resistance to therapies (Joseph, 2018; Krock, 2011; 

Muz, 2015; Vaupel, 2004). Hypoxic conditions can also induce various cell signalling pathways 

including Hypoxia inducible factor (HIF) signalling which may also involve or be mediated by the 

PI3K/Akt, mitogen-activated protein kinase (MAPK) or ERK, and nuclear factor kappa-light-chain-

enhancer of activated B cells (NFκB) pathways (Courtnay, 2015; Koong, 1994; Sang, 2003). 

 Cancer cells show an increased uptake of glucose, despite the decreased availability of 

oxygen, known as the Warburg effect (Kim, 2006). This enables tumour imaging using positron 

emission tomography (PET) using the glucose analog 18F-2-deoxyglucose (Wahl, 1991). Normal 

cells exhibit a lower rate of glycolysis and produce energy through mitochondrial oxidative 

phosphorylation. The higher rate of glycolysis in cancer tissue results in large amounts of lactic acid 

production and an increased acidic environment, which aids tumour growth by suppressing immune 

responses. The change in glycolytic activity is a result of upregulation of hypoxia responsive 

Glucose transporter-1 (GLUT-1) protein, which facilitates the transport of glucose across the plasma 

membrane in the hypoxic zone (Airley, 2007). Hypoxia inducible factor-1 (HIF-1) is a transcription 

factor that is also upregulated in the hypoxic zone that promotes the glycolytic switch in tumors and 

induces Vascular endothelial growth factor (VEGF) expression (Airley, 2007; Dewhirst, 2008). 

VEGF stimulates angiogenesis to restore oxygen supply to tissues. Enhanced VEGF-A expression 

possibly increases cell proliferation and induces vascularisation in cancer tissue.  

Recently, a progesterone dependent Warburg-like effect was associated with a change in 

post-translational modifications of PGRMC1, as well a change in protein stability and cellular 

localisation in HEK293 Human embryonic kidney cells (Sabbir, 2019). PGRMC1 was predicted by 

Neubauer et al. (2008), to be induced in the hypoxic tumour zone independent of HIF-1 inducible 

GLUT1 in some cells. Neubauer et al. (2009) demonstrated that the upregulation of VEGF-A 

expression that occurred in MCF-7 PGRMC1 cells with a mutation at serine 181 did not occur in 

non-transfected MCF-7 cells. PGRMC1 expression is associated with VEGF induction (Swiatek-
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De Lange, 2007). The increased expression of VEGF-A may therefore be attributable to increased 

stimulation of PGRMC1. PKC and ERK activation cause changes in gene transcription and protein 

synthesis that ultimately increase VEGF-A expression (Swiatek-De Lange, 2007). In endometrial 

cancer cells, downregulation of PGRMC1 reduced ERK expression, and upregulation induced ERK 

expression. PGRMC1 expression did not influence Akt activation (Lin, 2015). This supports a 

molecular pathway in which increased PGRMC1 activates the MAPK cascade and specific kinases, 

including PI3K (Lin, 2015). 

1.12 PGRMC1 in cell  migration and invasion  
There is recent interest in the role PGRMC1 plays in cell migration and invasion and how 

this may be involved in cancer progression. EMT is the transition of epithelial cells to motile 

mesenchymal cells, facilitating cell migration and invasion through penetration of the extracellular 

matrix (ECM). Induction of EMT involving several signalling pathways, including NFκB, 

Transforming growth factor-β (TGF-β), Wnt, Hedgehog and Notch, has been identified as a 

mechanism associated with mesenchymal pancreatic cancer cells drug resistance to Gemcitabine 

(Long, 2011). In a recent study, MES-SA uterine sarcoma cells showed increase in cytoskeleton F-

actin reorganisation and stress fibre formation, upregulation of transcription factors SNAIL and 

TWIST and downregulation of E-cadherin expression, inducing vimentin expression (Lin, 2015). 

PGRMC1 overexpression induced EMT, while PGRMC1 siRNA knockdown reduced cell 

migration and invasion both in vivo and in vitro (Ahmed, 2010; Lin, 2015).  

Cancer cells migrate through two different modes. Mesenchymal cells are elongated, and 

dependent on matrix metalloproteinases (MMP). Amoeboid cells are round with bleb-like 

protrusions and movement is dependent on Rho-kinase (ROCK) and actomyosin contraction (Fujita, 

2011). In the MIAPaCa-2 pancreatic cancer cell line, cells can be either mesenchymal or amoeboid 

in shape and mode of mobility. MIAPaCa-2 cells exhibited amoeboid–mesenchymal transition and 

increased invasiveness following treatment with ROCK inhibitor. Treatment with MMP inhibitor 

resulted in mesenchymal amoeboid transition (MAT), however an increase in invasiveness was not 

observed. This study also showed that radiation therapy aids cell migration and tumour metastasis 
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(Fujita, 2011). Recently, PGRMC1 expression was shown to correlate with migration and invasive 

potential of cervical can cells, as well as with epithelial cell markers (Shih, 2019). However, the 

PGRMC1 dependent change in cell morphology may also be attributable to its ability to regulate 

microtubule stability during mitosis (Lodde, 2011). Our research group showed that expression of 

a double mutant variant of PGRMC1 (serine residues 57 and 181 have a substitution point mutation 

for alanine) (Neubauer, 2008) resulted in MIAPaCa-2 pancreatic cancer cells changing from a 

mixed population of mesenchymal and amoeboid cells to predominantly round cells. Using a scratch 

migration assay the cells demonstrated motility using pseudopodia (Adhikary, 2016; Thejer, 2020a). 

1.13 PGRMC1 in cholesterol regulation and l ipid metabolism 
The heme binding cytP450 proteins are activated by a P450 reductase or cytb5 (Ahmed, 

2012). Cytb5 domains contain a hydrophobic region necessary for interactions with redox partners, 

therefore the structure of the heme binding domain determines the functional activity (Sergeev, 

2014). Through binding to cytP450 proteins in the endoplasmic reticulum PGRMC1 plays a role in 

steroid synthesis in the adrenal gland, in the increased synthesis of cholesterol and bile acids 

(Hughes, 2007), and possibly in the metabolism of drugs and hormones (Ahmed, 2012). 

Knockdown of PGRMC1 resulted in decreased cholesterol synthesis and increased toxic sterol 

intermediates, demonstrating PGRMC1 plays a role in cellular detoxification (Ahmed, 2012; 

Hughes, 2007). However, these functions appear to be tissue specific.  

PGRMC1 forms a complex in the endoplasmic reticulum with two proteins involved in 

regulation of cholesterol, SCAP  and Insig1; consistent with PGMRC1’s role in cholesterol 

regulation in the cell (Suchanek, 2005). Early studies found Dap1 to be essential for cytP450 

function and sterol biosynthesis regulation (Hand, 2003b). PGRMC1 was later found to be essential 

for cytP450 function in humans (Hughes, 2007). In conditions of oxidative stress, the transcription 

factor Sterol regulatory element binding protein (SREBP) bound at the plasma membrane is released 

and moves through the cytoplasm into the nucleus. In the nucleus, SREBP binds the Sterol 

regulatory elements (SREs) in gene regions that regulate lipid transcription. This results in an 

increased transcription of target genes. The release of SREBP requires SCAP, a protein sensitive to 
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cholesterol levels. SCAP binds Insig exclusively located in the endoplasmic reticulum. When sterol 

levels are low, this complex dissociates, releasing SCAP bound to SREBP, which then moves to the 

Golgi apparatus (Brown, 1997).  

The high expression of PGRMC1 in the liver further supports involvement in cytP450 

mediated pathways (Rohe, 2009). PGRMC1 knockdown decreased the production of doxorubicinol 

from doxorubicin and increased sensitivity to doxorubicin treatment; an effect that was reversed 

with expression of wild type PGRMC1 (Kabe, 2016). Interestingly, increased sensitivity to 

doxorubicin treatment was not reversed with the expression of a PGRMC1 phosphorylation mutant 

protein in which the tyrosine 113 residue was substituted for a phenylalanine (Y113F). This 

indicates that PGRMC1 is involved in decreased sensitivity to doxorubicin through increased 

conversion to doxorubicinol and interactions with cytP450s. In breast cancer cells PGRMC1 has 

been shown to bind and activate the cytP450 Cyp19/aromatase; a target of anti-cancer drugs such 

as anastrozole that is involved in the conversion of testosterone to oestrogen (Ahmed, 2012). Loss 

of PGRMC1 decreased cytP450 enzyme activity that is required for sterol biosynthesis, resulting in 

decreased cholesterol synthesis and increased toxic sterol intermediates (Hughes, 2007). Recently, 

PGRMC1 was shown to associate with LDL receptor and S2R TMEM97 and to mediate LDLR 

endocytosis and play a role in membrane trafficking that is likely required in cholesterol 

homeostasis (Riad, 2018).  

1.14 A role in glucose homeostasis 
PGRMC1 has been implicated in the regulation of glucose homeostasis. GLP-1 is important 

for glucose homeostasis and GLP-1 receptors, as inducers of insulin secretion, are potential 

therapeutic targets for Type 2 Diabetes treatment (Meloni, 2013). In the MIN6 (mouse insulinoma) 

pancreatic β cell line, PGRMC1 was found to be a component of the GLP-1 receptor complex and 

to play a role in promoting GLP-1 induced insulin secretion (GIIS) via the cyclic adenosine 

monophosphate (cAMP) pathway and through EGFR/PI3K signalling to increase calcium influx 

and insulin exocytosis (Zhang, 2014). The cell surface localisation of GLP-1 receptor, a G protein-

coupled receptor that regulates intracellular cAMP, was dependent on PGRMC1. GLP-1 receptor 
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agonists are potential therapeutic drug targets for maintaining glucose homeostasis and type-2 

diabetes treatment. Therefore, drugs targeting PGRMC1 may present potential for treatment of type-

2 diabetes. GLP-1 enhances glucose-stimulated insulin secretion (GSIS) from pancreatic beta cells. 

Therapies targeting Glucagon-like peptide receptors have been developed (Drucker, 2010). 

Overexpression of PGRMC1 increased GIIS by 70-80% (Zhang, 2014). In addition, GIIS was 

increased with progesterone treatment and decreased with AG-205 treatment. PGRMC1 increased 

GLP-1 induced cAMP and enhanced GLP-1 receptor expression. The effect of GLP-1 and the 

PGRMC1 ligand were blocked by inhibition of EPAC/adenylyl cyclase signalling downstream of 

cAMP, which stimulates calcium-dependent insulin exocytosis. PGRMC1 has been described to 

regulate endocytosis and mediate trafficking of membrane proteins (Thomas, 2008). Therefore, 

PGRMC1 may enhance membrane GLP-1 receptor expression to increase cAMP (Zhang, 2014). 

PGRMC1 interacts with EGFR, which is activated by GLP-1R signalling through Src. Increased 

EGFR activity results in increased calcium influx and subsequent secretion of insulin. EGFR or 

PI3K inhibition blocked the effect of the PGRMC1 ligand, impairing GIIS (Zhang, 2014). 

1.15 PGRMC1 and autophagy 
Support for an important role for PGRMC1 in autophagy has been increasing. Autophagy 

is an essential cellular process that occurs under conditions of stress including cellular damage or 

aberrant protein expression. Autophagy involves detection, removal and recycling of intracellular 

proteins. PGRMC1 was upregulated in the hypoxic tumour zone associated with the production of 

ROS (Sabbir, 2019). PGRMC1 was shown to increase cytP450 activation and decrease the response 

to drug treatments (Zhu, 2017). Furthermore, PGRMC1 overexpression promoted autophagy. 

PGRMC1 binds two key regulatory proteins of complexes with an essential role in autophagy 

Microtubule-associated protein 1 light chain (3MAP1LC3) and UV radiation resistance 

associated/UV radiation associated gene (UVRAG) to promote autophagy (Mir, 2013). LC3 

conjugated to phosphatidylethanolamine forms LC3-phosphatidylethanolamine conjugate 

(LC3B-II), which during autophagy relocates to autophagosomal membranes (Tanida, 2008). 

PGRMC1 was demonstrated to colocalise with LC3-II (Zhu, 2017). PGRMC1 was also found to 
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promote ubiquitination and to bind components of complexes required in degradation of proteins 

(Mir, 2013). Furthermore, in a recent study in which PGRMC1 was shown to suppress the p53 and 

Wnt/ β-catenin pathways and to promote the self-renewal of human pluripotent stem cells (hPSCs), 

knockdown of PGRMC1 resulted in decreased autophagy and apoptosis (Kim, 2018).  

1.16 A role in cell  cycle progression 
PGRMC1 has been recognised as playing an important role in regulation of mitosis, 

consistent with PGRMC1 associating with the mitotic spindle during M phase and suppressing 

genes that regulate mitosis (Lodde, 2011; Peluso, 2014; Sauer, 2005). It has been suggested that the 

heme binding domain of PGRMC1 is important for regulation of meiosis and mitosis after treatment 

with PGRMC1 inhibitor AG-205, which potentially targets this binding domain, impeded cell cycle 

progression (Terzaghi and Zuccotti, 2016). The PGRMC1 protein was detected by co-

immunoprecipitation (co-IP) with HeLa cell spindle extract proteins suggesting that PGRMC1 plays 

a role in mitotic progression through a microtubule-dependent process (Nousiainen, 2006). 

PGRMC1 was shown to co-localise with tubulin during mitosis (Lodde, 2011). PGRMC1 was 

suggested to play a role in oocyte maturation due to localisation of PGRMC1 protein to the 

chromosomes in bovine oocytes during meiosis (Luciano, 2010), although this finding has been 

contradicted (Aparicio, 2011).  

PGRMC1 has since been shown to play an important role in both cell proliferation and 

mitosis (Jühlen, 2018; Luciano, 2016, 2013). Over expression of PGRMC1 or PGRMC2 resulted in 

decreased cell proliferation (Jühlen, 2018). PGRMC1 has previously been reported to localise to the 

mitotic spindle during mitosis (Lodde, 2011; Terzaghi and Zuccotti, 2016). However, defective 

mitosis was shown to reduce localisation of PGRMC1 to the mitotic kinetochore fibres (Jühlen, 

2018). PGRMC1 depletion in bovine granulosa cells significantly reduced cell proliferation and 

AG-205 treatment or PGRMC1 depletion in maturing oocytes impaired meiosis (Terzaghi and 

Zuccotti, 2016). Increased PGRMC1 RNAi treated granulosa cells in G2/M phase suggests a 

defective proliferation, potentially due to an arrested or prolonged M-phase of the cell cycle. 

PGRMC1 affected late mitosis where an interaction with aurora kinase B was observed at the 
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spindle of dividing cells (Terzaghi and Zuccotti, 2016). Increased cell death, due to inability of cells 

to complete mitosis, would partially account for decreased cell proliferation in PGRMC1 deplete 

cells.  

In SIGCs, progesterone suppressed ERK activity and caused slower cell proliferation by 

inhibiting mitosis, however, in neural progenitor cells progesterone was shown to stimulate ERK 

activity, subsequently increasing cell proliferation in a PGRMC1-dependent manner (Liu, 2009; 

Lodde, 2011). In SIGCs treated with progesterone or transfected with a PGRMC1 antibody an 

increased number of mitotic cells, as well as slower cell proliferation were observed which 

suggested that the M phase of the cell cycle was prolonged under these conditions. PGRMC1 deplete 

MDA-MB-468 breast cancer cells, A549 non-small cell lung cancer cells (Ahmed, 2010), and 

SKOV-3 ovarian cancer cells (Peluso, 2009) all grow slower in vitro. Decreased PGRMC1 

expression by stable expression of shRNA caused slower cell growth of ovarian and breast cancer 

cells (Ahmed, 2010; Peluso, 2009). 

Depletion of PGRMC1 or progesterone treatment of cells was shown to increase spindle 

microtubule stability in various cell types. During metaphase PGRMC1 was detected by 

immunofluorescence at the spindle apparatus and the centrosome and was shown to interact with b-

tubulin, which was not affected by progesterone treatment (Lodde, 2011). PGRMC1 is 

phosphorylated at serine 181 on the human mitotic spindle (Nousiainen, 2006). It has not yet been 

determined if phosphorylation of PGRMC1 effects the localisation or interaction with b-tubulin.  

PGRMC1 is predicted to promote cell cycle progression to the S phase by mediating ERK 

activation. PGRMC1 overexpression in uterine sarcoma cells increased the percentage of cells in 

the S phase and decreased the percentage of cells in the G1 phase (Lin, 2015). PGRMC1 knockdown 

decreased ERK activation in non-small cell lung cancer, decreasing cell proliferation (Ahmed, 

2010). PGRMC1 may influence cell cycle progression by regulating crucial cell cycle proteins. 

PGRMC1 overexpression resulted in upregulation of cyclin E, cyclin A2, and FoxM1 expression 

and downregulation of cyclin D2 and p27/Kip1 (G1 arrest inhibitor) expression (Lin, 2015). FoxM1 
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is a crucial regulator of the G1/S phase transition by downregulation of the CDK inhibitor p27/Kip1 

and progression through the G2/M phase (Luscher-Firzlaff, 2006). 

Friel et al. (2015) provided evidence that the anti-mitotic role of progesterone is mediated 

by PGRMC1 as demonstrated by shRNA knockdown studies. Mitosis was inhibited in PGRMC1 

expressing cells following progesterone treatment. Doxorubicin treatment resulted in increased cell 

death. However, doxorubicin treatment in combination with progesterone treatment resulted in 

decreased doxorubicin induced cell death, though only in PGRMC1 expressing cells. The PGRMC1 

deplete cells showed slower tumour growth rate and greater sensitivity to chemotherapy than 

PGRMC1 expressing cells (Friel, 2015). Co-treatment with cisplatin and progesterone also 

attenuated cell death of SKOV-3 ovarian cancer cells (Wendler, 2011). PGRMC1 is important for 

tumour growth and promoting cell viability during chemotherapeutic stress in human endometrial 

epithelial cell tumours. This study also showed that the PR is not required for the anti-mitotic effect 

of progesterone, as these cells do not express PR.  

PGRMC1 has also been shown to play a role in oestrogen maintenance of meiotic arrest in 

oocytes through G protein coupled estrogen membrane receptor 1 (Gper1) and regulation of EGFR 

expression. Treatment with AG-205 significantly decreased EGFR expression on the plasma 

membrane (Aizen, 2015). Subsequently phosphorylation of MAPK3/1 was decreased downstream. 

Progesterone is used to treat low-grade endometrial cancers. Mitosis of Caco2 colorectal cells, 

which don’t express PGRMC1 or PGRMC2, were not affected by progesterone suggesting that the 

anti-mitotic role of progesterone only occurs in PGRMC1 expressing reproductive cells (Friel, 

2015). Identification of differential interacting proteins in reproductive cells in comparison with 

non-reproductive cells may help elucidate the mechanisms involved.  

1.17 Genes regulating cell  viabil ity and the role of PGRMC1 in apoptosis 

and cell  survival 
It has not yet been determined how PGRMC1 regulates cell viability or increases resistance 

to chemotherapeutic therapies. Various genes that regulate cell survival or apoptotic proteins, 

including the pro-apoptotic inhibitor, protein IκB and the serine-threonine kinase Akt/protein kinase 

B, are probably involved (Crudden, 2006). Several genes associated with apoptosis are greatly 
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affected by depletion of PGRMC1 (Peluso, 2010). Most changes in gene expression, including 

increased mRNAs expression for caspases, direct the cells toward apoptosis (Peluso, 2012a). 

Despite all evidence in various cell lines that PGRMC1 is essential for cell survival, a recent study 

shows that PGRMC1 knockout in adult mice resulted only in fatty acid metabolism dysfunction 

(Lee, 2018). 

Oxidative stress activates tyrosine kinase EGFR and transcription factor NF-kB (Rosette, 

1996). EGFR subsequently activates PI3K and Akt. In breast cancer cells, PGRMC1 increased the 

phosphorylation of Akt after damage and IκB basally (Ahmed, 2012). Increased phosphorylation of 

Akt and IkB proteins corresponds with an increased rate of cell death. When the activation of Akt 

protein and the degradation of IkB protein were inhibited this did not affect the PGRMC1-mediated 

cell death. This suggested PGRMC1 had a key regulatory function in the oxidative damage response 

in epithelial tissue, though this was through a novel damage response pathway (Hand, 2003a). The 

role NF-kB plays in this response to oxidative damage is specific to cell type (Hand, 2003a). Bound 

to IkB, NF-kB is sequestered in the cytoplasm. However, the phosphorylation of IkB results in 

ubiquitination and proteolysis of this protein thereby releasing NF-kB, which then moves from the 

cytoplasm to the nucleus (Hand, 2003a). In the nucleus NF-kB activates transcription of genes that 

regulate a pro-inflammatory response and apoptosis, this is determined by binding to IkB 

(Richmond, 2002).  

The down regulation of caspases has been linked to enhanced cell survival and resistance 

to apoptosis (Yang, 2007). PGRMC1 suppresses genes that regulate caspases 3, 4 and 8 (Peluso, 

2012b). In a recent study, PGRMC1 overexpression in the ECC-1 endometrial cancer cell line 

affected the cleavage of caspase-9, caspase-3 and polyADP-ribose polymerase (PARP) resulting in 

decreased doxorubicin induced cytotoxicity. PGRMC1 knockdown resulted in phosphorylation of 

p38, downregulation of Bcl-2 expression and upregulation of Bax (a pro-apoptotic protein) 

expression, activating caspase-9, caspase-3 and PARP cleavage downstream following doxorubicin 

treatment (Lin, 2015). Caspase-3-dependent cell death is induced by the S2R ligands (Xu, 2011) 

and, in the absence of progesterone granulosa cells were shown to undergo apoptosis by a caspase-

dependent mechanism (Peluso, 2012a). However, Hand and Craven, (2003a) showed that H2O2 
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induced cell death occurs through a caspase independent mechanism in MCF-7 breast cancer cells; 

found to be caspase-3 deficient (Yang, 2007). It is still unclear the role PGRMC1 and caspases play 

in cell survival. 

The combination of PGRMC1 knockdown and verapamil (a P-gp inhibitor/a calcium 

channel blocker used to treat angina and arrhythmia) have a synergistic effect on doxorubicin 

cytotoxicity and may be implicated in increasing the sensitivity of multidrug resistant uterine 

sarcoma cells to drug treatment (Lin, 2015). PGRMC1 increased doxorubicin metabolism, which is 

mediated by cytP450s in a colon cancer cell line (Kabe, 2016). The biology involving PGRMC1 

and cytP450 mediated effects could be underlying a number of roles PGRMC1 plays in a range of 

seemingly unrelated functions. 

1.18 The neuroprotective effect of progesterone and PGRMC1 
PGRMC1 has been described to play various roles in the nervous system including in the 

response to oxidative damage as a result of trauma, as a mediator of progesterone and in 

neurosteroidogenesis and sterol formation (Liu, 2009; Qin, 2015; Sakamoto, 2008). PGRMC1 has 

been implicated in the neuroprotective effect of progesterone following brain trauma and spinal 

cord injury and in neural progenitor cells, progesterone increased cell proliferation dependent on 

PGRMC1 (Liu, 2009). PGRMC1 is expressed throughout the brain by neurons, microglia cells, 

astrocytes and oligodendrocytes, and is upregulated in neurons following traumatic brain injury 

(TBI) and in Parkinson’s disease, where it likely interrupts the neuroprotective effect of 

progesterone (Bali, 2013; Liu, 2009; Zeng, 2015). In Purkinje cells of the cerebellum, PGRMC1 

was shown to be involved in neurosteroidogenesis of progesterone from cholesterol (Sakamoto, 

2008).  

Mitochondrial abnormalities have been linked to pathways resulting in neuronal 

dysfunction in neurodegenerative diseases such as Alzheimer’s disease. Progesterone has been 

shown to have neuroprotective effects in vitro and in vivo. Progesterone alleviated mitochondrial 

dysfunction and protected rat cortical neurons from Aβ peptide induced apoptosis via two pathways 

(Qin, 2015). The first involved PGRMC1 dependent inhibition of the mitochondrial apoptotic 
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pathway, shown using AG-205. The second involved inhibiting Jun N-terminal kinase (JNK) 

activation, independent of PGRMC1. Change in expression of Bax and Bcl-2 may result in 

decreased mitochondrial membrane potential, increased cytochrome c, and cell apoptosis. Bax 

promotes apoptosis and Bcl-2 blocks mitochondrial dependent apoptosis. Progesterone reversed 

these functions and inhibited caspase-3 activation (Qin, 2015).  

Recently, PGRMC1 was shown to be necessary for the neuroprotective effect of a synthetic 

progestin analogous to progesterone, Norgestrel, in the retina. Inhibition of PGRMC1 by siRNA 

knock down or blocking with AG-205 abrogated the Norgestrel dependent protection of damaged 

photoreceptors (Wyse Jackson, 2015). PGRMC1 was demonstrated to mediate progesterone 

induced Brain-derived neurotrophic factor (BDNF) release from glia cells (Sun, 2016). Treatment 

with progesterone following a severe spinal cord damage restored BDNF and PGRMC1 expression, 

which had been decreased as a result of injury. The survival signalling described here also has 

immense relevance to cancer. The miRNA let-7i was recently demonstrated as the negative 

regulator of PGRMC1 and BDNF in cortical astrocytes, and let-7i inhibition increased the 

progesterone-dependent neuroprotective effect (Nguyen, 2018).  

PGRMC1 has been described as a potential marker of microglial activation due to a role in 

mediating estrogen-progesterone interactions implicated in microglial activation and axonal 

regeneration (Bali, 2012, 2013). PGRMC1 has also been described as a potential target for non-

invasive PET imaging of the brain in neurodegenerative diseases (Zeng, 2015). Overexpression of 

S2R has been reported in peripheral breast and brain tumours (Abate, 2015; Mach, 1997). PGRMC1 

expression was correlated with SW120 binding activity in rat brains (Zeng, 2015). 

The S2R/PGRMC1 complex has been identified as a membrane trafficking complex 

involved in LDLR endocytosis (Riad, 2018). The S2R/PGRMC1 complex has been suggested to be 

required for membrane trafficking and a potential receptor for Aβ oligomers in rat primary neurons 

after an anti-PGRMC1 antibody displaced Aβ oligomer binding of neurons, both in vitro and in 

tissue sections from patients with Alzheimer’s disease (Izzo, 2014b). S2R antagonists block the 

binding of Aβ oligomers in neurons and reduce Aβ-induced neuronal toxicity (Izzo, 2014b, 2014a). 

It is likely that S2R/TMEM97 is the target of this effect and the identification of the involvement 
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of PGRMC1 is secondary to the interpretation of PGRMC1 as the S2R (Xu, 2011). Amyloid β 

oligomers bind a complex containing S2R and potentially PGRMC1, increasing the neuronal 

toxicity of amyloid formation in Alzheimer’s disease (Izzo, 2014b, 2014a; Qin, 2015). However, 

other interaction partners that are part of this complex and the nature of the direct interaction are 

unknown. 

As previously discussed, NENF has a described involvement in neuronal differentiation and 

survival (Kimura, 2013). NENF and Neuferricin are neurotrophic factors with a cytb5 binding 

domain. Furthermore, AG-205 has an effect on NENF and Neuferricin proteins, and NENF may 

play a role in increased cell proliferation with PGRMC1 (Kimura, 2012; Liu, 2009). Further 

research is required to determine whether a potential role for PGRMC1 in neuroprotection involves 

other MAPR proteins.  

1.19 The role of PGRMC1 in cancer  
There is substantial evidence that PGRMC1 plays a crucial role in several cell functions 

that are associated with the hallmarks of cancer, an argument first proposed by Cahill et al. (2016). 

Furthermore, mouse xenograft models of cancer demonstrate that PGRMC1 overexpression results 

in increased tumour growth and metastasis, and reduced PGRMC1 expression using shRNA has 

been correlated with smaller and fewer tumours, reduced risk of metastasis and increased sensitivity 

to chemotherapeutic treatments (Friel, 2015). In addition, the PGRMC1 inhibitor, AG-205, induced 

cell death in stem cells from lung tumour indicating that PGRMC1 is important for cancer stem cell 

viability despite evidence for PGRMC1-dependent specificity (Hampton, 2015). It has been 

suggested that PGRMC1 has the potential to be used as a serum biomarker in cancer diagnosis and 

prognosis as PGRMC1 protein was detected to be higher in the serum of lung cancer patients (Mir, 

2012). PGRMC1 secretion was also detected in culture media of the cancer cells, which was 

attenuated by PGRMC1 depletion (Mir, 2012). In the colon cancer cell line, HCT116, PGRMC1 is 

important for cell proliferation and in vivo metastasis to the liver (Kabe, 2016).  
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1.19.1 The role of PGRMC1 in breast cancer biology  

PGRMC1 is expressed in breast cancer tissues (Neubauer, 2008) and in advanced stages of 

breast cancer PGRMC1 expression is higher than the classic progesterone receptors (Neubauer, 

2009). PGRMC1 is expressed in the tumour-associated benign tissues of patients with breast cancer. 

However, the expression in breast cancer tissue is much higher (Schneck, 2012). Progesterone is 

important for mammary gland development, and has higher expression in mammary duct epithelial 

cells from which most breast cancers arise (Dimri, 2005). Progesterone expression has been 

corelated with breast cancer progression and prognosis, and it has been proposed that progesterone 

is involved in breast cancer tumourigenesis (Neubauer, 2009). Progesterone and PGRMC1 both 

play a key role in breast cancer development for patients on progesterone-based hormone 

replacement therapies such as reproductive treatment (progestogens) or the contraceptive pill 

(Willibald, 2017a). In the triple negative breast cancers cell line, MDA-MB-231, PGRMC1 is 

important for tumour formation and growth in vivo (Clark, 2016).  

PGRMC1 over expression in the MCF-7 breast cancer cell line resulted in larger tumour 

formation in a mouse xenograft tumour model and tumour growth was further stimulated by a 

progestogen, norethisterone (NET) (Neubauer, 2013). PGRMC1 may be involved in the increased 

risk of breast cancer for women on progestogen therapies such as NET. Stimulation with various 

oestrogens of MCF-7 cells over expressing PGRMC1 resulted in increased cell proliferation 

(Sueldo, 2015). PGRMC1 expression was previously shown to be elevated in breast tumours 

expressing ER suggesting an association between PGRMC1 and ER (Zhang, 2015). Recently, 

PGRMC1 expression was shown to correlate with ER expression in patient breast cancer tissues 

(Willibald, 2017). Furthermore, patients with high PGRMC1 expression levels showed a poor 

response to anthracycline-based therapy. 

PGRMC1 has been linked to an increased breast cancer risk and expression in ER negative 

breast cancer has been shown to correlate with a poor prognosis (Ruan, 2017; Willibald, 2017b). In 

addition, phosphorylation status of PGRMC1 was shown to differ in ER positive breast tumour 

tissue, stimulating discussion of the function of this phosphorylation in relation to cell survival 

(Neubauer, 2008). As well as correlations between the patient age, breast cancer grading and 
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staging, PGRMC1 gene expression could possibly be used in the diagnosis and prognosis of breast 

cancer (Causey, 2011). Studies suggest that screening for PGRMC1 expression might enable 

identification of women with a higher susceptibility to breast cancer under hormone replacement 

therapy (Neubauer, 2009). 

Various studies have been conducted to assess the effect of depletion of PGRMC1 in 

different cell lines, including ovarian and breast cancer cell lines. Using PGRMC1 siRNA it was 

shown that the ability of progesterone to inhibit apoptosis in ovarian cells in vitro is PGRMC1 

dependent (Peluso, 2010). RNAi depletion of PGRMC1 caused MDA-MB-231 human breast cancer 

cells (Crudden, 2005) and ovarian cancer cells to have an increased sensitivity to chemotherapeutic 

treatments, such as Cisplatin (Peluso, 2009, 2008). To confirm a role in tumourigenesis, PGRMC1 

depleted ovarian cancer cells were introduced into intact nude mice. PGRMC1-deplete ovarian 

cancer cells resulted in fewer mice (20% less) forming tumours, and decreased number and size of 

tumours (50%). This is in comparison to ovarian tumours over-expressing PGRMC1 or with normal 

PGRMC1 expression levels. One apparent reason for smaller size was a poorly developed 

microvascular system (Peluso, 2011).  

Recent studies have shown PGRMC1 has potential to be used as an independent prognostic 

factor for breast cancer (Ruan, 2017; Willibald, 2017a, b). PGRMC1 expression positively 

correlates with ER expression, however showed no correlation with PR or Ki67 expression (Zhang, 

2015). A role for PGRMC1 in regulation of the steroid receptors expression and membrane receptor 

functions would be highly significant in breast cancer. PGRMC1 was shown to co-

immunoprecipitate with mPR and increase the expression of mPR as well as ER in breast cancer 

cells (Thomas, 2014). This also further supports a role for PGRMC1 as an adaptor protein. 

1.19.2 Interaction with EGFR 

PGRMC1 is shown to associate with EGFR, suggesting a role for PGRMC1 in kinase 

signalling (Ahmed, 2012). EGFR is a receptor-tyrosine kinase and a prominent therapeutic target 

for cancer treatment (Yamaoka, 2018). The increased expression of EGFR in breast and lung 

tumours is associated with a poor prognosis. Small molecule inhibitors, such as erlotinib and AG-
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1478/gefitinib, are potent anti-cancer drugs that inhibit EGFR by preventing ligand binding and 

kinase activation. PGRMC1 binds and stabilises EGFR at the plasma membrane (Ahmed, 2012). 

PGRMC1 also acts to increase the susceptibility of cells to AG-1478 and erlotinib. Knockdown of 

PGRMC1 expression decreased EGFR levels by approximately 7-fold at the plasma membrane. The 

receptor tyrosine kinase, Met, that binds EGFR was decreased in PGRMC1 knockdown cells. 

PGRMC1 decreases the EGFR-Shp1 complex stability and promotes interactions between EGFR 

and Met at the cell membrane (Ahmed, 2012).  

In a study by Ahmed et al. (2010) it was shown that PGRMC1 inhibition using siRNA or 

AG-205 resulted in decreased EGFR levels at the plasma membrane. This indicates that EGFR is a 

potential indirect target of PGRMC1 directed anti-cancer drug therapy through use of small 

molecule inhibitors such as AG-205. Another study, using AG-205 treatment denuded zebrafish 

oocytes cells, demonstrated that PGRMC1 regulates EGFR localisation and signalling of EGFR in 

maintaining meiotic arrest through oestrogen activation of signalling, resulting in decreased EGFR 

expression at the plasma membrane (Aizen, 2015). The S2R ligands also have a demonstrated 

ability to induce apoptosis and exhibit increased binding sites in actively dividing cells, however 

treatment of MCF-7 cells with AG-205 and S2R ligands showed that they act through different 

pathways (Abate, 2015).  

1.19.3 A potential role for PGRMC1 in pancreatic cancer 

Pancreatic cancer has the worst prognosis of all gastrointestinal malignancies, a high 

metastatic potential and an associated low 5-year survival rate (AIHW, July, 2019). The prognosis 

for pancreatic cancer is poor and often pancreatic cancer is diagnosed at a late stage (DeSantis, 

2014; Ryan, 2014; Wong, 2009). The pancreas is an organ located underneath the stomach, and the 

location obscurity is a contributing factor to the detection of pancreatic cancer at late stage. The two 

primary functions of the pancreas are an exocrine function for the digestion of foods and an 

endocrine function in insulin production and regulation of blood sugar levels. The main types of 

pancreatic cancer are ductal adenocarcinoma (approximately 95%) and neuroendocrine tumours 

(approximately 5%), derived from Islet cells and cystic neoplasms (less than 1%) (AIHW, July, 
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2019). Current targets of therapies for pancreatic cancer include surgery (whipple procedure), 

radiation therapy, chemotherapy and/or targeted therapy, however, due to the typical late diagnosis 

and nature of the disease the treatments are not effective. This results in the low 5-year survival rate 

associated with pancreatic cancer (AIHW, July, 2019).  

A variety of pathways and mechanisms are implicated in pancreatic cancer drug resistance 

such as gene expression, cancer signalling pathways and EMT. Oestrogen receptors have been 

detected in pancreatic tissues (Sandberg, 1979, 1973) and animal studies have found that oestrogen 

may influence pancreatic tumour progression (Longnecker, 1991a, b). The relationship between 

oestrogen and cancer is complicated. A large number of studies have been conducted to determine 

the effect of female hormones and hormone treatments on the risk of pancreatic cancer with varying 

results (Duell, 2005; Lee, 2013; Lin, 2006; Prizment, 2007; Skinner, 2003; Teras, 2005; Zhang, 

2010).  

The effect of PGRMC1 expression and depletion on tumour growth in a mouse xenograft 

model has been previously examined using endometrial and breast cancer cell lines (Clark, 2016; 

Friel, 2015; Gu, 2018; Ruan, 2019; Zhao, 2017). In a subcutaneous model, PGRMC1-deplete 

endometrial cells showed decreased tumour growth and increased cell viability in response to 

chemotherapeutic treatment (Friel, 2015). This study also demonstrated that the PGRMC1-deplete 

cells showed decreased sensitivity to the anti-mitotic effect of progesterone. To assess the effect of 

PGRMC1 expression in combination with a synthetic progestogen hormone norethisterone (NET) 

treatment, MCF7 cells overexpressing PGRMC1 were injected in mice to generate tumours (Zhao, 

2017). The MCF7 cells overexpressing PGRMC1 had increased final tumour volumes and increased 

response to progestogen treatment, indicating that increased tumour growth in the presence of 

oestradiol and NET was PGRMC1 dependent. Clark et al. (2016) also found that PGRMC1 

expression facilitated tumour growth in triple negative breast cancer cells in a mouse xenograft 

model and plays an important role in progesterone signalling. 

The expression and potential role of PGRMC1 in pancreatic cancer has not previously been 

investigated. PGRMC1 is expressed in pancreatic beta cells (Zhang, 2014). There is overall low 

expression of PGRMC1 in pancreatic tissue, however expression is higher in Islets of Langerhans 
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than in exocrine glandular cells according to Protein Atlas (Uhlén, 2015). PGRMC1 RNA 

expression in pancreatic tissue is amongst the lowest of all tissue expression. It has been 

demonstrated that PGRMC1 associates with S2R (Xu, 2011) and more recently, the S2R gene was 

identified as TMEM97 (Alon, 2017). It has been shown that treatment of S2R ligands increases cell 

survival for pancreatic cancer through an unknown mechanism and the S2R is able to induce 

apoptosis in pancreatic cancer cells upon activation with an appropriate ligand as reported in animal 

models (Hornick, 2012). The S2R ligand, SV119, binds pancreatic cancer cells and induces 

apoptosis in vitro and in vivo. S2R ligands bind an extracellular receptor and show rapid 

internalisation into cancer cells (Spitzer, 2012). Cellular death by S2R ligand activation involved 

caspase-3 induction, ROS production and autophagy (Hornick, 2012). PGRMC1 may be involved 

in pancreatic cancer progression through association with TMEM97/S2R. 

Tumour markers of pancreatic cancer include S100 family proteins, prostate stem cell 

antigen and mesothelin (Hornick, 2012). CD44 is an epithelial cell surface marker in pancreatic 

cancer associated with increased decreased cell differentiation. Increased expression of CD44 and 

other stem cell markers is associated with increased resistance to gemcitabine treatment and EMT 

(Zhao, 2016). EMT increases pancreatic cancer progression and associated with increased drug 

resistance. EMT in cancer cells involves changes in major signalling pathways including the 

PI3K/Akt pathway, Notch and NFκB signalling, and gene expression of PI3K, snail, Zinc finger E-

box binding homeobox 1 (ZEB1), and TGF-β (mentioned above in relation to progesterone (Long, 

2011). Gemcitabine resistant pancreatic cancer cells exhibiting EMT showed increased expression 

of messenchymal markers including vimentin and ZEB1, and decreased expression of epithelial cell 

marker, E-cadherin (Li, 2016). Overexpression of microRNA decreased the expression of ZEB1, 

slug, and vimentin. EMT gene expression is mediated by the activation of Snail and ZEB family 

transcription factors (Long, 2011). The changes in protein expression were consistent with the 

reversal of EMT morphology. 

 Our research group discovered that overexpression of PGRMC1 phosphorylation mutant 

proteins in the MIA-PaCa2 human pancreatic cancer cell line resulted in altered expression of many 

proteins involved in energy metabolism and mitochondrial activity (Thejer, 2020a). Mitochondrial 
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proteins were upregulated in cells overexpressing wild type PGRMC1. Cells expressing PGRMC1 

phosphorylation mutant proteins also showed differences in cytoplasmic redox status and in 

mitochondrial redox status. The difference in mitochondrial redox status correlated with the 

proteomics protein expression profiles. PGRMC1 has potential to be involved in NAD-dependent 

upregulation of mitochondrial proteins and has previously been shown to localise to the 

mitochondria (Xu, 2011). This may contribute to reduced redox stress, altered glucose consumption 

and ultimately cell cycle regulation. Furthermore, PGRMC1 is associated with regulation of 

mitochondrial FECH (Piel, 2016). In the comparison of the proteomic protein expression profiles 

the cells expressing the PGRMC1 double phosphorylation mutant protein (mutated at serine 

residues 57 and 181) showed, despite decreased glucose consumption and rate of oxygen 

consumption (Adhikary, 2016), increased cell migration suggesting a higher metastatic potential 

dependent on the phosphorylation status of PGRMC1 (Thejer, 2020a, 2020b). However, cells 

expressing wild-type PGRMC1 exhibited increased capacity for tumourigenesis in a breast cancer 

model of bone metastasis (Adhikary, 2016). Here the role of PGRMC1 in cell biology and in 

pancreatic cancer tumourigenesis using mouse xenograft models were investigated. 
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Chapter 2: In vitro studies to investigate 

the effect of PGRMC1 expression and 

phosphorylation status in pancreatic cancer, 

and identification of new novel interaction 

partners 
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2.1 Introduction 

PGRMC1 has been identified as having a crucial role in various cell processes. Several 

functions of PGRMC1, when altered, are associated with potential cancer related cell biology. Some 

of the functions of PGRMC1, including involvement in apoptosis and mitosis, have been studied in 

lung (Mir, 2011), breast (Neubauer, 2008), thyroid (Crudden, 2006), endometrial (Friel, 2015) and 

ovarian (Peluso, 2011) cancer cell lines. Other suggested roles for PGRMC1 in the nucleus and 

protein trafficking could also be relevant in models of cancer (Peluso, 2012a; Thomas, 2008). 

PGRMC1 has several consensus phosphorylation sites identified and PGRMC1 was differentially 

phosphorylated in breast cancer (Neubauer, 2008).  

Our research group uniquely started investigation into the role of PGRMC1 in pancreatic 

cancer cell biology in 2013. In particular, the significance of the phosphorylation status of PGRMC1 

in a pancreatic cancer cell line has been investigated. PGRMC1 protein overexpression was induced 

by stable transfection with PGRMC1-HA-expressing pcDNA-3.1-based plasmid DNA. Point 

mutations made in the plasmid DNA for PGRMC1-HA prevent phosphorylation by kinases that 

would occur on PGRMC1 in cells in vivo. Phosphorylation can moderate the cellular localisation 

and interactions of a protein. The phosphorylation mutations of this protein used in this study allow 

for better understanding of the role of PGRMC1, despite other protein modifications that can occur 

on PGRMC1 in vivo. Here, to characterise the effect of PGRMC1 phosphorylation mutant proteins 

expression on MIA PaCa-2 cells in vitro, the effect on cell morphology, cell adhesion rate, cell 

proliferation rate and PGRMC1-interacting proteins has been investigated. In subsequent chapters 

the effect of expression of PGRMC1 phosphorylation mutant proteins on tumour growth is 

investigated using mouse xenograft models of pancreatic cancer. Future experiments should 

investigate the expression levels of PGRMC1 in patient’s pancreatic tumours and the correlation 

with other diagnostic and prognostic factors. 

AG-205 is a small molecule inhibitor of PGRMC1. The heme-binding domain of the 

Arabidopsis MAPR protein was used to model the small molecule (Yoshitani, 2005). AG-205 has 

not been demonstrated as a specific inhibitor of PGRMC1, and may in fact bind and influence other 
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and all MAPR proteins that contain a cytochrome b5-like, steroid-binding domain. The four proteins 

in the MAPR family are PGRMC1, PGRMC2, Neudesin and Neuferricin (Kimura, 2012). Here, we 

identify new interaction partners of PGRMC1-HA with and without AG-205 treatment to 

understand the roles of PGRMC1 and the mechanism of action of AG-205. Several of the identified 

interaction partners, including Receptor of activated protein C kinase (GNB2L1/RACK1) and α-

Actinin-1, are involved in actin cytoskeletal machinery. The results are discussed in detail in 

Chapter 6. 

2.2 Methods 

2.2.1 PGRMC1 protein constructs plasmid DNA preparation 

Plasmids used in this project include wild type PGRMC1: pcDNA3.1-PGRMC1-HA (WT), 

single mutant variant: pcDNA3.1-PGRMC1-HA_Y180F (SM), double mutant variant: pcDNA3.1-

PGRMC1-HA_S57A/S181A (DM) and triple mutant variant: pcDNA3.1-PGRMC1-

HA_S57A/Y180F/S181A (TM) (Supplementary Figure 1: Plasmid maps). The SM protein contains 

a point mutation in which the tyrosine 180 residue has been modified to a phenylalanine (Y180F). 

The double mutant protein (DM) has two point mutations in which serine residues 57 and 181 have 

been mutated to an alanine (S57A/S181A) and the triple mutant protein (TM) contains the mutations 

of both the SM and DM mutant proteins (Figure 2.1). Neubauer et al. (2008) used the WT and DM 

PGRMC1-HA proteins in a previous study. The SM and TM proteins were designed for this study 

by Dr. M. Cahill and produced by Genscript (Honk Kong) using the WT or DM plasmids 

respectively as a template and introducing codon TTC at amino acid 180 (Figure 2.1) (Neubauer, 

2008). PGRMC1-HA open reading frames were confirmed by DNA sequencing at the Monash 

Micromon DNA Sequencing Facility (Clayton, Australia) using the 5ꞌ T7 and 3ꞌ BGH sequencing 

primers specific for the parental vector. The influenza virus Haemagglutinin (HA) epitope sequence 

has been incorporated into the DNA encoding the PGRMC1 protein to allow detection using an 

anti-HA antibody. The initiator methionine 1 may be removed in the native protein.  
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Figure 2.1 A schematic representation of the PGRMC1-HA mutant proteins. The SM protein contains a 

point mutation in which the tyrosine 180 residue has been modified to a phenylalanine (Y180F). The double 

mutant protein (DM) has two point mutations in which serine residues 57 and 181 have been mutated to 

alanine residues (S57A/S181A) and the triple mutant protein (TM) contains the mutations of both the SM and 

DM mutant proteins.  Figure adapted from Neubauer et al. (2008). The PGRMC1 phosphorylation mutant 

proteins are used in subsequent experimental chapters. NES: Predicted nuclear export signal. CYT B5: 

Cytochrome b5 binding/heme binding domain. 

PGRMC1-HA plasmids were transformed into Top 10 competent Escherichia coli bacterial 

cells and cultured on 1% agar plates containing Luria Broth media and 50μg/mL ampicillin 

overnight at 37 °C. A single colony was picked and bacteria were grown in 250ml culture by 

aeration overnight at 37 °C in Luria Broth (Invitrogen). Plasmid DNA isolation was performed 

according to manufacturer’s protocol using a GeneJet Maxiprep Kit (ThermoScientific, 12162) and 

stored at -20oC. Plasmid DNA concentration was measured using a NanoDrop spectrophotometer 

(ThermoScientific, NanoDropTM 2000c).  

2.2.2 Generation of MIA PaCa-2 stable cell lines expressing PGRMC1-HA proteins 

The MIA PaCa-2 human pancreatic cancer parental cell line (ISO 17025, 2016) (MP) was 

kindly provided to us by Dr. Patsy Soon from the Kolling Institute of Medical Research, Sydney. 

Cell identity was verified by short tandem repeat profiling as MIA PaCa-2 (American Type Culture 

Collection (ATCC) CRL-1420) by the MHTP Medical Genomics Facility (Monash University, 

Melbourne) following the ATCC Standards Development Organization document ASN-0002. The 

MIA PaCa-2 pancreatic cancer cell line has been shown to express PGRMC1 endogenously (Thejer, 

2020a). 
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Cells were stably transfected with the PGRMC1 constructs plasmid DNA (4 μg) using 

Lipofectamine 2000TM (Invitrogen, Life Technologies, 11668-019) in a 1:2 ratio (Adhikary, 2016). 

Prior to transfection, cells were washed with Dulbecco's phosphate-buffered saline (PBS) (Sigma 

Aldrich, D8537) and maintained in antibiotic-free complete Dulbecco's modified eagle’s medium 

(DMEM) (Sigma Aldrich, D5796-high glucose). Cells were then incubated for 6 hours, washed 

with PBS and cultured in complete DMEM for 48 hours. Following transfection, separate polyclonal 

cell lines were selected using a limiting dilution, under selective pressure of hygromycin B (EMD 

Millipore, 400052) at 50 µg/mL in complete DMEM. The highest dilution factor possible that gave 

rise to a viable colony in cell culture was used to select and expand the cell lines. Cells were cultured 

under selective pressure for stable protein expression for 2 weeks and screened for equivalent 

expression of transgenic PGRMC1-HA by Western blot analysis (Figure 2.2). Cells were cultured 

in complete sterile-filtered DMEM (D5796-500mL, Sigma-Aldrich) media supplemented with 2% 

Penicillin-Streptomycin (Penicillin 10,000 units, Streptomycin 10 mg/mL, Sigma Aldrich, P4333) 

and 10% heat inactivated bovine calf serum (BCS) (Sigma Aldrich, 12133C) or fetal calf serum 

(FCS) (Bovogen, French origin: SFBSF9). Cells were maintained at 37 °C in a 5% CO2 incubator 

(Panasonic, MCO-19AICUV-PE). For cell storage cells were frozen in Bambanker (NC9582225, 

Wako, ThermoFisher Scientific) cell storage media at -80oC. Cells were transported on dry ice for 

experiments performed in collaboration with Prof. H. Neubauer at Heinrich Heine University in 

Dusseldorf, Germany. The cells were cultured and prepared for MS analysis at Heinrich Heine 

University. 

2.2.3 Immunofluorescence assay and cell imaging  

 Approximately 2 x 105 cells were seeded on coverslips in a 6 well plate and allowed to grow 

to 80 percent confluency. The cells were washed with ice-cold PBS and fixed in 500 µL of 4 percent 

formaldehyde solution at 4 °C for 10 minutes. The cells were permeabilised by incubation with 500 

µL of ice-cold methanol at -20oC for 20 minutes. The cells were washed with ice-cold PBS and 

incubated with the anti-HA primary antibody (ab9134, Abcam) (1:100) in 2% horse serum blocking 

buffer solution at 4 oC overnight.  The cells were again washed with ice-cold PBS and incubated 
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with a FITC-conjugated (Sigma, F7367) secondary antibody (1:500) in 2% horse serum blocking 

buffer solution protected from light at 4 oC for 1 hour at 4 oC. The cells were washed with ice-cold 

PBS and the coverslip was mounted onto a glass slide using DAPI mounting solution (Sigma-

Aldrich, F6057). The controls for non-specific binding of the HA-antibody included incubating the 

cells with the secondary antibody only and incubating the cells with 20 µL of the immunising peptide 

(HA peptide or the scrambled HA peptide). The cells were imaged by widefield fluorescence 

microscopy at 40x magnification within 24 hours using a Nikon Instrument Microscope.  

2.2.4 Cell viability assays 

i. MTT cell viability assay 

The MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay is a 

colorimetric assay, which detects the reducing activity of cellular enzymes on the MTT dye 

resulting in a purple product in live cells. The cell proliferation rate was determined using the MTT 

cell viability assay. Cells seeded in a 96 well plate were washed with PBS and incubated with 100 

µL of 0.5 mg/mL MTT solution in phenol red-free media (Sigma-Aldrich, D1145) each day. The 

absorbance was normalised to the absorbance from the number of cells seeded on the first day 

(t=0). Phenol red has been reported to influence the results of the MTT assay (Wesierska-Gadek 

2006; Węsierska-Gądek, 2007). After 3 hours incubation at 37 oC, the MTT reagent was removed 

and 100µL of Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, D8418) was added to each well to 

solubilise the Formazan crystals and incubated for 1 hour at 37 oC. The absorbance was read at 

A570 nm. The rate of cell adhesion was also determined using the MTT assay. Cells seeded in a 

96 well plate were washed with PBS at various time points. The percentage of attached cells was 

directly related to the absorbance at A570 nm. 

ii. Cell counting using Trypan Blue staining 

The Trypan Blue dye was used to count the percentage of viable cells using the dye 

exclusion principle, as only live cells are able to exclude the dye and therefore, the number of live 

(clear) cells can be differentiated from the dead (blue) cells. Approximately 105 cells were seeded 

in 2 mL of media per well in a 6 well tissue culture plate and cultured to approximately 80 percent 
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confluency. The cells were treated with the desired drug concentration and after the incubation 

period, the media was discarded, cells were washed with PBS and incubated for 3-4 minutes with 

100 µL of Trypsin-EDTA solution per well. Following neutralisation of Trypsin with 500 µL of 

DMEM media containing BCS, cells were collected, centrifuged at 1200rpm for 4 minutes in an 

Eppendorf 5424 Microcentrifuge (VWR International) and resuspended in PBS to a concentration 

of 106 cells per mL. Trypan blue was added to each sample in a 1:1 ratio (e.g. 20 µL of cell solution 

plus 20 µL of Trypan blue) and incubated for 5 minutes at room temperature.  The cells were 

counted using a haemocytometer (Bright-line, Hausser Scientific). The Trypan Blue dye exclusion 

assay was also used to determine the effect of trypsinisation on the cells following a drug treatment, 

the cells were stained with 20 µL of Trypan Blue before trypsinisation. This allowed for the cells 

that were still viable before trypsinisation to be counted.  

2.2.5 Treatment of MIA PaCa-2 cell lines expressing PGRMC1-HA proteins with anti-

cancer drugs   

To determine a dose response curve to drug treatments approximately 104 cells were seeded 

in each well of a 96-well cell culture plate and incubated overnight. The following day, the cells 

were treated with varying concentrations of AG-205, doxorubicin (Dox) (Sigma-Aldrich, 

D2975000) or tamoxifen (Tam) (Sigma-Aldrich- T5648-50mg), or an equivalent volume of DMSO 

dilute in complete media as a vehicle control. The cells were treated with the LD50 (half maximal 

lethal dose) of the drugs for 24 hours. We considered treating the cells for longer, however, for the 

number of cells seeded this would have resulted in the cells becoming overconfluent. Furthermore, 

treating the cells for longer without media and drug replacement would result in drug clearance and 

increased toxic products of cell death Therefore, all drug treatments were performed for 24 hours 

unless otherwise stated to avoid increased potential for errors through additional unnecessary steps. 

After 24 hours incubation, the media was discarded and cells were washed with warm PBS and cell 

viability was determined using the MTT cell viability assay. The number of viable cells was 

calculated by normalising the absorbance of the treated or untreated cells to the absorbance of the 

cells seeded.  
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2.2.6 Progesterone treatment of MIA PaCa-2 cell lines expressing PGRMC1-HA proteins 

To determine if there was a PGRMC1-dependent progesterone effect, cells were pretreated 

with 1 μM progesterone (Sigma Aldrich, P0130-25 g). After 1 hour, the media containing 

progesterone was replaced with fresh complete DMEM media containing both progesterone and the 

drug treatment. It was essential that the cells were pretreated with progesterone for 1 hour prior to 

the drug treatment to elicit a protective effect; treatment with progesterone at time of drug treatment 

was ineffective. Cell viability was determined using the MTT assay. 

2.2.7 Statistical analysis 

In addition to experiments being performed three times, biological triplicates using 3 

separate clones of each cell line were used in each experiment unless otherwise stated. Data was 

analysed by an independent two-tailed Student’s t test or by one-way ANOVA and Tukey's HSD 

(honestly significant difference) post hoc test for equal variance or Dunnett’s T3 post hoc test for 

data with unequal variance. A p value <0.05 was considered statistically significant. Data are shown 

as mean ± standard error of the mean (SEM). The half maximal lethal dose (LD50) was calculated 

from the graphs shown.  

2.2.8 Isolation of the PGRMC1-HA protein complexes using co-IP for identification of 

PGRMC1 interaction partners 

The proteins were purified using an antibody against an affinity purification tag on the 

recombinant expressed PGRMC1 proteins. The commercially available HA tag used is attached to 

the C terminal end of PGRMC1 (Neubauer, 2008). Addition of molecular tags can impede the 

function of some proteins. However, as part of my honours dissertation titled ‘Identification of 

Progesterone Receptor Membrane Component 1 / Sigma 2 Receptor Interacting Proteins using Co-

immunoprecipitation and Mass Spectrometry’ I performed preliminary experiments that 

successfully pulled-down interacting proteins with the HA tag attached and the cell survival effects 

were seen in cells expressing the transgenic protein, and therefore the HA tag does not impede 

binding of the protein complexes of interest (Williams, 2013). 
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Several co-IP experiments were performed to empirically determine the ideal conditions for 

quantitative co-IP. Protein complexes were isolated from cells stably transfected with 

phosphorylation variants of PGRMC1, as well as from non-transfected parental MIA PaCa-2 cells. 

Cells were washed twice with ice-cold PBS. AG-205 (Sigma, A1487) powder was used to prepare 

a 10mg/mL stock solution of AG-205 in DMSO. The cells were treated with the predetermined 

LD50 of AG-205, 31.25 μM, or DMSO vehicle control for 24 hours in in DMEM media. Cells were 

lysed with 500 µL of ice-cold HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) cell 

lysis buffer on the cell culture plate. The HEPES based cell lysis buffer, pH 7.4 (1% TritonX-100, 

150 mM NaCl, 2 mM EDTA (ethylene diamine tetraacetic acid) contained 10 µL/mL of Protease 

Inhibitor Cocktail (Sigma, P8340) and 10 µL/mL of Phosphatase Inhibitor Cocktail (Santa Cruz, 

Sc-45065) in the protein preparations for later mass spectrometric analyses. Lysis conditions were 

optimised to ensure cell membranes are effectively disrupted. Cells were incubated on ice for 4 

minutes, gently rocking. The flask was scraped and the cell lysate was collected in a 1.5 mL 

Eppendorf tube. The lysate was cleared by centrifugation in a microcentrifuge at 14,000 x g for 20 

minutes at 4 oC. Protein concentrations were determined by bicinchoninic acid (BCA) protein assay 

kit (Thermo Scientific, 23227) or using a NanoDrop spectrophotometer at A280 nm.  

The cell lysates were incubated with 25 µL of anti-HA magnetic beads (PI88836, Thermo 

Scientific-Pierce), which have anti-HA antibody covalently attached to bind the tagged PGRMC1-

HA protein, overnight at 4 °C on a Stuart SB3 Orbital Rotator. The anti-HA magnetic beads were 

mixed thoroughly and gently washed with ice-cold 0.05 % PBS-T (0.05 % Tween-20) before use 

by vortexing. Each sample was incubated with 25 µL of anti-HA magnetic beads overnight. The 

antibody-protein complexes were immunoprecipitated by collecting the magnetic beads using a 

magnetic stand (Genscript, M00140) and washed twice in 1mL of ice-cold PBS-T on the orbital 

rotator for 20 minutes. The last wash step was performed with sterile deionised water, without 

protease and phosphatase inhibitors. The supernatant was discarded and the beads containing the 

bound sample proteins were transferred to the -20 oC freezer in a non-denaturing elution buffer.  
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An attempt was made to detect heme bound to PGRMC1 that had been concentrated by 

immunoprecipitation with the anti-HA magnetic beads using UV-VIS on a NanoDrop spectrometer. 

There was no visible colour seen for PGRMC1 protein samples and there were no peaks observed 

at 405 nm. Heme was therefore below the limit of detection in PGRMC1 co-IP samples from MIA 

PaCa-2 cells expressing PGRMC1-HA. This does not confirm that heme does not bind PGRMC1-

HA in MIA PaCa-2 cells in vitro, only that under the conditions used heme was undetectable. In 

contrast,  peaks were observed at 405 nm for bacterially expressed PGRMC1 proteins confirming 

presence of heme (see Chapter 5).  

The samples prepared for MS analysis were from cells transfected with WT PGRMC1-HA 

only, or from non-transfected parental MIA PaCa-2 cells as a negative control. Other PGRMC1-

HA phosphorylation variant proteins were tested in preliminary experiments but not pursued further 

once the final experiment design was established. Co-immunoprecipitated complexes with 

PGRMC1 from untreated cells or cells treated with the PGRMC1 inhibitor, AG-205, were sent in a 

non-denaturing elution buffer on ice for MS analysis. To confirm reproducibility of results five 

replicates of each technical run were performed, in addition to the five independent biological 

replicates of each experimental group that was analysed (Table 2.1). 

The bound proteins were washed thoroughly using HEPES buffer and eluted from the HA-

magnetic beads for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blot analysis by boiling in non-denaturing sample buffer for 5 minutes at 95oC. Western 

blot analysis of the co-immunoprecipitated eluate as well as the supernatant and magnetic beads 

using anti-HA antibody was used for optimisation of the protocol. MIA PaCa-2 non-transfected 

cells with and without treatment were used as a negative control. 

Table 2.1 Experimental groups for MS analysis (n=5) 

MIA PaCa-2 non-transfected cells Untreated 

MIA PaCa-2 non-transfected cells  Treated with AG-205 

WT PGRMC1-HA transfected MIA PaCa-2 cells Untreated 

WT PGRMC1-HA transfected MIA PaCa-2 cells Treated with AG-205 
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2.2.9 Mass spectrometry analysis 

The Co-IP samples containing PGRMC1 and associated protein complexes were analysed 

using MS by Dr. G Poschmann at the Molecular Proteomics Laboratory (MPL) Heinrich Heine 

University (HHU) Dusseldorf, Germany. The co-immunoprecipitated proteins were briefly 

separated by SDS-PAGE on a 4-12 % gel with approximately 4 mm running distance and stained 

using silver staining as previously described (Poschmann, 2014). The samples were then destained, 

reduced with DTT, alkylated with iodoacetamide and digested with Trypsin (Serva, Heidelberg, 

Germany). The peptides extracted from the gel were resuspended in 0.1 % Trifluoroacetic acid 

(TFA).  

The eluted proteins were analysed on an Ultimate 3000 Rapid Separation Liquid 

Chromatography (RSLC, ThermoFisher, Dreieich, Germany) system online coupled Electrospray 

Ionisation (ESI) Orbitrap Elite Mass Spectrometer (ThermoScientific, Dreieich, Germany). To 

achieve peptide separation, peptides were initially pre-concentrated on a trap column (Acclaim 

PepMap100, 3 µm C18 particle size, 100 Å pore size, 75 µm inner diameter, 2 cm length) 

(ThermoScientific, Dreieich, Germany) at a flow rate of 6µl/min for 10 minutes using 0.1 % TFA 

as mobile phase and thereafter separated on an analytical column (Acclaim PepMapRSLC, 2 µm 

C18 particle size, 100 Å pore size, 75 µm inner diameter, 25 cm length)(ThermoScientific, Dreieich, 

Germany) at a flow rate of 300nl/min at 60 °C using a 1 hour gradient from 4-40% solvent B (0.1% 

(v/v) formic acid, 84% (v/v) acetonitrile in water) in solvent A (0.1% (v/v) formic acid in water). 

The RSLC system was coupled to the mass spectrometer via a nanoelectrospray ionisation source 

and the peptides injected with a spray voltage of 1.4 kV by distal coated Silica Tip Emitters (New 

Objective, Woburn, MA, USA). 

The MS analyser was operated in positive, data-dependent mode with capillary temperature 

set to 275 °C. Full scans with 350-1700 m/z, resolution 60,000 were recorded in the orbitrap 

analyser with a maximal ion time of 200 ms and the target value for automatic gain control set to 

3,000,000. In the linear ion trap subsequently up to fifteen > 1 charged precursors with a minimal 

signal of 500 were isolated, with an isolation window 2 m/z and fragmented by collision induced 
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dissociation and analysed with a maximal ion time of 100 ms. The target value for automatic gain 

control was set to 10,000, with available mass range of 50-2000 m/z and resolution 5400. Already 

analysed precursors were excluded from further isolation and fragmentation for 15s.  

2.2.10 Statistical analysis of MS data 

MaxQuant environment (Version 1.5.5.1 Max Planck Institute of Biochemistry, Planegg, 

Germany) was used for data analysis. Standard parameters were used if not otherwise stated. Spectra 

were searched against Homo sapiens proteome (UP000005640, downloaded on 10th October 2016 

from UniProt KB) containing 70940 protein entries. Label-free quantification (LFQ) and the ‘match 

between runs’ options were enabled. A global normalised LFQ approach was used where MaxQuant 

calculates protein intensities as the sum of all identified peptides from all peaks in a given isotope 

cluster (MaxLFQ) (Cox, 2014). Peptide intensities from all samples were computed using this 

platform. Mass tolerances were 20ppm (first search) and 4.5ppm (second search performed post 

recalibration) for precursor masses and 0.5 Da for fragment masses. Peptides and proteins were 

accepted at the false discovery rates (FDR) of 1 percent and the only proteins considered for further 

analysis showed at least two different peptides and five valid values in at least one group (Table 

2.2). 

 

Tryptic cleavage specificity was set, as well as carbamidomethyl at cysteines were fixed. 

Methionine oxidation, ubiquitinoylation at lysine (GlyGly, +114.0429), acetylation and 

phosphorylation were set as variable modifications (Table 2.3). LFQ data was further processed 

within the Perseus environment (version 1.5.5.3, Max Planck Institute of Biochemistry, Planegg, 

Germany). For statistical and categorical enrichment analysis, normalised LFQ intensities were 

Table 2.2 Parameters for MS data analysis 

Missed cleavages 

Peptide mass tolerance ± 20ppm 

Peptide fragment tolerance ± 0.5Da 

Peptide charge 

False discovery rate (FDR) = 1 
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Log2 transformed and missing values imputed with values from a downshifted (1.8 standard 

deviations) normal distribution (width: 0.3 standard deviations). For relative quantification of 

phosphorylated peptides, peptide intensities were normalised to the total PGRMC1 intensity. 

Pairwise comparisons were calculated on the basis of Student’s t-tests within Perseus (S0 = 0.1, 1% 

FDR) and a 2-way ANOVA calculated using R from The R Foundation for Statistical Computing 

(2013). The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the Proteomics Identification (PRIDE) partner repository database (Perez-Riverol, 

2019)  with the dataset identifier PXD016455. 

 

 

The MS analysis following the co-IP of HA tagged PGRMC1 protein complexes could 

potentially identify hundreds of proteins as a consequence of improved sensitivity of MS, rather 

than suboptimal purification. Exclusion lists and programs including Contaminant Repository for 

Affinity Purification (CRAPome) were used to help filter out sequences from common contaminate 

proteins and to select candidates for Western blot analysis (Mellacheruvu, 2013). A systematic 

search using Universal Protein Resource (Abate, 2015), to annotate the biological function of the 

statistically significant interacting proteins that were identified was conducted. Protein 

bioinformatics was used to develop an interpretation of the biological function of PGRMC1 in MIA 

PaCa-2 pancreatic cancer cell line biology and the effect of AG-205 treatment. 

2.2.11 Validation of PGRMC1-HA interaction partners by Western blot analysis  

MIA PaCa-2 cells were seeded at approximately 25 percent confluency in 75cm2 vented 

cell culture flasks and cultured to 80 percent confluency. MIA PaCa-2 non-transfected cells and 

PGRMC1-HA transfected MIA PaCa-2 cells were washed twice with ice-cold PBS (Sigma-Aldrich) 

Table 2.3 Post translational modifications detectable by MS analysis 

Dynamic modifications Static modifications 

• Oxidation:	Methionine	

• Phosphorylation:	Threonine,	serine,	tyrosine	

• Acetylation:	N-terminal	

• Ubiquitinoylation:	Lysine	

• Carbamidomethyl:	Cysteines	



	 49	

and lysed in RIPA buffer containing protease/phosphatase inhibitor cocktail at 4 °C for 5 minutes 

(Sigma-Aldrich). Cell lysates were centrifuged at 12,000 x g for 20 minutes at 4 °C using an 

Eppendorf Centrifuge 5430R and cell debris/DNA was discarded. Cell lysates or co-IP proteins 

were boiled in Non-Reducing Lane Marker Sample Buffer (ThermoScientific (5X)-1859594/ 

LotQG219409) at 95oC for 5 minutes using a Corning® LSE™ Digital Dry Bath or Thriller 2.0 mL 

PeqLab Heat Block. To assess the effectiveness of the elution, the beads were separated from the 

eluate and a second harsher elution to reduce molecular disulfide bonds was performed by boiling 

at 95 oC in 1X Laemmli buffer (Sigma, S3401) containing 2-β-mercaptoethanol or DTT (1,4-

dithiothreitol) (Sigma Aldrich, DTTRO-Roche). 

 Elution of proteins from magnetic beads when blotting for an α-Actinin-1 interaction was 

performed using the HA peptide (YPYDVPDYA, Genscript) to competitively elute the HA-tagged 

protein, and any bound proteins, from the magnetic beads. This gentle elution method was used to 

avoid non-specific binding of the anti-Actinin antibody with the antibodies conjugated to the 

magnetic beads. Briefly, the proteins were eluted with 20 μL HA peptide (Genscript -10 mg/mL) at 

32 oC for exactly 8 minutes (Marama, 2019). The magnetic beads were removed, the proteins were 

recovered from the supernatant, and the samples assessed for presence of α-Actinin-1 by SDS-

PAGE and Western blot analysis. 

Proteins were resolved for Western blot analysis on BioRad Mini-Protean TGX Stain-

FreeTM Gels (456-8123) or a 12-15 % SDS-PAGE gel, prepared using a gel preparation kit (Sigma, 

08091-1KT-F), run at 200 V for 10 minutes followed by 50 minutes at 100 V with unlimited current. 

20 µg of total protein or 4µL of gel electrophoresis marker (C1992-1VL, Sigma) was loaded into 

each well. Precision Plus KaleidoscopeTM protein standard (BioRad) was used as a molecular weight 

marker. 

Proteins were transferred to polyvinylidene fluoride (PVDF) membrane (BioRad 

ImmunoBlot LF PVDF Membrane Roll 162-0264) or a nitrocellulose membrane (Bio-Rad, 162-

0095) at 100V for 60 minutes in chilled 1X Towbin buffer (25 mM Tris, 192 mM glycine, 0.1% 

SDS) using a Bio-Rad Mini Protean® electrophoresis device. The gel cassette was assembled by 
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placing a sponge, the blotting paper, and then followed by the SDS gel on the side that is closest to 

the cathode. The membrane was then carefully transferred from 1X Towbin buffer onto the SDS 

gel followed by blotting paper and a sponge, which were also pre-soaked in Towbin buffer.  

 

The membranes were blocked in skim milk blocking buffer (5 % skim milk powder in 0.05 

% PBST) for 1 hour at room temperature, and incubated with primary antibodies overnight at 4 °C. 

The membranes were washed with 0.05 % PBST for 10 minutes twice, and incubated with 

horseradish peroxidase (HRP) conjugated secondary antibody at room temperature for 1 hour. 

Protein bands were visualised using Chemiluminescence (GE Healthcare AmershamTM ECLTM 

Table 2.4 Antibodies for Western blot analysis  

Antibody target Host 

species 

Dilution 

factor 

Supplier (product code) 

Prohibitin (PHB1), mitochondrial marker 

(pAB) 

Rabbit 1:500 Cell signaling (2426S), Abcam 

(ab28172) 

REA (PHB2) [EPR14523] (mAB) Rabbit 1:500 Abcam (ab182139) 

Anti-PGRMC1 (pAB) Goat 1:2500 Abcam (ab48012-0.5mg/mL) 

Haemagglutinin (HA) tag (mAB) Mouse 1:3000 Abcam (ab9134-1mg/mL, ab130275) 

Vimentin, Cytoskeleton marker (mAB) Rabbit 1:1000 Abcam (ab92547) 

Ki67 [EPR3610] (mAB) Rabbit 1:1000 Abcam (ab92742) 

MSH6 [EPR3945] (mAB) Rabbit 1:4000 Abcam (ab92471) 

RACK1 [EPR7388] (mAB) Rabbit 1:1000 Abcam (ab129084) 

β –actin (pAB) Goat 1:2500 Abcam (ab8229-1mg/mL) 

Anti-Rb IgG H&L (HRP) Goat 1:1000 Abcam (ab6721-1mg/mL) 

Anti-HA tag antibody (HRP) (pAB) Goat 1:5000 Abcam (ab1265-1mg/mL) 

Anti-Rb IgG H&L (AlexaFluor® 594) Goat 1:1000 Abcam (ab150080) 
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Western Blotting Detection Reagents RPN2209/ lot9649208) or Tetramethylbenzidine (TMB) 

substrate solution (Sigma, T0565) on a BioRad ChemiDocTMMP Imaging System or a Molecular 

Imager® Gel Docä XR+ System (Bio-Rad). Anti-β-actin was used as a loading control to detect 

band density. 

2.2.12 Pathway enrichment analysis 

 Pathway enrichment was used to determine what biological processes were altered by 

treatment of MIA PaCa-2 cells expressing PGRMC1-HA with AG-205. The analysis consisted of 

preparing protein lists submitted to multiple enrichment programs and interpretation and 

visualisation of the results, conducted under the supervision of Dr. G. Poschmann and Dr. M. Cahill. 

The enrichment programs used were Gene ontology categories (http://www.geneontology.org/), 

GOBP (GO- biological process), GOCC (GO- cellular component), GOMF  (GO- molecular 

functions) and KEGG (Kyoto encyclopedia of genes and genomes) pathways (Kanehisa, 2000). 

Domains common to several more abundant proteins were identified using SMART Protein 

Domains (Letunic, 2015). 

2.3 Results 

2.3.1 Expression of PGRMC1-HA proteins and immunoprecipitation was confirmed 

Three independent stably transfected cell lines were obtained after transfection with the 

PGRMC1-HA plasmids and hygromycin B selection to produce MIA PaCa-2 pancreatic cancer cell 

lines expressing PGRMC1 phosphorylation mutant proteins with a C-terminal 3xHA tag. The use 

of independent PGRMC1-HA expressing lines will have different chromosomal sites of plasmid 

insertion such that effects common to all three lines will therefore be due to PGRMC1 protein 

expression, and not due to clonal variation. Approximately equivalent PGRMC1-HA protein 

expression was confirmed by Western blot analysis using a primary anti-HA antibody against the 

PGRMC1-HA proteins (Adhikary, 2016; Thejer, 2020a). The independent cell lines with different 

chromosomal sites of plasmid insertion allows the effects of clonal variation to be distinguished 

from those that are common to all cell lines and therefore due to the expression of PGRMC1-HA. 
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PGRMC1-HA protein bands were detected using the anti-HA antibody at ~23 kDa. The HA-tagged 

protein was further confirmed by immunoprecipitation using anti-HA antibody conjugated magnetic 

beads to capture the target proteins. The total protein from cell lysates of cells expressing HA-tagged 

PGRMC1 mutants and immunoprecipitated proteins were imaged using a Mini-protean TGX stain-

free gel (BioRad, 4568083) on a GelDoc system (Figure 2.2). Non-transfected MIA PaCa-2 parental 

cell line cell lystaes were included as a negative control in SDS-PAGE analysis.  

 

                   

Figure 2.2 Confirmation of immunoprecipitation of PGRMC1-HA proteins. Enrichment of HA-tagged 

PGRMC1 at ~21 kDa (white box) in co-IP samples on a stain-free SDS-PAGE gel. 

 

2.3.2 Changes in cell morphology dependent on expression of PGRMC1-HA 

phosphorylation mutant proteins was observed 

The cell morphology of MIA PaCa-2 cells was observed to determine if PGRMC1-HA 

expression and phosphorylation status affected cell shape. Under the cell culture conditions 

previously described the MIA PaCa-2 cells exist as a mixed cell culture population of flat adherent 

cells of mesenchymal (elongated) or amoeboid (round) shape cells, as well as a minority of 
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amoeboid cells in suspension. The cells demonstrated the ability to change morphology in response 

to expression of the PGRMC1-HA phosphorylation mutation proteins. This is evident in the 

fluorescent stained cells (Figure 2.3) as well as cells in culture (Figure 2.4), where the cells 

expressing SM, DM or TM PGRMC1-HA proteins appear round (amoeboid) in shape in comparison 

to the cells expressing WT PGRMC1-HA, which maintained the same morphology as the MIA 

PaCa-2 parental cell line.  

 

Figure 2.3 Confirmation of PGRMC1-HA protein expression and cellular localisation in MIA PaCa-2 

cells. Immunofluorescence staining using an anti-HA antibody confirmed the expression of PGRMC1-HA in 

all stably transfected cell lines, imaged at 40x magnification using widefield fluorescence microscopy. The 

nucleus is counterstained with DAPI nuclear stain. MIA PaCa-2 parental cell line is included as a negative 

control. The staining of PGRMC1 also demonstrates a predominantly cytoplasmic and somewhat perinuclear 

protein localisation.  

 

The cells were counted using a blind test to determine if the change in cell shape was 

statistically significant. MIA PaCa-2 cells transfected with SM, DM and TM PGRMC1-HA plasmid 

DNA showed marked changes in cell morphology (Figure 2.4a) and the blind cell count 

demonstrated the cells expressing SM, DM or TM were significantly different in cell shape in 

comparison with MIA PaCa-2 or WT PGRMC1-HA cells using one-way ANOVA and Tukey’s 

HSD post hoc multiple comparisons test (Figure 2.4b). It is hypothesised that this change in cell 
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morphology is related to the interaction of PGRMC1 with the actin cytoskeletal machinery within 

the cell, however it could also be associated with metabolic changes in the mitochondria.  

Figure 2.4 Cellular morphology of MIA PaCa-2 cells expressing PGRMC1-HA proteins. a. Cells were 

imaged in culture at 40x magnification using brightfield microscopy. b. A blind test was performed in which 

all cells within 20 fields of view, imaged using brightfield microscopy, were counted. The percentage of round 

(amoeboid) cells in culture showed the SM, DM and TM cell populations had significantly more cells with 

amoeboid morphology (n=8, including replicates of three independent cell lines).  

 

2.3.3 Cell proliferation rate was not affected by expression of PGRMC1-HA proteins 

The cell proliferation rate was determined using the MTT cell viability assay. However, 

there was no significant difference in cell proliferation rate over 9 days between the non-transfected 

MIA PaCa-2 cells and the cell lines transfected with different PGRMC1-HA plasmids (Figure 2.5). 

A cell adhesion assay was performed to investigate whether this was due to the cells attaching to 
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the plate more efficiently, or if the cells were less affected by the detachment process and/or did not 

inhibit cell proliferation.  

 

Figure 2.5 Rate of cell proliferation of MIA PaCa-2 cells expressing PGRMC1-HA proteins. The cell 

viability was normalised to absorbance of cells at t=0 days in culture. The difference in cell proliferation rate 

was determined by the gradient over 10 days using the MTT cell viability assay (coefficient of x). The rate of 

cell division was not significantly affected by PGRMC1-HA expression.  

 

2.3.4 Cells expressing DM PGRMC1-HA showed slightly increased cell adhesion rates 

following trypsinisation 

The rate at which cells adhered to the cell culture plate was investigated to determine if the 

cells expressing the PGRMC1 phosphorylation mutant proteins showed differing rates of cell 

adhesion. MIA PaCa-2 cells transfected with DM PGRMC1-HA protein demonstrated an increased 

adherence to the cell culture plate than the MIA PaCa-2 parental cell line or the cell lines expressing 

other PGRMC1 phosphorylation mutant proteins. At the 10 minutes time point after cells had been 

seeded, a significantly higher number of DM PGRMC1 cells were adherent to the cell culture plate 

(Figure 2.6). To ensure that there was no discrepancy in future experiments as a result of variance 

in number of adherent cells, the cells were plated at least 3 hours prior to beginning the experiment. 

Pelleting down cells from the supernatant that were non-adherent by centrifugation and reseeding 
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resulted in a similar rate of cell adhesion, re-establishment of the same population distribution and 

with a non-significantly different rate of proliferation (not shown).   

 

Figure 2.6 Rate of cell adhesion of MIA PaCa-2 cells expressing PGRMC1-HA proteins. a. The cells 

were washed and the percentage of adherent cells were determined using the MTT cell viability assay at 

various time points over a 3-hour time period (n=6). b. The rate of cell adhesion for cells expressing DM 

PGRMC1 was significantly different at the 10 minute time point (n=6, p<0.0001) using one-way ANOVA 

and Tukey’s HSD post hoc for statistical analysis. This experiment was performed in duplicate. 

 

2.3.5 Cellular morphology was not affected by supernatant treatment  

To assess whether the change in morphology seen for the DM and TM PGRMC1 expressing 

cells is in response to a factor secreted into the cell media, the cells were treated with the supernatant 

of the other cells after being cultured for 72 hours. The media of cells was replaced 8 hours after 

seeding with media containing 50 percent fresh complete DMEM media and 50 percent supernatant 

media. After being cultured for 72 hours, there was no change in cell morphology of any of the cell 

lines suggesting that the cell morphology is not a result of a factor secreted in the cell media either 

from the WT nor the DM cells (not shown).  
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2.3.6 PGRMC1 overexpression in MIA PaCa-2 cells resulted in increased sensitivity to the 

anti-proliferative effect of progesterone independent of phosphorylation status of 

PGRMC1 

MIA PaCa-2 cells expressing WT PGRMC1-HA protein were treated with progesterone to 

determine if the cells were progesterone responsive. Progesterone treatment inhibited cell 

proliferation of MIA PaCa-2 cells expressing WT PGRMC1-HA following a 24-hour incubation 

with media containing with 0.1 μM to 10 μM progesterone. Treatment with higher concentrations, 

ranging from 100 μM to 1 mM progesterone, resulted in cell death (Figure 2.7). Hereafter, drug 

treatment experiments involved pretreatment of with media containing 1 μM progesterone for 24 

hours.  

2.3.7 The anti-proliferative effect of progesterone is dependent on PGRMC1-HA 

expression 

The MIA PaCa-2 parental cell line and MIA PaCa-2 cells expressing PGRMC1 

phosphorylation proteins were treated with progesterone to determine if the cell lines were 

progesterone responsive and if the progesterone effect was PGRMC1-HA dependent. Progesterone 

effectively inhibited cell proliferation of MIA PaCa-2 cells expressing WT PGRMC1-HA following 

24 hours treatment with 0.1 μM to 10 μM. Cells overexpressing all phosphorylation variants of the 

PGRMC1 protein showed increased susceptibility to progesterone treatment (Figure 2.7b). 

Therefore, the effect of PGRMC1 overexpression on progesterone-PGRMC1-mediated signalling 

was independent of phosphorylation status of PGRMC1.  



	 58	

 

Figure 2.7 PGRMC1 overexpression in MIA PaCa-2 cells resulted in increased sensitivity to the anti-

proliferative effect of progesterone. a. Dose response for progesterone treatment of MIA PaCa-2 cells 

expressing WT PGRMC1-HA b. Progesterone treatment of MIA PaCa-2 cells and MIA PaCa-2 cells 

expressing PGRMC1-HA shows a progesterone related anti-proliferative effect is dependent on over-

expression of PGRMC1. Pair wise comparisons using two-way ANOVA and Tukey’s HSD post hoc multiple 

comparisons test of untreated and progesterone treated cells expressing PGRMC1-HA proteins were 

significantly different (n=6, *p=0.0005, **p<0.0001). Progesterone treatment did not have a significant effect 

on MIA PaCa-2 parental cells, however, all progesterone treated PGRMC1-HA cell lines were significantly 

different from MIA PaCa-2 cells.   

 

Higher concentrations of progesterone inhibited cell proliferation of MIA PaCa-2 parental 

cell line, however resulted in cell death of cell lines overexpressing PGRMC1-HA. For this reason, 

future experiments were performed with 1 μM treatment of progesterone for 24 hours, which had a 

minimal observed effect on the MIA PaCa-2 parental cell line. 

2.3.8 The small molecule inhibitor of PGRMC1, AG-205, induces cell death in the MIA 

PaCa-2 pancreatic cancer cell line independent of PGRMC1-HA expression  

The MTT cell viability assay was performed following treatment with various 

concentrations of AG-205 for 24 hours to determine if expression of the PGRMC1-HA 

phosphorylation mutants had an effect on the susceptibility to AG-205 treatment (Figure 2.8). There 

was no significant difference in cell viability of MIA PaCa-2 parental cell line and MIA PaCa-2 

cells expressing different variants of PGRMC1 protein following treatment with AG-205 (Figure 
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2.8b). The AG-205 dose response curve was used to determine an LD50. Brightfield microscopy 

imaging showed that treatment with 50 μM AG-205 for 24 hours resulted in cell death of MIA 

PaCa-2 cells (Figure 2.9), however, this dose was not used in future experiments. The optimal 

AG-205 concentration was determined as the LD50, which was used to treat the MIA PaCa-2 cells 

in future experiments including for treatment prior to co-IP. As part of our collaboration with Prof. 

H. Neubauer at the Frauenklinik at Heinrich-Heine University, Dusseldorf the co-IP experiments 

were performed in parallel with the MCF7 breast cancer cell line by Marina Wallibald (Willibald, 

2017a). The AG-205 dose response curve shows that MCF7 cells, transfected with WT PGRMC1-

HA, showed increased susceptibility to AG-205 treatment in comparison with MIA PaCa-2 cells 

also transfected with WT PGRMC1-HA (Figure 2.8a). Therefore, different concentrations of AG-

205 that would elicit a similar effect on cell viability were selected for future co-IP experiments.  

A dose response experiment was performed to determine a LD50 concentration of 

approximately 31.25 μM AG-205 for MIA PaCa-2 cells expressing PGRMC1 and 25 μM AG-205 

for MCF7 cells expressing WT PGRMC1-HA (Figure 2.8a). A LD50 concentration of 32 μM AG-

205 was used for future experiments using the MIA PaCa-2 cell line. There was no significant 

difference in cell viability of the MIA PaCa-2 cell lines expressing the phosphorylation mutants of 

PGRMC1 as a result AG-205 treatment (Figure 2.8b). 



	 60	

 

Figure 2.8 The small molecule inhibitor of PGRMC1, AG-205, induced cell death in MIA PaCa-2 cells 

expressing PGRMC1. a. AG-205 dose response curve for MIA PaCa-2 and MCF7, pancreatic and breast 

cancer cell lines respectively, expressing tagged PGRMC1 protein. Cells were incubated in the presence of 

AG-205 (n=8) or vehicle control (n=3) for 24 hours. Cell viability was calculated and is shown as a percentage 

of the cells seeded in the untreated control sample group, measured using the absorbance reading from the 

MTT assay. The percentage of cells in the untreated samples was more than 200 percent of the initial cells 

seeded. b. There was no significant difference in cell viability following treatment with AG-205 between the 

cells expressing different PGRMC1-HA phosphorylation mutants (two-way ANOVA, p>0.05). c. Bright field 

microscopy imaging of MIA PaCa-2 cells and MIA PaCa-2 cells expressing PGRMC1-HA mutant proteins 

treated with 50μM AG-205 demonstrating AG-205 induced cell death. 

 

MIA PaCa-2 cells expressing WT PGRCM1-HA were incubated with progesterone for 24 

hours before treatment with AG-205 to assess whether progesterone, predicted to bind PGRMC1, 

influenced the effect of AG-205 on cells expressing PGRMC1-HA. The progesterone inhibited the 

proliferation of the cells, however neither protected the cells from AG-205 induced cell death nor 
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amplified the effect of AG-205 (Figure 2.9). Progesterone did not inhibit the effect of AG-205 on 

cells expressing PGRMC1-HA proteins. This does not indicate that progesterone is not binding 

directly to PGRMC1, as it may bind in an alternative region or be competitively unbound by AG-

205. Alternatively, this may be an off-target effect on another MAPR protein or target of AG-205. 

A direct interaction between PGRMC1 and progesterone may also not be necessary for the 

PGRMC1 dependent anti-proliferative effect of progesterone.  

             

Figure 2.9 An AG-205 dose response following pretreatment with 1μM progesterone. The effect of AG-

205 treatment following progesterone pretreatment was not significantly different for MIA PaCa-2 cells 

expressing PGRMC1-HA proteins. The cell viability was determined using the MTT cell viability assay and 

normalised to absorbance of cells at t=0. 

 

2.3.9 PGRMC1-HA overexpression in MIA PaCa-2 cells resulted in decreased cell death 

when treated with the anti-cancer drug, doxorubicin 

 Cells were treated with doxorubicin, with and without progesterone, to determine if 

expression of PGRMC1 phosphorylation mutant proteins influenced the response to doxorubicin 

and to the anti-apoptotic effect of progesterone. Progesterone exerted an anti-apoptotic effect on 

MIA PaCa-2 cells overexpressing PGRMC1-HA proteins. Cells were pretreated with progesterone 

for 1 hour prior to treatment with doxorubicin treatment for 24 hours in media containing 

progesterone. The response to doxorubicin treatment was not significantly different between the 
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MIA PaCa-2 parental cell line and the cell lines expressing PGRMC1-HA phosphorylation mutant 

proteins (Figure 2.10a). The cells were pretreated with progesterone prior to treatment with 0.25 

μM doxorubicin, as this concentration was the closest to LD50
 of the various concentrations tested. 

The cells overexpressing PGRMC1-HA had an increased sensitivity to progesterone (Figure 2.10b).  

 

Figure 2.10 Effect of doxorubicin treatment on MIA PaCa-2 cells expressing PGRMC1-HA proteins. 

a. Dose response curve for doxorubicin treatment (n=6). Cells were treated with doxorubicin or DMSO 

vehicle control at 24 hours and incubated in the presence for a further 24 hours. There was no significant 

difference in cell viability between the MIA PaCa-2 parental cell line and the cell lines expressing the 

PGRMC1-HA mutant proteins (two-way ANOVA, p>0.05) b. Cell viability following treatment with 0.25 

μM doxorubicin ± 1 μM progesterone. Pairwise comparison between the AUC levels for ± progesterone 

yielded no difference for MIA PaCa-2 cells (ns). All cell lines expressing PGRMC1-HA proteins showed 

increased cell viability using two-way ANOVA and Bonferroni's multiple comparisons test following 

pretreatment with progesterone (n=6, *p<0.0001). Due to the effect of progesterone pretreatment, all 

absorbance levels are expressed as a percentage of the control sample mean absorbance without doxorubicin 

treatment at t=0.  

 

Pretreating the cells with progesterone for 1 hour prior to doxorubicin treatment resulted in 

decreased susceptibility of cells overexpressing PGRMC1-HA to doxorubicin. As progesterone 

inhibited mitosis, the number of cells were normalised to the number of cells treated with 

progesterone but not treated with doxorubicin present at the endpoint of the experiment. This 

allowed the calculation of cell viability to be as a percentage of the cells that would be present after 

24 hours progesterone treatment without doxorubicin treatment. This showed that a greater number 

of cells survived doxorubicin treatment, despite not being mitotically active as a result of 

0.0 0.5 1.0 1.5 2.0

20

40

60

80

100

120

Doxorubicin [µM]

C
el

l v
ia

bi
lit

y

MP

WT

DM

TM

a. b.

MP WT DM TM
50

60

70

80

90

100

110

C
el

l v
ia

bi
lit

y

Doxorubicin
Doxorubicin + P4

ns

*
*

*



	 63	

pretreatment with progesterone and PGRMC1-HA expression (Figure 2.10b). This result is 

consistent a PGRMC1-dependent effect on cell viability, likely related to the previously reported 

PGRMC1-dependent anti-apoptotic effect of progesterone.  

2.3.10 The anti-apoptotic effect of progesterone on MIA PaCa-2 cells expressing 

PGRMC1-HA proteins was again observed following treatment with the anti-cancer drug, 

tamoxifen 

Cells were treated with a second anti-cancer drug, tamoxifen, to determine whether the 

apparent anti-apoptotic effect was specific for doxorubicin and the associated mechanism of cell 

death, or a non-specific role applicable to a range of drugs with varying targets and mechanisms of 

inducing cancer cell death. A dose response curve was performed (not shown) as previously 

described for doxorubicin (Figure 2.10), in which there was no significant difference in sensitivity 

to tamoxifen as a result of overexpressing PGRMC1. The dose response was used to determine the 

LD50 of 100 μM tamoxifen used to investigate the effect of progesterone pretreatment (Figure 2.11). 

Progesterone again inhibited cell proliferation, although not entirely. Progesterone, as previously 

demonstrated for doxorubicin treatment, exerted a protective, anti-apoptotic function that was 

significantly increased in cells overexpressing any of the PGRMC1-HA phosphorylation mutant 

protein.  

As the progesterone had an anti-mitotic effect on the cells, the cell numbers were again 

normalised to the number of cells treated with progesterone but not treated with tamoxifen at the 

endpoint. This highlights the greater number that cells survived tamoxifen treatment, despite not 

being mitotically active as a result of pretreatment with progesterone and PGRMC1-HA expression 

(Figure 2.11).  
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Figure 2.11 The effect of [100μM] tamoxifen on MIA PaCa-2 cells expressing PGRMC1-HA proteins. 

Progesterone treatment had a protective effect on cells expressing PGRMC1-HA proteins (n=6, *p<.0.001). 

The protective effect on MIA PaCa-2 cells was significantly decreased (n=6, **p=0.011) . 

2.3.11 Mass spectrometry analysis identified PGRMC1-interacting protein 

The co-IP samples containing PGRMC1-HA and binding partners of PGRMC1-HA were 

analysed by MS for protein identification. The MS analysis following co-IP of PGRMC1-HA 

protein complexes resulted in the identification of hundreds of proteins as a consequence of 

exceptional sensitivity of MS. Abundant proteins that bind the antibody or beads non-specifically 

were detected. Non-transfected MIA PaCa-2 cells were used as a control to exclude the non-specific 

binding proteins. Principal component analysis and heat map hierarchical clustering of 848 proteins 

(Figure 2.12) used to represent protein abundance profiles show replicates are grouped and 

experimental treatment variables as differ most (Suppl. file 1). The principle component analysis 

and heat map hierarchical clustering of all proteins shows correlation between biological replicates 

of samples through correct grouping of samples. The heat map scale bar represents the Log2 

normalised MS intensities. The yellow is representing low abundance proteins to red representing 

high abundance proteins. Proteins with no intensity detected for that sample are grey. 

Many proteins were identified as significantly differentially abundant between MP and 

PGRMC1-HA co-IP samples, and between co-IP samples from cells treated with AG-205. The most 
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significantly different protein identified was PGRMC1-HA (Figure 2.12). Proteins significantly 

more abundant in the PGRCM1-HA co-IP untreated samples in comparison to the MIA PaCa-2 co-

IP samples are listed in Table 2.5. Due to the number of proteins identified a p value of <0.0055 

was arbitrarily chosen as the cut off for significant proteins listed. Common binding domains within 

interaction partners identified from the SMART database included armadillo fold repeat motif 

(ARM), calponin homology (CH) domain, ribosomal recognition motifs (RRM) and spectrin repeats 

(SPEC) are also shown (Letunic, 2015). Proteins that were more abundant in WT PGRMC1-HA 

co-IP samples following AG-205 treatment are listed in Table 2.6. MS analysis was also able to 

identify a phosphorylated form of PGRMC1, detected with high confidence, at serine residue 181 

(eGEEPTVYsDEEEPk). Phosphorylation at other sites on PGRMC1-HA expressed in the MIA 

PaCa-2 cell line were probably present, however not detected during this analysis. 

2.3.12 Exclusion of non-specifically bound proteins 

Detection of background proteins including abundant proteins such as actin-related proteins 

that can bind the antibody non-specifically will occur. Most contaminants originate from 

preparation in the laboratory (for example from skin or hair keratins), plastics, reagents (including 

trypsin or lysis buffer) or the epitope tag conjugated to the magnetic bead itself. It is not feasible to 

completely eliminate non-specific protein contamination however the inclusion of negative controls 

is used to exclude non-specific binding. Non-transfected MIA PaCa-2 cells were used as a control 

to exclude the non-specific binding proteins detected.  

The co-IP of tagged proteins coupled with MS is a widely used technique for the 

identification of protein interaction partners. However, distinguishing interacting proteins from 

background contaminants can be challenging. Negative controls are included, however due to the 

dynamic nature of cell biology and changing metabolism, they unfortunately do not always provide 

a comprehensive exclusion list for non-specific contaminants. Therefore, exclusion lists and 

programs including CRAPome were used to help select candidates for Western blot analysis. 

Exclusion lists or programs such as the CRAPome can provide a list of proteins to exclude or 

consider with caution based on common contaminant peptides detected in the list (Mellacheruvu, 
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2013). The CRAPome accommodates a variety of purification techniques and using various H. 

sapiens cell with information from over 500 MS analyses, and is available online at 

www.crapome.org. The CRAPome program was used in two ways, to compare one protein at a time 

to a background contaminant list for given experimental conditions and uploading the dataset 

including the negative controls for data analysis. Including negative controls does not always give 

a comprehensive list of non-specifically bound proteins and therefore previous knowledge of 

background contaminants from previous MS analyses was also used to exclude some non-specific 

proteins.  

The detection of non-specifically bound or contaminant proteins in co-IP samples cannot 

be completely eliminated. Proteins that are highly likely non-specifically bound proteins are listed 

in literature and there are programs to help avoid pursuing common contaminants, however not all 

should be excluded without consideration. Several papers support the use of exclusion lists or 

programs such as CRAPome to help to exclude non-specific binding proteins (Mellacheruvu, 2013). 

Some of the proteins initially excluded from consideration in preliminary experiments without bias 

based on the recommendation of the literature and CRAPome were Src-family YES1 Tyrosine-

protein kinase (J3QRU1), and Myosin 9 and Myosin 10. These proteins were later confirmed in 

replicate samples to be non-significant. 
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Figure 2.12 MS analysis. a. Principal component analysis of proteins identified from co-IP samples ± AG-

205. b. Log mass spectrometry ion intensities of relative abundance of HA-tagged PGRMC1 in samples c. 

Heat map hierarchical clustering of 848 proteins identified in from co-IP samples ± AG-205. 

PGRMC1

L
og

 L
F

Q
 I

nt
en

si
ty

24
   

   
   

 2
6 

   
   

   
 2

8 
   

   
   

30
   

   
   

 3
2

a. b.

c.

M IA PaCa-2
M IA PaCa-2 + A G -2 0 5     
WT PGRMC1 + A G - 2 0 5     
WT PGRMC1 

C
om

po
ne

nt
 2

 (2
7.

6%
)

Component 1 (40%)

Sample ID
MP 1
MP 2
MP 3
MP 5
MP 4
WT + AG–205   5
WT + AG–205   3
WT + AG–205   4
WT + AG–205   1
WT + AG–205   2
MP + AG–205   1
MP + AG–205   2
MP + AG–205   3
MP + AG–205   4
MP + AG–205   5
WT PGRMC1 5
WT PGRMC1 3
WT PGRMC1 4
WT PGRMC1 2
WT PGRMC1 1

- + - +

MIA PaCa-2 PGRMC1-HA
AG-205 - -+ +

24 26 28 30 32 34 36

Log2 Intensity

WT PGRMC1
-6   -4   -2   0    2    4    6    8    10  12  14

10
8
6
4
2
0

-2
-4
-6



	 68	

Table 2.5 Proteins identified from PGRMC1-HA co-IP samples by MS 

 

Protein Function Gene

Cytoskeletal machinery

Actinin-1; Actinin-4 Actin crosslinking and bundling proteins ACTN1, 
ACTN4

Myosins Actin binding MYO1D; 
MYO18A; 
MYO1B

EF-hand domain-containing 
protein D2

Actin bundling, negative regulation of NFkB EFHD2

Spectrin A and B chain CH, SPEC, actin binding, SH3 SPTAN1; 
SPTBN1

Filamin A; Filamin B CH, actin binding, focal adhesion FLNA;
FLNB

Dystonin Actin binding, cell adhesion, cell motility, CH, SPEC DST

Rho guanine nucleotide exchange 
factor 11

Actin organisation, vascular smooth muscle contraction ARHGEF
11

Microtubule-actin crosslinking 
factor 1

CH, SPEC, actin binding, microtubule stabilisation, 
positive regulation of Wnt pathway

MACF1

Inverted formin-2 Actin cytoskeleton organisation, severs actin filaments INF2

Phostensin Actin binding, protein phosphatase 1 regulatory subunit PPP1R18

SUN domain-containing protein 2 Component of the LINC complex cytoskeleton binding SUN2

Plectin CH, SPEC PLEC

Protein phosphatase 1 regulatory 
subunit 12A

Regulates binding to myosin, dephosphorylation of PLK1, 
role in regulating HIF activity

PPP1R12
A

Neurabin-1; Neurabin-2 Actin filament binding and organisation, targets protein 
phosphatase 1 activity

PPP1R9A; 
PPP1R9B
*

Septin-2; Septin-9 Cytoskeletal GTPase involved in filament formation SEPT2; 
SEPT9

Calponin; Calponin-2 CH, actin binding, smooth muscle contraction CNN;
CNN2

Protein furry homolog-like Actin cytoskeleton, role in neuron dendritic fields and 
branching

FRYL

Serine/threonine-protein 
phosphatase PP1

Phosphatase mediates myosin binding PPP1CA; 
PPP1CC*

Structure

Keratin, type I cytoskeletal 18 Universal signalling pathways KRT18*

Proteasome adaptor and scaffold
protein ECM29

Proteasome binding, adaptor/scaffolding protein, ARM KIAA036
8;ECM29
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Table 2.6 Functional classification of proteins detected by MS analysis after PGRMC1-HA Co-IP

Protein Function Gene

Transcription and protein synthesis

Eukaryotic translation 

initiation      factor 3 subunit
Transcription initiation 

factors

EIF3A; EIF3F; EIF3L; EIF3M; EIF3I; EIF3B; 
EIF3E*; EIF3C*; EIF3D*; EIF3H*

ATP-dependent RNA 
helicases

DEAD/DEAH, helicase 
superfamily

DDX3X; DDX3Y; DDX17*; DDX47*; 
DDX6*

Putative ATP-dependent 
RNA helicases

DEAD/DEAH, helicase 
superfamily

DHX30*; DHX9*; DHX36*

Putative helicase MOV-10 Putative helicase MOV10

ATP-dependent RNA 
helicase DHX29

DEAD/DEAH, helicase 
superfamily

DHX29

Eukaryotic translation 
initiation factors

Transcription initiation 
factor

EIF4G2*; EIF4G1*

General transcription factor 
II-I

Transcription factor GTF2I

Thyroid hormone receptor-

associated protein 3
Pre-mRNA splicing THRAP3

Myb-binding protein 1A Regulation of 
transcription via DNA-

binding proteins

MYBBP1A

Peptidyl-prolyl cis-trans 
isomerase B

Protein folding PPIB

Ribosomal

40S ribosomal proteins Ribosomal subunit proteins RPS12*; RPSA*; RPS5; RPS3; RPS20*,**; 
RPS2; RPS25; RPS7; RPS8; RPS14

60S ribosomal proteins Ribosomal subunit proteins RPL4; RPL21; RPL3; RPL31; RPL27A

28S ribosomal protein S27, 
mitochondrial

Ribosomal subunit protein MRPS27

Serine/arginine-rich 
splicing factors*

RRM SRSF5; SRSF1; SRSF10; SRSF12

RNA-binding and protein processing

La-related protein 1 RNA binding, regulates translation LARP1

Small subunit processome component 20 
homolog

Pre-RNA procsessing UTP20

Fragile X mental retardation syndrome-
related protein 1

RNA binding FRX1

RRP12-like protein RNA binding, protein assembly RRP12

Translational activator GCN1** ARM GCN1L1
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Table 2.6 Functional classification of proteins detected by MS analysis after PGRMC1-HA Co-IP

Protein Function Gene

Cell migration

Guanine nucleotide-binding 
protein subunit beta-2-like 1

Regulation of FLT-1 mediated cell migration, inhibits
SRC, YES1 and Lck kinases

RACK1/GN
B2L1

Myosin phosphatase Rho-
interacting protein

Targets myosin to the actin cytoskeleton, required for 
RhoA and ROCK1 activity

MPRIP

Coronin 1B Actin binding, cell motility CORO1B*

Signal-induced proliferation-
associated protein 1

Leukocyte transendothelial migration SIPA1

Nucelo-cytomplasmic transport

Exportin T NES receptor, ARM, protein exportation from the cell 
nucleus

XPOT

Importin Nuclear import via NPC, NLS receptor, ARM IPO9

Isoform 1 Exportin-2 Exports importin alpha after cargo import, ARM CSE1L

Heterogeneous nuclear 
ribonucleoprotein U**

Nucleotide binding and export of mRNA HNRNPU

DNA repair

Poly [ADP-ribose] polymerase 9 DNA repair PARP9

E3 ubiquitin-protein ligase 
DTX3L

Plays a role in DNA damage repair with PARP1 and 
PARP9

DTX3L

Poly [ADP-ribose] polymerase 14 Binding to PARP9 and histone deacetylases, STAT 
pathway

PARP14

Activating signal cointegrator 1 
complex subunit 3

Alkylated DNA repair, cell proliferation ASCC3

Ubiquitination

E3 ubiquitin-protein ligase 
TRIM21

Cullin-RING based complexes TRIM21

E3 ubiquitin/ISG15 ligase 
TRIM25

Regulates oestrogen action, regulates ubiquitination of 
several proteins

TRIM25

Poly(rC)-binding protein 2 Regulation of ubiquitination PCBP2

Immune response

Interferon-induced 35 kDa protein Interferon signalling pathway, immune response IFI35

Complement component 1 Q 
subcomponent-binding protein, 

mitochondrial

Complement binding, immune response C1QBP
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Table 2.6 Functional classification of proteins detected by MS analysis after PGRMC1-HA Co-IP

Protein Function Gene

Adherens junction

Ras GTPase-activating-like 
protein IQGAP1

Regulation of assembly of cytoskeleton IQGAP1

Tubulin beta-4B chain Constituent of microtubules TUBB4B

Tight junction protein ZO-1 Linkage of tight junction transmembrane proteins to the 
actin cytoskeleton

TJP1*

Mitochondrial transport

Mitochondrial glutamate carrier 1 Glutamate transport across inner mitochondrial membrane SLC25A22

Probable C-mannosyltransferase
DPY19L1

Mediates tryptophan residue C-mannosylation DPY19L
1

Cell cycle and cell proliferation

Staphylococcal nuclease domain-
containing protein 1

Endonuclease, G1 to S phase transition SND1*

Epidermal growth factor receptor 
substrate 15-like 1

Component of clathrin-coated pits for receptor mediated 
endocytosis 

EPS15L1*

Epidermal growth factor receptor 
substrate 15

Cell growth regulation, mitogenic signalling EPS15*,**

Proliferation-associated protein 
2G4

Regulation of cell growth, differentiation and apoptosis PA2G4

Autophagy

Ubiquitin carboxyl-terminal 
hydrolase 10

Ubiquitin removal from proteins including p53, SNX3 USP10

Gamma-interferon-inducible 
protein 16

Autophagy, role in complex processes in cell cycle, cell 
differentiation and cell proliferation

IFI16

Other pathways

Delta(24)-sterol reductase Cholesterol metabolism, cholesterol synthesis enzyme DHCR24

E3 ubiquitin-protein ligase 
RNF213

Angiogenesis/Wnt signalling RNF213

AP-2 complex subunits Protein transport via vesicles in membrane trafficking AP2A1;
AP2A2

Transgelin-2 Cell differentiation, extracellular organelle, vesicle, CH TAGLN2

DNA mismatch repair protein 
MutS homologue 6

DNA replication and genomic stability MSH6

Peroxisomal targeting signal 1 
receptor

Essential role in peroxisomal protein import PEX5

DNA-dependent protein kinase 
catalytic subunit

Cell cycle, PI3k activity PRKDC

Sphingosine-1-phosphate lyase 1 Anti-apoptotic, cell migration, differentiation and complex 
survival processes (apoptosis)

SGPL1

SH3 domain-binding glutamic 
acid-rich-like protein 3

Modulation of glutaredoxin activity SH3BGR
L3

Serine hydroxymethyltransferase, 
mitochondrial

Mitochondrial, involved in control of cellular damage SHMT2

Cullin-associated NEDD8-
dissociated protein 1

SKP1-CUL1-F-box-protein complex formation CAND1

Prohibitins In complex mediate transcriptional repression via hormone 
receptors including the oestrogen receptor

PHB; 
PHB2

UPF0568 protein C14orf166 Basal RNA polymerase II transcription machinery binding C14orf166
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Table 2.6 Highly abundant proteins from PGRMC1-HA AG-205 treated samples 

  

Table 2.7 Proteins more abundant in PGRMC1-HA Co-IP samples post AG-205 treatment

Protein Function Gene

Actin cytoskeletal machinery

Myosins Actin binding MYO1E; MYO1B; MYO6; MYO1C

Leucine rich repeat and calponin
homology domain conatining
protein 3

Calponin homology LRCH3

Tropomyosin beta chain Actin filament binding, 
smooth muscle contraction

TPM2

Ribosomal

40S ribosomal proteins Ribosomal subunit proteins RPS10;RPS10−NUDT3; RPS17

60S ribosomal proteins Ribosomal subunit proteins RPL23; RPL36; RPL13; RPL24; 
RPL18A; RPL26 ;RPL26L1; RPL32; 
RPL13A; RPL13AP3; RPL7A

Mitachondrial

ADP/ATP translocase 2 Exchange of ADP with mitochondrial ATP SLC25A5

Mitochondrial 2-
oxoglutarate/malate carrier 
protein

Mitochondrial inner membrane transport, metabolic 
processes, gluconeogenesis, regulation of apoptosis SLC25A11

Serine beta-lactamase-like protein 
LACTB, mitochondrial

Serine protease, regulator of mitochondrial lipid metabolism LACTB

Other pathways

Exportin 1 NES receptor, ARM, protein exportation from the cell 
nucleaus

XPO1

Tectonin beta-propeller repeat-
containing protein 1

Autophagy, role as a tethering factor TECPR1

E3 ubiquitin-protein ligase 
TRIM21

Ubiquitination, Cullin-RING based complexes TRIM21

Peroxisomal membrane protein 
PEX14

Peroisomal import, docking factor for PTS1 receptor 
PEX5, interaction with tubulin

PEX14

Dnaj homolog subfamily C 
member 13

Membrane trafficking through early endoosomes DNAJC13

Dedicator of cytokinesis protein 7 Guanine nucleotide exchange factor DOCK7

Signal recognition particle 
subunit 14

Targets secretory proteins to the rough ER SRP14

Translocon-associated protein 
subunit delta precursor

Binds calcium to ER, regulates retention of ER proteins SSR4

ADP-ribosyltaion factor like 
protein1

GTP-binding protein, Golgi apparatus function ARL1

Transcriptional activator protein 
Pur-alpha

Probable transcription activator, binding upstrem of MYC 
gene, DNA replication

PURA

Ras related GTP-binding proteins GTP-binding protein RRAGC;
RRAGD

Inosine-5’-monophosphate 
dehydrogenase 2

Regulation of cell growth, development of malignancy 
and tumour progression

IMPDH2

ATP-binding cassette subfamily 
D member 3**

Bile acid biosynthesis ABCD3
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*Indicates previously predicted PGRMC1 interaction partners by co-IP, co-fractionation and/or other. 

  

  

Table 2.7 Proteins more abundant in PGRMC1-HA Co-IP samples post AG-205 treatment

Protein Function Gene

Other pathways

General transcription factor II-I Transcription regulation, cell cycle progression, 
skeletal muscle differentiation GTF2I

Protein numb homolog Notch signaling pathway NUMB

Complement component 1 Q 
subcomponent-binding protein

Immune response, mitochondrial C1QBP

Protein phosphatase Slingshot homolog 1 Regulation of actin cytoskeleton SSH1

Inositol 1,4,5-trisphosphate receptor type 
3

Alcohol binding, Alzheimers disease ITPR3

Ankycorbin Cytoskeleton binding RAI14

Actin-binding protein anillin Actin binding ANLN

Acyl-CoA dehydrogenase family member 
9, mitochondrial

Acyl-CoA dehydrogenase activity, coenzyme 
binding ACAD9

DNA replication licensing factor MCM7 DNA replication MCM7

Leucine-rich PPR motif-containing 
protein, mitochondrial

RNA metabolism LRPPRC

Intersectin-2 RhoGEF, SH3 ITSN2

RNA-binding protein FUS RNA binding FUS

Nuclear cap-binding protein subunit 1 ARM NCBP1

Regulatory-associated protein of mTOR Insulin signaling pathway, mTOR signaling 
pathway, ARM RPTOR

U1 small nuclear ribonucleoprotein 70 
kDa

RRM, spliceosome SNRNP70

TATA-binding protein associated factor 
2N

Transcription initiation TAF15

AP-2 complex subunit mu Adaptor protein complex 2 component, protein 
transport via vesicles AP2M1

AP2-associated protein kinase 1 Phosphorylation and localisation of AP-2 complex 
subunits AAK1

RNA-binding protein 3 RNA-binding, RRM RBM3

SLIT-ROBO Rho GTPase-activating 
protein 2

Regulates actin dynamics in cell migration and 
differentiation

SRGAP2;S
RGAP2B;S
RGAP2C
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2.3.13 Prohibitins were identified as interaction partners of PGRMC1 

Both Prohibitin 1 (PHB1) and Prohibitin 2 (PHB2), which form a complex together, were 

identified as interaction partners of PGRMC1 by mass spectrometry analysis (PHB q= 9.7 e-10, 

PHB2 q=5.6 e-10) (Figure 2.13). PHB1 and PHB2 proteins have molecular weights of 29,804 Da 

and 33,296 Da, respectively. Western blot analysis was used to detect a protein band, for PHB 

(Figure 2.13b) and PHB2 (Figure 2.13d), at ~30 kDa and ~33 kDa respectively, in the co-IP samples. 

The negative control samples for non-transfected MIA PaCa-2 cells did not have a protein band.  

  

Figure 2.13 Co-immunoprecipitation of Prohibitins. a. Log mass spectrometry ion intensities of PHB (n=5) 

b. Western blot analysis of co-IP for PHB c. Log mass spectrometry ion intensities of PHB2 (n=5) b. Western 

blot analysis of co-IP for PHB2. 

 

An anti-HA antibody was used to detect the HA-tagged PGRMC1 protein in the co-IP 

pellets as a positive control and to visualise equivalent protein loading into protein wells of the SDS 

gel (Figure 2.13b/d panel-HA). PHBs are associated with roles in cancer, especially in relation to 
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T-test p-value PHB 

PGRMC1-HA:MIA PaCa-2 1.7993e-07 

PGRMC1-HA:PGRMC1-HA + AG-205 0.1773 

MIA PaCa-2:MIA PaCa-2 +AG-205 0.0068 

L
og

 L
FQ

 in
te

ns
ity

 
28

.5
   

   
   

29
.0

   
   

   
   

   
   

 2
9.

5
   

   
   

   
  3

0.
0 a. 

- + - + 

MIA PaCa-2  PGRMC1-HA 

AG-205 - - + + 

T-test p-value PHB2 

PGRMC1-HA:MIA PaCa-2 4.5364e-07 

PGRMC1-HA:PGRMC1-HA + AG-205 0.1725 

MIA PaCa-2:MIA PaCa-2 +AG-205 0.0062 

L
og

 L
FQ

 in
te

ns
ity

 
28

.5
   

   
   

   
   

  2
9.

0 
   

   
   

   
   

 2
9.

5 

c. 

- + - + 

MIA PaCa-2  PGRMC1-HA 

AG-205 - - + + 

HA 

PHB 
30kDa 

Total protein 
 MP         L1        L2      L3 

Co-IP proteins 
MP       L1       L2       L3 

b. 

HA 

PHB2 
33kDa 

Total protein 
 MP          L1        L2      L3 

Co-IP proteins 
MP         L1       L2       L3 

d. 

Legend:MPMIA PaCa-2 parental cell line L1-L3 Cell lines 1-3 expressing PGRMC1-HA protein



	 75	

Ballek, 2016; Bavelloni, 2015; Signorile, 2019). Through interaction with the PHB1/PHB2 

complex, PGRMC1 may be involved in one or more of these functions.  

 

2.3.14 Validation of AG-205 dependent interaction with α-Actinin-1 and RACK1 

α-Actinin-1 was identified as an interaction partner of PGRMC1 

The interaction between α-Actinin-1 and PGRMC1-HA was confirmed by SDS-PAGE and 

Western blot analysis (Figure 2.15b). Treatment of MIA PaCa-2 cells expressing PGRMC1-HA 

with AG-205 prior to cell lysis and protein co-IP demonstrated that the protein complex was 

disrupted by AG-205. However, the effect of AG-205 treatment on binding of α-Actinin-1 to 

PGRMC1-HA was inconsistent. This was despite the cells being seeded and harvested at the same 

cell confluency. This was not a concentration dependent effect as treatment with equal 

concentrations of AG-205 resulted in either decreased co-IP of α-Actinin-1 or no detection of α-

Actinin-1 in co-IP pellets. Two experimental replicates are shown below representing each of these 

outcomes (Figure 2.15). ‘Result 1’ shows the complete inhibition of binding and ‘Result 2’ shows 

partial inhibition of binding. The variation in results could have been due to a number of factors 

from harshness techniques including pipetting used during elution, preparation of buffers or human 

error. Future experiment could investigate factors influencing the co-IP of α-Actinin-1, starting with 

eliminating technical methods as the cause. α-Actinin-1 has been shown to interact with Lck 

proteins (Ballek, 2016). PGRMC1 protein contains a consensus Lck site (Cahill, 2007). Moderation 

of protein interactions through this site, especially involving α-Actinin-1, requires further 

investigation. The binding of PGRMC1-HA with α-Actinin-1 demonstrates that PGRMC1 probably 

interacts with actin cytoskeletal machinery proteins in an AG-205 sensitive manner.  

RACK1  

Western blot analysis was performed to confirm Receptor of activated protein C kinase 

(RACK1/GNB2L1) as an interaction partner of PGRMC1 (Figure 2.14b). This interaction was 

dependent on treatment with AG-205. No RACK1 was detected in co-IP samples from cells treated 

with AG-205 indicating that AG-205 completely abrogates the interaction. The membrane was 
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blocked and reprobed for PGRMC1-HA expression using anti-HA antibody, showing equivalent 

HA-tagged protein in co-IP samples. Interestingly, RACK1 is known to form a complex with α-

Actinin-1 and Lck proteins (Ballek, 2016).  RACK1 is a scaffolding protein involved in actin 

cytoskeletal reorganisation and cell motility (Duff, 2017). This further suggests a role for PGRMC1 

in actin cytoskeletal machinery through binding with proteins involved in actin-driven motility of 

cells.  

 

Figure 2.14 Validation of co-IP of protein interactions sensitive to AG-205 treatment. a. Log mass 

spectrometry ion intensities of GNB2L1/RACK1 (n=5) b. Western blot analysis of co-IP samples +/- AG-

205 treatment for RACK1 c. Log mass spectrometry ion intensities of α-Actinin-1 (n=5) d. Western blot 

analysis of α-Actinin-1 (mw~103 kDa) in co-IP samples +/- AG-205 treatment showed AG-205 decreased 

binding (n=6, unpaired t test p<0.0004). 
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doxorubicin sensitivity. DNA mismatch repair protein MSH6 (MSH6), a protein involved in DNA 

repair, was selected for validation as an interaction partner of PGRMC1. MSH6 was detected in co-

IP pellets by Western blot analysis (Figure 2.15b). Despite the level of significance of MSH6 being 

lower than the other verified interaction partners of PGRMC1 (q=0.034) and the response to AG-

205 appearing variable (two replicates show MSH6 was not significantly more abundant than the 

MIA PaCa-2 control) (Figure 2.15a), MSH6 was detected in co-IP samples with high confidence by 

Western blot  analysis.  

The effect of AG-205 treatment on binding of MSH6 with PGRMC1-HA is unclear from 

the MS and was unaffected by treatment with AG-205 when verifying by Western blot analysis (not 

shown). The interaction between MSH6 and PGRMC1 suggests a role for PGRMC1 in DNA repair 

and replication. This is supported by the detection of several other DNA repair proteins by MS 

analysis including PARP9, E3 ubiquitase-protein ligase (DTX3L), PARP14 and Activating signal 

cointegrator 1 complex (ASCC3). Our research group has found that PGRMC1 expression 

influences genomic mutation rates, also consistent with a role in maintaining genomic stability or 

in DNA repair (Thejer, 2020b). 
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Figure 2.15 Co-immunoprecipitation of DNA mismatch repair protein MSH6 (MSH6). a. Log mass 

spectrometry ion intensities of MSH6 (n=5) b. Western blot analysis.  

2.3.16 Identification of importins and exportins as binding partners of PGRMC1-HA 

 The MS results were evaluated for potential binding partners associated with nuclear 

transport due to the variable cellular localisation of PGRMC1 and a lack of understanding of 

PGRMC1 transportation in and out of the nucleus. Several importins and exportins were identified 

with a strong positive correlation as interacting partners of PGRMC1 (Table 2.7). PGRMC1 is 

localised in the nucleus and other parts of the cells. The classical pathway for protein transport into 

the cell nucleus is via binding to importins and exportins (Christie, 2016). It is highly relevant to 

cancer cell biology to understand how the increased binding and transport of cancer proteins into 

the cell nucleus is influencing cancer cell biology and regulation of cancer associated proteins. For 

transport in and out of the nucleus by binding to importins and exportins, a protein requires a nuclear 

localisation signal (NLS) or a nuclear export signal (NES), respectively. NLS regions on a protein 

contain an arginine (R) and lysine (K) rich motif for Importin recognition. NES regions are leucine 
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(L) rich motifs on the protein for Exportin recognition. Although proteins with a molecular weight 

of less than approximately 45 kDa generally are able to diffuse the cell nucleus membrane as a 

monomer, they require binding to importins and exportins with NLS and NES to become at a higher 

concentration/more abundant in the nucleus. Not only is PGRMC1 highly expressed in the nucleus, 

particularly in cancer cell lines and expressed in other parts of the cell, it also exists in higher 

molecular weight forms (Sabbir, 2019). Therefore, determining NLS and NES regions as well as 

detection of binding to import/export proteins is consistent with various important roles requiring 

PGRMC1 to move across the nuclear membrane. This model supports a role for PGRMC1 in protein 

trafficking, potentially bound to importins/exportins or in protein exchange with these proteins at 

the cell nucleus membrane. PGRMC1 may exist in the cell as a dimer or even multimers with a 

molecular weight up to approximately 250 kDa as demonstrated by size exclusion chromatography 

(see Chapter 5), which would certainly require a chaperone to enter or exit the cell nucleus. NLS 

and NES regions on PGRMC1 are further discussed in a subsequent chapter. 

 

Table 2.7 Nuclear import and export proteins identified by MS analysis 

Import  Gene p value 

Importin-9 IPO9 7.058e−07 

Importin subunit a 3 KNPA4 0.011 

Export  Gene p value 

Exportin-1 (CRM1) XPO1 0.006 

Exportin-5 XPO5 0.006 

ExportinT XPOT 7.579e−05 

p value:  the p value for the comparison between proteins in co-IP samples from MIA PaCa-2 cells and 

PGRMC1-HA using student T test.  

 

Treatment with AG-205 did not affect binding of importins and exportins. This is possibly 

due to the predicted NLS and NES regions being located at the N-terminal transmembrane domain. 
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The binding site for AG-205 is located within the cytb5 binding domain and it is therefore likely that 

this interaction is not disrupting binding to importins and exportins.  

2.3.17 Enrichment pathways analysis 

Interaction with proteins in the cytoskeletal machinery 

Cytoskeletal proteins were higher in PGRMC1 samples than the MIA PaCa-2 control 

samples, highlighted using the GOCC enrichment analysis (Maudsley, 2011). Several cytoskeletal 

proteins were reduced following treatment with AG-205, relative to the MIA PaCa-2 control. The 

proteins in the cytoskeletal interactions are primarily those that contain CH and SPEC domains. 

Strikingly, of the 15 proteins identified as significantly more abundant in PGRMC1 co-IP samples, 

12 are associated with actin cytoskeletal machinery and nine contain an actin-binding CH domain 

(Table 2.8). The q value was calculated using 2-way ANOVA for the comparison between proteins 

from MIA PaCa-2 cells and PGRMC1-HA cells. A Uniprot alignment was performed by Dr. M. 

Cahill for the CH domains. Furthermore, these proteins also resulted in a hit in pathway enrichment 

analysis for a potential effect on actin biology and focal adhesion using the KEGG enrichment 

analysis (Kanehisa, 2000).  

Table 2.8 Proteins identified by co-IP MS with a CH domain  

 

Gene Protein q value Function CH
ACTN1 Alpha-Actinin-1 7.68e−06 F-actin cross-linking/bundling protein 2

IQGAP1 Ras GTPase-activating-like protein IQGAP1 2.41e−08 Reorganisation of the actin cytoskeleton 1

ACTN4 Alpha-actinin-4 4.35e−06 F-actin cross-linking/bundling protein 2

SPTBN1 Spectrin beta chain, non-erythrocytic 1 2.17e−10 Cytoskeleton at the membrane 2

FLNB Filamin-B 1.02e−08 Actin branching and connections 2

FLNA Filamin-A 1.23e−10 Actin branching and connections 2

TAGLN2 Transgelin-2 4.96e−08 Actin cross-linking/gelling protein 1

DST Dystonin 1.99e−04 Links IF, actin and microtubule networks 2

MACF1 Microtubule-actin cross-linking factor 1 1.06e−06 Cross-linking actin to other cytoskeletal proteins 2
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Figure 2.16 Alignment of CH domains. CH 1 (purple boxes) and CH 2 (blue boxes) domains in proteins 

identified in PGRMC1 co-IP samples in Table 2.8. Adapted from a figure by Dr. M Cahill. 

 
Proteins with CH and SPEC domains may associate with PGRMC1 in an AG-205 

dependent manner. A CH domain is a 100-residue motif first identified on Calponin involved in 

actin filament binding and regulation of muscle contraction (Sjoblom, 2008). There are 3 distinct 

subclasses of the CH domain motif that can be distinguished using sequence analysis (Gimona, 

2002). The SPEC motif is part of a subclass of CH domain that consist of an F actin-binding domain 
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(ABD) composed of two CH domains in tandem. α-Actinin-1 contains a SPEC domain (Borrego-

Diaz, 2006).  

Actin binding proteins and cytoskeletal machinery proteins were also more abundant in 

MIA PaCa-2 samples treated with AG-205 compared with untreated MIA PaCa-2 samples. These 

proteins were slightly more abundant in untreated PGRMC1 samples than PGRMC1 AG-205 

treated samples, as determined using the GOMF pathway enrichment analysis (Maudsley, 2011). 

Although several proteins involved actin biology were found to be differentially abundant, the actin 

biology pathway was not identified as significant using pathway enrichment programs.  

Proteins in the ribosome pathway 

There is a significant difference by KEGG/SMART pathway analysis in the abundance of 

ribosomal proteins associated with the overexpression of PGRMC1 in the MIA PaCa-2 cell line. 

The ribosomal proteins were more abundant in PGRMC1 samples, and more abundant again 

following AG-205 treatment. Several proteins detected contain RRM and are associated RNA-

binding and protein processing including RNA-binding protein 3, U1 small nuclear 

ribonucleoprotein 70 kDa and Serine/arginine-rich splicing factors.  

Proteins involved in autophagy 

Proteins associated with autophagy were bound higher in the samples from cells expressing 

PGRMC1-HA (USP10, ILI16) and treated with AG-205 including MAP1LC3. PGRMC1 has a role 

in autophagy and has previously been shown to bind MAP1LC3 protein, which has an essential role 

in autophagy (Mir, 2013). Several proteins detected more abundant in PGRMC1 co-IP samples are 

associated with ubiquitination of proteins where proteins are targeted for degradation including 

TRIM21, TRIM25 and PEX5. PGRMC1 has also previously been shown to promote ubiquitination 

and to bind components of complexes required in degradation of proteins (Mir, 2013).  

Involvement in the cholesterol metabolism pathway 

Interaction of PGRMC1 with proteins involved in cholesterol synthesis and metabolism 

(DHCR24 and ACAD9) were detected by MS analysis, suggesting a role for PGRMC1 in the 

cholesterol pathways in cell biology. ACAD9 was not detected in co-IP samples following AG-205 
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treatment, indicating that this interaction is completely disrupted by AG-205 treatment. However, 

DHCR24 was higher in co-IP samples treated with AG-205 (Suppl. file 1). 

Myosins 

The Myosins found to have probable interaction with PGRMC1, potentially in complexes 

or bound to the actin cytoskeleton, include Myosin 6 (Table 2.5). While some Myosins (e.g. Myosin 

9 and Myosin 10) were identified as non-specifically bound using elimination programs such as 

CRAPome and thereafter disregarded, several Myosins may have indeed bound PGRMC1 and/or 

had expression influenced by the treatment with AG-205. The proteins initially excluded from 

consideration in preliminary experiments without bias based on the recommendation of the 

literature and CRAPome included Myosin 9 and Myosin 10, which were later confirmed in replicate 

to be non-significant.  
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3.1 Introduction 
Pancreatic cancer is an aggressive cancer associated with a low survival rate (DeSantis, 

2014; Ryan, 2014). Mouse xenograft models of pancreatic cancer are used to advance cancer 

research and in developing an understanding of tumour growth in vivo (Fu, 1992; Hingorani, 2003; 

Rubio-Viqueira, 2006). The interplay between various components under in vivo conditions, 

including crucial endocrine, autocrine and paracrine factors, potentially affecting tumour formation 

and growth, are considered (Ito, 2006; Qui, 2013). Both orthotopic and subcutaneous xenograft 

tumour models are physiologically relevant models to allow tumour growth and behaviour to be 

studied in a functionally intact mammalian system. An orthotopic model involves injecting the cells 

directly into the tissue of origin, as performed in this study the pancreas, and subcutaneous 

(heterotopic) injection involves injecting the cells just under the skin (Figure 3.1).  

    

Figure 3.1 Mouse xenograft cancer models. a. Orthotopic injection involves directly injecting the cells 

grown in culture into the organ of origin. For this study the MIA PaCa-2 pancreatic cancer cells were injected 

directly into the pancreas of the mice. b. Subcutaneous injection involves injecting the cells grown in culture 

under the skin. 

 

Phosphorylation sites have been identified on PGRMC1 (Neubauer, 2008; Sabbir, 2019). 

The aim of this mouse xenograft study was to investigate the effect of specific PGRMC1 

phosphorylation mutations on pancreatic tumour cell biology in vivo. The MIA PaCa-2 cells 

transfected with the PGRMC1 phosphorylation mutant proteins as previously described (see 

Chapter 2) were used in this study. The MIA PaCa-2 pancreatic cancer cell lines expressing the 

PGRMC1 phosphorylation mutant proteins were injected into the pancreas of mice to model the 

a. Orthotopic injection

b. Subcutaneous injection
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effect of differential phosphorylation of PGRMC1 on tumour growth in vivo. This orthotopic mouse 

study demonstrated that PGRMC1 phosphorylation status influences orthotopic cancer growth in 

mice. The minimum number of mice was used to determine if phosphorylation status of PGRMC1 

influences tumour formation and growth. This effect could not be addressed using in vitro 

experiments. Sites of metastasis were investigated to determine if there was a significant variation 

in size or site of metastases between the experimental groups. Ideally bone metastasis would be 

investigated in a mouse xenograft model of pancreatic cancer as this is a common site of metastasis. 

Unfortunately, this study was limited by access to imaging equipment for assessment of bone 

metastasis and expertise in histological techniques required for assessment of bone metastases. The 

results are discussed in detail in Chapter 6. 

3.2 Methods 

3.2.1 Preparation of mice and cell lines for injection  

Obtaining ethics and biosafety approvals and preparing the NSG mice 

 In vivo experiments were conducted with approval from Garvan/St Vincent’s Animal 

Ethics Committee (Protocol 15/14) and Charles Sturt University Animal Care and Ethics Committee 

(Protocol 15/102; CSU IBC 15/ED07). See attached Charles Sturt University Animal Care and 

Ethics Committee (ACEC) application, and Institutional Biosafety Committee (IBC) Biosafety 

Application (see Appendix 3). Dr. M. Pajic from the Kinghorn Cancer Centre of the Garvan Institute 

obtained the NSG mice from the Australian BioResources Pty Ltd (ABR) Breeding Facility. The 

ABR Breeding Facility is owned and operated by the Garvan Institute of Medical Research on 

behalf of the Medical Research Community in Australia and is a well-established facility for the 

breeding and holding of mice for research purposes. The NOD/Shi-SCID/IL-2Rγnull (NSG) mice 

used in this study were immune-compromised. This study required the mice used to meet certain 

criteria (Table 3.1). The mice (Mus musculus species) were all required to be 8-week old and within 

the weight range of 18-20g prior to inoculation with the MIA PaCa-2 cells. Only female NSG mice 

are true IL2 gamma null as the gene is located on the X chromosome and males are hemizygous for 
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the deletion. There is also reduced risk of casualties due to aggressive male behaviour. Therefore, 

only female NSG mice were used in this study. 

 

 
Preparation of MIA PaCa-2 cell lines 

 MIA PaCa-2 cells stably transfected with wild type PGRMC1-HA (WT), double mutation 

variant PGRMC1-HA (DM) or triple mutant variant PGRMC1-HA (TM) plasmid DNA were 

clonally selected as previously described in Chapter 2 and to account for clonal variability of cells, 

three independent stably transfected clones were used for each cell line (2 of each clone) (Table 

3.2). Western blot analysis was used to confirm PGRMC1-HA mutant protein expression in MIA 

PaCa-2 cell lines as previously described in Chapter 2. The cell lines were also tested for 

Mycoplasma contamination to prevent contamination of the mice. Cells were frozen in Bambanker 

(NC9582225, Wako, ThermoFisher Scientific) cell storage media at -80oC and transported to the 

Garvan Institute by courier overnight on dry ice.  

 

Table 3.1 Criteria for selection of NSG mice for the orthotopic mouse xenograft study 

Species Mus musculus  

Age 8 weeks  

Weight 18-20g  

Sex Female 

Table 3.2 Experimental groups for orthotopic mouse xenograft (n=6) 

MP Tumours formed from MIA PaCa-2 parental cells 

WT Tumours formed from MIA PaCa-2 cells expressing PGRMC1 WT 

DM Tumours formed from MIA PaCa-2 cells expressing PGRMC1 DM 

TM Tumours formed from MIA PaCa-2 cells expressing PGRMC1 TM 
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Exponentially growing MIA PaCa-2 cells lines were prepared by growing in media 

consisting of complete DMEM (High glucose; D5796, Sigma) supplemented with 10 percent FBS 

and 5 percent horse serum until approximately 70 percent confluent. Approximately 3 hours before 

harvesting, cells were washed with fresh media. Cells were washed with phosphate buffered saline 

(PBS) prior to adding Trypsin-EDTA (T4049, Sigma Aldrich) to aid cell detachment. The trypsin-

EDTA was neutralised with 10 volumes of complete DMEM media. Cells were pelleted by 

centrifugation at 220 x g for 3 minutes, washed with PBS and stored on ice. Cells were counted 

using a Coulter counter (Beckman Coulter). Cell viability of MIA PaCa-2 cells was assessed using 

the Trypan Blue (T8154, Sigma) exclusion assay performed as previously described in Chapter 2 

before inoculation, in which >95% of cells were viable. 

3.2.3 Orthotopic injection of MIA PaCa-2 cell lines into the pancreas 

The orthotopic mouse xenograft experiments were conducted at the Garvan Institute in 

2016 (ACEC 15/102) and the injections were performed with Dr. M. Pajic. The mice were weighed 

prior to the orthotopic injection into the pancreas. A pilot experiment was performed in which the 

MIA PaCa-2 parental cells were trypsinised and counted using the Trypan Blue assay. To prepare 

for injection, 108 cells were suspended in 60µL of 1:1 PBS: Matrigel™ (BD Biosciences, US) and 

injected into the head of the pancreas of two mice. At 7 weeks palpable tumours has formed in both 

mice. This experimental endpoint was used for future injections. The MIA PaCa-2 parental cell line 

control was not employed after the initial pilot study. To prepare the MIA PaCa-2 cells expressing 

WT PGRMC1-HA, DM PGRMC1-HA or TM PGRMC1-HA protein for injection, viable cells were 

counted and suspended in 60µL of 1:1 PBS: Matrigel™ (BD Biosciences, US). The mice were 

anaesthetised for 3 minutes and 2 x 106 cells were injected using a 1 mL Hamilton syringe and a 27-

gauge needle into the head of the pancreas to generate a tumour.  

3.2.4 Monitoring of mice and harvesting of tumours  

Mice were weighed bi-weekly and monitored daily for tumour formation until a palpable 

tumour had formed (~4–5 weeks). After a palpable tumour had formed, the tumour size was 



	 89	

monitored by measuring with calipers and the tumour volume was estimated using the volume of 

an ellipsoid formula: V = 4/3 πab2. The tumours from the pilot study were excised using a surgical 

scalpel when the tumour had reached a volume of approximately 1 cm3. After the predetermined 

endpoint of 7 weeks the mice were anaesthetised and euthanised. To euthanise the mice, carbon 

dioxide was used to induce a coma prior to the animals being sacrificed by cervical dislocation with 

Dr. M. Pajic, in a separate area away from other animals unless the mice were already anaesthetised.  

Major organs and tissues were harvested from all mice and placed in ice including the 

pancreas, spleen, intestines, liver, kidneys, lungs and brain. The tissues were fixed in 10 % neutral 

buffered formalin (NBF) overnight and transported by courier to Charles Sturt University, Wagga 

Wagga for Histopathological assessment of tumour formation, and investigation into the sites and 

size of secondary metastases formed in all other organs collected. 

3.2.5 Histological processing of mouse xenograft tissue samples 

The tissues were embedded in Paraffin wax and sections were cut at 3 μm onto Superfrost 

Plus slides (ThermoFisher Scientific) using a microtome (Leica). Haematoxylin and Eosin (H&E) 

staining was performed on all sections with reagents from Australian Biostain (Traralgon, 

Australia). Briefly, all histology sections were placed in two changes of xylene for 10 minutes 

before being taken to water. The slides were stained for 2 minutes in Haematoxylin, destained for 

2 seconds in 0.5% acid alcohol, blued in Scott’s Bluing solution for 1 minute and counterstained in 

Eosin for 30 seconds. The sections were quickly rinsed in water then cleared using five changes of 

alcohol and three changes of xylene. The slides were mounted using mounting media (Leica) before 

assessment under the microscope. 

Immunohistochemical fluorescence staining was performed using primary antibodies, anti-

HA (Abcam, ab137838) and goat anti-rabbit IgG secondary antibody conjugated with Alexa Fluor® 

488 (Abcam, ab150777). The DNA stain DAPI (4',6-diamidino-2-phenylindole) (Sigma Aldrich) 

was used as a nuclear counterstain. Secondary IgG isotype alone was used as a negative control. 

The sections from the tumours that formed within the pancreas at the primary site of inoculation 

were stained with an anti-HA antibody to the HA tagged PGRMC1 proteins to ensure that the 
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tumours generated in the mice originated from the MIA PaCa-2 cells injected into the pancreas. 

MIA PaCa-2 cells were also stained with anti-HA antibody as a negative control.  
Immunohistochemistry (IHC) was performed using the DAB (3,3'-diaminobenzidine) + 

DAB+ Chromogen substrate kit (ab64238, Abcam) to visualise staining. Formalin fixation results 

in protein cross-linking that masks antigenic sites in tissue sections, giving weak or false negative 

staining. Antigen retrieval was required to break protein cross-links and unmask the epitopes in the 

Formalin fixed paraffin embedded (FFPE) tissue sections. Antigen retrieval was performed by 

heating the sections for 15 minutes in citrate buffer pH 6.0 at 95 oC. The sections were blocked 

using sterile filtered 5 % horse serum in PBS for 8 hours at 4 oC. The sections were incubated with 

anti-HA antibody for 24 hours at 4 oC. Following addition of DAB Chromogen for visualisation of 

antibody binding, the sections were counterstained with Harris Haematoxylin (Australian Biostain).  

3.2.6 Histopathological examination of tissue sections 

Histopathological tissue processing and staining was performed on all tumours and 

secondary sites of metastasis. An experienced clinical pathologist, Dr. P. Smart, reviewed the 

sections of tumours that formed at the primary site of inoculation to confirm the presence of high 

grade cancer within the pancreas. The degree of differentiation was described as well differentiated 

to poorly differentiated.  

The mitotic figure index was calculated by counting the number of mitotic figures per 10 

high power fields (hpf) for each tumour. Sections were stained with an antibody against the 

proliferation marker protein Ki67 to determine the proliferative status of the tumours. The Ki67 

proliferation index grading system was used, which was calculated by counting the percentage of 

Ki67 positively stained cell nuclei in a field containing 1000 cells where the tumour shows highest 

proliferative activity, commonly called tumour ‘hot spot’. Non-specific positively stained non-

cancer cells including lymphocytes were excluded from the count. 

Other major organs harvested including the spleen, intestines, liver, kidneys, lungs and 

brain were examined for evidence of metastases macroscopically and microscopically. A site of 
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metastasis was defined as a tumour deposit measuring 2 mm across in maximum dimension. A 

tumour deposit of 0.2–2 mm was considered a micrometastasis. 

3.2.7 Statistical analysis 

The tumour volume was calculated using the formula for volume of an ellipsoid: V = 4/3 

πab2. Data are shown as median tumour volume in a box and whisker plot, with 5% and 95% 

confidence intervals (whiskers) and 25% and 75% confidence intervals (boxes). Statistical analyses 

to compare final tumour volume between the groups were performed using one-way ANOVA and 

Dunnett’s T3 post hoc multiple comparisons test for data with unequal variance using SPSS (2017). 

3.3 Results 

3.3.1 PGRMC1-HA protein expression in MIA PaCa-2 cell lines 

MIA PaCa-2 cells were stably transfected with PGRMC1 phosphorylation mutant protein 

to investigate the effect of PGRMC1 phosphorylation status in this pancreatic cancer cell line as 

previously described in Chapter 2. Western blot analysis was performed to confirm the expression 

of PGRMC1-HA proteins in the MIA PaCa-2 cell lines (Figure 3.2). The approximately equivalent 

level of PGRMC1-HA expression and expression of endogenous PGRMC1 in the cell lines used in 

this study have been shown previously (Thejer, 2020a).  

 

 

Figure 3.2 Confirmation of expression of PGRMC1-HA proteins. Western blot analysis of whole cell 

lysates from transfected MIA PaCa-2 cell lines using an anti-HA antibody confirmed expression of HA-tagged 

proteins. MIA PaCa-2 parental cells were included as a negative control.  
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3.3.2 Orthotopic tumour growth was dependent on expression of the PGRMC1-HA 

phosphorylation mutant proteins 

To understand the effect of PGRMC1 phosphorylation status on tumour growth, we 

dissected and inspected the mice for presence of an orthotopic pancreatic tumour and metastatic 

tumours. Several mice had palpable tumours by 2-3 weeks and all had formed palpable tumours at 

the primary site of inoculation at 4 weeks. At the predetermined experimental end point of 7 weeks, 

the tumours generated from the viable cells injected into the mice were harvested. There were no 

observable clinical signs of metastasis at the experimental endpoint. A high efficacy of tumour 

formation was observed 7 weeks after injection with the MIA PaCa-2 pancreatic cancer cells 

expressing phosphorylation mutants of PGRMC1. All mice had developed a significant tumour at 

the primary site of injection in the pancreas. Tumour volumes ranged from 31.8 mm3 to 527.79 

mm3. Tumours were imaged and a tumour representative of the median tumour size for each 

experimental group is shown (Figure 3.3a). A box plot shows the distribution of tumour sizes in 

each experimental group (n=6) and the difference in tumour sizes between the groups (Figure 3.3b).  

This orthotopic mouse xenograft study showed a statistically significant difference in 

tumour size dependent on the phosphorylation status of PGRMC1 in vivo. The difference in tumour 

size was observed between the tumours formed from MIA PaCa-2 cell lines expressing WT 

PGRMC1-HA and TM PGRMC1-HA. Tumours formed from the TM PGRMC1-HA cell lines were 

significantly larger than WT PGRMC1-HA tumours.  
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Figure 3.3 Tumours formed at primary site of inoculation. a. Tumours were excised, and the specimens 

were weighed and measured immediately before being placed directly in NBF fixative. The median tumour 

from each group from the calculated tumour volume is shown. It was noted that although the WT tumour 

looks the same size as several other tumours in the image shown, it was in fact flatter than the DM or TM 

tumours and therefore had an overall smaller volume. b. Volume of primary tumours. 

 

3.3.3 Histopathological assessment of the orthotopic tumours 

 Tissue sections of the pancreatic tumours were processed and stained using histopathology 

techniques to observe and compare tumour morphology. Despite the difference observed in tumour 

size, there was not a marked difference in the microscopic morphology of the tumour sections 

following H&E staining (Figure 3.4). All tumours showed high-grade, poorly differentiated 

pancreatic adenocarcinoma. The larger tumours had almost completely replaced normal pancreatic 

tissue and, in particular the MIA PaCa-2, DM and TM PGRMC1-HA tumours showed large, 

centrally located areas of necrosis (Figure 3.4: pink staining of areas showing tumour necrosis). The 

mice injected with cells expressing WT PGRMC1-HA retained the most normal morphology for 

pancreatic tissue. Large blood vessels and atypical glands could be seen in parts of the tumours 
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(Figure 3.4). At high resolution many features of high-grade pancreatic cancer including high 

numbers of mitotic figures could be seen. The tumours were observed and reviewed by an expert 

clinical Pathologist, Dr. P. Smart.   

 

Figure 3.4 Histological staining of tumours formed at primary site of inoculation. a. Haematoxylin and 

Eosin staining of mouse xenograft tumours and slide imaging shows areas of normal pancreatic tissue (dark 

purple), tumour (purple) and necrosis within the centre of the tumour (pink). b. Tumours imaged at 20x 

magnification. 

 

3.3.4 The origin of the tumours was confirmed using IHC staining  

  To confirm that the tumours generated in the pancreas of the mice arose from the MIA 

PaCa-2 cells expressing the HA-tagged PGRMC1 proteins, expression of the HA-tagged proteins 

within the tumours was confirmed using IF staining using an anti-HA antibody (Figure 3.5). The 

expression of HA-tagged PGRMC1 protein was confirmed in the WT, DM and TM PGRMC1 

tumours (Figure 3.6). The tumours that originated from the non-transfected MIA PaCa-2 parental 

cells that did not express any HA-tagged PGRMC1 proteins were used a as negative control. Normal 

pancreatic tissue was also negative for expression of HA-tagged proteins. There is some non-

specific green background autofluorescence staining, a common complication of using 
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fluorophores. The background is distinguishable and negligible in comparison with the fluorescent 

signal produced from tumour cells expressing the HA-tagged proteins of interest. The cells in the 

peripheral areas of the tumours showed the highest expression of PGRMC1-HA proteins. 

 

 

Figure 3.5 Expression of PGRMC1-HA in primary mouse xenograft tumours. Immunofluorescence 

staining of tumours was used to confirm HA-tagged protein expression showed high expression of PGRMC1- 

HA mutant proteins within the tumours. Slides were imaged at 40x objective at 460nm and 488nm, for DAPI 

and ALEXA488 respectively. 

 

3.3.5 Other tumour parameters were not altered by expression of PGRMC1-HA proteins 

Tumours were examined for other morphological features that may have contributed to 

assessment of the aggressiveness or invasive potential. Focal areas of dead cells within the tumours, 

known as necrosis, are present in the central areas of the largest tumours from all experimental 

groups. The necrosis was accompanied by neutrophil infiltration. This effect was particularly 

evident in the largest DM PGRMC1 tumours. The tumour margins/demarcation were considered 

during histological examination as a sign of infiltrative potential. All tumours show well-

circumscribed tumours and infiltration into surrounding muscle was not present in the majority of 

the tumours. Increased vascularisation was seen in some tumours, however there was no correlation 

to size or experimental group. Cell differentiation is another important diagnostic feature for grading 

of tumours. All tumours were histologically consistent with very poorly differentiated pancreatic 

adenocarcinoma.  

DAPI ALEXA488 Merged



	 96	

 

Figure 3.6 Expression of PGRMC1-HA proteins in primary mouse xenograft tumours. 

Immunofluorescence staining of tumours to confirm HA-tagged protein expression shows protein expression 

is isolated to areas of tumour formation (indicated by blue/vertical arrows). The boundary between the 

tumours formed and normal pancreatic tissue is shown (grey/broken lines). Immunofluorescent cells were not 

visualised in the adjacent normal pancreatic tissue (indicated by orange/horizontal arrows). Slides were 

imaged at 10x objective at 460nm and 488nm, for DAPI and ALEXA488 respectively. 
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A minimum of 500 cells within the ‘tumour hotspots’ were counted to determine the 

number of Ki67 positive cells and mitoses per 10 hpf. All tumours had high levels of Ki67 

expression and high numbers of mitotic figures correlating to high-grade tumours. There was no 

significant difference in Ki67 expression or mitotic index. All tumours showed a mitotic rate of 10-

26% of cells per 10 hpf and ki67 positive cells per hpf was >20. 

3.3.6 The origin of secondary tumour metastases were confirmed 

The mice were inspected for signs of metastasis for further characterisation of metastatic 

potential of the tumours. Secondary metastatic tumours had developed in several major organs 

including in the liver, spleen, lung, diaphragm, peritoneum and brain seven weeks post-injection. 

All cell lines over-expressing PGRMC1-HA proteins showed metastatic tumour formation in 

various tissues. The total number of secondary metastatic tumours sites/organs was between 1 and 

5 secondary tumour sites observed in each mouse (Figure 3.7a). There was no significant difference 

in the number of metastases for each organ between the WT, DM and TM PGRMC1-HA 

experimental groups, or in the median number of metastases per mouse.  

The most common metastatic sites were primarily the diaphragm, peritoneum and liver, 

characteristic of aggressively colonising cells (Figure 3.7b). The peritoneum and spleen were two 

sites of local invasion. The adrenal glands were also a predominant site for secondary metastases, 

however, not all mice had identifiable adrenal glands. Micrometastases in the liver, peritoneum, 

lung and other sites were identified by histopathological methods post tissue collection. The H&E 

stained sections shown are representative of the typical appearance of metastases in mice from all 

experimental groups (Figure 3.7 c and d). To identify the origin of the tumour cells as metastatic 

from the injected cells expressing the HA-tagged proteins, the expression of the HA-tagged 

PGRMC1 proteins was detected in the metastatic tumours using anti-HA antibody 

immunofluorescence staining (Figure 3.7 c and d). The lungs, brain and kidneys showed the lowest 

number of metastases of all the organs tested. There were no metastatic tumours detected in the 

lungs, brain or kidneys of any of the WT PGRMC1-HA mice. 
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Figure 3.7 Detection of metastatic tumours and confirmation of expression of PGRMC1-HA proteins. 

a. Number of sites with metastases per mouse b. Sites of metastasis and distribution of metastases within the 

experimental groups. c. H&E staining of metastases in the diaphragm (in a DM PGRMC1 mouse). d. 

Immunofluorescence staining to confirm PGRMC1-HA expression in metastases in the diaphragm (in the 

same DM PGRMC1 mouse metastatic tumour as 3.7c.). e. H&E staining of micrometastases and metastases 

in the liver (in a TM PGRMC1 mouse). f. Immunofluorescence staining to confirm PGRMC1-HA expression 

in metastases in the liver (in the same TM PGRMC1 mouse metastatic tumour as 3.7e.). H&E stained slides 

were imaged at 10x objective. Immunofluorescence slides were imaged at 40x objective at 460nm and 488nm, 

for DAPI and ALEXA488 respectively. 
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4.1 Introduction 

A subcutaneous mouse xenograft tumour model was employed to determine if PGRMC1 

expression and phosphorylation status influenced tumour growth in a mammalian system. MIA 

PaCa-2 cells expressing the HA-tagged PGRMC1 phosphorylation mutant proteins described in 

Chapter 2 were used. Tumour growth was monitored and sites of metastasis were investigated to 

assess if they differed between experimental groups. The orthotopic mouse xenograft study (Chapter 

3) showed that the expression of PGRMC1 phosphorylation mutant proteins has the potential to 

affect pancreatic tumour size. The study showed all mice formed a tumour at the primary tumour at 

the site of injection in the pancreas and high incidence of metastasis for all MIA PaCa-2 cell lines 

injected, indicating that these cells have a highly invasive and aggressive colonising ability. 

Previous studies have shown that orthotopic tumours grow much faster and have a higher 

incidence of tumour formation at the primary site of inoculation than subcutaneous mouse xenograft 

models of pancreatic cancer (Zhang, 2019). A pancreatic cancer study found that all mice with 

orthotopic injection of cells formed a primary tumour in comparison to only 55 percent of mice 

forming a subcutaneous tumour following inoculation with the same pancreatic cancer cell line 

(Dai, 2015). This is probably due to the lack of orthotopic environment provided by the 

subcutaneous model. This study also showed no evidence of metastasis to the liver or peritoneum 

from the subcutaneous mouse xenograft, despite metastases in the orthotopic xenograft mice. The 

tumours formed in a subcutaneous model are also considered less likely to metastasise due the 

inability to easy infiltrate blood vessels and other tissues. 

Here we investigate the effect of expression of PGRMC1 phosphorylation mutant proteins 

on tumour growth in a subcutaneous mouse xenograft to understand the ability of PGRMC1 

expression to effect cell proliferation, migration and invasive potential in vivo.  A more rigorous 

investigation of the orthotopic mouse xenograft study presented in Chapter 3 would have been 

desirable, however this was not possible due to lack of funding and expertise required to perform 

those experiments. This subcutaneous mouse xenograft study, which employed more mice and the 

cell line with the Y180 mutant PGRMC1 protein was an acceptable alternative. Our research 
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group’s in vitro cell assays suggested a very different behaviour of invasion and migration 

dependent on the expression of the PGRMC1 phosphorylation mutant proteins (Thejer, 2020a, 

2020b). The DM PGRMC1-HA cells in particular showed significantly altered invasive and 

migratory behaviours in comparison to the other MIA PaCa-2 parental cell line and cells expressing 

PGRMC1-HA proteins in in vitro cell assays. This mouse xenograft study aimed to further test the 

metastatic capacity of the cells. There was a significant difference in tumour size dependent on the 

expression of PGRMC1 phosphorylation mutant proteins. However, no signs of metastasis were 

detected. The results presented in this chapter are discussed in detail in Chapter 6. 

4.2 Methods  

4.2.1 Obtaining ethics and biosafety approvals and preparing the NSG mice 

  Immune-compromised NOD/Shi-SCID/IL-2Rγnull (NSG) mice were required for this 

subcutaneous mouse xenograft study, to allow tumour formation from the MIA PaCa-2 human 

pancreatic cells that were implanted into the mice. The NSG mice were obtained by Kate Hannan 

at the John Curtin School of Medical Research (JCSMR), Australian National University (ANU). 

The CSU and ANU ACEC approved the use of animals for the study. See attached CSU ACEC and 

IBC Biosafety approval (Appendix 4). This study required the NSG mice used to meet specific 

criteria (Table 4.1). The NSG mice were all required to be 8-week old female mice between the 

weight range of 18-22 g prior to inoculation with the MIA PaCa-2 cells. Experimental groups had 

5 or 13 mice per group and therefore a total of 49 mice were required, not including the pilot study.  

 

Table 4.1 Selection criteria for NSG mice in subcutaneous mouse xenograft 

Species Mus musculus  

Age 8 weeks  

Weight 20g (+/-10%) 

Sex Female 
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4.2.2 Preparation of MIA PaCa-2 cell lines for injection 

Briefly, MIA PaCa-2 cells were stably transfected with cells expressing HA-tagged 

PGRMC1 proteins with point mutations at three amino acid residues. The single mutant PGRMC1-

HA protein (SM) contains a point mutation in which the tyrosine 180 residue has been modified to 

a phenylalanine (Y180F). This is to prevent tyrosine phosphorylation that could occur on PGRMC1. 

The double mutant PGRMC1-HA protein (DM) has two point mutations in which serine residues 

57 and 181 have been mutated to alanine (S57A/S181A) and the triple mutant PGRMC1-HA protein 

(TM) contains the mutations of both the SM and DM mutant proteins. For this experiment the SM 

PGRMC1-HA protein was included to identify effects in tumour growth dependent on the tyrosine 

180 residue. 

 

Stably transfected cell lines were selected as previously described. To account for 

variability between cell lines, 3 independent stably transfected cell lines were used for each 

experimental group except for the SM PGRMC1-HA for which only one cell line was used (4-5 of 

each cell line was used). Cells sent frozen in Bambanker (NC9582225, Wako, ThermoFisher 

Scientific) cell storage media at -80oC and transported to JCSMR by courier overnight on dry ice. 

Western blot analysis was used to confirm expression of PGRMC1-HA in MIA PaCa-2 cells. Cells 

were grown without antibiotics for 10 days (including 2 passages and 2 PBS washes between 

Table 4.2 Experimental groups for subcutaneous mouse xenograft study 

MIA PaCa-2 parental cells (n=5) 

PGRMC1 WT (n=13) 

PGRMC1 SM (Y180F) (n=13) 

PGRMC1 DM (S57A/S181A) (n=13) 

PGRMC1 TM (S57A/Y180F/S181A) (n=13) 



	 103	

passages) before being sent for pathogen (Mycoplasma) testing using PCR by ANU. Exponentially 

growing cells lines were prepared by growing in complete DMEM (High glucose D5796, Sigma) 

supplemented with 10% FBS for 48 hours until approximately 70% confluent. Approximately 3 

hours before harvesting, cells were washed with fresh media. Cells were washed with PBS prior to 

adding Trypsin-EDTA to detach cells. The Trypsin-EDTA was neutralised with 10 volumes of 

complete media. Cells were pelleted at 225 x g for 3 minutes, washed with PBS and stored on ice. 

Cells were counted using a haemocytometer. Cell viability of MIA PaCa-2 cells was assessed using 

the Trypan Blue exclusion assay before inoculation, in which > 97% of cells were viable. 

4.2.3 Subcutaneous injection with MIA PaCa-2 cells expressing PGRMC1-HA 

phosphorylation mutant proteins 

The mice were weighed on the day of injection prior to the injection and identified by 

marking 1-3 lines on tails and ears. Viable MIA PaCa-2 pancreatic cancer cells were suspended in 

100 µL of 1:1 Collagen 1-Matrigel™ (BD Biosciences, US) expressing WT PGRMC1-HA, SM 

PGRMC1-HA, DM PGRMC1-HA or TM PGRMC1-HA and placed on ice. The mice were 

anaesthetised for 3 minutes by inhalation of 3-4% isoflurane/halothane and 2 x 106 cells in 100 µL 

suspension media were injected using a 1 mL Hamilton syringe and a 27-gauge needle 

subcutaneously into the underside of the left leg of the 8-week old female NSG mice to generate a 

tumour. MIA PaCa-2 parental cell line control was employed. The mice were monitored daily and 

weighed weekly until a palpable tumour had formed (approximately 3 weeks). After a tumour was 

detectable the tumour volume was monitored by the use of calipers until tumours reached 1 cm3 in 

volume. After 5 weeks, when one experimental group had reached the upper tumour size limit, the 

mice were all sacrificed at the same time by cervical dislocation. 

4.2.4 Harvesting and histological processing of organs and tissue samples 

The tumours were excised from the primary site of inoculation using a surgical scalpel, 

were measured immediately using calipers, and placed into PBS containing 2 % FBS prior to being 

weighed. An autopsy was performed and the mice were inspected for signs of metastasis and 

indicators of disease. The spleens were also harvested and weighed as described for the primary 
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tumours. Post weighing, the tissues were placed in 10 % NBF (Australian Biostain) for fixation 

overnight.  

Several major organs and tissues were collected including the pancreas, spleen, intestines, 

liver, kidneys, lungs and brain and assessed histologically for formation of metastases. The tissues 

fixed in 10% NBF were processed overnight in a histology processor (Leica). This process involves 

a series of alcohols and xylene to replace the water in the tissues with Paraffin Wax (Leica). The 

tissues were blocked in Paraffin wax at 65 oC and sections were cut at 3 μm onto Superfrost Plus 

slides (ThermoFisher Scientific) using a microtome (Leica). Haematoxylin and Eosin staining was 

performed on all sections with reagents from Australian Biostain (Traralgon, Victoria). Statistical 

analyses to compare final tumour volume and spleen weight between the groups were performed 

using one-way ANOVA and Dunnett’s T3 post hoc multiple comparisons test for data with unequal 

variance. 

4.2.5 Confirmation of expression PGRMC1-HA proteins using IF and IHC staining 

To confirm expression of the PGRMC1-HA proteins IF staining was performed using anti-

HA antibodies and  ki67 IHC staining was performed using a DAB + Chromogen substrate kit 

(ab64238, Abcam) to visualise staining. Formalin fixation results in protein cross-linking that masks 

antigenic sites in tissue sections, giving weak or false negative staining. For staining with the 

HA/monoclonal antibody (mAb) or polyclonal antibody (pAb), antigen retrieval was required to 

break protein cross-links and unmask the epitopes in the FFPE tissue sections. Antigen retrieval was 

performed by heating the sections in citrate buffer (10mM sodium citrate, 0.05% Tween 20 in 

distilled water) pH 6.0 at 95 oC or Tris NaOH buffer at pH10.0 for 10 minutes. The sections were 

blocked using sterile filtered 5 % horse serum in PBS for 8 hours at 4 oC. The sections were 

incubated with primary antibody for 24 hours at 4 oC. Following addition of DAB chromogen for 

visualisation of antibody binding, the sections were counterstained with Harris Hematoxylin 

(Australian Biostain). For fluorescence microscopy imaging IgG secondary antibody conjugated 

with Alexa 488 (Cell Signalling Technology) was used, followed by DAPI (Sigma) as a nuclear 

counterstain. IgG isotype alone was used as a negative control.  
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4.2.6 Histopathological examination 

The histological processing and examination of tissues was performed as previously 

described (see Chapter 3). 

4.3 Results 

4.3.1 Pilot study mouse xenograft experiment 

Tumour formation at site of primary inoculation was confirmed 

A pilot study was performed to determine an experimental end-point and to ensure that the 

protocols used and viable MIA PaCa-2 cell lines injected would result in tumour formation. Palpable 

tumours were detected at 3 weeks and the tumour volume was monitored twice weekly. The final 

tumours excised, due to the rate at which the tumours grew, were slightly larger than expected for 

our initial given end-point. There were no clinical signs of disease in the mice. All mice were mobile 

and showed no significant change in weight or ruffled fur. In subsequent experiments the tumours 

in mice were not allowed to continue to grow for the same period of time.  

There was a high efficacy of tumour formation in the mice and the tumour with the median 

weight from each experimental group was imaged (Figure 4.1a). The pilot study demonstrated an 

apparent difference in tumour growth and weight of tumours expressing WT PGRMC1-HA or DM 

PGRMC1-HA proteins in comparison to the MIA PaCa-2 parental cell line (Figure 4.1b). 

Expression of the TM PGRMC1-HA protein did not appear to promote tumour growth, indicating 

the phosphorylation status of PGRMC1-HA influences tumour growth. This warranted further 

investigation. The experiment was upscaled using a larger sample size of mice to investigate the 

effect of expression of the PGRMC1-HA phosphorylation mutant proteins on tumour growth. 

There were no signs of metastasis macroscopically during autopsy or microscopically by 

histological examination. There was evidence of enlarged lymph nodes, particularly located in the 

inguinal region, and some mice showed apparent enlargement of the spleen. The spleens were 

therefore also harvested, weighed and processed using histological methods (Figure 4.1c). The 

enlargement of the spleen was not a result of inflammatory disease or infection, as the mice used in 
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this experiment were immunodeficient. Furthermore, the mice showed no other signs of 

inflammation or infection such as weight loss. The spleens are likely to have been enlarged as a 

result of abnormal blood flow or congestion, potentially with underlying portal vein obstructions. 

From the pilot experiment it was likely that overexpression of PGRMC1 protein with mutations that 

mimic different phosphorylation status of PGRMC1 influenced tumour growth and a significant 

difference in tumour size was detectable within 3-4 weeks. The pilot study showed that a larger 

scale experiment involving 49 mice was warranted and allowed an optimal end-point of 31 days 

from the date of injection to be determined.  

 

Figure 4.1 A pilot mouse xenograft showed tumour formation at the primary site of inoculation. 

Tumours were excised, and the specimens were imaged and weighed before being placed directly into NBF 

fixative. a. Weight of primary tumours (n=3) b. Median tumour size from each experimental group imaged c. 

Weight of spleens (n=3). 
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Histopathological staining and examination of tumours  
All sections of both primary tumour formations were stained with H&E staining to observe 

the histological morphology of the tissues (Figure 4.2a). The morphology of all tumours excised 

were consistent with poorly differentiated pancreatic adenocarcinoma. The number of mitotic 

figures in all tumour were consistent with high-grade pancreatic cancer. The tumours were stained 

using immunohistochemical fluorescence staining of HA-tagged PGRMC1 to confirm the tumours 

originated from the MIA PaCa-2 cell lines expressing PGRMC1-HA proteins that were injected 

(Figure 4.2b). Tumours from mice injected with MIA PaCa-2 cells not expressing the HA-tagged 

proteins were used as a negative control.  

 

Figure 4.2 Histology of tumours from pilot mouse xenograft. a. Histology of H&E stained tumour sections 

show all tumour to be consistent with poorly differentiated pancreatic adenocarcinoma. b. Detection of HA-

tagged PGRMC1 in tumours using immunofluorescence staining with an anti-HA antibody. The H&E and IF 

stained sections shown represent two tissue sections taken from the same tumour. Slides were imaged at 20x 

objective. 
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4.3.2 Subcutaneous tumour growth was dependent on expression of PGRMC1-HA 

proteins 

Tumour formation at primary site of inoculation was confirmed 

Pancreatic tumour size was influenced by the phosphorylation status of PGRMC1 using 

overexpression of PGRMC1 proteins that mimic phosphorylation in a subcutaneous mouse 

xenograft model. The subcutaneous mouse model of pancreatic cancer in NSG mice was established 

at JCSMR, ANU and used for the in vivo assessment of the effect of phosphorylation status of 

PGRMC1 on cancer cell biology. A high efficacy of tumour formation was observed in the 4 weeks 

after injection with MIA PaCa-2 parental cell line and cell lines expressing PGRMC1-HA mutant 

proteins. The tumour with the median weight from each experimental group was imaged (Figure 

4.3a). All mice had developed a significant tumour at the site of primary inoculation, with tumour 

volumes ranging from 0.03 g to 1.12 g (Figure 4.3c). The minimum number of mice was used to 

determine if phosphorylation status of PGRMC1 influences tumour formation and growth. This 

effect could not be addressed using in vitro experiments. 

Following the subcutaneous injection with MIA PaCa-2 cells expressing PGRMC1 

phosphorylation mutant proteins, the tumours that formed from the cells expressing the SM 

PGRMC1-HA or TM PGRMC1-HA proteins had significantly smaller tumour sizes, with the 

smallest tumours being formed from the SM PGRMC1-HA cells. One-way ANOVA followed by 

pairwise Tukey’s HSD post hoc multiple comparisons analysis was performed (Figure 4.3). This 

study demonstrates that the tyrosine 180 residue on PGRMC1 is crucial for the growth of the 

pancreatic tumours. This could be through tyrosine phosphorylation or an unknown interaction 

dependent on the availability of this residue. Manipulation of this residue appears to retard tumour 

growth in a subcutaneous mouse xenograft model. It is hypothesised that the effects involve tyrosine 

phosphorylation of PGRMC1 at the tyrosine 180 residue. 
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Figure 4.3 Mouse xenograft tumour formation at primary site of inoculation. Tumours were excised and 

fixed as previously described. a. The tumours were monitored by measuring the diameter of the tumour using 

calipers from Day 18 post injection to Day 31 (day of harvest) and volumes were calculated using the formula 

for volume of an ellipsoid: V = 4/3 πab2 b. Distribution of weight of tumours formed at time of harvest. The 

sample groups consist of 5 mice injected with cell line 1 and 4 mice injected with cell lines 2 and 3 for WT, 

DM and TM. MP and SM consisted of 5 mice injected with one cell line only. c. The tumour with the median 

tumour size from each experimental group was imaged. 

 

Histopathological staining and examination of mouse xenograft tumours  

Immunofluorescence staining was used to confirm HA-tagged PGRMC1 expression in the 

primary tumours (Figure 4.4b). MIA PaCa-2 parental cell line not expressing the HA-tagged 

proteins was used as a negative control. All tumours demonstrated expression of PGRMC1-HA 

proteins, demonstrating that the tumours arose from the transfected MIA PaCa-2 cell lines and that 

the proteins were expressed in vivo. 
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Figure 4.4 Histological staining of tumours formed at primary site of inoculation. a. H&E staining shows 

high grade pancreatic tumours formed from all tumours in all experimental groups. Slides were imaged at 20x 

objective. b. Immunofluorescence staining to confirm PGRMC1-HA expression using an anti-HA antibody 

and counterstained with DAPI nuclear stain. Slides were imaged at 40x objective at 460nm and 488nm for 

DAPI and ALEX488 staining respectively. 

 

No secondary metastatic tumours were identified in the tissues examined 

All mice were inspected for signs of secondary metastatic tumours in selected major organs 

and tissues. Despite a comprehensive autopsy being performed on each individual mouse, no 

secondary metastatic tumours were found including at common metastatic sites. Organs with high 

probability of metastasis investigated included the liver, lungs, diaphragm, peritoneum and spleen. 

The kidneys, brain and lymph nodes also showed no signs of metastases.  

Other tumour parameters were not influenced by expression of PGRMC1-HA 

phosphorylation mutant proteins 

Various other features of pancreatic tumours relating to invasive metastatic ability and 

diagnostic features were considered to assess the effect of expression of PGRMC1 phosphorylation 

mutant proteins on tumour invasiveness (Figure 4.5). Areas of necrosis and neutrophil infiltration 

are present in the central areas of the largest tumours, independent of experimental group. All 

tumours showed well-demarcated margins, with no infiltration into surrounding muscle and tissue. 

Increased vascularisation appeared to correlate with tumour size only. All tumours formed from the 

MIA PaCa-2 cell lines injected, irrespective of PGRMC1-HA protein expression, were consistent 

with very poorly differentiated pancreatic adenocarcinoma.  
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Figure 4.5 Histological features of primary tumours. Representative H&E stained tissue sections of high 

grade pancreatic adenocarcinoma. Representative sections are of poorly differentiated tumours with a high 

mitotic index as seen for all tumours. Varying levels of necrosis and vascularisation was seen, correlating to 

tumour size (not cell line dependent). All tumours showed neutrophil infiltration and well-demarcated 

margins. Slides imaged at 40x objective.  

 

Immunohistochemical staining using DAB chromogen was used to determine the Ki67 

proliferation status of all primary tumours (Figure 4.6). When assessing tumour grade based on 

mitotic index in comparison to Ki67 proliferation index there can be some variation in mitotic index 

as the mitotic index in more likely to be impacted by delayed tissue fixation, or there is likely lack 

of identification of a mitotic figure from H&E staining alone. Furthermore, the Ki67 stain is highly 

sensitive, detecting cells proliferating cells from mid G1 phase, S phase and G2 phases where 

mitotic figures may not be seen. Therefore, the Ki67 proliferation index is higher than the mitotic 

index. All tumours had a very high proliferative grade. There was no significant difference between 

the PGRMC1 experimental groups (not shown). All tumours showed a mitotic rate of 5-17% of 

cells per 10 hpf and ki67 positive cells per hpf was >20. 
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Figure 4.6 IHC staining for Ki67 expression in primary tumours. Staining of primary tumours shows 

increased cell proliferation at the margins of the tumours. Slides were imaged using Brightfield microscopy 

at a. 40x and b. 20x objective.  

 

 

 

  

a. b.
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5.1 Introduction 

The studies performed in chapters 1-4 have focused on the functionality of PGRMC1 in 

relation to overexpression and phosphorylation status using in vitro and in vivo experiments. Here, 

the structure of PGRMC1 and how this relates to protein functionality is considered. Determining 

the structure of the protein is important as it provides greater insight into how the protein functions 

and possible mechanisms of regulation. Prof Jade Forwood supervises a research lab focussed on 

solving protein structures, with expertise in protein expression and purification, protein 

crystallisation and solving crystal structures. The current understanding is that PGRMC1 has proven 

post translational modifications that result in higher molecular weight species. Here the potential of 

PGRMC1 to form higher molecular weight multimeric species is considered. The nature and origins 

of conserved binding motifs on PGRMC1, including a predicted nuclear export signal and heme-

binding cytochrome b5 domain, are also discussed. 

The structure of PGRMC1 (PDB: 4X8Y) was shown to be a dimer, dependent on heme 

binding to the protein for dimer stability (Kabe, 2016). However, the published crystal structure of 

PGRMC1 did not contain the full protein sequence, and part of the MAPR domain of PGRMC1 at 

the N-terminus was incomplete. Closer evaluation shows there is actual contact between heme and 

the residues that constitute the linker region of the pGEX expression vector post cleavage (Figure 

5.1). It was unclear if this interaction facilitated the protein dimerisation. The dimer also required a 

disulfide bond for stabilisation, though this is not seen for PGRMC1 protein isolated from 

mammalian cell extracts.  
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Figure 5.1 Crystal structure of PGRMC1 protein (PDB:4X8Y) from Kabe et al. (2016). Heme binding 

was coordinated at tyrosine 113 residue (green), with hydrogen bonds at serine tyrosine 107, lysine 163 and 

tyrosine 164 residues (blue). There are also hydrophobic interactions with residues 106, 124, 125, 128-130 

and 156. However, the hydrophobic interactions that occur on PGRMC1 (1) between amino acids serine 68, 

proline 69 and glutamic acid 70 are interactions with residues from the pGEX linker region on PGRMC1 (2). 

Interacting residues of the pGEX linker (orange) are shown (dark orange). 

 

The origins of MAPR proteins and the conserved nature of binding domains on PGRMC1 

and other MAPR proteins and cytb5 like proteins have been investigated by our research group (see 

Appendix 1). Some of the functions of PGRMC1 and MAPR proteins including in regulation of 

heme synthesis (Piel, 2016), cytP450 interactions (Ryu, 2017) and sterol metabolism (Cahill, 

2017b) are described as potentially ancient. Some other probable conserved eukaryotic functions of 
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PGRMC1 include in membrane trafficking (Cahill, 2016b; Hampton, 2015), cell cycle regulation 

(Cahill, 2016a; Griffin, 2014; Peluso, 2014) and mitotic spindle association (Jühlen, 2018; Luciano, 

2016; Terzaghi and Zuccotti, 2016). Several of these functions have currently only been reported in 

mammals. Probable specialised metazoan functions of PGRMC1 include a role for PGRMC1 in 

fertility and embryogenic axon guidance (Cahill, 2016b). The most conserved eukaryotic cytP450, 

CYP51A, which modifies the first sterol (lanosterol) and is conserved from yeast to mammals, is 

regulated by PGRMC1 (Cahill, 2007; Hand, 2003a; Hughes, 2007), and PGRMC1 and CYP51A 

both originated in bacteria (see Appendix 1). 

An investigation into how closely related MAPR proteins, including PGRMC1, are to a 

novel class of prokaryotic cytb5 proteins was performed by Dr. M. Cahill. This was prompted by 

the discovery that some mitochondrial genes had co-evolved with PGRMC1 (Cahill, 2017b) and 

the effect expression of PGRMC1-HA phosphorylation mutant proteins had on mitochondrial shape 

and mitochondrial protein abundance (Thejer, 2020a). Our research group has shown that there are 

shared conserved regions not common to classical cytb5 proteins (Figure 5.2) (see Appendix 1). 

However, a sequence alignment performed using Multiple Alignment using Fast Fourier Transform 

(MAFFT) (Katoh, 2013) shows the prokaryotic cytb5 proteins lack a MAPR-specific inter-helical 

insertion region (MIHIR) sequence that is found in MAPR proteins. Dr. M. Cahill has provided 

evidence of conserved residues between MAPR proteins and a clade of proteins including MAPR-

like tyrosine proteins (cytb5MY). 

A search was performed using Basic Local Alignment Search Tool (BLAST) by Dr. M. 

Cahill which gave multiple hits for other MAPR-like proteins that contained consensus heme 

binding domain sequences. The top BLAST hits for PGRMC1 against human proteins were other 

MAPR proteins, with the top hit being Neudesin. Two archaebacterial proteins selected for this 

study in which the conserved nature of structural properties of cytb5 domains are compared were 

top BLAST hits for PGRMC1 against an archaebacterial database. The archaebacterial cytb5 

domains were expressed, purified and crystallised for structural comparison with the crystal 

structure of the cytb5 domain of PGRMC1 from Kabe et al. (2016) (PDB: 4X8Y).  
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Figure 5.2 MAPR related to prokaryotic cytb5MY. a. Eukaryotic MAPR and cytb5 sequences are shown in 

a 65 gap-free site alignment of 814 sequences. 11 proteins cluster closer to MAPR proteins than other bacterial 

proteins (cytb5MY). b. MAFFT alignment of MAPR sequences with bacterial horizontal gene transfer and 

cytb5MY proteins. Heme-interacting tyrosine residues (red) and the MIHIR region in PGRMC1 (brown) are 

shown. c. Alignment of representative clade-2 cytb5M sequence, the Hadesarchaea archaeon YNP_N21 
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KUO41884.1 cytb5 domain, with eukaryotic (rat cytb5 domain NP_085075.1 or bacterial (Ectothiorhodospira 

Vacuolata) 1CXY_A) clade-1 proteins. Figure and analysis prepared by Dr. M. Cahill. 

Here, I have expressed and purified three PGRMC1 protein constructs and two 

archaebacterial cytb5 domain proteins, using recombinant protein expression in bacterial cell 

culture. I used the purified proteins for crystallisation and heme binding experiments, and for 

structural comparisons of the cytb5 domains and mechanism of heme binding. Heme binding 

experiments were performed to demonstrate that heme was bound within the PGRMC1 protein 

constructs and cytb5 domain proteins. Although, the heme bound was not the same heme molecule 

and the mechanism of heme binding was shown to differ between PGRMC1 and the other cytb5 

domain proteins. The cytb5 domain proteins were predicted to bind heme, however, it was not 

anticipated that the proteins would acquire a high heme content from the artificial expression in 

bacterial cells. Understanding the mechanism of heme binding can help to increase our 

understanding of how heme is able to influence protein functionality. Further experiments are 

required to solve the crystal structure of FL PGRMC1 with heme bound. 

5.2 Methods 

5.2.1 Plasmid design 

 Recombinant GST-tagged full length PGRMC1 protein, dimer variant of PGRMC1 from 

Kabe et al. (2016) or PGRMC1 protein lacking the transmembrane domain (residues 43-195), and 

archaebacterial cytb5 domain proteins were all cloned into pGEX-4T-1 plasmid vector (Figure 5.3) 

by Genscript. The sequences for the archaebacterial cytb5 domain constructs (Table 5.1) and the 

amino acid sequences for the PGRMC1 constructs and a schematic representation (Figure 5.4) are 

shown. The calculated theoretical molecular weights of the PGRMC1 proteins is shown (Table 5.2). 

The proteins were then able to be expressed and purified as recombinant GST tagged proteins. 
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Figure 5.3 pGEX-4T-1 plasmid vector maps (Genscript). The target protein sequences were cloned into 

the Bam H I/EcoR I cloning sites in the pGEX-4T-1-H expression vector with an additional TEV cleavage 

site. PGRMC1 dimer protein was expressed using pET30a(+) vector. Images adapted from SnapGene. 

a.

b.
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5.2.2 Expression and purification of PGRMC1-GST proteins 

 E.coli BL21 CodonPlus (DE3)-RIL Top 10 competent cells (Stratagene) (30 μL) and 

BL21(DE3) pLysS (Novagen) cells (50 μL) (Table 5.2) were transformed with 1 μL of PGRMC1 

plasmid DNA (Genscript) using heat shock for 45 seconds at 42 oC. Cells were recovered in 200 μL 

of Luria Broth media (1 % tryptone, 0.5 % yeast extract, 10 g/L NaCl) 37 oC for 45 minutes at 220 

rpm. 80 μL of cells were spread onto Luria Base plates containing ampicillin (100 ug/mL and 

incubated overnight at 37 oC. Starter cultures were made by inoculating 20 mL of Luria Broth 

containing ampicillin (100 ug/mL) with the bacterial colonies, incubated overnight at 30 oC at 220 

rpm. MiniPrep (Qiagen) was used to produce large quantities of PGRMC1 plasmid DNA from the 

transformed E.coli cells as per manufacturer’s protocol. 

 

Table 5.1 Archaebacterial cytochrome b5 domain protein sequences cloned into pGEX-4T-

1-H expression vector.  

 Amino acid sequence MW (Da) 

Hadesarchaea 

archaeon YNP_N21 

KUO41884.1 

cytochrome 

b5 domain  

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRN

KKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCP

KERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEM

LKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDA

FPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDH

PPKSDLVPRGSENLYFQ/SMRVFTKEELSRYNGKEGAPAYVAY

NGKVYDVTGSFHWKGGKHHVLHDAGQDLTESIGRAPHTAELLE

KFPVVGVLRG 

8524.63 

Methanococcoides 

burtonii 

WP_011499504.1 

cytochrome b5 

domain  

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRN

KKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCP

KERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEM

LKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDA

FPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDH

PPKSDLVPRGSENLYFQ/SMEEFTTEELAKYNGKDGEKCYFAY

KGKVYDVTESMLWEDGDHQGMHEGGIDLTADHEDAPHDDDVLE

DFPVVGTLKA  

8685.42 
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Larger cultures were produced using the transformed BL21(DE3) pLysS cells by adding 500 

μL of cells to 500 mL of expression base media (1 % Tryptone, 0.5 % yeast extract) containing 30 

mL of 2.852 M sodium chloride and ampicillin (100 μg/ml). Cells were incubated at 37 oC at 80 

rpm for approximately 5 hours until the optical density reached 0.6-0.8 (OD0.6–0.8), absorbance read 

at 600 nm. Isopropyl 1-thio-D galactopyranoside (IPTG) was added to induce protein expression 

and cells were incubated overnight at 37 oC at 80 rpm. 

 

 

Cells were harvested by centrifugation at 6,000 rpm at 18oC for 30 minutes. Cell pellets 

were resuspended in GST (glutathione-S-transferase) cell lysis buffer (50 mM 

Tris(hydroxymethyl)aminomethane, 125 mM NaCl, pH 7.4). Two freeze-thaw cycles at -20 oC were 

used to aid cell lysis. To each of the cell lysates, 1 mL of Lysozyme (Sigma Aldrich) to lyse the cell 

wall and 20 μL of DNase I (Sigma Aldrich) to degrade DNA were added. FastBreak™ Cell Lysis 

Reagent (Promega, V8571) was added to both facilitate cell lysis and act as a non-ionic detergent 

to create a membrane-like environment for the transmembrane domain. The whole cell lysates were 

then centrifuged at 15,000 rpm at 18oC for 30 minutes to pellet cell debris and DNA and the 

supernatant filtered through a 0.45 μM syringe filter. The cell lysates were run on a 4–12 % Bis-

Tris gel to confirm IPTG induced expression of GST-tagged PGRMC1 peptides.  

 

 

 

 

Table 5.2 E.coli bacterial strains used for protein expression 

E.coli bacterial strain Genotype 

Top 10 competent cells F-, mcrA, (mrr-hsdRMS-mcrBC), f80lacZ M15, lacX74, deoR, recA1, 

araD139, (ara-leu)7697, galU, galK, rspsL, endA1, nupG  

BL21(DE3) pLysS F-, ompT, hsdSB(rB-mB-), gal, dcm (DE3) pLysS (CamR)  
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Figure 5.4 Schematic of PGRMC1 protein and uences cloned ito pGEX-4T-1-H expression vector. a. 

Full length PGRMC1 protein expressed as a recombinant protein with GST tag at the N-terminus of the 

protein. The GST tag (blue), the transmembrane domain (orange) which is aa25-43 of the cleaved PGRMC1 

protein, and the cytochrome b5 (CYT B5) domain (purple) are shown. b. The PGRMC1Δ43 protein construct 

(aa43-195) lacking the transmembrane domain with a GST tag at the N-terminal end of the protein. c. The 

PGRMC1Δ72 protein construct (aa72-195) lacking the transmembrane domain with a GST tag at the N-

terminal end of the protein. The TEV cleavage site is underlined in the protein sequence for all constructs 

(ENLYSQ/S). Proteolytic cleavage results in removal of the GST or HIS purification tag and only a single 

serine residue remains at the N-terminus from the expression vector sequence. 

 

  

CYT B5

a. FL PGRMC1 (aa1-195) + N-terminal GST affinity tag
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLT
QSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKM
FEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKY
IAWPLQGWQATFGGGDHPPKSDLVPRGSENLYFQ/SMAAEDVVATGADPSDLESGGLLHEIFTSPL
NLLLLGLCIFLLYKIVRGDQPAASGDSDDDEPPPLPRLKRRDFTPAELRRFDGVQDPRILMAINGK
VFDVTKGRKFYGPEGPYGVFAGRDASRGLATFCLDKEALKDEYDDLSDLTAAQQETLSDWESQFTF
KYHHVGKLLKEGEEPTVYSDEEEPKDESARKND

b. PGRMC1Δ43 (aa43-195) + GST affinity tag

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLT
QSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKM
FEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKY
IAWPLQGWQATFGGGDHPPKSDLVPRGSENLYFQ/SYKIVRGDQPAASGDSDDDEPPPLPRLKRRD
FTPAELRRFDGVQDPRILMAINGKVFDVTKGRKFYGPEGPYGVFAGRDASRGLATFCLDKEALKDE
YDDLSDLTAAQQETLSDWESQFTFKYHHVGKLLKEGEEPTVYSDEEEPKDESARKND

c. PGRMC1Δ72 (aa72-195) + N-terminal 6-His affinity tag

MCGSRLHHHHHHENLYFQ/SDFTPAELRRFDGVQDPRILMAINGKVFDVTKGRKFYGPEGPYGVFA
GRDASRGLATFCLDKEALKDEYDDLSDLTAAQQETLSDWESQFTFKYHHVGKLLKEGEEPTVYSDE
EEPKDESARKND

CYT B5GST tag Transmembrane

CYT B5GST tag

6-His tag
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Table 5.3 Theoretical molecular 

weight of PGRMC1 constructs 

Molecular weight (kDa) Extinction coefficient (M-1 

cm-1, 280 nm, in water) 

FL PGRMC1 (aa1-195) 21,671.16 0.67 

FL PGRMC1 + GST tag 48,845.66 1.21 

PGRMC1Δ43 (aa43-195) 17,319.08 0.83 

PGRMC1Δ43 + GST tag 44,493.58 1.32 

PGRMC1Δ72 (aa72-195) 14,087.50 0.919 

PGRMC1Δ72 + 6-His tag 16,440.10 0.886 

 

To perform GST affinity chromatography using fast protein liquid chromatography 

(FPLC), the soluble cell extracts were injected using a superloop at 2 mL/minute into a GST column 

equilibrated with GST cell lysis buffer. The column was washed with 10 column volumes of GST 

buffer (50 mM Tris(hydroxymethyl)aminomethane, 125 mM NaCl, pH 7.4). Competitive binding 

using GST buffer containing 10 mM Glutathione eluted purified GST-tagged PGRMC1 from the 

column. To cleave the N-terminal GST tag from the PGRMC1 protein, 100 μL of Tobacco etch 

virus (TEV) protease was added to the protein eluate and incubated at 4 oC overnight with TEV. 

Size exclusion chromatography was performed using AKTA FPLC with S200 20/60 filtration 

column equilibrated with 50mM Tris. Samples were collected from eluted peaks to remove TEV 

protease and non-cleaved protein, however, as the cleaved GST tag peak had overlay with the 

PGRMC1Δ43 protein peak the eluate was again passed through the GST column again to 

completely remove the GST from the sample.  

The protein samples were concentrated using 15 mL centrifugal spin columns with 10 kDa 

filters (UFC901024, MerckMillipore) and used for crystallisation trials or binding assays. The 

PGRMC1Δ43 construct gave a higher protein yield and a higher concentration of protein was 

achieved. The purity of the target protein was assessed by SDS-PAGE. Protein was boiled for 5 

minutes at 95oC in 2 X Tris-Glycine SDS sample buffer (Novex Invitrogen). Gels were stained with 

Coomassie Blue stain (0.2 % Coomassie brilliant blue R-250 in glacial acetic acid, ethanol and 
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distilled water (1:4:5)) and destained in destain buffer (glacial acetic acid, ethanol and distilled water 

(1:1:8)). Pure and concentrated protein samples were stored at -80oC. 

5.2.3 Expression and purification of archaebacterial cytochrome b5 domain-GST proteins 

E.coli Top 10 competent cells (Stratagene) (30 μL) and PLysS (Novagen) cells (50 μL) were 

transformed with 1μL of archaebacterial cytochrome b5 domain plasmid DNA (Genscript) using 

heat shock method and cell recovery as previously described. 80 μL of cells were spread onto Luria 

Base plates containing ampicillin (100 ug/mL) and incubated overnight at 37 oC. Luria Broth 

containing ampicillin (100 ug/mL) was inoculated with the bacterial colonies and incubated 

overnight at room temperature at 220 rpm. MiniPrep (Qiagen) was performed using the transformed 

E.coli cells as per manufacturer’s protocol. Large scale cultures were produced using the 

transformed BL21(DE3) pLysS cells by adding 500 μL of cells to 500 mL of autoinduction 

expression base media (1 % Tryptone, 0.5 % yeast extract, 1 mM MgSO4, 5 % 20x NPS, 2 % 50x 

5052) containing ampicillin (100μg/ml). Cells were incubated at 30oC at 80 rpm for approximately 

28 hours. The cells were harvested, lysed and cleared. The GST-tagged proteins were purified using 

GST affinity and S200 size exclusion chromatography as previously described and assessed for 

purity and TEV cleavage by SDS-PAGE analysis. Additional GST clean-up steps were performed 

where necessary.  

5.2.4 Protein crystallisation 

Purified and concentrated protein samples at 8-16mg/mL were screened for crystallisation 

conditions using the hanging drop method in 48-well plates (Hampton Research) with commercially 

available screens, Crystal 1/2 and PEG ION 1/2 (Hampton Research) or PACT and PROPLEX 

(Molecular Dimensions). 1.5 μL of protein in GST buffer was added to 1.5 μL of crystallisation 

solution containing precipitant and salt on a round glass slide above a reservoir containing 300 μL 

of crystallisation solution. 

5.2.5 Structural analysis by x-ray diffraction 

The protein x-ray diffraction data was remotely collected on the MX1 (ADSC Quantum 
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210r and ADSC Quantum 315r detector) and MX2 (Eiger 16M detector) beamlines at the Australian 

Synchrotron Facility, Melbourne (Aragão, 2018; Cowieson, 2015). Prof. J. Forwood performed data 

collection and processing using CCP4 software suite for diffraction datasets. The datasets were 

indexed and refined using iMosflm (Battye, 2011). The data was scaled using AIMLESS software 

(Evans, 2011; Evans and Murshudov, 2013). Molecular replacement was performed using Phaser 

MR (McCoy, 2007) software and models were refined using Refmac (Vagin, 2004) and PHENIX 

(Adams, 2010) software. COOT (Emsley, 2010) software was used for structural modelling by 

placing the molecules within an electron density map. The final structures were deposited in the 

PDB following validation and used for structural comparisons. LIGPLOTs (Laskowski, 2011) was 

used to generate a schematic representation of the heme-bound protein from the PDB data. 

Structural superposition (Krissinel, 2004) and DALI (heuristic PDB search) were used for protein 

structure comparison by alignment of distance matrices (Holm, 2019). 

5.2.6 Negative staining for cryo-electron microscopy 

 Negative staining was performed to screen the full-length PGRMC1 sample to determine if 

the structure of PGRMC1 could be solved using cryo-electron microscopy (CryoEM) structural 

analysis. The purified and concentrated PGRMC1 protein samples were sent in GST buffer at ~8-

20 mg/mL at room temperature to Daniel Luque Buzo at the National Microbiology Centre in 

Madrid, Spain. Negative screening proteins involves addition of heavy metal salt solutions to create 

an electron-dense mould. Carbon-coated QUANTIFOIL® Holey carbon films, with a hole size of 

2 μm and period of 4 μm, were used. The EM grids were air dried before imaging using EM. The 

negative stain imaging was performed using in-camera ccd and low dose mode. The negative 

staining provides some information regarding the nature of the PGRMC1 molecules and the 

PGRMC1 structure, however optimisation of techniques for CryoEM for structural analysis of 

PGRMC1 are ongoing. 

5.2.7 Analytical ultra-centrifugation 

To determine the accurate molecular weight of purified proteins in solution and to confirm 

the dimerisation and multimerisation of PGRMC1 analytical ultra-centrifugation (AUC) was 
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performed on full-length PGRMC1, PGRMC1 dimer and Methanococcoides burtonii 

WP_011499504.1 cytochrome b5 domain. The analysis of protein samples using AUC were 

performed at La Trobe University, Melbourne. The sedimentation velocity experiments were 

performed using an XL-1 analytical ultracentrifuge with an An-Ti-50 8-hole rotor (Beckman-

Coulter) and double sector centrepieces. Samples were loaded in 20mM Tris buffer, 150mM NaCl 

at pH 8.0. Sedimentation velocity values were measured at 40,000 rpm, with measurements 

recorded every 6 minutes at 20oC and fit to a continuous sedimentation coefficient [c(S)] distribution 

model using the SEDFIT software suite (Schuck, 2013). The AUC and analysis were performed by 

Dr Tatiana Soares da Costa and Sofiya Tsimbalyuk at La Trobe University, Melbourne. 

5.3 Results  

5.3.1 PGRMC1 protein expression, solubility and purification 

Pure PGRMC1 protein samples were produced for detection of bound heme, protein 

crystallisation and structural investigations including formation of multimers. The proteins were 

expressed as either the full length form or lacking the N-terminal luminal peptide and 

transmembrane domain. These proteins were expressed as either a GST-fusion protein, or 

containing a 6-His affinity tag. In total, three separate protein variants were expressed:   

(1) Full length PGRMC1 (aa1-195), hereafter referred to as FL PGRMC1 

(2) PGRMC1 (aa43-195) hereafter referred to as PGRMC1Δ43 and 

(3) PGRMC1 (aa72-195) hereafter referred to as PGRMC1Δ72 

 

To achieve pure, soluble protein the FL PGRMC1 GST-tagged protein was cloned into the 

pGEX-4T-1-H vector (Genscript), expressed using the IPTG induction method and purified using a 

GST affinity column (Figure 5.5). The FL PGRMC1 protein overexpression was demonstrated by 

a thick band present in the whole cell extract sample on SDS-PAGE (Figure 5.5c). Following 

purification of the soluble protein using the GST affinity tag, the FL PGRMC1 protein sample 

showed a band at ~50 kDa on SDS-PAGE corresponding to the GST-tagged protein. The protein 
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was then proteolytically cleaved using TEV protease, which resulted in the 50 kDa band being 

reduced to two bands each around 25 kDa (Figure 5.5c). The FL PGRMC1 protein was separated 

from the cleaved GST tag using S200 size exclusion chromatography. The FL PGRMC1 protein 

eluted from the S200 column as a large, multimeric species with molecular weight ~250 kDa (Figure 

5.5b). This was despite the FL PGRMC1 protein showed only a monomeric and dimeric band on 

SDS-PAGE analysis. The formation of a larger species from FL PGRMC1 resulted in complete 

separation from the GST tag. The sample was confirmed to be non-aggregated protein by 

spectroscopy and using negative staining (see 5.3.3). The purified protein sample showed heme 

bound to the protein using UV-VIS, further supporting that the purified protein was likely PGRMC1 

(see 5.3.7).  

    

 

Figure 5.5 Purification of FL PGRMC1 protein. a. GST affinity 5mL purification of full-length GST-

tagged FL PGRMC1 (aa1-195) protein UV trace (blue) and fractions containing purified protein (orange). b. 

S200 size exclusion chromatography full length PGRMC1.  c. SDS-PAGE analysis showing purified 

PGRMC1 protein. There is a monomeric band at ~25 kDa and a dimeric band at ~50 kDa. 
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A second, truncated PGRMC1 construct, PGRMC1Δ43 was expressed and purified as 

described for FL PGRMC1 (Figure 5.6). The purified PGRMC1 was again confirmed by complete 

proteolytic TEV cleavage from the GST affinity tag, which resulted in the band present at ~40 kDa  

          

Figure 5.6 Purification  of PGRMC1Δ43 (aa43-195) protein. a. GST affinity 5mL purification of 

PGRMC1Δ43 protein without the transmembrane domain UV trace (blue) and fractions containing purified 
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protein (green) b. S200 size exclusion chromatography of PGRMC1Δ43 protein c. SDS-PAGE analysis 

showing purified PGRMC1Δ43 protein. There is a monomeric band at ~17 kDa and a dimeric band at ~35 

kDa. 

 

pre-cleavage being reduced to two band at ~17 kDa and 25 kDa, representing the PGRMC1Δ43 and 

GST tag respectively (Figure 5.6c).  

Surprisingly, in contrast to the FL PGRMC1, the truncated version of PGRMC1 lacking the 

N-terminal luminal peptide and transmembrane domain eluted from the S200 size exclusion column 

at a volume consistent with a protein dimer (Figure 5.6b). As the protein eluted at the same size as 

the GST affinity tag dimer post TEV cleavage, an additional GST affinity clean-up and second S200 

size exclusion chromatography were used to further purify the protein. The purified PGRMC1Δ43 

protein alone is shown on a S200 elution profile (Figure 5.6b).  

A third PGRMC1 construct, PGRMC1Δ72, was expressed and purified. To achieve pure, 

soluble protein the PGRMC1Δ72 6-His affinity tagged protein was successfully cloned into the 

pET30a(+) vector (Genscript), expressed using the IPTG induction method and purified using a 6-

His nickel affinity column (Figure 5.6). The protein overexpression was demonstrated by a thick 

band present in the whole cell extract sample on SDS-PAGE (Figure 5.6c). Following purification 

of the soluble protein using the 6-His affinity tag, the PGRMC1Δ72 protein sample showed a band 

at ~25 kDa on SDS-PAGE corresponding to the 6-His affinity tagged protein. The protein was then 

proteolytically cleaved using TEV protease, which resulted in a protein band at ~15 kDa, 

corresponding to the correct molecular weight of the PGRMC1Δ43 protein (Figure 5.6c). The 

PGRMC1Δ72 protein was separated from the cleaved GST tag using S200 size exclusion 

chromatography. The PGRMC1Δ72 protein eluted from the S200 column at a volume consistent 

with a dimer (Figure 5.7b). Both a monomer and dimer band are seen on SDS-PAGE analysis for 

PGRMC1Δ72. The purified PGRMC1Δ72 protein sample also showed heme bound to the protein 

using UV-VIS (see 5.3.7).  
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Figure 5.7 Purification of PGRMC1Δ72 (aa72-195) protein. a. HIS affinity 5mL purification of HIS-

tagged PGRMC1Δ72 protein UV trace (blue) and fractions containing purified protein (orange) b. S200 size 

exclusion chromatography PGRMC1Δ72 protein c. SDS-PAGE analysis showing a purified PGRMC1Δ72 

protein band at ~15 kDa. 
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PGRMC1 protein forms a larger multimeric species in solution. This multimerisation appears 

dependent on the N-terminal transmembrane domain as removal of the first 42 residues prevents 

this association, as seen for the PGRMC1Δ43 protein. The formation of higher molecular weight 

species of FL PGRMC1 is confirmed using AUC analysis (see 5.3.2).  

            

Figure 5.8 S200 size exclusion chromatography elution profiles of PGRMC1 proteins. S200 profiles of 

PGRMC1 proteins. The molecular weight of the GST tag (dimer) from the peak is ~50 kDa. The molecular 

weight of PGRMC1Δ72 protein (red) from the peak is ~30 kDa, representing a dimer, and of FL PGRMC1 

protein (blue) from the peak is >250 kDa, representing a multimer. 

 

5.3.2 Confirmation of multimeric species of PGRMC1 

 The FL PGRMC1 protein formed a larger multimeric species as seen on the S200 size 

exclusion chromatography elution profile (Figure 5.5b). The other truncated PGRMC1 proteins, 

PGRMC1Δ43 and PGRMC1Δ72, showed dimer formation. Furthermore, the PGRMC1Δ72 protein 

construct has previously been crystallised and shown to form a protein dimer (Kabe, 2016). To 

confirm the presence of PGRMC1 dimers and multimeric species from the FL PGRMC1 protein in 

solution the FLPGRMC1 protein was purified in bacterial cell culture under the same conditions in 

parallel with the PGRMC1Δ72 construct from the solved protein structure (Kabe, 2016). The 

proteins were analysed using AUC to detect higher molecular weight protein species (Figure 5.9).  
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Figure 5.9 Size analysis of PGRMC1 to confirm dimerisation. a. Sedimentation rate of PGRMC1Δ72 

protein using AUC analysis. b. Molar mass of PGRMC1Δ72 was confirmed using AUC analysis at ~18,000 

Da. c. Sedimentation rate of FL PGRMC1 protein using AUC analysis. d. Molar mass of FL PGRMC1 protein 

confirmed the native protein exists as a monomer at ~21,000 Da and at larger molecular weight species, likely 

representing protein multimers. 

 

The PGRMC1Δ72 protein used in the study, which is alike the PGRMC1 protein in Kabe 

et al. (2016), was observed to be predominantly a dimer species. However, the full-length PGRMC1 

protein formed a very large multimeric species >200 kDa. Interestingly, the multimerisation of 

PGRMC1 was probably not dependent on any post-translational modifications as the purified 

protein samples used for the AUC analysis were expressed in bacterial cell cultures. Here we show 

that the MAPR domain of PGRMC1 forms a dimer in solution that is not dependent on the pGEX 

residues that showed hydrophobic interaction with the heme ring seen in the crystal structure 

showing dimerisations of PGRMC1 (Kabe, 2016).  
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consistent with a molecular weight >200 kDa.  The purified and concentrated PGRMC1 samples 

were sent to a collaborator in Spain for negative staining and CryoEM structural analysis. The 

multimers were confirmed as non-aggregated protein by negative staining performed by Daniel 

Luque Buzo at the National Microbiology Centre, Madrid.  

The negative staining showed the protein sample consisted of a mixture of isometric 

particles and heterogeneous larger particles (Figure 5.10). Based on the negative staining images, 

using in-camera ccd and low dose mode, the full-length PGRMC1 protein sample was considered a 

good candidate for three-dimensional recording (3DR) and CryoEM to determine the protein 

structure. The negative staining confirmed that the higher molecular weight species were not formed 

from aggregated protein. The structure of full-length PGRMC1 protein using CryoEM is yet to be 

solved, however this research is ongoing. 

 

Figure 5.10 Negative staining of full length PGRMC1 protein. The negatively stained PGRMC1 protein 

imaged at 30,000x magnification shows that the protein is forming larger heterogeneous particles and no signs 

of protein aggregation are seen.  

 

5.3.4 Crystallisation of PGRMC1 

To determine the crystal structure of the protein by x-ray diffraction the PGRMC1 protein 

was screened for crystal formation using several commercially available crystal screening kits. 

Needle crystals of full length PGRMC1 were obtained using Crystal Screen 1 (HRS-110) in a 

condition containing 0.2 M magnesium chloride, 30% PEG400 and 0.1 M HEPES at pH 7.5 and 

further optimised to a condition containing PEG3000 to produce small needle-like crystals. The 

small crystals formed by PGRMC1 under these conditions were highly reproducible, however, 

larger, well-ordered crystals that diffract x-rays are required for the crystal structure to be solved. 
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A seed crystal can be used in a saturated solution to grow a larger crystal. In order to grow larger 

crystals from the small needle crystals in which the protein has already nucleated the crystals were 

resuspended by vortexing and scraped using a cat whisker and reseeded in the same crystallisation 

solution. Despite full-length PGRMC1 forming clusters of needle crystals, optimisations of these 

conditions and crystal seeding were not successful in producing larger crystals to collect structural 

data for the protein, however this research is ongoing. 

         

Figure 5.11 Needle crystals from full length PGRMC1 protein. Crystals in hanging drop were produced 

in a condition containing 0.2M magnesium chloride, 20% PEG3000 and 0.1M HEPES at pH7.5. 

 

The full length PGRMC1 construct protein was expressed and purified to be crystallised 

and have the structure solved by x-ray diffraction or using cryo-electron microscopy. This has not 

yet been achieved. PGRMC1 has been reported as a higher molecular weight species in mammalian 

cells, though this is at least in part due to post translational modifications (Peluso, 2012b; Sabbir, 

2019). However, the data presented here supports a larger molecular weight species of full-length 

PGRMC1 using bacterial expression of PGRMC1. 
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5.3.5 Identification of predicted nuclear import and export binding regions on PGRMC1 

For transport in and out of the nucleus by binding to importins and exportins, a protein 

requires either a nuclear localisation signal (NLS) or a nuclear export signal (NES), respectively 

(Lin, 2013; Xu, 2015). NLS regions on a protein contain an arginine (R) and lysine (K) rich motif 

for importin recognition. NES regions on a protein for Exportin recognition are leucine (L) rich 

motifs. The prediction of NLS and NES regions on PGRMC1 was made using SeqNLS: Nuclear 

localization signal prediction based on frequent pattern mining and linear motif scoring (Lin, 2013). 

The region identified with the highest level of confidence is highlighted (Table 5.4). The most likely 

binding site for importins, the NLS and for exportins, the NES are identified (Figure 5.12). The 

predicted NES region is shown is a schematic diagram (Figure 5.13).  

 
Figure 5.12 Predicted NLS and NES binding regions on PGRMC1 protein. Nuclear import and export 

signals (underlined) within the PGRMC1 protein sequence. The predicted NES binding region (blue) is 

leucine rich and the predicted NLS binding region (red) is arginine and lysine rich. 

 

 

 

NLS: KIVR and/or RLKRR

NES: LNLLLLGL

MAAEDVVATGADPSDLESGGLLHEIFTSPLNLLLLGLCIFLLYKIVRGDQPAASGDSDDDEPPPLPRLK
RRDFTPAELRRFDGVQDPRILMAINGKVFDVTKGRKFYGPEGPYGVFAGRDASRGLATFCLDKEALK
DEYDDLSDLTAAQQETLSDWESQFTFKYHHVGKLLKEGEEPTVYSDEEEPKDESARKND

`

Table 5.4 Prediction of NES binding region on PGRMC1 

Position Sequence Score 

18-32 SGGLLHEIFTSPLNL 0.201 

21-35 LLHEIFTSPLNLLLL 0.750 

23-37 HEIFTSPLNLLLLGL 0.864 

25-39 IFTSPLNLLLLGLCI 0.817 

26-40 FTSPLNLLLLGLCIF 0.699 

27-41 TSPLNLLLLGLCIFL 0.493 

28-42 SPLNLLLLGLCIFLL 0.454 

86-100 DPRILMAINGKVFDV 0.006 

116-130 FAGRDASRGLATFCL 0.016 
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Figure 5.13 Schematic representation of the location of the NES within the transmembrane domain of 

the PGRMC1 protein. The predicted region of NES binding (NES) within the transmembrane domain  is 

shown.  

 

5.3.6 Expression and purification of archaebacterial protein cytochrome b5 domains 

To compare the structures of two archaebacterial protein cytb5 domains to the cytb5 domain 

within PGRMC1, the Hadesarchaea archaeon ynp_n21 KUO41884.1 (Figure 5.14) and 

Methanococcoides burtonii WP_011499504.1 (Figure 5.15) cytb5 domains were expressed and 

purified in E.coli PLysS cells. The purity of the samples and the complete cleavage of the cytb5 

domains from the affinity tag were assessed using SDS-PAGE analysis. Post removal of the GST 

tag using TEV proteolytic cleavage, the proteins have only an additional N-terminal S residue due 

to the site of cutting within the TEV cleavage site.  

The KUO41884.1 cytb5 domain eluted as a homogenous peak and at a volume consistent 

with the expected molecular weight. The correct protein identity was indicated by the bright red 

sample colour as a result of bound heme and confirmed by TEV cleavage. A single monomeric band 

at ~8 kDa was seen on SDS-PAGE following TEV cleavage and S200 size exclusion 

chromatography (Figure 5.14c). The WP_011499504.1 cytb5 domain protein demonstrated 

contamination with the GST affinity tag post TEV cleavage and required an additional GST clean-

up purification step to remove the GST tag (Figure 5.15c). Post clean-up the sample purity was 

improved. The protein demonstrated the ability to form protein dimers, and potentially multimers 

as seen on SDS-PAGE.   

 

MAAEDVVATGADPSDLESGGLLHEIFTSPLNLLLLGLCIFLLYKIVRGDQPAASGDSDDDEPPPLPRLK
RRDFTPAELRRFDGVQDPRILMAINGKVFDVTKGRKFYGPEGPYGVFAGRDASRGLATFCLDKEALK

DEYDDLSDLTAAQQETLSDWESQFTFKYHHVGKLLKEGEEPTVYSDEEEPKDESARKND

NES

Transmembrane domain

CYT B5NLS
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Figure 5.14 Hadesarchaea archaeon ynp_n21 KUO41884.1 cytb5 domain expression and purification. 
a. GST affinity 5mL purification KUO41884.1 cytb5 domain UV trace (blue) and fractions containing 

purified protein (red) b. S200 size exclusion chromatography of  KUO41884.1 cytb5 domain c. SDS-PAGE 

analysis showing a purified protein band at ~8 kDa. 
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Figure 5.15 Methanococcoides burtonii WP_011499504.1 cytb5 domain expression and purification. a. 

GST affinity 5mL purification WP_011499504.1 cytb5 domain UV trace (blue) and fractions containing 

purified protein (red) b. S200 size exclusion chromatography of WP_011499504.1 cytb5 domain 

following a GST clean-up of sample to remove the GST tag. c. SDS-PAGE analysis showing a purified protein 

band at ~8 kDa. 

 

5.3.7 Detection of heme bound within the cytb5 domains 

PGRMC1 contains a consensus heme binding domain and heme binding to PGRMC1 has 

been previously demonstrated in protein produced using bacterial expression (Kabe, 2016). Here, 

heme bound to bacterially expressed PGRMC1 was detected using UV-VIS on a NanoDrop 

spectrometer. Peaks were observed at ~405 nm for all PGRMC1 proteins prepared using bacterial 
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expression in the UV visible spectrum (Figure 5.16). The PGRMC1 protein samples were visibly 

red-brown in colour and all demonstrated a peak at ~405 nm indicating bound heme was present. 

Importin alpha 3 protein, produced using similar expression and purification techniques that does 

not contain a cytb5 domain or exhibit heme binding, was also assessed for heme binding using UV-

VIS as a negative control (Smith, 2018). The heme bound to PGRMC1 protein was below the limit 

of detection in PGRMC1 co-IP samples from mammalian cell culture experiments (see Chapter 2). 

This does not confirm that heme does not bind PGRMC1 in MIA PaCa-2 cells in vitro, only that 

under the conditions used heme was undetectable. 

The archaebacterial cytb5 domain proteins also bound heme that was detectable using UV-

VIS. However, protein samples appeared bright red in colour. This is in contrast to the PGRMC1 

samples that appeared red-brown in colour. Consistent with the difference in colour seen in the 

protein samples, the observed heme peaks were at a different wavelength of ~412 nm. The 

difference in colour and wavelength indicates that although heme was bound to both the cytb5 heme-

binding domains of the PGRMC1 MAPR protein and the archaebacterial proteins that the 

mechanism or type of heme binding that occurred was different. Furthermore, where all protein 

samples were concentrated to ~20 mg/mL the archaebacterial cytb5 domain proteins had more heme 

bound than the PGRMC1 proteins. The solved crystal structures for the archaebacterial cytb5 

domains were used to investigate the mechanism of heme binding and compared to that of the 

PGRMC1 cytb5 domain as seen in the crystal structure for PGRMC1 presented in Kabe et al. (2016). 
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Figure 5.16 Heme bound within the cytb5 domain of the proteins was detected using UV-VIS . All 

bacterially expressed proteins shown were purified using affinity tag LC and S200 gel filtration, and 

concentrated to ~20mg/mL in GST buffer. The PGRMC1 protein constructs all demonstrated heme binding, 

seen as a peak at ~405 nm. The full-length PGRMC1 protein demonstrated the highest absorbance indicating 

the most heme bound of the PGRMC1 constructs. The archaebacterial proteins showed a protein peak at ~412 

nm. The difference in wavelength is consistent with the visual difference in colour that was observed. The 

archaebacterial cytb5 domain proteins demonstrated a higher amount of heme bound than the PGRMC1 

proteins. A protein that had been produced using similar expression and purification techniques, Importin 

alpha 3, which does not contain a cytb5 domain or exhibit heme binding was included as a negative control 

protein for heme binding. 

 

5.3.8 The crystal structure of the Hadesarchaea archaeon ynp_n21 KUO41884.1 
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using x-ray diffraction microcrystallography beamlines (Aragão, 2018; Cowieson, 2015). The 

Hadesarchaea archaeon ynp_n21 KUO41884.1 cytb5 domain protein (PDB:6NZX) crystals 

diffracted to 1.9Å resolution at the Australian Synchrotron Facility, Melbourne and were placed in 

the space group P63 (Figure 5.17). Data collection and processing were performed by Prof. J. 

Forwood.  

    
Figure 5.17 Hadesarchaea archaeon ynp_n21 KUO41884.1 cytb5 domain crystallisation and structure 

determination. a. Crystals obtained in 0.1 M sodium acetate/citrate, 2 M ammonium sulfate, pH 5.0. The red 

colouration is due to the presence of the heme ligand. b. The structure of KUO41884.1 cytb5 domain (blue) 

showing the histidine residue 46 heme ligand (purple) was solved and deposited in the PDB (6NZX). 

 

 

  

a. b.
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Statistics for the highest-resolution shell are shown in parentheses.   

Table 5.5 Crystallography data collection and refinement statistics KUO41884.1 

Resolution range 19.28-1.9  
Space group P 63     
Unit cell 72.17 72.17 22.81 90 90 120 
Total reflections 445959 (41994)    
Unique reflections 5544 (519)    
Multiplicity 80.4 (80.9)    
Completeness (%) 99.87 (100.00)   
Mean I/sigma(I)  49.00 (4.27)    
R-pim 0.09944 (0.3724)   
CC1/2 0.968 (0.643)    
Reflections used in refinement 5544 (519)  
Reflections used for R-free 280 (24)    
R-work 0.2228     
R-free 0.2702 
Number of non-hydrogen atoms 663  
Macromolecules 599    
Ligands 43    
Solvent  21   
Protein residues 76    
RMS(bonds) 0.021    
RMS(angles) 1.89   

Ramachandran favoured (%) 97.30  

Ramachandran allowed (%) 2.70  

Ramachandran outliers (%) 0.00   

Rotamer outliers (%) 0.00     

Clashscore 4.77   

Average B-factor 29.60    

Macromolecules 29.26    

Ligands 31.56    

Solvent 35.27 
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Figure 5.18 Schematic representation of the structure of the Hadesarchaea archaeon ynp_n21 

KUO41884.1 cytb5 domain. a. Topology map obtained from PDBsum showing helices (cylindrical), and 

directional alpha and beta sheets. b. Secondary structure plot in which helices are labelled H1-H4 and alpha 

(A) and beta (B) strands are indicated. The regions encoding the beta turns (b), gamma turns (g), beta hairpin 

(U-shaped) are also indicated. 
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The data was integrated in iMosflm (Battye, 2011) scaled and reduced in AIMLESS (Evans, 

2011; Evans and Murshudov, 2013). The structure was determined by molecular replacement using 

PDB ID 1J03 in Phaser (McCoy, 2007) REFMAC (Vagin, 2004), PHENIX (Adams, 2010)and 

COOT (Emsley, 2010). The final structural model has been refined to an Rwork and Rfree of 0.22 

and 0.27 respectively with no Ramachandran outliers. LIGPLOTs (Laskowski, 2011) was used to 

generate a schematic representation of the heme-bound protein from the PDB data. Structural 

superposition (Krissinel, 2004) and DALI (heuristic PDB search) were used for protein structure 

comparison by alignment of distance matrices (Holm, 2019).  

Diffraction data was indexed and integrated in the space group P63, with unit cell 

dimensions of a =72.17, b = 72.17, and c = 22.81, and angles of a = 90, b = 90, and c = 120. The 

cytb5 domain contained a bound cofactor, identified as heme (Hem101(A)) (Figure 5.19b), 

consistent with the red colouration of the protein and crystals (Figure 5.16a). Following rebuilding 

and refinement in COOT and REFMAC respectively, the final model had a Rwork and Rfree of  

0.2228 and 0.2702 respectively, no Ramachandran outliers, and good stereochemistry (Table 5.5). 

The crystal structure consisted of 76 residues and showed heme ligation at histidine 46 residue 

(Figure 5.19). The protein structure was validated and deposited to the Protein Data Bank (PDB) 

and issued the code 6NZX.  The main interactions with heme include heme ligation at histidine 46 

residue, hydrogen bonding at serine 34 and lysine 68 residues, and heme chelation of Fe at residues 

histidine 42 and histidine 61 (Figure 5.19a). The hydrogen bond interaction details are shown 

(Figure 5.19b). 
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Figure 5.19 Heme is bound in the crystal structure of the Hadesarchaea archaeon ynp_n21 KUO41884.1 

cytb5 domain. a. A LIGPLOT for heme ligand bound to the cytb5 protein domain shows the heme ligation at 

histidine 46 residue and hydrogen bonding at serine 34 and lysine 68 residues. b. CoA-interacting residues 

through hydrogen bonding are shown. 
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5.3.9 The crystal structure of the Methanococcoides burtonii  WP_011499504.1 

cytochrome b5 domain  

Diffractable protein crystals were produced in an optimised condition from the PEG ION 2 

screen (Hampton Research) using purified Methanococcoides burtonii WP_011499504.1 cytb5 

domain protein at 8 mg/mL with in a condition containing 0.1 M succinic acid, 12 % PEG6000 

incubated at 23oC (Figure 5.20). Crystals produced from a crystal optimisation were flash frozen 

using liquid nitrogen and sent for x-ray diffraction to the Australian Synchrotron Facility, 

Melbourne. Crystal data was collected using the MX2 (Eiger 16M detector) crystal beamline 

(Aragão, 2018; Cowieson, 2015) and Blu-Ice software (McPhillips, 2002) at the Australian 

Synchrotron Facility. Data collection and processing was performed by Prof. J. Forwood as 

described for the Hadesarchaea archaeon ynp_n21 KUO41884.1 cytb5 domain protein. 

 

    
Figure 5.20 Methanococcoides burtonii WP_011499504.1 cytb5 domain crystallisation and structure 

determination. a. Crystals were obtained in 0.1 M succinic acid, 12 % PEG6000 at 23oC. The red 

colouration is due to the presence of the heme ligand. b. The structure of  cytb5 domain (blue) showing the 

heme ligand (purple) was solved, deposited in the PDB and issued the PDB code 6VZ6. 
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Table 5.6 Crystallography data collection and refinement statistics WP_011499504.1 

 
Statistics for the highest-resolution shell are shown in parentheses. 
  

Resolution range 67.5-2.1 

Space group  P 4 2 2 

Unit cell  67.495   67.495   48.132   90   90  90 
Total reflections 6908 

Multiplicity 7.1 (4.8) 

Completeness (%) 98.0 (95.0) 

Mean I/sigma(I) 14.3 (5.1) 

R-merge 0.089 (0.297) 

R-meas 0.096 (0.334) 

R-pim 0.033 (0.149) 

CC1/2 0.997 (0.946) 

Reflections used in refinement 6717 (631) 

R-work 0.1622 

R-free 0.1953 

Number of non-hydrogen atoms 726 

  macromolecules 617 

  ligands 43 

  solvent 66 

Protein residues 79 

RMS (bonds) 0.0102 

RMS (angles) 1.04 

Ramachandran favoured (%) 98.67 

Ramachandran allowed (%) 1.33 

Ramachandran outliers (%) 0.00 

Rotamer outliers (%) 0.00 

Clashscore 4.84 

Average B-factor 24.8 

  macromolecules 24.2 

  ligands 22.1 

  solvent 32.7 
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Diffraction data was indexed and integrated in the space group P 4 2 2, with unit cell 

dimensions of a =67.495=, b = 67.495, and c = 48.132, and angles of a = 90, b = 90, and c = 90. 

The archaebacterial cytb5 domain contained a bound cofactor, identified as heme (Figure 5.20b). 

This is consistent with the red colouration of the protein in solution and of the protein crystals 

(Figure 5.20a), and with current understandings of heme binding within the predicted heme-binding 

cytb5 domain. Following rebuilding and refinement in COOT and REFMAC respectively, the final 

model had a Rwork and Rfree of  0.1622 and 0.1953 respectively, no Ramachandran outliers, and 

good stereochemistry (Table 5.6). The crystal structure consists of 77 residues, with an additional 

N-terminal alanine residue from the tag identified and electron density missing only for a single 

alanine residue at the C-terminus (Figure 5.21). The coordinates and associated structural data were 

deposited and validated to the PDB and issued the code 6VZ6.   

As expected, the structure shows a cytb5 domain that exhibits heme binding (Figure 5.22) 

representing the biologically relative native complex with heme. The main interactions with heme 

include the side chain residue serine 34 (Figure 5.22a). The hydrogen bond interaction details are 

shown (Figure 5.22b). The structure showed heme chelation of Fe at residues histidine 42 and 

histidine 61 (Figure 5.22a). To better understand the biological assembly, the structure was analysed 

using Proteins, interfaces, structures and assemblies (PISA) (Krissinel, 2007). The protein and 

ligand complex had a total surface area of approximately 9140 Å, and buries a total area of 2760 Å.   
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Figure 5.21 Schematic representation of the structure of the Methanococcoides burtonii 

WP_011499504.1 cytb5 domain. a. Topology map obtained from PDBsum showing helices (cylindrical), 

and directional alpha and beta sheets. b. Secondary structure plot in which helices are labelled H1-H4 and 

alpha (A) and beta (B) strands are indicated. The regions encoding the beta turns (b), gamma turns (g), beta 

hairpin (U-shaped) are also indicated. 
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Figure 5.22 Heme is bound in the crystal structure of the Methanococcoides burtonii WP_011499504.1 

cytb5 domain. a. LIGPLOT for heme bound to the cytb5 protein domain. b. Heme-interacting residues 

through hydrogen bonding are shown in the table. 

  

a.

b.
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5.3.10 Multimer formation from the Methanococcoides burtonii  WP_011499504.1 

cytochrome b5 domain 

To determine the molecular weight of the Methanococcoides burtonii WP_011499504.1 

cytb5 domain in solution AUC analysis was performed. Although the Methanococcoides burtonii 

WP_011499504.1 cytb5 domain protein existed predominantly as a monomer in solution on S200 

gel filtration profile, the SDS-PAGE gel showed multimeric species. The AUC analysis identified 

a ~50 kDa species representing a multimer (Figure 5.23). The multimer was probably present in 

solution during purification, however, the S200 gel filtration column is not a sensitive method for 

detecting protein multimers. The predominant species seen using all methods was a protein 

monomer. 

 

Figure 5.23 AUC analysis of molecular weight of the Methanococcoides burtonii WP_011499504.1 cytb5 

domain. a. Sedimentation rate of WP_011499504.1 cytb5 domain using AUC analysis. b. Molar mass of 

WP_011499504.1 cytb5 domain calculated using AUC analysis demonstrates a monomeric species of ~8 kDa 

and a multimeric species of ~50 kDa. 

 

5.3.11 Structural insights into cytochrome b5 binding domains 

The crystal structures of the archaebacterial cytb5 domains were used in the investigation 

into the origins and conserved nature of MAPR/ MAPR-like cytb5 domain containing proteins (see 

Appendix 2) and represent the first known solved for a new class of MAPR-like proteins based on 

protein folding and heme-binding properties. The origins of the cytb5 domains and probable 

conserved functionality are discussed here briefly. The way in which MAPR proteins have evolved 
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or otherwise appeared in organisms today through eukaryogenesis is reviewed in Cahill et al. 

(2019). Dr. M. Cahill identified the origins of MAPR proteins, from a class of cytb5 domain proteins 

from candidate phyla radiation bacteria that share common heme-interacting tyrosine residues 

similar to MAPR proteins. Two archaebacterial cytb5 domains were used to investigate the potential 

association of MAPR protein origins with eukaryogenesis. As recently discovered by our research 

group PGRMC1 represents the first identified archetypal heme-binding eukaryotic protein from the 

MAPR family of proteins (clade 1) (see Appendix 2). Several functions of MAPR protein that are 

conserved including sterol metabolism developed during evolution of prokaryotic organisms that 

enabled eukaryogenesis, and several other functions are predicted through conserved sequence 

motifs such as membrane-trafficking. The presence of a MIHIR between helices 3 and 4 of the cytb5 

domain is another identified feature of MAPR proteins (Cahill, 2007, 2017a; Misfud, 2002). 

A heuristic PDB search was performed using DALI protein structure comparison by 

alignment of distance matrices (Holm, 2019), which identified the protein structures from those 

available on the PDB with the highest structural homology to the Methanococcoides burtonii cytb5 

domain (Table 5.7). As expected, this cytb5 domain showed highest homology to the cytb5 domain 

from Hadesarchaea archaeon ynp_n21 protein, with a root mean square deviation (RMSD) of 0.7 

and percent identity (%ID) of 54%. The protein with the second highest confidence score was the 

PGRMC1 cytb5 domain although comparatively the similarity was much lower, with an RMSD of 

2.2 and %ID of 23%. The DALI comparison showed that the cytb5-like structure is conserved 

between organisms from archaebacteria to bacteria, to roundworm (A. suum) to chickens (G. gallus) 

and humans.  
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Table 5.7 Proteins with the highest structural homology to archaebacterial Methanococcoides 
burtonii cytb5 domain  

 
Z- z-score confidence in similarity significance, RMSD- Root mean square deviation across the aligned 

sequences, LALI- Total number of aligned residues, Nres- Total number of residues, %ID= Percent identity. 

 

 

Figure 5.24 Sequence alignment of cytb5 domains from PGRMC1 (4x8y), Hadesarchaea archaeon 

ynp_n21 (6nzx) and Methanococcoides burtonii. A structural comparison was performed using the 

Methanococcoides burtonii cytb5 domain protein sequence (s001) as the reference. Uppercase indicates 

structurally equivalent positions and lowercase indicates additional amino acid insertions relative to s001. a. 

The upper sequence alignments are of the amino acids from each. b. The lower alignments show the secondary 

structure as assigned by DSSP. The structure consists of areas of a helix (H), strand (S) or coil (L). The amino 

acid most common at each site is coloured. 

PDB ID z RMSD LALI Nres %ID Protein name Gene Organism

6NZX 16.4 0.7 76 76 54 Cytochrome b5 APU95_0
3975

H. archaeon 
YNP_N21

4X8Y 8.3 2.2 73 112 23 Progesterone 
receptor membrane 

component 1

PGRMC1 Homo sapiens

1SOX 8.2 2.0 69 463 25 Sulfite oxidase SUOX Gallus gallus

1X3X 8.0 2.4 71 82 25 Cytochrome b5 N/A Ascaris suum

1KBI 5.9 2.4 67 504 30 Cytochrome b2 CYB2 Saccharomyces 
cerevisiae

2I96 5.8 2.8 69 108 25 Cytochrome b5 CyB5A Homo sapiens

2KEO 2.6 3.6 46 92 28 Probable E3 
ubiquitin-protein 
ligase HERC2

HERC2 Homo sapiens

a.

b.
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The crystal structure of PGRMC1 shows the heme binding is coordinated at tyrosine residue 

113 and the crystal structure of the archaebacterial Hadesarchaea archaeon ynp_n21 cytb5 domain 

shows heme ligation via a covalent bond at residue histidine 46 (Figure 5.25). Although the heme 

is not covalently bonded in the structure of the Methanococcoides burtonii WP_011499504.1 cytb5 

domain, it is buried within the protein. Both the archaebacterial Hadesarchaea archaeon ynp_n21 

and Methanococcoides burtonii WP_011499504.1 cytb5 domains show the heme iron atom is 

coordinated by two conserved histidine residues that serve as axial ligands. Therefore, the heme 

binding seen for PGRMC1, and likely other related MAPR proteins, and the heme binding shown 

for the two archaebacterial ctyb5 domains represent different mechanisms of heme interaction. This 

supports that this mechanism of heme binding is not evolutionarily conserved between the MAPR-

like and MAPR proteins. The difference in heme binding mechanisms also provides an explanation 

for the visual difference in colour observed between the bacterially purified proteins samples of 

PGRMC1 and archaebacterial cytb5 domains. Furthermore, the wavelength at which heme was 

detected is different as a result of the difference between histidine or tyrosine coordinated heme 

chelation. 

The most commonly recognised model of heme-binding is seen in the human mitochondrial 

cytochrome b5 protein, which has six coordinated heme with the two conserved histidine residues 

that serve as axial ligands for the heme. The archaebacterial proteins demonstrated the same 

mechanism of heme-binding. In contrast, PGRMC1 and other MAPR protein uniquely show 

tyrosinate coordinated heme-binding. These align with the tyrosine residues of the cytb5MY proteins 

(Figure 5.2). 
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Figure 5.25 Heme axial binding within the cytb5 domain. a. Heme binding within the Hadesarchaea 

archaeon ynp_n21 cytb5 domain that involves binding at histidine residue 46 (green), hydrogen bonding at 

serine 34 and lysine 68 residues (orange) and heme axial ligand support at histidine residues 42 and 61 

(yellow). b. Heme binding within the Methanococcoides burtonii WP_011499504.1 cytb5 domain involves 

hydrogen bonding at serine 34 residue (orange) and heme axial ligand support at histidine residues 42 and 61 

(yellow). c. Heme binding within the PGRMC1 a cytb5 domain is coordinated through tyrosine 113 residue 

and interactions occur at lysine residue 163 and tyrosine residues 107 and 164. Note there are no axial histidine 

residues involved indicating that this type of heme interaction differs from that seen for the archaebacterial 

cytb55 proteins. d. Overlay shows that as predicted from the protein sequences there is high homology 

between the cytb5 domains. The PGRMC1 cytb5 domain (yellow) has a longer helix than the Hadesarchaea 

archaeon ynp_n2 and Methanococcoides burtonii cytb5 domains (blue and green respectively), which is 

shifted away from the heme molecule. 

 

The MIHIR region of the MAPR proteins appears to be a eukaryotic feature that probably 

arose late in the evolutionary timeline. The top 100 BLAST hits of all cytb5MY sequences against 

eukaryotic sequences identified only proteins with MIHIR sequences (Figure 5.2), indicating that 

sequenced eukaryotes possess no cytb5MY proteins (Appendix 2). Furthermore, the demonstrated 

heme-stacking interactions seen in the crystal structure for PGRMC1 protein (Kabe, 2016) is 

potentially important to formation of heterodimers and could potentially facilitate even larger 
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multimer formation. Furthermore, higher order oligomeric species of PGRMC1 may be important 

in heme trafficking. Further investigations are required to determine if, due to the conserved nature 

of the cytb5 binding domain of the MAPR proteins, all MAPR proteins can form heme-dependent 

dimers or multimers.  

Eukaryogenesis is defined as the process of improbable evolution that resulted in eukaryotic 

traits and proteins arising in cell lineages that eventually gave rise to current eukaryotic cells. 

Investigating how proteins which retained conserved domains have diverged from ancestral proteins 

can help develop an understanding of the protein’s important, evolutionarily conserved functionality 

and regulation. BLAST sequence analysis and structural comparisons of MAPR and cytb5 domain 

containing proteins were used to demonstrate a unique class of MAPR related prokaryotic cytb5 

domain proteins. Several described functions of PGRMC1, which are conserved within the family 

of MAPR proteins include sterol metabolism and membrane trafficking, may have appeared early 

in the transition to eukaryotic cells. We suspect that PGRMC1 plays a significant role in heme 

trafficking, through heme binding and modulation of mitochondrial FECH (Piel, 2016). 

Furthermore, we propose that MAPR proteins, including PGRMC1, are important in 

mitochondrial/eukaryotic origins.  

  



	 157	

 
 

 

 

Chapter 6. Discussion 
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6.1 The role of PGRMC1 in cell biology in vitro 

Our research group has found that the phosphorylation status of PGRMC1 influences 

cellular functionality of MIA PaCa-2 human pancreatic cancer cells including metabolism, 

morphology and migration (Thejer, 2020a, 2020b). The HA-tagged PGRMC1 phosphorylation 

mutant proteins used by our research group are based on the frequency of the observed 

phosphorylation of PGRMC1, and the potential biological importance, of a previous study 

(Neubauer, 2008). The phosphorylation mutants aim to prevent phosphorylation of the PGRMC1 

proteins similar to regulation by endogenous kinases and phosphatases. Here further evidence has 

been provided that PGRMC1 plays an important role in several cellular processes and influences 

pancreatic tumour growth using mouse xenograft models. 

A significant finding of our research group is the ability of PGRMC1 to induce a change in 

the morphology of MIA PaCa-2 cells. The changes in cell morphology that were induced by 

overexpression of DM PGRMC1, and to a lesser extent TM PGRMC1, is potentially highly relevant 

in cancer cell biology when assessing prognostic characteristics such as invasiveness. Tyrosine 113 

is required for heme chelation, and mediates PGRMC1 dimerisation (Kabe, 2016). PGRMC1 

phosphorylation may regulate the cytP450 interaction and membrane trafficking functions through 

tyrosine 113 (the phosphate acceptor of a membrane trafficking ITAM motif) and heme binding 

(Cahill, 2017). Two interaction partners involved in cytoskeletal machinery were validated by 

western blot analysis, RACK1 and Actinin-1. These proteins are known to bind in complex to Lck. 

The tyrosine 113 residue on PGRMC1 is recognised as a consensus Lck site and a phosphorylation 

site on PGRMC1. It is possible that this interaction is mediated by phosphorylation at tyrosine 113. 

The effect of phosphorylation of PGRMC1 on interactions with cytoskeletal proteins and cell 

morphology, and on interactions with heme and cytP450s and membrane trafficking functions 

requires investigation. 

In addition, the serine residues 57 and 181 are consensus CK2 sites and tyrosine residues 

139 and 180 are consensus phosphorylation sites for tyrosine kinases on the PGRMC1 protein 

(Cahill, 2007). In the folded protein, serine 57, tyrosine 139 and tyrosine 180 residues are adjacent. 

Phosphorylation at serine 181 was identified on PGRMC1 in the endoplasmic reticulum, however, 
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tyrosine phosphorylation was not detected (Ahmed, 2010). This supports a role for PGRMC1 

phosphorylation in protein translocation through differential phosphorylation at serine 181 and 

adjacent tyrosine residues. Phosphorylation of serine 181 is likely required before a tyrosine kinase 

can phosphorylate the tyrosine 180 residue, however this has not been shown. Differential 

phosphorylation may also enable binding of proteins with a SH2 domain at the adjacent tyrosine 

139 residue, which has been identified as the phosphate acceptor site in the conserved SH2 target 

motif located in the cytb5 binding domain (Cahill, 2007). This residue is likely involved in mediating 

protein interactions which affect PGRMC1 signalling. The putative phosphatases and kinases that 

mediate PGRMC1 phosphorylation status are unknown. As PGRMC1 has been identified as 

differentially phosphorylated in various cancers, further investigation is required to determine if a 

mechanism of modulating cytoskeletal machinery interactions and cell morphology involves 

phosphorylation of PGRMC1.  

The process where epithelial cells undergo phenotypic changes to become mesenchymal in 

shape with increased motility is known as epithelial mesenchymal transition (EMT). EMT is a 

reversible process involved in wound healing and is in increased metastatic cancer. Proteins 

involved in EMT, or messenchymal amoeboid transition (MAT), can be used as indicators of EMT 

induction or reversal and may present potential cancer biomarkers. The shift to mesenchymal cell 

shape induces cytoskeletal changes and matrix metalloprotease expression, promoting cell mobility. 

EMT is mediated by activation of several transcription factors including Snail and ZEB. There is 

also an associated switch from E-cadherin to N-cadherin expression and E-cadherin IHC staining is 

commonly used to detect loss of epithelial markers that is a result of EMT.  

A second significant finding of our research group is the effect of PGRMC1 expression on 

mitochondrial shape and on the expression profile of mitochondrial proteins (Thejer, 2020a, 2020b). 

The role of PGRMC1 in mitochondrial functions is what initiated the investigation into the 

evolutionarily conserved binding motifs on PGRMC1. This discovery, along with the proteomics 

analysis that accompanied this study, has opened several avenues of research into the very 

important, and varied roles of PGRMC1. 
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6.2 PGRMC1 and AG-205  

MIA PaCa-2 cells are sensitive to PGRMC1 function as demonstrated by our research group 

(Thejer, 2020a, 2020b). As previously discussed, AG-205 was modelled against the heme-binding 

pocket of the MAPR protein from Arabidopsis thaliana (Cahill, 2007; Yoshitani, 2005). However, 

AG-205 is a likely a ligand specific for all MAPR proteins including PGRMC2, Neudesin and 

Neuferricin (Kimura, 2013; Yoshitani, 2005). Various cancer cell lines expressing PGRMC1 are 

susceptible to treatment with AG-205 and sufficient doses of AG-205 result in cell death. Very little 

is known about the mechanism of action of AG-205, and to investigate how the small molecule 

inhibitor of PGRMC1 is resulting in cell death, particularly in these aggressive cancer cell lines is 

imperative. A dose response experiment was performed to determine a LD50 concentration of AG-

205 for MIA PaCa-2 and MCF7 cells overexpressing WT PGRMC1 (Figure 2.8a). AG-205 

decreased cell viability of MIA PaCa-2 pancreatic cancer cells and MCF7 breast cancer cells, acting 

on cancer cells expressing both endogenous PGRMC1 and overexpressing PGRMC1-HA proteins. 

Furthermore, the effect was seen in two cells lines demonstrating that this was not a cell line 

dependent effect. A limitation of using the MTT assay and Trypan Blue assays for assessing cell 

viability is that detached, viable cells are not included in the viable cell count. As treatment with 

AG-205 influenced binding to proteins involved in cytoskeletal machinery, RACK1 and α-Actinin-

1, it is indeed possible that AG-205 treatment results in cells changing cell shape and becoming 

detached. The results of the AG-205 experiment were validated using Trypan Blue and manual cell counting, 

and treated cells were imaged using brightfield microscopy showing that AG-205 treatment results in cell 

death, however, the number of non-adherent viable cells have not been counted. While we did not observe a 

significant change in morphology of the cells at low doses of AG-205, unfortunately we are not able to rule 

out the possibility that the effect we observed was in part due to cell detachment. 

AG-205 has been shown to bind PGRMC1 and inhibit the effects of PGRMC1. However, 

AG-205 treatment also had a significant effect on MIA PaCa-2 parental cell line samples. This is 

potentially due to the effect on endogenously expressed PGRMC1, however, could also be AG-205 

targeting other MAPR or non-MAPR proteins. PGRMC2, Neudesin and Neuferricin have similar 

cytb5 binding domains to PGRMC1 and AG-205 has not been tested for specificity to PGRMC1. 
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The MAPR proteins were not in the list of 243 proteins identified with altered expression as a result 

of expression of PGRMC1 mutant proteins as part of a proteomic study by our research group 

(Thejer, 2019a). Future experiments should determine if treatment with AG-205 affects expression 

and protein interactions of other MAPR proteins. 

As previously discussed, PGRMC1 influences mitochondrial activity and NNMT 

(Nicotinamide N-methyltransferase) activity (Thejer, 2020a, 2020b). The drug and progesterone 

dose response assays in this study were based on assessment of cell viability using the MTT cell 

viability assay, which detects a product produced in the mitochondria by active cells. The 

colourimetric detection of this product is taken as directly proportional to the number of viable cells 

to assess the effect of a drug on the cells. AG-205 treatment of MIA PaCa-2 cells resulted in 

apoptotic cell death as demonstrated using brightfield microscopy. The decreased absorbance was 

therefore taken as being related to the number of live, viable cells as opposed to influencing 

mitochondrial activity of the cells without inducing cell death.  

The anti-apoptotic and anti-mitotic effects of progesterone were evidenced in MIA PaCa-2 

cells. Progesterone has been shown to have a protective, anti-apoptotic effect on cells (Clark, 2016; 

Friel, 2015; Peluso, 2009, 2010, 2008). In Gonadotropin releasing hormone (GnRH) neurons the 

effects of progesterone were blocked by the inhibitor of PGRMC1, AG-205 (Bashour, 2012). In this 

study, pretreatment with progesterone did not have a protective effect for MIA PaCa-2 cells treated 

with AG-205. This result supports that AG-205 can target another protein, potentially a MAPR 

protein, that is also responsible for the progesterone dependent anti-apoptotic effect, however, 

whether AG-205 specifically targets PGRMC1 is yet to be determined. 

6.3 AG-205-dependent interactions with α-Actinin-1 and RACK1 
RACK1 and α-Actinin-1, two proteins identified as interaction partners of PGRMC1, are 

actin-binding proteins involved in actin-driven cell motility (Duff, 2017). A Lck-RACK1- α-

Actinin-1 protein complex influences the subcellular location of Lck (Ballek, 2016). Interestingly, 

the tyrosine 113 residue on PGRMC1 is recognised as a consensus Lck site and a phosphorylation 

site on PGRMC1 (Cahill, 2007). This residue has recently been shown to be the tyrosinate ion 

coordinating heme binding, associated with binding cytP450 proteins (Kabe, 2016), which would 
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be disrupted by protein phosphorylation. It has been previously suggested that PGRMC1 has a role 

in protein trafficking (Thomas, 2008). It is likely that the predicted membrane-trafficking motif is 

also not accessible when heme is bound, making protein trafficking and heme binding mutually 

exclusive (Teakel, 2020). 

6.4 PGRMC1 expression and anti-cancer drug responses 

Doxorubicin is an anti-cancer drug routinely used for treatment of various cancers including 

breast, thyroid, lung, gastric, pancreatic and ovarian (Gewirtz, 1999; Thorn, 2011). Doxorubicin 

acts to intercalate into DNA and disrupt DNA repair (topoisomerase-II-mediated). Doxorubicin is 

oxidised to an unstable inactive metabolite, doxorubicinol, and converted back to doxorubicin in a 

process that generates ROS. This results in lipid peroxidation damaging cell membranes and DNA, 

and causing oxidative stress and ultimately induces apoptosis (Thorn, 2011). A recent study showed 

that PGRMC1 interacted with CYP1A2 and CYP3A4 cytP450 proteins, described as drug-

metabolising proteins that convert doxorubicin into inactive doxorubicinol and PGRMC1 

knockdown resulted in modestly increased sensitivity to doxorubicin (Kabe, 2016). This effect was 

reversible by expression of WT PGRMC1. The tyrosine 113 residue is the heme chelating residue 

at the binding site of cytP450 proteins. Expression of a Y113F mutant protein did not reverse the 

increased sensitivity of doxorubicin (Kabe, 2016). Presumably this is due to the lack of heme 

binding to PGRMC1 resulting in inhibition of cytP450 interactions.  

Tamoxifen is another anti-cancer drug that is metabolised by cytP450 proteins, specifically 

CYP2D6 and CYP3A4 isoforms (Cronin-Fenton, 2014). Tamoxifen is described as a selective 

estrogen response modifier (SERM), an oestrogen antagonist, which blocks VEGF production that 

is stimulated by oestradiol in breast cancers. Tamoxifen is a well-known Protein kinase C inhibitor 

and anti-angiogenic factor that induces apoptosis in cancer cell lines. PGRMC1 binds cytP450 

proteins to regulating cytP450 protein activity, and is involved in steroid and cholesterol synthesis, 

and metabolism of drugs and hormones (Ahmed, 2012; Hughes, 2007). PGRMC1 knockdown 

decreased cholesterol synthesis and increased toxic sterol intermediates, demonstrating PGRMC1 

plays a role in cellular detoxification (Ahmed, 2012; Hughes, 2007). Oestrogen production is the 
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pathway targeted by tamoxifen and in breast cancer cells, PGRMC1 has been shown to bind and 

activate the cytP450 Cyp19/aromatase protein involved in production of oestrogen (Ahmed, 2012). 

Therefore, PGRMC1 possibly regulates removal of toxic intermediates of both doxorubicin and 

tamoxifen through binding to cytP450 proteins.  

Despite PGRMC1 having known roles in interacting with and regulating cytP450 protein 

activity, expression of PGRMC1 or the phosphorylation mutant proteins did not significantly alter 

the effect of either doxorubicin (Figure 2.10) or tamoxifen (Figure 2.11) treatment on MIA PaCa-2 

cells. The MIA PaCa-2 parental cell line expresses endogenous PGRMC1. The experiments 

performed did not include a cell line with a knockdown of PGRMC1 expression, however, the 

results observed support that overexpression of PGRMC1, or phosphorylation of PGRMC1 at the 

residues tested in the mutant proteins, does not influence the response to the anti-cancer drugs tested.  

6.5 PGRMC1-dependent anti-proliferative and anti-apoptotic effects of progesterone  

PGRMC1 plays an essential role in promoting cell survival and has been implicated in 

regulation of apoptosis through its effect on progesterone signalling in both normal and cancer 

tissues in vitro (Peluso, 2011). PGRMC1 mediates the anti-apoptotic effect of progesterone in 

multiple cancer cell lines including breast, ovarian and endometrial cancers (Clark, 2016; Friel, 

2015); Peluso., 2008; Peluso 2009; (Peluso, 2010). In MDA-MB-231 breast cancer cells, the 

progesterone dependent anti-apoptotic effect induced following doxorubicin treatment was 

PGRMC1 dependent (Clark, 2016). A PGRMC1 dependent anti-mitotic effect of progesterone 

treatment was also described in an endometrial cancer cell line (Friel, 2015). Progesterone has been 

reported to inhibit epithelial cell proliferation (Tong, 1999) and both the MIA PaCa-2 human 

pancreatic cancer cell line and the MCF7 human breast cancer cell line express the progesterone 

receptor. Progesterone is an endogenous progesterone receptor agonist and a C-21 steroid hormone 

that binds PGRMC1 (Kabe, 2016). MIA PaCa-2 cells have not been previously reported as 

progesterone responsive. Our experiments have shown that MIA PaCa-2 cells are sensitive to 

progesterone treatment. 

Progesterone effectively inhibited cell proliferation of MIA PaCa-2 cells expressing 
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PGRMC1. This effect was less evident in MIA PaCa-2 parental cell line. Cells overexpressing 

PGRMC1 that were pretreated with progesterone had reduced cell death following treatment with 

doxorubicin or tamoxifen. Interestingly, it was essential that the cells were pretreated with 

progesterone prior to the drug treatment to elicit a protective effect; treatment with progesterone at 

time of drug treatment was ineffective. However, whether progesterone was in the media containing 

the drug treatment or not did not alter the protective effect. The protective effect of progesterone 

was significantly higher in cells overexpressing PGRMC1, suggesting that this is a PGRMC1-

dependent effect of progesterone. The effect of progesterone was seen following treatment with 

doxorubicin and tamoxifen, two anti-cancer drugs with different mechanisms of inducing cancer 

cell death, suggesting a non-specific anti-apoptotic function potentially involving reduction or 

resistance to ROS production. The protective effect of progesterone was less evident for MIA PaCa-

2 parental cells. There was no significant difference in progesterone-dependent protection between 

cell lines expressing WT, DM or TM PGRMC1 proteins, indicating that the effect is not likely 

influenced by the phosphorylation status of PGRMC1. 

A role for PGRMC1 in vesicle trafficking to facilitate the translocation of receptors 

including the progesterone receptors to the cell surface has been proposed (Thomas, 2014; Wang, 

2014). Progesterone can have an anti-apoptotic effect on cells during stress independent of classical 

progesterone receptor expression (Clark, 2016). Therefore, though the PGRMC1-dependent effect 

of progesterone is not necessarily dependent on expression of the progesterone receptor, the MIA 

PaCa-2 cells used in this study do express the progesterone receptor.  

The mechanism of action of progesterone is not known. However, expression of the 

progesterone receptor is used routinely in cancer prognosis and to predict the response to anti-cancer 

therapies. Therefore, the involvement of PGRMC1 makes an attractive target for treatment of 

diseases that respond to progesterone stimulation such as breast cancer. The ER appeared in the 

ancestral vertebrate lineage before the progesterone receptor. It has been suggested that 

progesterone responsiveness and a role in steroidogenesis are therefore acquired secondary 

functions of PGRMC1 (Cahill, 2017a).   
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6.6 Interaction of PGRMC1 with Prohibitins  
The evolutionarily conserved Prohibitins (PHBs) are inhibitors of cell proliferation and play 

an important role in cancer (Lv, 2012). PHBs have a diverse range of functions described in the 

current literature. They have been implicated in regulating mitochondrial respiration activity and 

structural integrity, and in aging. PHBs also have roles in transcription, inhibiting DNA synthesis, 

nuclear signalling, cell adhesion and cellular membrane metabolism (Bavelloni, 2015; Jupe, 1996; 

Koushyar, 2015; Nuell, 1991; Sievers, 2010; Signorile, 2019). Furthermore, PHB2 is responsible 

for modulation of ER transcriptional activity via regulating nuclear hormone receptors and 

recruitment of histone deacetylases (Kasashima, 2006). PHB and PHB2 can function independently 

or as a heterodimeric complex. It is likely, due to the validation of both PHB and PHB2 in co-IP 

samples, that PGRMC1 is binding to PHBs in complex and that they are performing a function that 

requires both proteins.  

Accompanying the vast array of functions for PHBs is a highly diverse cellular localisation 

within the cell, from the lipid rafts of the cytoplasmic membrane to the nucleus, and is notably most 

abundant in the mitochondria (Sievers, 2010). A key function for PHB proteins in the mitochondria 

is as a transport protein. PHB proteins are described to have strong roles in cancer, influencing cell 

cycle and apoptosis. PHB1 has both been associated with p53 interactions in the nucleus and has 

been shown to be able to attenuate the PI3K pathway in an insulin-signalling dependent manner 

(Ande, 2009; Thuaud, 2013).  

PHBs have been implicated in tumourigenesis, cell proliferation and metastasis in prostate, 

bladder, ovarian and breast cancer (Fraser, 2003; Jiang, 2015; Yang, 2018), and are associated with 

poorer prognosis in bladder cancer (Koushyar, 2015). Interestingly, novel potent anti-cancer drugs 

including tamoxifen affect PHB activity. PHB1 is described as a potential target to improve the 

efficacy of these drugs and decrease chemotherapy resistance by acting in synergy (Koushyar, 

2015). Tamoxifen had a progesterone-dependent effect on the MIA PaCa-2 pancreatic cell lines 

overexpressing PGRMC1. The function that PGRMC1 and PHB proteins are responsible for is 

uncertain and further studies into the function and localisation of the protein complex are required. 
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6.7 Binding to MSH6 
Alterations to MSH6 expression are associated with increased risk of various cancers 

including ovarian, gastric, small bowel, colorectal, uterine and endometrial (Ramsoekh, 2009). 

Immunohistochemical staining for the expression of MHS6 is routinely used as a diagnostic tool in 

histology laboratories. The testing is usually conducted as a panel of four proteins known as 

mismatch repair (MMR) genes including DNA mismatch repair protein MSH2 (MSH2), which 

forms a complex with MHS6, as well as Mismatch repair endonuclease PMS2 (PSM2) and DNA 

mismatch repair protein MLH1 (MLH1), which also form a complex together (Dudley, 2015). The 

proteins are important for DNA repair and genomic stability. Several other DNA repair proteins 

were detected by MS analysis including PARP9 and PARP14. Spontaneous DNA damage is 

typically increased in cancers and DNA repair proteins play an important role in cancer including 

in base-excision repair. PARP proteins facilitate breaks in single stranded DNA and are considered 

non-oncogenic targets for cancer therapies (Bryant, 2005; Farmer, 2005). Further investigation into 

the interaction with MSH6 and other DNA repair proteins may provide insight as to how PGRMC1 

is able to influence genomic stability as demonstrated by our group (Thejer, 2019b).  

6.8 Other PGRMC1-interacting proteins  

Despite no direct evidence to support the interaction of the HA-tagged PGRMC1 bait 

protein with several interaction partners, due the number of proteins contributing to the pathways 

identified in pathway enrichment analysis, these proteins and their potential effect on cell biology 

are worth consideration. Only select protein interactions were confirmed by Western blot analysis. 

Other methods of validating protein interactions, which also can confirm a direct interaction, include 

cross-linking (using paraformaldehyde), BirA biotinylation or other proximity ligation assays. 

Unfortunately, we were limited by time, funding and resources to confirming interaction partners 

by Western blot analysis for this study. 

There are several very attractive pathways that appear to be involving PGRMC1 in 

pancreatic cancer biology including in autophagy, cholesterol metabolism and synthesis, cell 

migration, and binding to the actin cytoskeletal machinery. Cholesterol metabolism is important for 

cancer cell proliferation and the ER is activated by cholesterol metabolites. PGRMC1 has been 
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shown to bind to cholesterol (Hughes, 2007). Involvement in cholesterol metabolism through 

binding to proteins involved in this pathway may be the primary way PGRMC1 is able to contribute 

to cancer progression, presenting an interesting drug target for the cholesterol synthesis and 

metabolism pathways in cancer cells.  

Importins are karyopherins that recognise nuclear localisation signal (NLS) sequences and 

transport proteins into the nucleus. Importin subunits a and b can form heterodimers, where 

Importin a acts as an adaptor protein for Importin b interactions however Importin b does not 

require an Importin a subunit to transport all proteins into the nucleus. Binding to RanGTP inside 

the nucleus dissociates the complex, releasing the transported protein into the nucleus. The 

translocation of PGRMC1 into the cell nucleus, where it is able to have a substantial effect, and the 

mechanism and regulation of translocation requires further research. It is highly likely, having 

identified potential NLS and NES sequences (Figure 5.12) on PGRMC1, and due to the size of 

PGRMC1 as a multimer and/or with post-translational modifications, that PGRMC1 can be 

imported and exported from the nucleus by the importin and exportin chaperone proteins. IPO9 and 

Importin a3, which have been previously shown to bind by co-fractionation experiments (Wan, 

2015), were more abundant in PGRMC1 samples and in MIA PaCa-2 samples post AG-205 

treatment.  

Importins contain armadillo fold repeat motifs (ARM). An ARM domain of ~40 residues 

consists of a pair of alpha helices to form a hairpin loop, and proteins can contain several tandem 

copies of the sequence. ARM domains are most commonly associated with proteins involved in cell 

adhesion to the cytoskeleton such as the Proteasome adaptor and scaffold protein ECM29, which 

was identified as more abundant in PGRMC1 co-IP samples. However, the ARM domain can be 

found in a range of proteins with other functions including in Wnt pathway signalling in embryonic 

development and in Translational activator GCN1, which was also identified as more abundant in 

PGRMC1 co-IP samples.  

Several proteins identified implicate PGRMC1 in binding to the actin cytoskeleton 

including myosins and α-Actinin-1 (Teakel, 2020). Binding of PGRMC1 to proteins involved in 
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actin cytoskeletal machinery is an interesting avenue for further research. PGRMC1 has been shown 

to influence cell morphology, which is also dependent on the phosphorylation status of PGRMC1. 

The PGRMC1 dependent effect on cell morphology was shown to require Rho kinase (ROCK) 

using the ROCK inhibitor to reverse the rounded phenotype of cells expressing PGRMC1 

phosphorylation mutant proteins (Thejer, 2020a).  This further supports a model in which binding 

of PGRMC1 to the actin cytoskeleton results in actin reorganisation and subsequent changes in cell 

morphology in the MIA PaCa-2 pancreatic cell line.  

When considering the identification of proteins only present in PGRMC1 co-IP samples 

after AG-205 treatment it is conceivable that AG-205 is initiating or inhibiting a pathway and 

therefore interactions with PGRMC1 are taking place as a result of an off-target effect. However, it 

is more likely that following the displacement of other binding proteins from PGRMC1, by AG-

205 interaction at the cytb5 binding domain, other proteins are then free to bind nearby binding sites 

that would otherwise have been unavailable due to bulky protein interactions. It is therefore 

important to consider the proteins found significantly bound in the co-IP samples following AG-

205 treatment. 

There is an apparent AG-205 dependent effect in the MIA PaCa-2 AG-205 treated samples, 

which do not express any bait protein (Teakel, 2020). Myosin proteins are more bound in samples 

treated with AG-205, whether through binding to endogenous PGRMC1 or due to upregulation and 

binding to the magnetic beads. It is possible that this effect is also due to an off-target effect in 

which AG-205 is acting on endogenously expressed PGRMC1 or other MAPR proteins. It is yet to 

be determined if AG-205 binds or acts on all MAPR proteins or if AG-205 is in fact a PGRMC1-

specific inhibitor. This requires further investigation.  

6.9 Post-translational modifications of PGRMC1 

PGRMC1 has previously been primarily found as a monomer or dimer. However, PGRMC1 

is detectable in a higher molecular weight form that is not susceptible to reducing agents, resulting 

in the prediction of several post-translational modifications. Recently, multimers of PGRMC1 

associated with post-translational modification were identified (Sabbir, 2019). Post-translational 
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modifications of PGRMC1 including phosphorylation, sumoylation and ubiquitination were 

confirmed by mass spectrometry analysis.  

6.9.1 Phosphorylation 

Phosphorylation of proteins is crucial for regulation of protein function and interactions, 

and also in cellular signalling. The abundance of phosphorylated forms of the PGRMC1 protein is 

of great interest in relation to how this effects the localisation and interacting partners of PGRMC1. 

Phosphorylation is a reversible post-translational modification whereby a phosphate group (PO4
-3) 

is added to the protein to regulate protein activity or to result in a conformational change that 

determines which other binding sites are available on the protein (Ciesla, 2011). Phosphoproteomics 

uses the change in phosphorylation status of proteins, detected by MS analysis, to analyse protein-

protein interactions and protein function. It has been suggested that the phosphorylation status of 

PGRMC1 is able to regulate its activity (Cahill, 2016b). Differentially phosphorylated PGRMC1 

had been previously identified in breast cancer cells (Neubauer, 2008). PGRMC1 phosphorylation 

sites in vivo have been identified, however their functions have not yet been described. Consensus 

sites of phosphorylation located on PGRMC1 include serine residues 54, 57 and 181, and tyrosine 

residues 113, 139 and 180 (Cahill, 2007; Neubauer, 2008).  

Understanding the regulation of PGRMC1 function and localisation through 

phosphorylation of known residues is crucial to development of effective therapeutics that target 

PGRMC1. The tyrosine residue 139 is the phosphate acceptor site in the conserved SH2 target motif 

located between helices 3 and 4 of the cytb5 binding domain consensus fold (Cahill, 2007). This 

residue is probably involved in mediating protein interactions which affect PGRMC1 signalling. 

Casein Kinase 2 (CK2) is a kinase recognises consensus either serine or threonine residue 

phosphorylation sites (Rusin, 2017). Approximately 20 percent of the human phosphoproteome 

corresponds to consensus CK2 sites. Serine residues 57 and 181 are consensus CK2 sites on 

PGRMC1. The phosphorylation status of PGRMC1 differs in various cancers. The serine 181 

residue is constitutively phosphorylated in non-stimulated MCF-7 cells (Neubauer, 2009). 

Interestingly, PGRMC1 phosphorylation was only identified at the serine 181 residue in MIA PaCa-
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2 cells. Phosphorylated PGRMC1 at this residue has been identified in the endoplasmic reticulum 

previously, however, tyrosine residues were not phosphorylated (Ahmed, 2010). This supports a 

role for PGRMC1 phosphorylation in protein translocation.  

Tyrosine consensus phosphorylation sites on PGRMC1 are phosphorylated by tyrosine 

kinases. A tyrosine kinase is able to phosphorylate the tyrosine 180 residue. However, this is 

unlikely to be possible if the serine 181 residue is phosphorylated. The activation of a serine 

phosphatase may therefore be required before a tyrosine kinase can phosphorylate the tyrosine 180 

residue, enabling binding of proteins with a SH2 domain. The putative phosphatases and kinases 

that mediate PGRMC1 phosphorylation status are not yet identified. There is a previously suggested 

potential feedback inhibition mechanism of signalling, through the adjacent putative SH2 protein-

binding domain at tyrosine 180 and serine 181 residues, important in cancer cell biology (Neubauer, 

2008).  

More recently, it has been shown that PGRMC1 is tyrosine phosphorylated in postsynaptic 

densities, which are protein dense areas adjacent to the postsynaptic membrane. PGRMC1/S2R in 

complex mediate oligomer binding and synaptotoxicity of the amyloidogenic protein Amyloid b 

42, which may implicate PGRMC1 in migration of embryonic nerve cord axons and synaptic 

function (Izzo, 2014b, 2014a). PGRMC1 has been recently demonstrated to influence the p53 and 

Wnt pathways, and to play an integral role in maintaining embryonic stem cell pluripotency (Kim, 

2018). The tyrosine 180 residue, being the most highly conserved phosphorylation site (Appendix 

2), is potentially a key site of regulation for PGRMC1. The phosphorylation of other key residues 

including tyrosine 178 and serine 181 may also be important in the conserved roles of PGRMC1 

(Cahill, 2016a). Jellyfish had the first PGRMC1 like proteins with tyrosine 180 conserved. As the 

tyrosine 180 residue is conserved, the functions of PGRMC1-related proteins and homologues are 

likely to be regulated by the state of this phosphorylated residue. The tyrosine residue 180 is 

important for regulation of cell cycle progression (Adhikary, 2016). 

The subcutaneous mouse xenograft study in Chapter 4 demonstrates that the tyrosine 180 

residue is required for tumourigenesis in a mouse xenograft model of pancreatic cancer. The TM 
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tumours were produced from cells expressing a mutant PGRMC1 protein in which a point mutation 

substituted tyrosine 180 for alanine. This point mutation has probably resulted in decreased tumour 

size as a consequence of the inability of PGRMC1 to be phosphorylated at this residue. 

Understanding the phosphorylation status and regulation of PGRMC1 is critical to development of 

therapies that target PGRMC1 protein in a disease state. 

6.9.2 Ubiquitination 

Ubiquitination involves the activation, conjugation and ligation of the target protein, 

subsequently resulting in ubiquitin binding via an isopeptide bond to available lysines on the protein 

or a peptide bond to the N-terminus of the protein (Pickart, 2004). Ubiquitination of a protein most 

often results in the protein being targeted for degradation. Monoubiquitination can alter protein 

activity, regulate protein-protein interactions, or influence the cellular localisation resulting in 

recycling of the receptor to the cell surface, or can direct the protein to the exosome pathway. 

Receptor internalisation after activation also involves monoubiquitination. Proteins must be 

monoubiquitinated to be taken into exosomes (Buschow, 2005) and PGRMC1 was identified within 

exosomes (Mir, 2012). This suggests that monoubiquitinated PGRMC1 is secreted into the 

extracellular space via the exosome pathway. Potential sites of ubiquitination have been identified 

on PGRMC1 (K163, K169 and K172), which could also mediate protein signalling dependent on 

the SH2 binding domains (Cahill, 2007). 

Several proteins were identified by MS analysis as more abundant in PGRMC1-HA 

samples that may regulate protein ubiquitination and are involved in the production of peroxisomes 

including TRIM21, TRIM25 and PEX5. Monoubiquitination can alter protein activity, regulate 

protein-protein interactions, or influence the cellular localisation resulting in recycling of the 

receptor to the cell surface, or can direct the protein to the exosome pathway. Receptor 

internalisation after activation also involves monoubiquitination. Proteins must be 

monoubiquitinated to be taken into exosomes (Buschow, 2005) and PGRMC1 was identified within 

exosomes (Mir, 2012). This suggests that monoubiquitinated PGRMC1 is secreted into the 

extracellular space via the exosome pathway. The probable sites of ubiquitination identified on 
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PGRMC1 (K163, K169 and K172) probably mediate protein signalling (Cahill, 2007; Sabbir, 2019) 

through mechanisms that require further investigation.  

6.9.3 Sumoylation 

Sumoylation is a post-translational modification similar to ubiquitination often associated 

with nuclear localisation of proteins. Sumoylation can also target the protein for degradation or 

increase protein activity, in transcriptional regulation for example, by escorting the protein into the 

nucleus (Zhang, 2008). Sumoylation of nuclear proteins is associated with a role in the regulation 

of transcription (Peluso, 2012a). A higher molecular weight form of PGRMC1 of ~54 kDa was 

shown to be sumoylated by precipitation with a Small ubiquitin-like modifier 1 (SUMO-1) antibody 

(Peluso, 2012b). However, it is unclear the role that sumoylation of PGRMC1 plays in its function. 

SUMO proteins also become attached to a lysine on the target protein via an isopeptide bond to the 

glycine located at the C-terminal of the SUMO protein (Hay, 2005). Further studies are required to 

determine what fraction of the higher molecular species of PGRMC1 represent sumoylated proteins 

and if this influences nuclear localisation of PGRMC1 in pancreatic cancer. 

6.10 PGRMC1 expression and orthotopic mouse xenograft pancreatic tumour growth 

 Mice were injected with MIA PaCa-2 human pancreatic cell lines expressing 

phosphorylation mutant PGRMC1-HA proteins to assess the effect of PGRMC1 phosphorylation 

status on pancreatic tumour growth in an orthotopic mouse xenograft model. In cell culture 

conditions, approximately 15 percent of the cells are in cell suspension. The cells in suspension 

were discarded and only adherent cells were used for the injections in this study. The mutations 

made in the PGRMC1 proteins were point mutations to mimic the phosphorylation of PGRMC1 

that can occur in vivo. The PGRMC1 phosphorylation mutant proteins were originally designed by 

our collaborators Prof. H. Neubauer and his research group at Heinrich Heine University in 

Dusseldorf, Germany. The PGRMC1 proteins were expressed in the MIA PaCa-2 pancreatic cancer 

cell line as previously described prior to injecting the cell lines (Neubauer, 2008). The effects seen 

on pancreatic tumour growth were dependent on the expression of PGRMC1-HA proteins. There is 

endogenous expression of PGRMC1 in the cells expressing the PGRMC1-HA proteins, however 
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this would also be present in the MIA PaCa-2 parental cell line. There are conserved terminal 

residues, KND, on PGRMC1 (Cahill, Unpublished data) which are located close to the HA-tag. 

This could result in an altered effect of the PGRMC1-HA proteins due to the presence of the HA 

tag, however this would be across all cell lines. 

 PGRMC1 and phosphorylation of important regulatory residues, including serine 57 (S57), 

tyrosine 180 (Y180), and serine 181 (S181) has been reviewed (Cahill, 2016b), as well as a reviewed 

of the many cancer-associated functions of PGRMC1. These findings implicate PGRMC1 as a very 

important regulatory protein that sits at signalling crossroads that influences cancer cell biology 

processes. An additional phosphorylation mutation protein was designed, which included two point 

mutations of the double mutant variant protein from Prof H. Neubauer (at S57 and S181) as well as 

a point mutation in which tyrosine 180 was mutated to phenylalanine (Cahill, 2016b; Neubauer, 

2008).  

Orthotopic tumour mouse xenografts are often preferred over subcutaneous mouse models 

due to the tissue site-specific environment and ability to study secondary tumour metastasis (Qui, 

2013). The immunodeficient mice, however, do not completely mimic natural tumourigenesis that 

occurs in human pancreatic cancers due to the tumour microenvironment. In patients with pancreatic 

cancer the immune cells play a crucial role in cancer progression and metastasis, however, injecting 

MIA PaCa-2 human pancreatic cancer cells into immunocompetent mice would result in graft 

rejection. 

The tumours that arose from MIA PaCa-2 cells differed only by the expression of PGRMC1 

phosphorylation mutant proteins. Therefore, the differences in tumour growth are interpreted as 

PGRMC1 phosphorylation mutation dependent, implicating PGRMC1 signalling in important 

pancreatic cancer cell biology. The MIA PaCa-2 parental cells differ from cells expressing 

PGRMC1-HA, not only by PGRMC1 expression, but also the cell lines have been subjected to 

hygromycin treatment for clonal selection. The hygromycin selection is expected to permanently 

affect the cells gene expression profiles.  Therefore, the differences seen between MIA PaCa-2 

parental cell and all other cells expressing PGRMC1-HA proteins cannot be ascribed to PGRMC1 
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expression alone. Furthermore, the mice injected with MIA PaCa-2 parental cell line in the pilot 

experiment were treated under a non-identical regime. It is therefore possible that the WT PGRMC1 

cell line tumours could have grown to the same size as the MIA PaCa-2 cell line tumours given 8 

weeks instead of 7 weeks, as the doubling time of MIA PaCa-2 cell line is approximately 40 hours 

(ISO 17025, 2016). Finally, the MIA PaCa-2 parental cell line does also express endogenous 

PGRMC1 protein. However, our research question as to whether the phosphorylation status of 

PGRMC1 influences tumour growth should primarily consider the DM PGRMC1 or TM PGRMC1 

tumours in comparison to cells expressing WT PGRMC1. 

MIA PaCa-2 cells overexpressing WT PGRMC1 had decreased tumour size compared to 

the TM tumours. Overexpression of PGRMC1 has previously been linked to larger tumours and 

PGRMC1 depletion to smaller tumours size in different cancer cell lines (Clark, 2016; Friel, 2015; 

Kabe, 2016; Schneck, 2012). However, there is no evidence that PGRMC1 induces oncogenic 

transformation and no known previous studies involving studying PGRMC1 phosphorylation in a 

pancreatic cancer cell line. Furthermore, the previously observed increased proliferation of cells 

overexpressing PGRMC1 in response to progesterone may be due to higher cell numbers as a result 

of decreased rates of cell death (Neubauer, 2009). This suggests that the anti-apoptotic effect of 

progesterone previously described and demonstrated in MIA PaCa-2 cells was in effect. This study 

supports an important role for the phosphorylation of the tyrosine 180 residue, as the largest tumours 

formed were from MIA PaCa-2 cell expressing the TM PGRMC1 protein. Although the mechanism 

is yet to be described, the evidence for the importance of PGRMC1 phosphorylation in pancreatic 

cancer cell biology is increasing (Cahill, 2017a, 2016b; Thejer, 2020a, 2020b). 

 Areas of necrosis were visualised within the centre of several tumours. Large areas of 

necrosis are consistent with a fast growing and typically aggressive cancer as a result of a low 

vascularisation, and lack of angiogenesis and blood supply to the centre of the tumour. Ki67 is a 

common proliferation marker used in cancer diagnosis and prognosis in diagnostic histopathology 

laboratories. PGRMC1 expression has been reported to show no correlation with Ki67 expression 

(Zhang, 2015), and therefore Ki67 staining was used in this study as a proliferation marker. The 
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Ki67 staining showed all tumours formed to be high grade, however there was no significant 

difference in Ki67 expression between the experimental groups.  

The number of sites of metastases per mouse and the median number of metastases per 

experimental group suggest that all cell lines, expressing different phosphorylation variants of the 

PGRMC1 protein, are characteristic of highly aggressive and invasive pancreatic cancer. The 

inoculations of cells for the mouse xenograft studies were performed with scientists with expertise 

in mouse handling and performing inoculations for mouse xenograft studies at the Garvan Institute 

or JCSMR. We believe that the metastatic tumours formed from the cells injected were not a result 

of inoculation spillage or leaked cells, however, we are not able to confirm this. 

6.11 PGRMC1 expression and subcutaneous mouse xenograft pancreatic tumour growth 

The orthotopic mouse xenograft study demonstrated significant difference in tumour size 

dependent on expression of the TM PGRMC1 phosphorylation mutant protein in vivo. TM 

PGRMC1 protein has three point mutations; at serine residues 57 and 181 and at tyrosine residue 

180. The mice injected with MIA PaCa-2 parental cell line in the orthotopic experiment were not 

treated under an identical regime. It is possible that the WT PGRMC1 tumours could have grown 

to the same size as the MIA PaCa-2 parental cell line tumours given 8 weeks instead of 7 weeks, as 

the doubling time of MIA PaCa-2 cells is approximately 40 hours. For publication purposes, and 

due to the significant difference seen in the WT and TM PGRCM1 tumours as a result of the mutant 

PGRMC1 phosphorylation proteins, a larger sample set including the parental MIA PaCa-2 cell line 

treated in parallel with the cell lines overexpressing variants of the PGRMC1 protein and with a 

modified, subcutaneous mouse xenograft model was justified. 

As for the orthotopic mouse xenograft experiment, caution was taken with interpretation of 

results as the MIA PaCa-2 parental cell line tumours are not directly comparable to the cells 

expressing phosphorylation mutants of PGRMC1. The MIA PaCa-2 cells did not have an empty 

vector control and were not subjected to hygromycin B selection. MIA PaCa-2 parental cell line 

tumours were used as a baseline and to determine the experimental end-point. The aim of this study 

was to compare the effect of phosphorylation status of PGRMC1 rather than to compare exogenous 
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overexpression of PGRMC1-HA with endogenous expression of PGRMC1. In addition, it should 

also be noted that in cell culture conditions approximately 15 percent of the cell population is in cell 

suspension. The cells in suspension were discarded and only adherent cells were used for the mouse 

xenograft studies.  

The subcutaneous mouse xenograft study demonstrated that pancreatic tumour growth was 

not significantly altered as a result overexpression of WT PGRMC1 or DM PGRMC1 expression. 

However, the TM PGRMC1 tumours were significantly smaller than the MIA PaCa-2 parental cell 

line, WT PGRMC1 and DM PGRMC1 tumours. The TM PGRMC1 has only a single point mutation 

at tyrosine 180 additional to the DM PGRMC1 protein, suggesting that this residue alone could 

perturb tumour growth. The SM PGRMC1 tumours were the smallest overall, and the SM PGRMC1 

protein has only a single point mutation at the tyrosine 180 residue. This further supports that the 

tyrosine 180 residue is crucial in the regulation of the role PGRMC1 is playing in tumour growth. 

This study on the effects of altered PGRMC1 expression and phosphorylation status on MIA PaCa-

2 pancreatic cells strongly supports that tumour growth is dependent on PGRMC1 signalling, and 

this involves the tyrosine 180 residue.  

Tumour growth from MIA PaCa-2 cells expressing phosphorylation mutants of PGRMC1 

has been studied in two different mouse xenograft models. The cells behaved differently in the 

orthotopic mouse xenograft to the subcutaneous mouse xenograft. This can be attributed to various 

factors in the microenvironment and vascularisation of the respective tissues. Both studies, however, 

appear to implicate the tyrosine 180 residue on PGRMC1 in tumour growth. The tyrosine 180 

residue on PGRMC1 is a conserved residue probably important at the embryonic differentiation 

level (Cahill, 2017a).  

The effect that the mutation at this site had on pancreatic cancer cell biology further 

supports an important role for PGRMC1 in cancer. PGRMC1 is associated with poor prognosis in 

breast (Ruan, 2017; Willibald, 2017b) and cervical cancer (Shih, 2019). The effect of PGRMC1 

expression in breast cancer cell lines has been studied using mouse xenograft models (Gu, 2018; 

(Ruan, 2019; Zhao, 2017). Overexpression of PGRMC1 has previously been linked to larger 
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tumours (Clark, 2016; Friel, 2015; Kabe, 2016; Schneck, 2012), however there is no evidence that 

PGRMC1 induces tumour formation and this is the first study of the effect of PGRMC1 

phosphorylation status on tumour growth and using a pancreatic cancer cell line. This study was 

designed to investigate the effect of PGRMC1 phosphorylation status on tumour growth in a mouse 

xenograft model, and to assess whether sites of metastasis differ significantly between experimental 

groups. However, the invasive and migratory differences of cells expression phosphorylation 

mutants of PGRMC1 were not studied in this model for pancreatic cancer as no secondary metastatic 

tumours were detected. 

Cancers contain a multitude of genetic and epigenetic alterations; this means that there are 

many targets available for therapies. However, within a cancer cell line the switch that resulted in 

an abnormal functionality is credited to a key change in gene expression, often an oncogene, such 

as BRCA2 in breast cancer (Sakai, 2008). BRCA2 mutations result in defective DNA repair and 

tumours are particularly responsive to DNA cross-linking drugs including Cisplatin. Other cancer 

associated genes and expressed proteins that can be routinely detected with prognostic value and 

effectively targeted in breast cancer include EGFR (gefitinib/Iressa, erlotinib/Tarceva), and HER2 

(trastuzumab/Herceptin). New targets for similar therapies include the PI3K pathway (Fruman, 

2017). We propose that PGRMC1 could present a new target for therapy through pathways already 

known and others yet unidentified.  

PGRMC1 has been shown to support or increase tumour growth in various cancer types 

(Clark, 2016; Friel, 2015; Kabe, 2016; Schneck, 2012). PGRMC1 is not an inherently oncogenic 

protein, however targeting support networks associated with tumour growth can ultimately have the 

same effect as targeting the key gene responsible for oncogenesis (Solimini, 2007). The pool of 

protein targets is therefore greatly increased and the goal of having gene profiling and targeted 

therapies, relevant to all cancer types, is becoming a reality. PGRMC1 could potentially present a 

real target for anti-cancer therapies.  
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6.12 The evolutionarily conserved nature of PGRMC1 

PGRMC1 is from the MAPR family of proteins that contain a conserved cytb5 binding 

domain. BLASU sequence alignments demonstrate that the lineage of PGRMC1 and MAPR 

proteins is conserved in vertebrates (Cahill, 2017a). The MAPR family of proteins include 

PGRMC1, PGRMC2, Neudesin and Neuferricin (Kimura, 2012). A recent review describes 

PGRMC1 as a multicellular function regulator conserved in animal evolution (Cahill, 2017a). The 

phylogenic comparison of PGRMC1 with MAPR protein genes from metazoan and terrestrial 

tetrapods showed several conserved components of PGRMC1 including the tyrosine 139 and 

tyrosine 180 SH2 binding domain motifs, the proline rich SH3 binding domain motif at residue 64 

with adjacent regulatory phospho-accepters at serine 54 and serine 57 residues.  

PGRMC1, as a MAPR protein with a cytb5 binding domain, has been described to regulate 

cell proliferation and play a role in the anti-apoptotic effect of progesterone through interactions at 

the cytb5 binding domain as well as interactions with EGFR, PAIRBP1 and cytP450s (Ahmed, 2010; 

Kabe, 2016; Peluso, 2005; Szczesna-Skorupa, 2011). The crystal structure of PGRMC1 was solved 

by Kabe et al. (2016) showing heme-dependent dimerisation. This paper stated that the heme-

dependent dimerisation was required for PGRMC1 interactions with EGFR, which was due to the 

necessity of the tyrosine 113 residues. However, tyrosine 113 phosphorylation site is within an 

ITAM membrane trafficking motif and it is probable that EGFR interaction requires membrane 

trafficking (Cahill, 2016a).  

6.13 PGRMC1 and MAPR cytochrome b5 heme-binding domains  

Heme is known to bind oxygen and other small molecules and to participate in redox 

reactions. Heme binding to proteins occurs within the cytb5 domain. The crystal structure of 

truncated PGRMC1 MAPR domain showed heme was bound to PGRMC1 (PDB: 4X8Y) (Kabe, 

2016). The binding affinity (kd) for heme was predicted to be very low kd>3.5umol/L. The structures 

of the archaebacterial protein cytb5 domains also demonstrated heme binding within the cytb5 

domain. Heme ligation at residue His46 for KUO41884.1 cytb5 domain. This is an alternate heme 

binding to that seen in PGRMC1 cytb5 domain to residue tyrosine 113 (Kabe, 2016). The orientation 
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of the heme ligand is in the bis-His-ligated (or b-type) subclass. However, the available crystal 

structure showed heme was potentially stabilised by interactions with residues from the pGEX 

expression vector linker residues. The SDS-PAGE and the S200 exclusion chromatography profile 

of the truncated PGRMC1 protein demonstrated that the MAPR domain of PGRMC1 forms a dimer. 

This was confirmed by AUC analysis to show that in solution PGRMC1 dimerisation is not 

dependent on the pGEX residues that showed hydrophobic interaction with the heme ring seen in 

the crystal structure of PGRMC1 (PDB: 4X8Y) (Kabe, 2016). 

PGRMC1 proteins were expressed and purified from bacterial whole cell extracts, including 

a full length PGRMC1 and two shorter protein sequence (aa43-195 and aa72-195). Heme was 

detected bound to PGRMC1 by UV-vis at 405 nm. Heme was detected at higher concentrations in 

the full length PGRMC1 purified protein sample, which also had more dimer present on the SDS-

PAGE analysis. The heme is predicted to contribute to both stabilising the protein, and promoting 

dimerisation and formation of larger multimers from full length PGRMC1. The proteins were not 

heme saturated and increasing the heme present during protein purification resulted in an increase 

in bound heme to the PGRMC1 proteins.  

PGRMC1 has been implicated in regulation of heme synthesis through interaction with 

Ferrochelatase (FECH) (Piel, 2016). Heme metabolism proteins were identified as differentially 

abundant in whole cell extracts from MIA PaCa-2 cells expressing phosphorylation mutant 

PGRMC1 proteins by our research group using MS analysis (Thejer, 2020a). PGRMC1 has also 

been described as a heme chaperone with the ability to transfer heme to hemoproteins including 

cytb5 (Kaluka, 2015; Piel, 2016). Heme has been implemented in cell cycle regulation through 

modulation of p53 (Fiorito, 2020; Shen, 2014). PGRMC1 is potentially eliciting important effects 

through the moderation of heme availability, localisation and transfer to cytb5 proteins. 

The mechanism of heme-binding MAPR proteins is novel in that it requires tyrosinate heme 

chelation. In contrast, the most common heme is Heme b and the most recognised mechanism of 

heme chelation involves Fe chelation via coordination with the imidazole residue of adjacent 

histidine. This non-covalent binding mechanism is observed for the mitochondrial cytochrome b5 
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protein and the solved structures for the archaebacterial cytb5 domains (Duvigneau, 2019). Heme is 

dissociated from the proteins at low pH as the histidine protonation results in bonds between the 

heme molecule and the histidine residues on the protein being broken. Similarly, it has been shown 

by Min et al. (2005) that only approximately 50 percent of cellular PGRMC1 had heme bound and 

using the bacterial homologue of PGRMC1, IZA, that reduction of heme results in dissociation of 

heme from the protein. PGRMC1 as a MAPR protein, demonstrates tyrosine coordinated heme 

binding, where when the heme is reduced loses affinity for PGRMC1. Furthermore, Actinin-1 and 

RACK1 were both shown to interact with PGRMC1 in an AG-205 dependent manner. A consensus 

Lck binding site that may modulate interaction with these proteins is located at tyrosine residue 113. 

It is likely that the interaction of PGRMC1 with cytoskeletal machinery and associated proteins is 

dependent on heme binding or heme-dissociation and/or phosphorylation at the tyrosine 113 

residue, which is moderate by the reduction and dissociation of heme from PGRMC1. The 

mechanism of heme binding exhibited by PGRMC1, as well as the various other post translational 

modifiers that are crucial for regulation of cellular expression, interactions, and localisation, may 

be an explanation for the diverse range of functions of PGRMC1 not seen in other cytb5 proteins. 

6.14 SH2/SH3 binding domains 

The PGRMC1 protein contains a SH3 binding domain and a SH2 binding domain, both are 

located close to the putative sites of phosphorylation on the protein. Serine 57 (alanine 57 in the 

DM and TM mutant proteins) is located very close to the SH3 binding domain and serine 181 

(alanine in the DM and TM mutant proteins) is located with the SH2 target motif site on the 

PGRMC1 protein. VemA and Vem-1, a nematode homolog homologue of PGRMC1, both have 

demonstrated roles in axonal guidance in nematodes and rats (Runko, 2002, 2004, 1999). SH2 and 

SH3 target motifs located on PGRMC1 are not likely to be involved in axonal migration due to the 

tyrosine 139 residue and serine 181 CK2 site not present on the Vem-1 protein (Cahill, 2017a). 

6.15 NLS and NES regions for nuclear transport 

Some of the reported functions of PGRMC1 and the detection of PGRMC1 both in and out 

of the cell nucleus prompted thoughts into how the protein translocates to the nucleus. PGRMC1, 
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especially in complex or as a multimer, would require nuclear chaperones to move in and out of the 

nucleus. Available online software program LocNES is able to predict NLS and NES binding 

sequences and supply a score to indicate the level of confidence that the sequence corresponds to 

an NLS or NES (Xu, 2015). The NLS and NES regions on PGRMC1 likely to bind import and 

export proteins were identified using LocNES. Furthermore, several importins and exportins were 

identified with a high level of confidence as interaction partners of PGRMC1. It is therefore highly 

possible that PGRMC1 binds import and export proteins at the predicted sites. It is interesting that 

the NES region predicted with the highest level of confidence is located within the transmembrane 

domain. This supports a model in which PGRMC1 leaves the membrane, probably with a role in 

protein transport, intact and potentially bound to an export protein. 

PGRMC1 is localised in the nucleus and other parts of the cells. The classical pathway for 

protein transport into the cell nucleus is via binding to importins and exportins. It is highly relevant 

to cancer cell biology to understand how the increased binding and transport of cancer proteins into 

the cell nucleus is influencing cancer cell biology and regulation of cancer associated proteins. 

Although proteins with a molecular weight of less than approximately 45 kDa can generally are 

able to diffuse the cell nucleus membrane as a monomer, they require binding to importins and 

exportins with NLS and NES to become at a higher concentrations/more abundant in the nucleus. 

PGRMC1 is highly expressed in the nucleus, particularly in cancer cell lines and expressed in other 

parts of the cell. Therefore, NLS and NES as well as confirmed binding is consistent with various 

important roles in the cells requiring PGRMC1 to move across the nuclear membrane. This model 

supports a proposed role for PGRMC1 in protein trafficking, potentially bound to importins and 

exportins, or protein exchange with cargo proteins at the cell nucleus membrane.  

PGRMC1 as a native protein in the cell may exist as a dimer or even multimers with a 

molecular weight up to approximately 250 kDa as demonstrated by size exclusion chromatography, 

which would require a chaperone to enter or exit the cell nucleus. Therefore, PGRMC1 would 

require importin and exportin binding to enter and exit the cell nucleus respectively. Furthermore, 

nuclear importins and exportins were upregulated in whole cell extracts from MIA PaCa-2 cells 

expressing DM PGRMC1 using MS analysis as demonstrated by our research group (Thejer, 
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2020a). Importin a 1 upregulation, as seen in the whole cell extract, is associated with poor 

prognosis in cancer (Winnepenninckx, 2006; Yoshitake, 2011). The upregulation of importins 

associated with PGRMC1 expression, and phosphorylation status, in the MIA PaCa-2 pancreatic 

cancer cell line also supports the association of PGRMC1 with nuclear transport proteins in cancer. 

Further investigation is required to determine if indirect or direct interactions between PGRMC1 

and importins and exportins are detectable and how this may be related to the regulation of 

PGRMC1 localisation and functions in the nucleus and other parts of the cell.  
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6.16 Conclusion and future directions 

Our research group has shown that PGRMC1 phosphorylation status alters the metabolism, 

morphology and migration of MIA PaCa-2 human pancreatic cancer cells. Cells expressing 

PGRMC1 appear to undergo EMT, affecting other phenotypic cell properties including invasiveness 

and motility. The ability to influence cell motility and invasiveness is highly relevant for the value 

the protein expression has in cancer diagnosis and prognosis. Furthermore, the inhibitor of 

PGRMC1, AG-205, decreased cancer cell viability of pancreatic cancer cells expressing PGRMC1. 

Our findings are consistent with the anti-apoptotic function of progesterone being PGRMC1 

dependent. The anti-apoptotic function of PGRMC1 could be highly significant in resistance to drug 

therapies in various progesterone responsive cancers including aggressive pancreatic and breast 

cancers. 

 The role of PGRMC1 in pancreatic cancer cell biology, and the significance of the 

phosphorylation of the PGRMC1 protein, requires further investigation. In particular, the effect of 

the phosphorylation of the tyrosine 180 residue appears to be the key to understanding the role of 

PGRMC1 in cancer development and progression. The mechanisms of phosphorylation and 

regulation, and the phosphatases and other proteins involved in the cancer cell biology are also of 

great interest. The mouse xenograft studies strongly support the phosphorylation of tyrosine 180 

residue of PGRMC1 is crucial to regulating a cell function involved in cancer biology and necessary 

for pancreatic tumour growth. Further investigation into the nature of the regulation of the processes 

of cancer progression and into the conserved potential of the functions of PGRMC1 is needed. The 

identification of drug targets is the first step in development of therapeutics, however, small 

molecule inhibitors to specifically target the functions of cancer proteins are required. 

Understanding the efficacy and mechanism of AG-205 is the next challenge. Potentially RNAi 

targeting protein expression as a cancer therapy is another candidate with potential to change the 

way drug therapies are developed and delivered. 

When perturbed the function of PGRMC1 has the potential to greatly influence healthy cell 

biology. The effect of PGRMC1 expression on pathological processes in diseases including in 
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cancer and Alzheimer’s has been discussed in current research of PGRMC1. Our research group 

presents evidence that modification of PGRMC1, specifically moderation of phosphorylation status, 

in addition to level of expression is highly relevant to mechanisms of disease. This is demonstrated 

in the cell culture assays and subcutaneous mouse xenograft model of pancreatic cancer presented 

as part of this thesis study. An investigation into the enzymes responsible for the modifications on 

PGRMC1 require investigation.  

There are several avenues for further research dependent on which pathways may present 

suitable targets not only for cancer therapies but for investigation into the roles of PGRMC1 from 

those specific to the cells, such as in amyloid formation in neurons in Alzheimer’s disease, to the 

functions common to all cell lines expressing PGRMC1. Investigating the ability of PGRMC1 to be 

differentially phosphorylated, particularly at the conserved sites including at tyrosine 178, tyrosine 

180 and serine 181, is important for understanding how PGRMC1 can regulate activity in such a 

wide range of functions from cell differentiation and morphology, to cell cycle regulation and 

apoptosis.  
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List of Abbreviations 
AA-CoA  Arachidonoyl CoA/ Arachido-258-noyl-CoA 

ACOT7   Cytosolic acyl coenzyme A thioester hydrolase 

Acot7/mAcot7   Mouse cytosolic acyl coenzyme A thioester hydrolase 

Acot12   Cytoplasmic acetyl-CoA hydrolase 

AFM    Atomic force microscopy 

BACH    Brain acyl-CoA hydrolase 

CoA    Coenzyme A 

CD    Circular dichroism 

CSS    Complex Formation Significance Score 

DTNB    5,5′-Dithiobis(2-nitrobenzoic acid 

DTT   1,4-Dithiothreitol 

E.coli   Escherichia coli  

EM   Electron micrograph 

FFA    Free fatty acid 

FPLC   Fast protein liquid chromatography 

FT   Flow through  

FTIR    Fourier transform infrared 

HIS   HIS purified protein 

NMR    Nuclear magnetic resonance  

PDB   Protein data bank 

PISA    Proteins, interfaces, structures and assemblies  

RMSD    Root mean square deviation 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SE   Soluble extract  

TCEP    Tris(2-carboxyethyl)phosphine hydrochloride 

TEM    Transmission electron microscopy 

TEV   Tobacco etch virus 

ThT   Thioflavin T 

TPE-TPP   Bis(Triphenylphosphonium) tetraphenylethene 

WC   Whole cell extract 
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7.1 Introduction 

Acyl coenzyme A thioesterases (Acots) play an important role in several cellular processes 

including lipid metabolism and inflammation, as well as cell signalling, regulation of metabolic and 

enzymatic signalling and regulation of ion channels (Kirkby, 2010). Cytosolic acyl coenzyme A 

thioester hydrolase (Acot7) is a 37 kDa protein also known as brain acyl-CoA hydrolase (Bach), 

due to the high expression in the brain (Hunt, 2007; Yamada, 2002). Acot7 is localised to the 

mitochondria and cytosol (Hunt, 2007). The Acot7 gene produces multiple Acot7 isoforms through 

alternate splicing (Hunt, 2007). Acot7 is a hydrolase enzyme that catalyses the hydrolysis of 

cytoplasmic fatty-acyl CoA in neurons to free fatty acid (FFA) and CoA and regulates intracellular 

levels of FFAs and lipid metabolism (Kim, 2005; Takagi, 2005; Yamada, 2002). Dysregulation of 

lipid metabolism is associated with the development of neurodegenerative diseases including 

Alzheimer’s disease and Parkinson’s disease (Alecu, 2019; Cai, 2012).              

This study, independent of the work presented in Chapters 1-6, involves investigation of 

amyloid fibril formation from ACOT7 protein under the supervision of Prof Jade Forwood. ACOT7 

is highly expressed in the brain and has been described to play a role in inflammation through 

regulation of arachidonic acid. Here, we tested the propensity of Acot7 to form fibrils, and 

specifically, conditions that promoted or inhibited amyloid fibrils. Acot7 fibril formation is 

indicated by “laddering” of SDS/boiling resistant complexes during SDS-PAGE.  The formation of 

fibrils was further assessed by (i) transmission electron microscopy, (ii) a Thioflavin T assay, (iii)  

circular dichroism and (iv) X-ray diffraction. The structure of Acot7 (PDB: 6VFY) is presented here 

and a mechanism for fibril formation from Acot7, involving domain swapping, is proposed.  

7.1.1 The role of Acot7 in inflammation and in neurodegenerative disease 

Acot7 has high specificity for arachidonoyl-CoA (arachido-258-noyl-CoA (AA-CoA)) and 

may contribute to regulation of arachidonic acid (Forwood, 2007; Kirkby, 2010). During 

inflammation, arachidonic acid is released and stimulates production of inflammatory mediators 

including leukotrienes and prostaglandins, as well as thromboxane (Ricciotti, 2011). Acot7 is highly 
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expressed in macrophages (Forwood, 2007). The role Acot7 plays in regulation of essential 

inflammatory mediators provides an attractive target for therapies for inflammatory diseases. 

A role for Acot7 in neuroinflammation has previously been described (Ellis, 2013; 

Forwood, 2007; Yamada, 1999). The pathophysiology of Alzheimer’s disease and other 

neurodegenerative disease involves increased neuroinflammation as the disease progresses 

(Heppner, 2015). Other neurodegenerative diseases include Parkinson’s disease, spongiform 

encephalopathies (including Creutzfeldt–Jakob disease), multiple system atrophy, and amyotrophic 

lateral sclerosis (Bleasel, 2014; Calon, 2004; Ellis, 2005; Ellis, 2013; Fowler, 2007; Golovko, 2006; 

Kim, 2005; Liu, 2002a; Sharon, 2003; Yamada, 1999).  

Acot7 has been ascribed a novel inflammatory role through production of arachidonic acid 

from AA-CoA, suggesting a link with eicosanoid synthesis and metabolism (Alecu, 2019). Free 

arachidonic acid is implicated in Alzheimer’s disease and other neurodegenerative diseases through 

several mechanisms (Thomas, 2016). Arachidonic acid is known to have an effect on amyloid 

formation in the brain, acting on well characterised amyloid forming proteins including Amyloid b 

1-42 (Ab-42) in Alzheimer’s disease (Thomas, 2016) and α-synuclein in Parkinson’s disease (Alecu, 

2019), where arachidonic acid has been shown to induce structural changes in the amyloid forming 

proteins. As arachidonic acid induces inflammatory effects through cytokine activation it is 

important to determine if arachidonic acid that is produced from AA-CoA by Acot7 is also 

promoting fibril formation through increased neuroinflammatory effects. Acot7 protein formed 

fibrils in the presence of AA-CoA and other negatively charged molecules, and maintained its 

enzymatic activity during fibril assembly (Appendix 3). Understanding how the formation of 

amyloid fibrils occurs will help develop an understanding of the role of Acot7 in the pathology of 

neurodegenerative diseases. 
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7.1.2 Amyloid formation detection and models of mechanisms of amyloid fibril 

formation 

Normal protein folding involves unfolded proteins forming intermediate species and then 

forming the native quaternary protein structure. Amyloids result from conversion of intermediate 

species into ordered aggregation of protein that form long chains or fibrils (Ecroyd, 2008). This is 

in contrast to proteins forming disordered aggregates that result in protein precipitation. Amyloid 

structures consist of hydrogen bonded, fibrous cross β-sheet to create ordered arrangements (Chiti, 

2006; Makin, 2005; Nilsson, 2004a). Cross β-sheet show a typical amyloid fibre X-ray diffraction 

pattern (Fowler, 2007). Protein fibrils or amyloid protein aggregates are associated with diseases 

such as amyloidosis in the liver, Diabetes and Alzheimer’s disease (Chiti, 2006; Oakley, 2006).  

Methods of amyloid detection include amyloid binding to the amyloidophilic fluorophores 

and dyes Thioflavin T (ThT) and Congo red, atomic force microscopy (AFM), circular dichroism 

(CD), electron microscopy (EM), Fourier transform infrared (FTIR), and nuclear magnetic 

resonance (NMR) (Micsonai, 2015; Nilsson, 2004a; Ruggeri, 2016; Westermark, 1999; Yakupova, 

2019). Many models of amyloid fibril formation have been proposed (Bhak, 2009; Žerovnik, 2010; 

Zerovnik, 2011). Some of the current accepted models of fibril formation include templating, 

nucleation, “linear colloid-like assembly of spherical oligomers” and domain swapping. Various 

models have been proposed for each of the mentioned mechanisms of fibril formation as reviewed 

by Zerovnik et al. (2011). Of particular interest for this study is the mechanism involving domain 

swapping (Figure 7.1).  
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Figure 7.1 A model of the mechanism of domain swapping in fibril formation. Image from Zerovnik et 

al. (2011). a. Cystatin Stefin A monomer and dimer showing domain swapping. b. Cystatin Stefin B monomer 

and dimer showing domain swapping. c. Proposed mechanism of fibril formation involving domain swapping 

resulting in addition of partially unfolded monomeric units to form a long fibrillar chain. The protein 

structures showed domain swapping occurred through loop swapping or ‘hand-shaking’ (Zerovnik, 2011). 

 

7.1.3 The association between amyloid formation and diseases 

 Identification of protein deposits consisting of amyloid fibrils in tissues and organs is 

associated with degenerative disease. Amyloid fibrils are extremely difficult to dissociate and can 

be cytotoxic. Fibrils also therefore cause structural polymorphism and the deposits limit spatial 

control. Amyloid formation has also been associated with Type II Diabetes (Chiti, 2006). 

Alzheimer’s disease is probably the most clinically relevant amyloid disease. Amyloid fibril 

formation has been described to underly a wide range of neurodegenerative disease processes 

including in Alzheimer’s disease (Xue, 2017). Although it was previously thought that amyloid 

formation was resulting neurodegenerative diseases processes, it has been recently shown that 

neurotoxicity is caused by the oligomeric soluble forms of the same protein that has the potential to 

form amyloid plaques (Cline, 2018; Reiss, 2018). Despite this finding, it is very probable that the 

plaque formation also has harmful properties (Reiss, 2018). Furthermore, evolution of technology 

is influencing the way in which Alzheimer’s disease is diagnosed and treated. The use of positron 

emission tomography (PET) to detect amyloid plaque deposition in the brain will be potentially 

a.

b.

c.
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replaced, for example, by detection of Ab-42 in cerebral spinal fluid (Sancesario, 2018). This 

method has the potential to be used as a prognostic biomarker of Alzheimer’s disease. 

Amyloid formation in the brain is associated with neurodegenerative diseases including 

Alzheimer’s disease. Dementia as a result of neurodegenerative diseases is predicated to be the 

leading cause of death in Australia by 2050. In patients with Alzheimer’s disease, amyloid plaques 

in the brain are formed by fibril forming proteins, such as Amyloid b protein (Oakley, 2006). The 

nerve cells transmit messages through electrical signals between the tiny gaps between the neurons 

called synapses. Amyloid oligomerisation or fibrillation resulting in synaptic dysfunction as well as 

neuronal cell dystrophy and loss of synapse in the cerebral cortex and hippocampus, are all 

associated with the neurodegenerative Alzheimer’s disease. Understanding the mechanism of the 

neurotoxic and amyloid forming proteins involved will be essential for prevention of amyloid 

formation.  

7.1.4 What are functional amyloids? 

Functional amyloids have been described as the ability of organisms to take advantage of 

the formation of amyloid fibrils from some proteins, despite amyloid fibrils having the potential to 

be toxic (Chiti, 2006; Fowler, 2007; Gebbink, 2005; Otzen, 2008). The identification of amyloid 

formation from bacteria and fungi to insects, and in humans suggests a conserved nature with 

probable functionality. Functional amyloids present on the surfaces of bacteria and fungi have been 

identified as crucial for aerial growth and spore dispersal, involved in microbial attachment, colony 

formation and microbial invasion of host cells (Gebbink, 2005). Amyloids may play an important 

role in coagulation and clot breakdown. Human proteins have also been found to form functional 

amyloids. Amyloid fibrils formed from human Pmel17 protein provide a template for melanin 

biosynthesis for pigmentation (Fowler, 2007). Amyloid fibril formation activates coagulation factor 

XII protein in the haemostatic system (Shibayama, 1999). Functional amyloidogenesis is regulated 

through various mechanisms to avoid toxicity (Fowler, 2007).  
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7.1.5 Structural insights into Acot7 fibril formation 

Acot7 and other thioesterase proteins have a hexameric structure consisting of a trimer of 

dimers. Each dimer consists of a N-terminal and a C-terminal hotdog domain. A hotdog domain 

consists of a central α-helix (the hotdog) that is surrounded by a β-sheet (the bun). The role of Acot7 

thioesterase as an important enzyme in inflammation has been described previously by our 

laboratory (Forwood, 2007). Acot7 is comprised of two hotdog domains (Figure 7.2), and structures 

of both domains have been solved by X-ray crystallography (Forwood, 2007). Interestingly, both 

the N- and C-domains were shown to retain the ability to form the same hexameric arrangement 

comprised of three double hotdog domains as seen in the PDB structures 2V10 and 2QQ2 

respectively (Figure 7.2 a and b). Based on crosslinking experiments, a full-length model of Acot7 

was proposed, where each double hotdog domain was comprised of an N-and C-domain (Figure 

7.2c). In this model, three Acot7 proteins are arranged as N-C, N-C, N-C (Forwood, 2007). 

Cytoplasmic acetyl-CoA hydrolase (Acot12) has also been extensively studied and is highly 

expressed in the liver. Acot12 also has a hexameric structure consisting of a trimer of dimers, 

analogous to the predicted structure of Acot7 (Figure 7.2d) (Swarbrick, 2014). 
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Figure 7.2 The crystal structures of the N-and C-domains of Acot7 and other hexameric thioesterase 

proteins were used to predict the  structure and model the structure of Acot7.  a. The crystal structure of 

the N-terminal hotdog domain coloured purple with the bound ligand CoA coloured green. b. The crystal 

structure of the C-terminal hotdog domain coloured blue in which the C-domain did not have any CoA bound.  

C. Predicted structure of Acot7 modelled against the 1VPM protein from B. halodurans using Pymol. d. 

Crystal structure of ACOT12 showing a typical hexameric arrangement for a thioesterase protein. 

 

Our research group has recently identified the potential for Acot7 to form amyloid fibrils. 

As Acot7 is involved in inflammation and highly expressed in the brain, we hypothesise that 

amyloid formation in the brain from Acot7 protein may be biologically relevant. To date, the data 

presented by our research group and collaborators is the first evidence provided of amyloid 

formation from Acot7 protein (see Appendix 3). We have investigated the formation of fibril from 

bacterially expressed Acot7 protein only. However, the Protein Atlas profile of ACOT7 shows 

a. b.

c.

Predicted model of Acot7

Bound CoA

N C

N C

d.

Acot7 N-domain Acot7 C-domain

CN

ACOT12
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Western blot detection of ACOT7 from human cell lines including  RT-4 human urinary bladder 

cells, tonsil and U-251 MG glioblastoma tumour that demonstrates the presence of higher molecular 

weight species. This laddering seen probably represents fibril formation from ACOT7 protein in 

vitro. Here, the conditions that promote or inhibit amyloid formation were investigated. In order to 

better understand the structural basis for amyloid formation the structure of Acot7 has also been 

investigated.  

7.2 Methods 

7.2.1 Plasmid constructs used for protein expression 

Plasmid DNA constructs of Acot7 were ordered from Genscript. Sequences were codon 

optimised for expression in E. coli and cloned into a PDEST14 or pMCSG21 vector using Ssp1 site 

and including a stop codon (Figure 7.3) (Listwan, 2005). Acot7 fusion protein constructs were 

designed to determine if either the N-terminal domain or C-terminal domain, or both domains were 

responsible for fibril formation and whether fibril formation occurred when the N- and C- domains 

were cleaved (Figure 7.4). The theoretical molecular weight and properties of proteins and cleaved 

products are summarised in Table 7.1. The N-terminal extension for a pMCSG21 vector is 

MHHHHHHSSGVDLGTENLYFQ/SNA. The amino acid sequence ENLYFQ/S is the cleavage 

site recognised by Tobacco Etch Virus (TEV) protease. Three additional amino acids (SNA) remain 

after proteolytic cleavage. 
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Figure 7.3 Plasmid vector maps. a. PDEST14 b. pMCSG21 plasmid vector (Genscript).  Lac operator 

(orange arrow), HIS tag (blue arrows), TEV cleavage site (black arrow), SspI (green arrow). Image adapted 

from SnapGene. 

a. 

b. 
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Figure 7.4 Sequences of Acot7 plasmid DNA constructs and theoretical protein structures modelled 

from the Acot7 protein structure. Plasmid DNA ordered from Genscript in pMCSG21 vector. TEV cleavage 

sites are in bold. The residues that remain from the TEV site are underlined.  Protein models prepared using 

Pymol. a. Acot7 Isoform A 338 residue protein b. Acot7 Isoform B 381 residue protein c. Acot7 Isoform A 

338 residue protein with a TEV cleavage site between the N- and C-domains. d. Fusion of two Acot7 N-

domains to make the N-N domain construct with TEV cleavage site between the two domains. e. Fusion of 

a. Acot7 (Isoform A 338aa)
MHHHHHHSSGVDLGTENLYFQ/SNAVTMGRIMRPDDANVAGNVHGGTILKMIEEAGAIISTRHCNS
QNGERCVAALARVERTDFLSPMCIGEVAHVSAEITYTSKHSVEVQVHVMSENILTGTKKLTNKATL
WYVPLSLKNVDKVLEVPPIVYLRQEQEEEGRKRYEAQKLERMETKWRNGDIVQPVLNPEPNTVSYS
QSSLIHLVGPSDCTLHGFVHGGVTMKLMDEVAGIVAARHCKTNIVTASVDAINFHDKIRKGCVITI
SGRMTFTSNKSMEIEVLVDADPVVDNSQKRYRAASAFFTYVSLNQEGKPMPVPQLVPETEDEKKRF
EEGKGRYLQM

b. Acot7 (Isoform B 381aa)
MHHHHHHSSGVDLGTENLYFQ/SNAMKLLVGTLRLWEVGRQVAFSSLTPGQECSGLRKTFWAAMRA
VRTRADHQKLGHCVTMGRIMRPDDANVAGNVHGGTILKMIEEAGAIISTRHCNSQNGERCVAALAR
VERTDFLSPMCIGEVAHVSAEITYTSKHSVEVQVHVMSENILTGTKKLTNKATLWYVPLSLKNVDK
VLEVPPIVYLRQEQEEEGRKRYEAQKLERMETKWRNGDIVQPVLNPEPNTVSYSQSSLIHLVGPSD
CTLHGFVHGGVTMKLMDEVAGIVAARHCKTNIVTASVDAINFHDKIRKGCVITISGRMTFTSNKSM
EIEVLVDADPVVDNSQKRYRAASAFFTYVSLNQEGKPMPVPQLVPETEDEKKRFEEGKGRYLQMKA
KRQGHTEPQP

c. Acot7 N-C fusion (Acot7 Isoform A with TEV cleavage site inserted) 
MHHHHHHSSGVDLGTENLYFQ/SNAVTMGRIMRPDDANVAGNVHGGTILKMIEEAGAIISTRHCNS
QNGERCVAALARVERTDFLSPMCIGEVAHVSAEITYTSKHSVEVQVHVMSENILTGTKKLTNKATL
WYVPLSLKNVDKVLEVPPIVYLRQEQEEEGRKRYEAQKLERMEENLYFQ/SDIENLYFQ/SEPNTV
SYSQSSLIHLVGPSDCTLHGFVHGGVTMKLMDEVAGIVAARHCKTNIVTASVDAINFHDKIRKGCV
ITISGRMTFTSNKSMEIEVLVDADPVVDNSQKRYRAASAFFTYVSLNQEGKPMPVPQLVPETEDEK
KRFEEGKGRYLQM

d. Acot7 N-N fusion 
MHHHHHHSSGVDLGTENLYFQ/SNAVTMGRIMRPDDANVAGNVHGGTILKMIEEAGAIISTRHCNS
QNGERCVAALARVERTDFLSPMCIGEVAHVSAEITYTSKHSVEVQVHVMSENILTGTKKLTNKATL
WYVPLSLKNVDKVLEVPPIVYLRQEQEEEGRKRYEAQKLERMEENLYFQ/SDIENLYFQ/SEPNTV
SYSQVTMGRIMRPDDANVAGNVHGGTILKMIEEAGAIISTRHCNSQNGERCVAALARVERTDFLSP
MCIGEVAHVSAEITYTSKHSVEVQVHVMSENILTGTKKLTNKATLWYVPLSLKNVDKVLEVPPIVY
LRQEQEEEGRKRYEAQ

e. Acot7 C-C fusion 
MHHHHHHSSGVDLGTENLYFQ/SNASSLIHLVGPSDCTLHGFVHGGVTMKLMDEVAGIVAARHCKTNIV
TASVDAINFHDKIRKGCVITISGRMTFTSNKSMEIEVLVDADPVVDNSQKRYRAASAFFTYVSLNQEGK
PMPVPQLVPETEDEKKRFEEGKGRYLQMKLERMEENLYFQ/SDIENLYFQ/SEPNTVSYSQSSLIHLVG
PSDCTLHGFVHGGVTMKLMDEVAGIVAARHCKTNIVTASVDAINFHDKIRKGCVITISGRMTFTSNKSM
EIEVLVDADPVVDNSQKRYRAASAFFTYVSLNQEGKPMPVPQLVPETEDEKKRFEEGKGRYLQM
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two Acot7 C-domains to make the C-C domain construct with TEV cleavage site between the two domains. 

  

 Figure 7.5 Schematic representation of Acot7 fusion proteins. a. The Acot7 N-C fusion protein is Acot7 

protein with a TEV protease cleavage site inserted to allow separation of the two domains. b. The Acot7 C-C 

fusion protein consists of two C-terminal hotdog domains fused together, with a TEV protease site to allow 

domain cleavage. c. The Acot7 N-N fusion protein consists of two N-terminal hotdog domains fused together, 

with a TEV protease site to allow domain cleavage.  

a.

CNHIS 
tag

TEV protease cleavage sites

N
TEV protease
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TEV protease cleavage sites

+ +

b.

C C CCHIS 
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Table 7.1 Theoretical 

protein properties 

MW 

(kDa) 

Theoretical 

pI value 

Extinction coefficient 

(M-1cm-1, 280nm, in water) 
MW of cleaved 

proteins (kDa) 

Acot7                  37.6 7.16 

 

23,295 

 

NA 

Acot7 N-C fusion 35.4 + 
HIS tag 

6.10 

 

20,775 

 

17.7, 16.7 

Acot7 N-N fusion 35.8 + 
HIS tag 

5.98 

 

27,765 

 

17.6, 17.1 

Acot7 C-C fusion 34.9 + 
HIS tag 

6.22 

 

13,785 

 

17.1, 16.7 
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7.2.2 Expression and purification of Acot7 constructs 

Escherichia coli (E. coli) BL21 CodonPlus (DE3)-RIL Top 10 competent cells (Stratagene) 

(30μL) and BL21 (DE3) pLysS competent cells (Novagen) (50μL) were removed from -80˚C freezer 

and placed immediately on ice. Cells were incubated with 1μL of plasmid DNA (Genscript) on ice 

for 30 minutes and subsequently transformed by heat shocking for 45 seconds at 42oC. Cells were 

recovered in 200μL of Luria broth media (1% tryptone, 0.5% yeast extract, 10g/L NaCl) 37oC for 

45 minutes at 220 rpm. 50 μL of cells were spread onto agar plates containing spectinomycin 

(100ug/mL) and incubated at 37 oC overnight. A single isolated colony from each plate was used to 

inoculate 5mL of Luria broth containing spectinomycin (100 ug/mL) and incubated overnight at 30 

oC at 220 rpm. MiniPrep (Qiagen, 27106) was used to produce large quantities of plasmid DNA 

from the transformed E.coli cells as per manufacturer’s protocol.  

 

 

Cultures were produced using the transformed BL21(DE3) pLysS cells by adding 500 μL 

of cells to 500 mL of autoinduction expression base media (1% Tryptone, 0.5% yeast extract, 1 mM 

MgSO4, 5% 20x NPS, 2% 50x 5052) containing spectinomycin (100μg/ml). Cells were incubated 

at 37oC at 80rpm for approximately 28 hours. Cells were harvested by centrifugation at 6,000 rpm 

at 18 oC for 30 minutes. Cell pellets were resuspended in HIS cell lysis buffer.  Two freeze-thaw 

cycles at -20 oC were used to aid cell lysis. To each of the cell lysates, 1mL of Lysozyme (Sigma 

Aldrich) to lyse the cell wall and 10 μL of DNAse I (Sigma Aldrich) to degrade DNA were added. 

The whole cell lysates were then centrifuged at 15,000 rpm at 18 oC for 30 minutes to pellet cell 

debris and DNA and the supernatant filtered through a 0.45 μM syringe filter. The cell lysates were 

run on a 4–12 % Bis-Tris gel to confirm protein expression.  

 To perform HIS-tagged affinity chromatography purification using AKTA Fast protein 

Table 7.2 E.coli bacterial strains used for protein expression 

E.coli bacterial strain Genotype 

Top 10 competent cells F-, mcrA, (mrr-hsdRMS-mcrBC), f80lacZM15, lacX74, deoR, recA1, 
araD139, (ara-leu)7697, galU, galK, rspsL, endA1, nupG  

BL21(DE3) pLysS F-, ompT, hsdSB(rB-mB-), gal, dcm(DE3) pLysS (CamR)  
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liquid chromatography (FPLC), the soluble cell extracts were injected using a superloop at 2 

mL/minute into a nickel column equilibrated with HIS cell lysis buffer. The column was washed 

with 10 column volumes of HIS buffer. Purified protein was eluted from the column using HIS 

buffer B, and 100 μL of TEV protease was added to the protein eluate and incubated at 4 oC 

overnight. Size exclusion chromatography was performed on an AKTA FPLC S200 20/60 filtration 

column. The purity of the protein was assessed by SDS-PAGE analysis. 

Protein samples are incubated with TEV protease to cleave the HIS tag after protein 

purification and to cleave the two hotdog domains where a TEV cleavage site has been inserted. 

TEV protease has an amino acid cleavage recognition sequence of ENLYFQ↓S (Glu-Asn-Leu-Tyr-

Phe-Gln↓Gly) (Sigma Aldrich, T4455). Protein samples were incubated with 1mg TEV protease for 

100mg of target protein (1:100).  

7.2.3 Far-UV circular dichroism 

Far-UV CD spectra of Acot7 protein samples at 10-20 µM in 10 mM phosphate buffer, pH 

7.4 were collected over a wavelength range of 180-260 nm, with a 0.5 nm step-increment, a 

bandwidth of 1.5 nm and scan rate of 4 s/increment at 37 °C. Data was acquired in an Applied 

Photophysics Chirascan spectrophotometer with a 1 mm path length QS high precision cell (Hellma 

Analytics). High voltage tension results above 600 V were discarded.  

7.2.4 X-ray fibre diffraction 

To induce fibril formation the purified Acot7 proteins at 50-250 µM in 20 mM sodium 

phosphate buffer, pH 7.4 was incubated in a 96 well microplate at with constant shaking at 37oC for 

160 hours. The fibrils were isolated by centrifugation at 14,100 x g for 1 hour and resuspended in 

distilled water immediately. An Acot7 fibril stalk was prepared via the stretch frame method 

(Serpell, 2000). X-ray diffraction images were collected using a Cu Ka Rigaku rotating anode 

source (wavelength 1.5418 Å) and mar345 image plate detector (MarResearch GmbH, Germany). 

Images were examined and reflections measured using marView (MarResearch). 
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7.2.5 Thioflavin T assay 

Acot7 proteins at 50-250 µM in 20 mM sodium phosphate buffer, pH 7.4 was incubated in 

a 96 well microplate at with constant shaking at 37oC. The Thioflavin T fluorescence emission was 

measured using a 440/40 nm filter for excitation and a 485/20 nm filter for emission. A molar ratio 

of 1:0.33 of protein to Thioflavin T reagent was used. 

7.2.6 Transmission electron microscopy 

To induce fibril formation for TEM imaging the purified Acot7 proteins at 50-250 µM in 

20 mM sodium phosphate buffer, pH 7.4 was incubated in a 96 well microplate at with constant 

shaking at 37oC. The TEM imaging and Thioflavin T fluorescence assays on the Acot7 proteins 

were performed by Dr. M. Kumar and Prof. J. Carver at Australian National University (ANU). 

Negative staining was performed with uranyl acetate (2% (w/v); Ajax Chemicals) in water in 

formvar-coated or carbon-coated copper 400 mesh grids. Samples were imaged using a Hitachi 

7100 or JEOL JEM-2100F transmission electron microscope (TEM) at 125kV and 200kV 

accelerating voltage under a magnification of 100-300k. ImageJ software was used for particle 

sizing.  

7.2.7 Setting up crystal plates 

Concentrated protein samples were screened for crystallisation conditions using the 

hanging drop method in 48-well plates (Hampton Research) with commercially available screens, 

Crystal 1/2 and PEG ION 1/2 (Hampton Research) or PACT and PROPLEX (Molecular 

Dimensions). Plates were set up using the hanging drop method hanging drop method. Briefly, 1.5 

μL of protein was added to 1.5 μL of crystallisation solution containing precipitant and salt on a 

round glass slide above a reservoir containing 300μl of crystallisation solution. The Acot7 crystal 

screening plates were incubated in the presence of Acetyl CoA in a 37 oC incubator. 

7.2.8 Structural analysis 

X-ray diffraction data was collected on the MX1 (ADSC Quantum 210r and ADSC 

Quantum 315r detector) and MX2 (Eiger 16M detector) beamlines at the Australian Synchrotron 

Facility, Melbourne (Aragão, 2018; Cowieson, 2015). Prof. J Forwood performed data collection 
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and processing of diffraction datasets. The datasets were indexed and refined using iMosflm 

(Battye, 2011). The data was scaled and refined using AIMLESS (Evans, 2011; Evans and 

Murshudov, 2013), Phaser MR (McCoy, 2007), Refmac (Vagin, 2004) and PHENIX (Adams, 2010) 

software. COOT (Emsley, 2010) software was used for structural modelling. The structure was 

deposited into the PDB for final validation. 

7.3 Results  
7.3.1 Purified Acot7 protein demonstrated suspected fibril formation on SDS-PAGE 

analysis 

To produce purified Acot7 protein, a plasmid was transformed in E. coli bacterial cells and 

the HIS-tagged protein  expressed by autoinduction in PLysS bacterial cells. Protein purifications 

achieved soluble protein with concentrations up to 40mg/mL. The protein samples were collected 

at each stage of the purification process and analysed by SDS-PAGE to confirm the expression and 

purity of the protein samples (Figure 7.6). SDS PAGE analysis of protein samples showed protein 

laddering from Acot7 protein, suspected to represent fibril formation or oligomerisation.  

7.3.2 Evidence of amyloid fibril formation 

A range of different molecular weight species that were resistant to SDS-PAGE were 

identified (Figure 7.7a). In addition to a relatively weak band from monomeric Acot7 at ~38 kDa, 

strong bands were observed consistent with a dimer at ~78 kDa and trimer at ~108 kDa forms of 

the protein, along with weak bands for the tetramer at ~138 kDa and pentamer at ~195 kDa. The 

band present at 62 kDa implies that an intermediate species, a 1.5-mer of Acot7 protein is formed. 

We hypothesise that this intermediate species may facilitate domain swapping and hence to form 

fibrils. Multiples of this 1.5-mer species are also present, at 108 kDa (potentially 2x 1.5-mer) and 

at 168 kDa (3x 1.5-mer). These additional bands support a model involving domain cleavage and 

an Acot7 intermediate species forming.  
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Figure 7.6 Expression and purification of Acot7 protein showed suspected fibril formation. a. SDS-

PAGE analysis of HIS purified Acot7 protein showing protein laddering representing fibril formation (boxes). 

b. HIS purification of Acot7 UV (blue). c. S200 size exclusion chromatography of Acot7 protein UV profile 

(blue). 

The molecular weight of the Acot7 isoform that we use (Isoform A) is ~37 kDa and 338 

residues. We also tested whether the 380 residue Acot7 protein (Isoform B) also demonstrated the 

ability to form amyloid fibrils on SDS gel (Figure 7.7c). The ability of multiple isoforms of Acot7 

protein to form amyloid fibrils further supports a functional amyloid model rather than aberrant 

protein misfolding. During these studies, Acot7 demonstrated a propensity to form high molecular 
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weight species that appeared as laddering during SDS-PAGE (Figure 7.7a), while related bacterial 

and eukaryote thioesterases did not exhibit such properties (Figure 7.7b, and data not shown).  

 

 
Figure 7.7 Fibril formation for Acot7 was seen as protein laddering on SDS PAGE analysis. a. SDS 

PAGE showing fibril formation from freshly prepared highly concentrated and diluted Acot7 non-boiled 

protein (Isoform A, 338 residue). The molecular weight marker (M) is on the left and size of protein bands 

are indicated. Multimers of Acot7 as well as an intermediate species at ~62 kDa are present in fibril formation. 

b. SDS PAGE showing that Acot12 protein at the same concentration as Acot7 when boiled does not show 

protein laddering. c. SDS PAGE showing fibril formation as protein laddering from Acot7 protein (Isoform 

B, 380 residue). d. The molecular weight of the Acot7 bands was calculated using distance migration on SDS 

PAGE of Acot7 protein (red) and the Protein Marker (blue).  

 

Table 7.3 Estimated MW of Acot7 protein bands 

 

a.  
M

b.  
Acot7 

Isoform A Acot12M

250

150
100

75

50

37

25
20

195
168
138
108
78

62

38 38

Acot7
Isoform B

c.  
M

39 Pr
ot

ei
n 

siz
e 

(k
D

a)

0

50

100

150

200

250

300

0.9 1.1 1.3 1.5 1.7 1.9

Distance migration

d.

MW (kDa) MW/ 

37kDa

Multiples of 

Acot7 protein
38 1.02 1

62 1.6 1.5

78 2.1 2

108 2.9 3

138 3.8 4

168 4.5 4.5

195 5.2 5

225 6 6



	 205	

The Acot7 protein was assessed for amyloid formation to determine if the protein laddering 

seen on SDS-PAGE was consistent with fibril formation, or if there was for example a change in 

protein charge or conformation, or protein aggregation occurring. It is not likely that the higher 

molecular weight forms of the protein are as a result of post translational modifications as the proteins were 

expressed in bacterial cell culture. The purified Acot7 protein was sent to Dr. M. Kumar and Prof. J. 

Carver at Australian National University (ANU), where additional analyses of amyloid fibril 

formation were conducted. Amyloid formation was assessed using Acot7 protein and methods 

involving a Thioflavin T assay, Far-UV CD, X-ray fibre diffraction and TEM imaging of fibrils 

formed from Acot7 protein. Fibril x-ray fibre diffraction patterns seen Acot7 protein provides 

evidence to support amyloid fibril formation from Acot7 protein (Figure 7.8b), and far-UV circular 

dichroism analysis of Acot7 protein and fibrils  further confirm fibril formation (Figure 7.8c) The 

TEM imaging of fibrils formed from Acot7 protein showed fibrils with a width of 11-13nm (Figure 

7.8d-f).  

To investigate the ability of Acot7 to form fibril in solution and under biologically relevant 

conditions, a Thioflavin T fluorescence assay using the proteins expressed and purified here was 

performed by Dr. M. Kumar at ANU. Thioflavin T is a small molecule that produces a fluorescent 

signal upon binding to amyloid fibrils (Xue, 2017). The Thioflavin T fluorescence assay was used 

to detect oligomerisation of Acot7 proteins incubated in 20 mM phosphate buffer, pH 7.4, at 37 °C 

under constant agitation. The human Acot7 protein, full length mouse Acot7 and the N- and C-

domain Acot7 proteins showed an increased Thioflavin fluorescence signal indicating 

oligomerisation representing amyloid fibril formation (Figure 7.8c).  
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Figure 7.8 Evidence of amyloid fibril formation from Acot7 protein. All data and figures were produced 

by Dr. M. Kumar. a. Far-UV circular dichroism of Acot7 protein and fibrils further supporting amyloid fibril 

formation. b. Typical fibril x-ray fibre diffraction pattern from Acot7 protein indicating the presence of fibrils. 

C. Thioflavin T fluorescence assay for oligomerisation of Acot7 proteins shows that the human Acot7 protein, 

full length mouse Acot7 and the N- and C-domain Acot7 proteins all demonstrate oligomerisation. The mouse 

Acot12 does not show evidence of oligomerisation. d-g. TEM imaging of Acot7 proteins and Acot12 showing 

fibril formation from Acot7 proteins only. d. Mouse Acot7 338 residue (Isoform A) protein fibril with a width 

of 11-13nm. e. Mouse Acot7 380 residue (Isoform B) protein fibril with a width of 3-4nm. f. Human ACOT7 

protein fibril with a width of 8-10nm. g. Acot12 protein, which under the same conditions did not form fibrils.  
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Interestingly, the relative rates of fibril formation from the N terminal domain and C 

terminal domain of Acot7 were faster than the full length Acot7 protein. However, the mouse 

Acot12 does not show any evidence of oligomerisation using the Thioflavin T fluorescence assay. 

This supports formation of oligomeric species of Acot7 protein in biologically relevant conditions 

in solution. Following confirmation of the fibril forming ability of Acot7 protein we continued to 

investigate the conditions which promoted or inhbited fibril formation as well as conducted a 

structural study better under the mechanism of fibril formation. The putative fibril formation seen 

on SDS-PAGE will hereafter be referred to as fibrils, presumably representing real and biologically 

relevant amyloid formation. 

7.3.3 Conditions that promoted or inhibited fibril formation from Acot7 protein 

Protein destabilisation through pH and temperature promotes fibril formation  

To increase our understanding of the process of putative amyloid fibril formation from 

Acot7 protein on SDS-PAGE, conditions that promote or inhibit fibril formation were investigated. 

Both temperature and pH were investigated for their role in promoting or inhibited fibril formation. 

Each sample contained exactly 3μg of freshly purified Acot7 protein in GST buffer (pH7.8) and 

10μL of SDS sample buffer. We found that as the increasing the length of time boiling the Acot7 

samples resulted in increased protein laddering indicating fibril formation (Figure 7.9a). The Acot7 

protein was diluted in GST buffer with varying pH prior to addition of SDS sample buffer and 

boiling as for the sample preparation in the boiling titration. Similarly, as the pH of the solution was 

decreased, the fibril formation seen on SDS PAGE was again increased (Figure 7.9b). Fibril 

formation increased dramatically as the pH was decreased to a pH range between 5-8. At pH 8.5-9 

the lowest fibril formation was observed, despite the samples being boiled for 5 minutes at 95oC. 

Acot12 protein, which forms the same hexameric structure consisting of a timer of hotdog domain 

dimers however does not have the ability to form fibrils, was run under the same conditions as a 

negative control (Figure 7.9). Low pH ranges appeared to increase fibril formation. However, 

boiling in buffers with pH lower than 5 resulted in protein degradation of all proteins, including of 

Acot12 protein which does not demonstrate fibril formation.  
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Figure 7.9 Fibril formation seen as laddering on SDS PAGE from Acot7 was increased by increased 

sample boiling time and decreased pH. Acot12 non-fibril forming protein was included as a negative 

control. a. Boiling titration of Acot7 protein using SDS PAGE analysis shows that fibril formation (laddering 

seen above the broken white line) increased as the boiling time was increased. Non-boiled Acot7 shows some 

multimerisation but protein laddering is not present. b. A pH titration of Acot7 protein shows that fibril 

formation (laddering seen above the broken white line) was pH dependent and decreased fibril formation was 

seen in buffers within the pH range of 8.5-9. All samples were boiled for 5 minutes at 95oC. c. Boiling titration 

of Acot12 protein run in parallel to gel a. b. pH titration of Acot12 protein run in parallel to gel b. All samples 

boiled for 5 minutes at 95oC. 
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Addition of lysine inhibited fibril formation 

As certain amino acid residues, including cysteine, proline and lysine, have been shown to 

prevent fibril formation of other amyloid forming proteins a panel of amino acids using SDS-PAGE 

analysis was performed to determine if the ability of Acot7 to form fibrils could be influenced by 

addition of amino acids (Figure 7.10a). Several amino acids influenced fibril formation on SDS-

PAGE including lysine, which inhibited fibril formation, and glutamate and aspartate, which 

increased fibril formation without boiling the protein samples (Figure 7.10a and b). However, 

protein degradation was the result of boiling Acot7 protein in other amino acids including tyrosine 

and tryptophan. The supports a pH dependent effect on fibril formation. In Figure 7.10a, all samples 

have been boiled in the presence of amino acids and a representative gel is shown. The reduced 

fibril formation seen as a result of boiling in the presence of amino acids was only seen following 

boiling the protein samples prior to loading on the gel. The samples in Figure 7.10b have not been 

boiled and are therefore not directly comparable to the panel of amino acids in Figure 7.10a. 

Furthermore, the lysine dependent effect is not evident in Figure 7.10b as the samples have not been 

boiled. Decreased protein laddering is only observed following boiling of samples which induces 

fibril formation.  

The ability of amino acids to influence fibril formation was also investigated using a 

Thioflavin T assay by our collaborators Dr. M. Kumar and Prof. J. Carver at ANU. Addition of 

lysine to Acot7 resulted in a reduction of the Thioflavin T fluorescence signal indicating that lysine 

once again inhibited fibril formation from Acot7 protein (figure 7.10c). Addition of other amino 

acids including aspartic acid, glutamic acid and N-acetyl aspartic acid increased the fluorescent 

signal produced, indicating that there was an increased production of fibrils.  
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Figure 7.10 Assessment of effect of addition of amino acids to Acot7 protein. a. A panel of amino acids 

SDS-PAGE analysis was performed showing that the fibril formation could be influenced by the addition of 

some amino acids. All samples with added amino acids were boiled (representative gel shown). b. A panel of 

amino acids showing that addition of some amino acids increased fibril formation without boiling. c. A 

Thioflavin T fluorescence assay also demonstrated an effect of addition of amino acids on fibril formation 

from Acot7 protein. Lysine effectively inhibited fibril formation while the addition of aspartic acid, glutamic 
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acid and N-acetyl aspartic acid all increased the fluorescent signal produced. The Thioflavin T assay and 

figure were produced by Dr. M. Kumar. d. Acot7 lysine titration SDS gel showing that the effect of addition 

of lysine, which reduced fibril formation, was concentration dependent. All samples were boiled for 5 minutes 

at 95oC in SDS sample buffer in the presence of the additional amino acids. 

 

Lysine demonstrated the ability to decrease fibril formation. This effect was seen at low 

concentrations of lysine (<2mM) and decreased fibril formation was seen as the concentration of 

lysine was increased (Figure 7.10d). As lysine is an amino acid with a high pI value (9.47) and the 

pH titration showed that fibril formation was pH dependent it was considered that, rather than an 

amino acid specific affect, this could be a pH dependent effect. No other amino acids inhibited fibril 

formation to the same extent as lysine. Acot7 protein samples were boiled with analogues of lysine 

including Nε-Acetyl-L-lysine (Sigma Aldrich, A4021), Thialysine (S-Aminoethyl-L-cysteine) and 

poly-L-lysine with no apparent reduction in fibril formation (not shown). 

Fibril formation is not dependent on disulfide bonds  

Acot7 has seven cysteine residues that do not form disulphide bonds as seen in the crystal 

structure.  To investigate the possibility that Acot7 protein was forming oligomers through disulfide 

bonds Acot7 was run on SDS PAGE in the presence of several reducing agents including DTT, b 

mercaptoethanol and TCEP (Tris(2-carboxyethyl)phosphine hydrochloride) (Sigma Aldrich, 

C4706) (Figure 7.11). All reducing agents resulted in increased protein laddering or protein 

aggregation that resulted in a lack of protein seen on the SDS PAGE gel. Surprisingly, Acot7 does 

not form disulphide bonds, as revealed by the increased protein laddering in gels of DTT-treated 

Acot7 protein samples. 
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Figure 7.11 Effect of reducing agents on Acot7 fibril formation. Boiling in various reducing agents 

increased fibril formation. In the empty wells the protein aggregation is too high for the protein to run. 
 

To further investigate the effect of DTT and predicted involvement of cysteine residues on 

fibril formation, a mutant Acot7 protein in which all seven cysteine residues were mutated to alanine 

residues was designed and site directed mutagenesis was performed by Genscript (Figure 7.12). The 

mutagenic Acot7 protein showed laddering patterns representative of fibril formation on SDS 

PAGE analysis showing that this mutagenesis of Acot7 did not prevent fibril formation (Figure 

7.12a). This supports a mechanism of oligomerisation or fibril formation that does not involve 

disulfide bonds.  
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Figure 7.12 Expression and purification of a cysteine mutant Acot7 protein. a. Mutagenesis of all cysteine 

residues to alanine residues did not prevent fibril formation from purified Acot7 protein. b. HIS purified Acot7 

cysteine mutant protein (orange box). c. S200 size exclusion chromatography UV profile of Acot7 (red UV 

trace) and Acot7 cysteine mutant protein (blue UV trace). d. Fibril formation not increased for the Acot7 

cysteine mutant protein when boiled in DTT. 

 

The cysteine residues may be important for the structural conformation of Acot7 as the 

protein laddering showed bands of a different molecular weight, with no predominant band at ~37 

kDa and the S200 size exclusion chromatography profile also showed a slight shift in molecular 

weight (Figure 7.12c). Boiling the cysteine mutant protein in the presence of DTT was no longer 

able to promote fibril formation indicating that DTT was probably targeting the cysteine residues 

(Figure 7.12d). 
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Characterisation fibril formation from Acot7 protein 

To investigate the formation of amyloid fibrils from Acot7 protein a range of buffers, 

detergents, reducing agents and amino acids were tested. A profile of the conditions and reagents 

that promoted or inhibited fibril formation from Acot7 protein is summarised here (Figure 7.13). 

Some of the conditions that reduced fibril formation include boiling in NaOH, boiling in buffers at 

pH 8.5-9, addition of the amino acid lysine and cleavage of the two hotdog domains of Acot7. Lower 

pH buffers and reducing agents including 1,4-Dithiothreitol (DTT) increased fibril formation from 

Acot7 protein on SDS PAGE.  

 

Figure 7.13 Summary of conditions promoting or inhibiting fibril formation. 

 

7.3.4 Acot7 protein crystal structure was solved showing domain swapping	

Due to the unique ability of Acot7 to form fibrils, we examined the structure of full-length 

Acot7. Here, we used structural and domain swapping approaches to better understand the possible 

mechanism(s) of Acot7 amyloid formation.  

Crystallisation of Acot7 

To produce crystals for x-ray diffraction crystallography, Acot7 protein was screened for 

crystallisation conditions using Crystal 1/2, PEG ION 1/2 and PACT Premier 1/2. Determining the 

structure of amyloid fibril forming proteins through crystallography techniques is complex due to 
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the instability and difficulty in producing well diffracting crystals (Makin, 2005) and although 

crystals formed in various conditions within 24 hours, the crystals diffracted very poorly. Some 

crystals produced an irregular square diffraction pattern with spots placed equidistant from each 

other (Figure 7.14). It is probable that this diffraction pattern seen is associated with the ability of 

the protein to form fibrils, though it is not typical for amyloid fibril diffraction.  

       

         

Figure 7.14 Attempts to solve the crystal structure of Acot7 showed an unusual diffraction pattern from 

Acot7 protein crystals. a and b. Acot7 crystals in various crystallisation conditions. c. Typical square 

diffraction pattern seen from Acot7 crystals using x-ray diffraction. 

 
Diffractable Acot7 protein crystals were produced using pure Acot7 protein at 16mg/mL 

with 10mM CoA in a condition from the PEG ION 2 screen containing 0.1M Ammonium citrate 

pH7, 10% PEG3350 (Figure 7.15a). Crystals produced from a crystal optimisation were flash frozen 

using liquid nitrogen and sent for x-ray diffraction to the Australian Synchrotron Facility, 

Melbourne. Crystal data was collected using MX1 (ADSC Quantum 210r and ADSC Quantum 315r 

detector) and MX2 (Eiger 16M detector) crystal beamlines (Aragão, 2018; Cowieson, 2015) and 

Blu-Ice software (McPhillips, 2002) at the Australian Synchrotron Facility. Prof. J Forwood 

performed data collection and processing using CCP4 software suite for diffraction datasets. A 

single crystal diffracted to 2.6 Å resolution (Figure 7.15b). The dataset was indexed and refined 

using iMosflm (Battye, 2011). The data was scaled using AIMLESS software (Evans, 2011; Evans 

Mm:
Pixel:
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and Murshudov, 2013). Molecular replacement and density fitting, with Phaser MR (McCoy, 2007), 

Refmac (Vagin, 2004) and COOT (Emsley, 2010) software, was used for structural modelling of 

Acot7. Diffraction data was indexed and integrated in the space group P 1 21 1, with unit cell 

dimensions of a = 67.156, b = 135.331, and c = 70.126, and angles of a = 90, b = 100.57, and c = 

90. The Matthews coefficient indicated that three Acot7 molecules were most likely present in the 

asymmetric unit, and the structure was solved by molecular replacement using the individual 

domains of Acot7.  

The N-domains and C-domains were placed separately in the structure of Acot7, and in 

each case, these domains were placed in close proximity to form a double hotdog domain. The 

density was of sufficient quality that each domain could be reliably placed, aided by the low 

sequence conservation between the two domains (27%). In addition, the N-domain also contained 

a bound cofactor, while all C-domains were lacking CoA. This is consistent with a previous study 

that showed the N-domain crystal structure was bound to six CoA molecules within the hexameric 

structure, however the C-domain crystal structure had no bound cofactor (Figure 7.15c). Following 

rebuilding and refinement in COOT and REFMAC respectively, the final model had a Rwork and 

Rfree of 0.231 and 0.268 respectively, no Ramachandran outliers, and good stereochemistry (Table 

7.4). Residues 207-217 could not be modelled, and the C-terminal part of the construct is also 

missing, due to having no discernible electron density. The three monomers in the asymmetric unit 

exhibited a similar structure, with the greatest root mean square deviation (RMSD) of 0.29 Å. The 

coordinates and associated structural data were deposited and validated to the Protein Data Bank 

(PDB) and issued the code 6VFY (Figure 7.15c).  
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Statistics for the highest-resolution shell are shown in parentheses. 

 

Table 7.4 Data collection and refinement statistics for Acot7 

Resolution range 29.67  - 2.6 (2.693  - 2.6) 

Space group P 1 21 1 

Unit cell 67.16 135.33 70.13 90 100.57 90 

Total reflections 269468 (33592) 

Unique reflections 37634 (4555) 

Multiplicity 7.2 ( 7.4) 

Completeness (%) 99.26 (98.75) 

Mean I/sigma(I) 11.4 (1.3) 

Wilson B-factor 76.12 

R-pim 0.033 (0.598) 

CC1/2 0.998 ( 0.715) 

Reflections used in refinement 37570 (3711) 

Reflections used for R-free 1939 (183) 

R-work 0.2308 (0.3630) 

R-free 0.2676 (0.4337) 

Number of non-hydrogen atoms 6718 

  macromolecules 6566 

  ligands 149 

  solvent 3 

Protein residues 913 

RMS(bonds) 0.004 

RMS(angles) 0.84 

Ramachandran favoured (%) 98.33 

Ramachandran allowed (%) 1.67 

Ramachandran outliers (%) 0.00 

Rotamer outliers (%) 0.00 

Clashscore 10.86 

Average B-factor 87.35 

  macromolecules 87.48 

  ligands 82.09 

  Solvent 64.88 
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Figure 7.15 Acot7 crystallisation and crystal structure with CoA bound. a. Crystallisation conditions for 

Acot7 with CoA. b. A single large Acot7 protein crystal was produced that diffracted to 2.6Å c. Image of 

crystal structure from Pymol showing the N- (purple) and C- (blue) terminal domains and CoA molecules 

(green) bound within the N-terminal hotdog domains. 

 

As expected, each asymmetric unit contained a trimer of hotdog domain dimers, where each 

dimer consists of an N hotdog domain and a C hotdog domain protomer (Figure 7.15c). The β-

sheets that form an antiparallel barrel are modelled as the ‘bun’ and the central a helices form the 

‘hotdog’. It is apparent in the hexameric structural arrangement that CoA binds the N-domain only 

(Figure 7.15c). The main interactions with CoA include the side chains of Leu-108, Ser-136, His-

138, Tyr-198, Arg-205 Asn-283, Phe-284, and His-285 (Figure 7.16). The location of the enzyme 

is consistent with the previous report that of two putative active sites within Acot7, only the 

Asn24/Asp213 active site is functional (Forwood, 2007).  

 

Acot7 at 16mg/mL 
10mM CoA incubated at 37oC 
PEG ION 2 screen:
0.1M Ammonium citrate pH7.0
10% PEG3350 

a.

b.

c.

N-domain bound CoA
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Figure 7.16 Binding of Acot7 to the ligand CoA. a. LIGPLOT for CoA bound to Acot7. b. Identified CoA-

interacting residues through hydrogen bonding shown in the table. 

a.  

b.  
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Figure 7.17 CoA is bound to the N-domain of Acot7 within each of the dimers.  Electron density is shown 

around each of the CoA molecules made using CCP4fft and Pymol for a. Dimer chain ‘D’, b. Dimer chain 

‘E’, and c. Dimer chain ‘F’ as assigned by PISA.  
 

To better understand the biological assembly and the associated interfaces, the structure 

was analysed using Proteins, interfaces, structures and assemblies (PISA) (Krissinel, 2007). The 

hexameric assembly consisting of three Acot7 protomers has a total surface area of approximately 

38,800 Å, and buries a total area of 9,400 Å. This is mediated through three different types of 

interaction interfaces, as shown (Figure 7.18). The N-N interface (interface 1) consists of 1100 Å 

of buried surface area, 11 hydrogen bonds, and six salt bridges. The N-C interface (interface 2) is 

comprised of 980 Å of buried surface area, 7 hydrogen bonds, and six salt bridges, while the C-C 

interface is comprised of 880 Å of buried surface, 5 hydrogen bonds, and 1 salt bridge (interface 3). 

A summary of the interactions identified between each of the interfaces using PISA are presented 

in Table 7.5. The structural data including the interaction interfaces, the size exclusion 

chromatography elution profile supports that the hexameric configuration observed in the 

asymmetric unit represents the biological unit. The hexameric arrangement of hotdog domains seen 

for Acot7 is similar to other hexameric thioesterases (Kirkby, 2010).  

b.  

a. c. 
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Figure 7.18 Identification of three unique interfaces of Acot7 domains created as a result of domain 

swapping. Three different interfaces between N-N, N-C and C-C in the crystal structure of Acot7 were 
identified using PISA. The Acot7 dimers were arbitrarily given as chain D, E, or F using PISA.  

Table 7.5 Interface hydrogen bonds and salt bridges for Acot7 

 
       

C

N

C

N

CN

D

E

F

Interface 1
N-N domain

Interface 2
N-C domain

Interface 3
C-C domain

Hydrogen bonds
Structure 1 Distance(Å) Structure 2

1 E:CYS 61[ SG ] 3.55 D:GLN 59[ O ]

2 E:CYS 61[ N ] 3.32 D:CYS 61[ O ]

3 E:CYS 61[ N ] 3.79 D:CYS 61[ SG ]

4 E:CYS 61[ SG ] 3.82 D:CYS 61[ SG ]

5 E:ARG 94[ NH1] 2.47 D:GLU 149[ OE1]

6 E:GLN 59[ O ] 3.58 D:CYS 61[ SG ]

7 E:CYS 61[ O ] 3.05 D:CYS 61[ N ]

8 E:CYS 61[ SG ] 3.87 D:CYS 61[ N ]

9 E:GLU 86[ OE1] 2.44 D:ARG 65[ NH1]

10 E:GLU 86[ OE2] 3.28 D:ILE 63[ N ]

11 E:GLU 149[ OE1] 2.76 D:ARG 94[ NH1]

Hydrogen bonds
Structure 1 Distance(Å) Structure 2

1 F:CYS 61[ SG ] 3.82 E:SER 233[ O ]

2 F:CYS 61[ N ] 3.32 E:ILE 235[ O ]

3 F:CYS 243[ N ] 3.38 E:PRO 240[ O ]

4 F:ARG 65[ NH1] 2.92 E:GLU 260[ OE2]

5 F:ARG 94[ NH1] 3.14 E:ASP 317[ OD2]

6 F:ASN 97[ ND2] 2.43 E:VAL 320[ O ]

7 F:CYS 61[ O ] 3.07 E:ILE 235[ N ]

Salt bridges
Structure 1 Distance(Å) Structure 2

1 E:ARG 94[ NH1] 2.47 D:GLU 149[ OE1]

2 E:ARG 94[ NH1] 3.31 D:GLU 149[ OE2]

3 E:GLU 86[ OE1] 2.44 D:ARG 65[ NH1]

4 E:GLU 86[ OE1] 3.83 D:ARG 65[ NH2]

5 E:GLU 149[ OE1] 3.50 D:ARG 94[ NE ]

6 E:GLU 149[ OE1] 2.76 D:ARG 94[ NH1]

Salt bridges
Structure 1 Distance(Å) Structure 2

1 F:ARG 65[ NH1] 3.80 E:GLU 260[ OE1]

2 F:ARG 65[ NH2] 3.69 E:GLU 260[ OE1]

3 F:ARG 65[ NE ] 3.63 E:GLU 260[ OE2]

4 F:ARG 65[ NH1] 2.92 E:GLU 260[ OE2]

5 F:ARG 94[ NH1] 3.14 E:ASP 317[ OD2]

6 F:ARG 94[ NH2] 3.82 E:ASP 317[ OD2]

Hydrogen bonds
Structure 1 Distance(Å) Structure 2

1 F:ILE 235[ N ] 3.10 D:ILE 235[ O ]

2 F:ILE 235[ O ] 3.09 D:ILE 235[ N ]

3 F:ASP 317[ OD2] 3.65 D:ARG 268[ NH2]

4 F:PRO 318[ O ] 3.87 D:ARG 268[ NH2]

5 F:VAL 319[ O ] 3.58 D:ARG 268[ NE ]

Salt bridges
Structure 1 Distance(Å) Structure 2

1 F:ASP 317[ OD2] 3.65 D:ARG 268[ NH2]

Interface 1

Interface 2

Interface 3
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Proposed model of Acot7 protein amyloid formation involving domain swapping 

The hexameric structure observed in the crystal structure is supported by the size exclusion 

chromatography elution profile, and is similar to other hexameric thioesterases (Kirkby, 2010). 

Whilst the overall structure is consistent with other hexameric thioesterases, our structure did reveal 

a quite unexpected domain rearrangement, whereby the N- and C-terminal domains in one of the 

trimers was reversed (Figure 7.19a). For example, as shown, the pairing of hotdog domains was 

expected to result in a configuration of N-C, N-C, N-C (Figure 7.19b). The switching of just one 

pair of hotdog domains, as seen in the crystal structure, results in a configuration of N-C, N-C, C-

N. This structural rearrangement appears consistent with the predicted mechanism of amyloid 

formation known as domain swapping, in which part of or a whole protein domain is 

interchangeably swapped with another due to the superimposable nature of the domains (Zerovnik, 

2011). The crystal structure for ACOT12 shows the hexameric structure that was predicted for 

Acot7 (Figure 7.19c). ACOT12 does not demonstrate the ability to domain swap as seen for Acot7 

in the crystal structure. 
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Figure 7.19 . Domain swapping present in the crystal structure of Acot7 was not previously predicted 

in the Acot7 structural model or present in the crystal structure of ACOT12. a. Crystal structure of Acot7 

showing domain swapping resulting in an N-C, N-C, C-N structural arrangement.  b. Predicted structure of 

Acot7 modelled against the 1VPM protein from B. halodurans using Pymol. c. Crystal structure of Acot12 

(lacking the START domain) which does not demonstrate the ability to domain swap (PDB: 4MOC). 

 

Here we show that Acot7 protein demonstrates domain swapping, in which the N- and C- 

hotdog domains are able to switch position without affecting the overall structural arrangement. Our 

results also show that Acot7 forms amyloid fibrils under biological relevant conditions (Figure 7.9). 

The proposed model of fibril formation from Acot7 protein is through domain swapping. Evidence 

of domain swapping, resulting in the active site residues being on opposite domains has previously 

been described (Forwood, 2007). The pairing of hotdog domains should result in a configuration 

that appears as N-C, N-C, N-C. However, domain swapping of just one pair of hotdog domains, as 

seen in the crystal structure, results in a configuration of N-C, N-C, C-N (Figure 7.19a).   

a.
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CN

c.

C
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C

N

C

N

CN

Crystal structure of Acot7

Predicted model of Acot7

Crystal structure of ACOT12
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7.3.5 Superimposable domains are critical for fibril formation 

Each Acot7 protomer in the asymmetric unit was comprised of two hotdog domains. The 

N-domain and C-domain are highly similar, and exhibit an RMSD of 0.762 (Figure 7.20a). To better 

understand why Acot7, but not other hexameric thioesterases are able to switch domains, we 

examined the structure of these individual domains. Superposition of the N-terminal and C-terminal 

domains show that these domains in Acot7 would be able to substitute for the other domain, as 

demonstrated in our crystal structure, despite harbouring a low sequence identity. In contrast, 

Acot12, a protein from the same family of thioesterases as Acot7 and hexameric structure, does not 

have such superimposable domains (Figure 7.20b). Acot12 also provides us with some insight as it 

is the differences between these two proteins that may be the key to understanding fibril formation. 

Since the structure and domain swapping of Acot7 is unique amongst the hexameric thioesterases, 

and the amyloid fibril formation is also unique, we hypothesise that domain swapping could 

possibly account for the fibril formation. The hypothesis that superimposable domains allow for 

domain swapping and amyloid fibril formation was further investigated.  

 

  
Figure 7.20 Alignment of N-terminal and C-terminal Acot7 domains demonstrates that the 

superimposable nature of the N- and C- domains is not as evident for Acot12 domains. a. Acot7 N-

domain (purple) aligned with C-domain (blue) using Pymol with an RMSD of 0.762. b. Acot12 N-domain 

(dark purple) aligned with C-domain (green) using Pymol with an RMSD of 0.920.  

a. b.

ACOT12

Acot7
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7.3.6 Both N-terminal and C-terminal hotdog domains on Acot7 contribute to amyloid 

fibril formation  

Fusion of two hotdog domains is critical for the Acot7 proteins to form amyloid fibrils  

Acot7 fusion proteins were designed to investigate which of the two hotdog domains, N 

terminal or C terminal, were responsible for fibril formation. The proteins were expressed and 

purified under the same conditions as previously described for Acot7 (Figure 7.21). The fusion 

protein design, with additional TEV cleavage sites, allowed for evaluating the ability of the domains 

to form fibril once proteolytically cleaved. As predicted from our model, both the N-N and C-C 

constructs formed fibrils (Figure 7.21 c and d).  

The Acot7 protein S200 elution profiles and SDS PAGE gels were compared to evaluate if 

there was any difference in molecular weight or fibril formation in solution at room temperature. 

All protein samples were run for the same amount of time on the S200 column and the SDS PAGE. 

All Acot7 protein constructs had a similar size based on elution volume from the S200 size exclusion 

chromatography column approximately equivalent to wildtype Acot7 (Figure 7.22). This 

demonstrates that all Acot7 protein constructs were able to form the expected hexameric quaternary 

structure, consisting of trimer of dimers. Despite the proteins showing protein laddering on the SDS 

gel, there was no evidence of fibril formation or protein aggregation on the S200 profiles.  
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Figure 7.21 HIS purified Acot7 proteins. HIS affinity and S200 size exclusion chromatography purification 

of proteins assessed by SDS PAGE for a. Full length Acot7 protein. b. Acot7 N-C fusion protein with a TEV 

protease cleavage site inserted to allow separation of the two domains. c. Acot7 N-N fusion protein, with a 

TEV protease site to allow domain cleavage. d. Acot7 C-C fusion protein, with a TEV protease site to allow 

domain cleavage. 
 

All the Acot7 proteins appeared approximately the same size on the SDS-PAGE gel, 

however showed varying amounts of fibril formation and laddering. The exception was the N-N 

domain protein consisting of two fused N terminal domains, which showed a predominant band at 

~62 kDa, rather than a band of ~37 kDa, probably representing a trimer of monomeric hotdog 

domains. This is probably also the intermediate species seen on the SDS PAGE analysis for Acot7.  

M    WC     SE     FT     HIS   S200   TEV
b. Acot7 N-C fusion

M     WC     SE     FT     HIS    S200
a. Acot7 FL

c. Acot7 N-N fusion
M    WC    SE   FT   HIS  S200 TEV

d. Acot7 C-C fusion
M    WC    SE    FT    HIS   S200  TEV
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(TEV cleaved) 
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Figure 7.22 S200 size exclusion chromatography profiles of Acot7 proteins.  
 
 

The Acot7 protein containing TEV cleavage site between the two hotdog domains was 

incubated with TEV protease to assess the ability of Acot7 to form fibrils as proteolytic cleavage of 

the two hotdog domains was occurring. As the length of time for TEV cleavage increased, the 

amount of fibril formation decreased, with almost complete cleavage and fibril removal at 48 hours 

(Figure 7.23a). Increased laddering of Acot7 proteins, representative of fibril formation post boiling 

is evident. TEV cleavage completely inhibited the ability of the Acot7 proteins to form fibrils 

despite boiling. Therefore, the two hotdog domains of Acot7 need to be fused to form fibrils.  
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Figure 7.23 Two hotdog domains of Acot7, though not necessarily N-C, must be fused for fibril 

formation to occur. a. SDS-PAGE showing a TEV cleavage titration over 48 hours non-boiled of freshly 

prepared, highly pure, diluted Acot7 N-C fusion protein in GST buffer. Almost complete cleavage of the N- 

and C- domains was achieved after 48 hours. b. SDS PAGE showing the effect of boiling and TEV cleavage 

24 hours at 4oC for 24 hours -/+ boiling of Acot7 N-C, C-C and N-N proteins. All boiled samples were boiled 

for exactly 2 minutes in SDS sample buffer at 95oC. 

 

Since it is evident that the fused domains are important for fibril formation, and that the N- 

and C- domains are superimposable, our model was further tested using the two new constructs; 

homoprotomers of N-N, and C-C, both with TEV cleavage sites inserted in between the two hotdog 

domains. The ability of Acot7 to superimpose these domains is a critical component of fibril 

formation, since Acot12 lacked this quality. When treated with the TEV protease to cleave the two 

hotdog domains apart, neither the N-N nor C-C domain construct formed fibrils (Figure 7.23b). The 

C-C fusion (non-boiled) protein shows a predominant band at ~37 kDa, however, the N-N fusion 

(non-boiled) protein showed a predominant band at ~62 kDa. This suggests that the N domain 

favours formation of an intermediate species as seen for the full length Acot7 protein (Figure 7.7a). 

Here we show that the arrangement of domains (N-N, C-C or N-C) of the monomers/protomers 

does not matter with respect to fibril formation. However, it is necessary for the domains to be 

connected for oligomer formation, probably via the trimer, to occur prior to fibril formation. 
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Consistent with this requirement for intact Acot7, the cleaved domains were not able to contribute 

to fibril formation from intact Acot7 (Figure 7.24). 

  

Figure 7.24 Addition of cleaved domains to contribute to Acot7 fibril formation. Once cleaved, the 

domains were not able to contribute to fibril formation from the full-length Acot7 protein on SDS PAGE 

analysis. 

 

Reducing agents influenced fibril formation from Acot7 proteins  

 Acot7 protein sample were boiled in reducing agents prior to SDS PAGE analysis to 

investigate the effect of reducing agents on fibril formation. Surprisingly, boiling Acot7 in 1mM 

DTT (Sigma Aldrich, DTTRO-Roche), used for selective reduction of disulfide bonds, and other 

reducing agents increased protein laddering for all three Acot domain constructs N-C, N-N, and C-

C, indicating resulted increased fibril formation. This suggests that the laddering is not due to 

normal oligomerisation involving proteins forming disulfide bonds. Samples were boiled in other 

reducing agents including β-mercaptoethanol and TCEP, which also increased protein laddering 

(Figure 7.11). Protein samples were also boiled in reducing agents for cysteine including DTNB, L-

Glutathione oxidized (Sigma Aldrich, G4376) although they did not result in decreased protein 

laddering (not shown). Due to protein fibrils increasing with DTT, which interacts with cysteine 

A
co

t7
 -

bo
il

A
co

t7
 +

 b
oi

l
A

co
t7

 +
 N

-N
 +

 b
oi

l

M
ar

ke
r

15

10

20
25

250
150
100

75

50

37



	 230	

residues, cysteine was also considered as a potential target for fibril formation, however removal of 

the cysteine residues from Acot7 did not prevent fibril formation (Figure 7.25b).  

 

Figure 7.25 Acot7 proteins were susceptible to DTT which increased protein laddering and NaOH 

which was able to reduce Acot7 proteins to a monomer on SDS PAGE. a. The C-C and N-N Acot7 proteins 

formed fibrils when boiled. Furthermore, fibril formation seen as protein laddering, was increased when 

boiled in the presence of DTT for the Acot7 proteins. Surprisingly, all proteins including the N-N domain 

protein demonstrated the ability to be reduced to a predominant monomer band at ~37 kDa when boiled in 

the presence of NaOH. b. The cysteine mutant Acot7 protein in which all cysteine residues were replaced 

with alanine also demonstrated fibril formation indiating that fibrillation is not dependent on disulfide bonds. 

 

Boiling the Acot7 protein samples in 8mM NaOH (sodium hydroxide) reduced the all Acot7 

proteins down to the 37 kDa monomer. This surprisingly included the N-N fusion protein that 

previously shown a predominant band at ~62 kDa (Figure 7.25a). Some protein degradation can be 

seen on the gel as a result of boiling protein in high pH buffer and higher concentrations or longer 

boiling resulted in increased protein breakdown. 

 

7.3.7 Acot7 fibril formation is not mediated through the loop region 

To investigate the importance of the loop region in fibril formation an Acot7 N-C fusion 

protein construct was designed with an additional mutation in the loop region suspected to be 
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involved (Figure 7.26). Both replacing the loop region of Acot7 with two TEV cleavage sites, and 

constructing the loop mutant of Acot7 in which an additional mutation to prevent binding at this 

site was made, have confirmed that the ability of Acot7 protein to form amyloid fibrils is not 

dependent on this region as the mutant protein demonstrated the ability to form fibrils (Figure 

7.27a).  

Figure 7.26 Acot7 N-C fusion protein design. a. Representation of N-C fusion protein with additional 

mutation in the loop region with cleavage sites (broken lines) and region of mutation (purple) indicated b. 

Protein sequences of Acot7, N-C fusion protein and N-C fusion protein construct with additional mutation in 

the loop region (purple) and TEV cleavage sites (bold).  

b.
Acot7:      152-LERMETKWRNGDIVQPVLNPEPNTVSYSQSSLIHLVGPSDCTLHGFVHGG-206 

152-LERME      DI     EPNTVSYSQSSLIHLV P DCTLHGFVHGG

N-C fusion: 152-LERMEENLYFQSDIENLYFQSEPNTVSYSQSSLIHLVGPSDCTLHGFVHGG-206
Loop mutant: 152-LERMEENLYFQSDIENLYFQSEPNTVSYSQSSLIHLVPPHDCTLHGFVHGG-206

a.

CNHIS 
tag

TEV protease cleavage sites

N
TEV protease

+ +C HIS 
tag

Additional mutation in loop region
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Figure 7.27 Acot7 N-C construct with additional mutation in the loop region and TEV cleavage site 

between N-and C- domains. a. SDS-PAGE of HIS purified protein showing protein laddering. b. S200 size 

exclusion chromatography profile (blue UV trace). 

 

7.3.8 Acot7_Acot12 fusion protein constructs did not form fibrils 

An investigation to determine whether either of the two Acot12 hotdog domains, which 

exhibit a similar level of homology to the Acot7 hotdog domains, could also demonstrate the ability 

to domain swap and to form fibrils was conducted. Two Acot7/Acot12 fusion protein constructs 

(Acot7_Acot12 and Acot12_Acot7) were designed to test this hypothesis (Figure 7.28). The 

Acot7/Acot12 proteins were expressed and purified as previously described for Acot7 proteins. 

However, the proteins did not demonstrate the ability to form amyloid fibrils (Figure 7.29). While 

this supports that the ability to domain swap and form amyloid fibrils is unique to Acot7, the protein 
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expression was low and due to the protein instability overnight TEV cleavage of the proteins was 

not possible. Further experiments are required to determine if protein concentration has affected the 

result and if these fusion proteins are able to form the native hexameric structure. 

  

Figure 7.28 Design of the Acot7_ACOT12 and ACOT12_Acot7 chimera proteins. a. Protein sequence 

for the chimera consisting of an Acot7 N terminal hotdog domain fused to an ACOT12 C terminal hotdog 

domain. The TEV cleavage sites between the protein domains are shown (black). b. Protein sequence for the 

chimera consisting of an ACOT12 N terminal hotdog domain fused to an Acot7 C terminal hotdog domain. 

c. Structural arrangements of the Acot7 and ACOT12 hotdog domain dimers. d. Predicted structural 

arrangements of the chimeric proteins produced by fusion of Acot7 and ACOT12 hotdog domains. 

Acot7_ACOT12 chimera
AVTMGRIMRPDDANVAGNVHGGTILKMIEEAGAIISTRHCNSQNGERCVAALARVERTDFLSPMCIG
EVAHVSAEITYTSKHSVEVQVHVMSENILTGTKKLTNKATLWYVPLSLKNVDKVLEVPPIVYLRQEQ
EEEGRKRYEAQKLERMEENLYFQ/SDIENLYFQ/SEPNTVSYSSVQSIELVLPPHANHHGNTFGGQI 
MAWMETVATISASRLCWAHPFLKSVDMFKFRGPSTVGDRLVFTAIVNNTFQTCVEVGVRVEAFDCQE
WAEGRGRHINSAFLIYNAADDKENLITFPRIQPISKDDFRRYRGAIARKRIRLGR

ACOT12_Acot7 chimera
EVVMSQAIQPAHATARGELSAGQLLKWIDTTACLAAEKHAGVSCVTASVDDIQFEETARVGQVITIK
AKVTRAFSTSMEISIKVMVQDMLTGIEKLVSVAFSTFVAKPVGKEKIHLKPVTLLTEQDHVEHNLAA
ERRKVRLLERMEENLYFQ/SDIENLYFQ/SEPNTVSYSQSSLIHLVGPSDCTLHGFVHGGVTMKLMD 
EVAGIVAARHCKTNIVTASVDAINFHDKIRKGCVITISGRMTFTSNKSMEIEVLVDADPVVDNSQKR
YRAASAFFTYVSLNQEGKPMPVPQLVPETEDEKKRFEEGKGRYLQM
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Figure 7.29 Acot7_ Acot12 and Acot12_Acot7 proteins. SDS PAGE of HIS purified a. Acot7_Acot12 

protein b. S200 profile of Acot12_Acot7 protein (blue UV trace) eluted in 300mL of GST buffer (red UV 

trace). c. S200 profile of Acot7_Acot12 protein d. S200 profile of Acot7_Acot12 protein (blue UV trace) 

eluted in 300mL of GST buffer (red UV trace). 

 

7.3.9 Two identical hotdog domains from a bacterial thioesterase protein (1VPM) when 

fused do not demonstrate the ability to form fibrils 

To test the ability of the fused bacterial hotdog domains, which usually occur as single 

hotdog domain proteins, to form amyloid fibrils a bacterial homologue of Acot7, 1VPM, was used 
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to design a 1VPM_1VPM fusion protein construct. The single hotdog domain 1VPM protein 

structure consists of six molecules that form hexameric structure with three hotdogs domain dimers 

(PDB:1VPM), similar to other thioesterase proteins including Acot7 (Figure 7.30a). The theoretical 

fused protein consists of two single hotdog domain 1VPM proteins fused together (Figure 7.30b). 

The protein sequence shows the linker region between the two 1VPM hotdog domain proteins 

contains a TEV cleavage site (Figure 7.30c) to allow for proteolytic cleavage, similar to the design 

of the N-C Acot7 fusion protein (Figure 7.30d). The 1VPM_1VPM protein was bacterially 

expressed and purified as previously described resulting in highly pure concentrated protein (Figure 

7.31). The identity of the 1VPM_1VPM protein with molecular weight of ~40 kDa was confirmed 

through successful TEV cleavage of the two hotdog domains into ~17-18 kDa proteins.  

 

 Figure 7.30 1VPM-1VPM fusion construct. a. The structure of 1VPM (PDB: 1VPM). b. Representative 

structure of 1VPM-1VPM fusion protein. c. Plasmid DNA sequence for the 1VPM_1VPM  protein construct. 

d.  Representation of the 1VPM_1VPM  protein with a TEV cleavage site in the linker region.  

1VPM_1VPM
QSYPVERSRTIQTRLVLPPDTNHLGTIFGGKVLAYIDEIAALTAMKHANSAVVTASIDSVDFKSSA
TVGDALELEGFVTHTGRTSMEVYVRVHSNNLLTGERTLTTESFLTMVAVDESGKPKPVPQVEPQTE
EEKRLYETAPARKENRKKRRMEENLYFQ/SDIENLYFQ/SEPNTVERSRTIQTRLVLPPDTNHLGT 
IFGGKVLAYIDEIAALTAMKHANSAVVTASIDSVDFKSSATVGDALELEGFVTHTGRTSMEVYVRV
HSNNLLTGERTLTTESFLTMVAVDESGKPKPVPQVEPQTEEEKRLYETAPARKENRKKRAAL

d.

1VPM 1VPMHIS tag

TEV protease cleavage sites

a. b.
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Figure 7.31 1VPM_1VPM fusion protein. a. SDS-PAGE of HIS purified protein b. HIS purification (blue 

UV trace) c. S200 size exclusion chromatography of protein profile (blue UV trace). 

 

The purified 1VPM_1VPM fused protein did not demonstrate the ability to form amyloid 

fibrils using SDS PAGE analysis. This indicated that physical linking or even fusion of two hotdog 

domains, regardless of sequence homology, is not enough to initiate fibril formation. The bacterially 

expressed 1VPM_1VPM fused protein was concentrated to ~12 mg/mL and used in crystallisation 

trials.  

1. 1VPM_1VPM ~37kDa
2. TEV protease ~25kDa
3. 1VPM cleaved protein ~18kDa
4. HIS tag ~3kDa
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The 1VPM_1VPM fused protein was crystallised in a condition from the PEG ION 2 screen 

containing 0.1 M sodium malonate pH 6.0 and 12 % PEG3350 to produce a large crystal that 

diffracted to 2.8 Å (Figure 7.32). The data collection and refinement statistics for 

1VPM_1VPM fused protein are presented in Table 7.6. The 1VPM_1VPM fused proteins 

formed hotdog domains and each hexameric unit formed consisted of a trimer of 1VPM_1VPM 

fused proteins (Figure 7.32c). The hexameric arrangement is consistent with the molecular weight 

of the protein band seen on SDS PAGE analysis following bacterial expression (Figure 7.31a) and 

with the elution volume of the fused protein using S200 size exclusion chromatography (Figure 

7.31c). The linker region between the two 1VPM protein was not visible in the crystal structure, 

however, the fused 1VPM_1VPM protein that was crystallised was assessed using SDS PAGE 

analysis and appeared intact. Within each hexameric unit six CoA molecules are bound, 

corresponding with two CoA molecules for each 1VPM_1VPM fused protein (Figure 7.32c). 

 

 

Figure 7.32 Crystallisation conditions and structure of 1VPM_1VPM fused protein with bound CoA. 

a. A single large 1VPM_1VPM fused protein crystal that diffracted to 2.8 Å. b. Crystallisation conditions 

under which the 1VPM_1VPM crystal shown was produced. c. Image of the crystal structure of 

1VPM_1VPM using Pymol shows the fusion protein, alike the native 1VPM protein, forms a hexameric 

structure. Six CoA molecules (green) were bound within each hexameric unit. 

a.

1VPM-1VPM fused protein at ~12 mg/mL 
PEG ION 2 screen:
0.1 M Sodium malonate pH 6.0, 12 % PEG3350 

b.

c.
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We have demonstrated that the 1VPM_1VPM fused protein has the ability to retain the  

native hexameric conformation, as seen for 1VPM protein. Future experiments will use this protein 

construct to determine if the fusion of domains can influence enzymatic activity of 1VPM. An 

increased enzymatic activity as a result of fusion of domains could explain the evolution of 

mammalian thioesterase proteins to exist as dimers, which then form the typical functional 

hexameric structure for several thioesterase proteins.  

 
  

Table 7.6 Data collection and refinement statistics for 1VPM_1VPM fused protein 

Resolution range 88.47  - 2.8 

Space group R 3 

Unit cell 175.94  175.94   108.65   90   90   120 

Total reflections 30899 

Multiplicity 7.2 ( 7.4) 

Completeness (%) 99.7 (99.9) 
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7.4 Discussion 
Amyloid fibrils form to create ordered, fibrous, hydrogen bonded, cross β-sheet structures 

(Chiti, 2006; Kumar, 2017; Makin, 2005; Nilsson, 2004a; Žerovnik, 2010; Zerovnik, 2011). Many 

proteins have the ability to form amyloids under certain conditions. However, the increased 

production and contribution of amyloids to disease, in particular in neurodegenerative diseases, 

requires investigation. Protein amyloids are detected using various methods including 

amyloidophilic fluorescent dyes such as Congo Red and Thioflavin T (Nilsson, 2004a; Westermark, 

1999; Xue, 2017; Yakupova, 2019). 

Acot7 demonstrates a propensity to form high molecular weight species that appear as 

laddering on SDS-PAGE, while related bacterial and eukaryote thioesterases do not exhibit such 

properties. It is not likely that the increased molecular weight forms of the protein are as a result of 

post translational modifications as the proteins were expressed in bacterial cell culture. Furthermore, 

the inability of other thioesterase proteins to from fibril or protein laddering on SDS PAGE, and the 

evidence provided for Acot7 fibril formation such as TEM imaging support that the protein 

laddering represents a fibrillar process.   

Prior to examining the roles of domain swapping and the necessity for fused domains in 

fibril formation, a range of Acot7 fibril properties were examined. A range of different molecular 

weight species resistant to SDS-PAGE were identified. In addition to Acot7 protein bands seen 

representing a monomer 37 kDa, dimer 78kDa, trimer 108 kDa, tetramer 138kDa and pentamer 195 

kDa, an intermediate species was present at 62kDa. This represents a 1.5-mer of Acot7 protein that 

is formed. From the molecular weight, the intermediate species is predicted to be a single N- or C-

domain in addition to the Acot7 monmer to form an intermediate species. This intermediate species, 

which behaves as a stable species on SDS PAGE, likely facilitates formation of amyloid fibrils. 

Multiples of this 1.5-mer species were also present. The additional Acot7 band support a model 

involving domain cleavage and formation of an Acot7 intermediate species promoting fibril 

formation.  

The molecular weight of the Acot7 isoform predominantly used in our studies, Isoform A 

on Uniprot, is 37.4 kDa and 338 residues (2019). The larger 381 residue Acot7 protein, Isoform B 
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on Uniprot, has a molecular weight of 42.5 kDa and also demonstrated the ability to form amyloid 

fibrils on SDS gel. The ability of multiple isoforms of Acot7 protein supports a functional amyloid 

model rather than aberrant protein misfolding. There are a total of 7 different isoforms of Acot7 that 

can be generated from alternate splicing (Yamada, 2002). Presumably any or all of these isoforms 

of Acot7 proteins may have the capacity to form amyloid fibrils. Due to the unique ability of Acot7 

to form fibrils, we examined the structure of full-length Acot7. Here, we used structural and domain 

swapping approaches to better understand the possible mechanism(s) of Acot7 amyloid formation. 

 

ACOT7 protein that was isolated from several cell lines including RT-4 human urinary 

bladder cells, tonsil and U-251 MG glioblastoma tumour showed a clean monomeric band using an 

Anti-ACOT7 antibody (Sigma Aldrich, HPA025735) using Western blot analysis (Uhlén, 2015). 

An independent anti-Acot7 antibody (Sigma Aldrich, HPA025762) shows larger molecular weight 

species of Acot7, consistent with protein laddering or multimers. The data shown by protein atlas 

shows an ACOT7 with a predominant monomer band at ~41.6 kDa, presumably a different isoform 

to that used in most of the experiments in this study. However, the protein appears to form larger 

molecular weight species in particular in the U-251 MG malignant glioblastoma tumour in the 

Protein Atlas western blot analysis. An explanation of protein laddering that is not seen with all 

antibodies tested is that possibly the binding site required on the Acot7 protein for detection using 

the antibody HPA025735 is only available in the monomeric species of Acot7 and the structural 

changes that occur with fibril formation from Acot7 protein mask (or change) the binding site.  

Our research group has expressed, purified and tested the 381 residue protein construct was 

under the same conditions as the 338 residue Acot7 protein for the ability to form fibrils both using 

traditional methods of amyloid detection, including the Thioflavin T assay, and using SDS PAGE 

analysis. The formation of amyloid fibrils was confirmed by SDS PAGE analysis and the laddering 

patterns appeared very similar. Therefore, multiple isoforms is not a conclusion for the different 

molecular weight species seen on the SDS PAGE. Of the seven identified isoforms of Acot7, the 

largest molecular weight is the 381 residue isoform at 42.5 kDa.  
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The structures of the N-terminal and C-terminal hotdog domains, PDB: 2V1O and 2QQ2 

respectively, are known and a full length Acot7 model has previously been predicted (Forwood, 

2007). Through sequence analysis of CoA-proximal residues, two conserved enzymatic binding 

sites were identified (Forwood, 2007). However only one binding site was identified as biologically 

functional for the thioesterase activity tested. The other site may in fact catalyse a different reaction. 

The crystal structure of Acot7 crystal structure of Acot7 was solved in this study. As expected, 

Acot7 formed a trimer of hotdog domain dimers, where each dimer consists of an N hotdog domain 

and a C hotdog domain. The β-sheets that form an antiparallel barrel form the ‘bun’ and the central 

a helices form the sausage. The ligand CoA was found to only bind the N-domain and only the 

Asn24/Asp213 active site was found to be functional.  

The presence of putative Acot7 amyloid fibrils was first identified as protein laddering 

using SDS PAGE analysis and confirmed under physiological relevant conditions has been shown 

by staining with amyloidophilic dyes. Far-UV CD, TEM imaging and X-ray diffraction of fibres 

further support that the laddering seen is most probably a result of fibril formation. Acot7 protein 

showed increased fibril formation following boiling sample in SDS loading buffer prior to SDS 

PAGE. Other conditions observed to influence fibril formation include temperature, high salt 

buffers such as HIS buffer, pH and addition of the amino acid lysine. We found that increasing the 

length of time boiling the Acot7 samples resulted in increased protein laddering indicating fibril 

formation. Similarly, as the pH of the solution was decreased, the fibril formation seen on SDS 

PAGE was again increased. Negatively charged moeties promoted fibril formation from Acot7 

protein whereas positive charge prevented fibril formation. The charge dependent effect was 

demonstrated not only through sensitivity to buffer pH, but also through sensitvity to the positively 

charged amino acid lysine. Additionally, the Acot7 structure with the addition of lysine showing 

domain swapping (not shown), and the pH titration further support a model in which lysine is having 

a charge/pH dependent effect on fibril formation.  

Several amino acids have been shown to be responsible for amyloid formation including 

cysteine, proline and lysine (Kraus, 2016; Takai, 2014). A panel of amino acids revealed that 

addition of lysine prevented fibril formation, however variants of lysine including polylysine and 
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acetyl-lysine did not influence fibril formation. S-Aminoethyl-L-cysteine (thialysine) is a toxic 

lysine analogue with an additional sulfur atom. Addition of thialysine did not prevent fibril 

formation. Fibril formation was not inhibited by arginine suggesting an amino acid specific affect. 

Similar to our hypothesis of destroying fibrils using TEV protease to cleave the fibril forming 

domains, the hypothesis that lysine could not only inhibit but also reverse the formation of fibrils 

was tested. Addition of lysine did not dissociate fibrils once formed. Lysine was able to prevent 

fibril formation, although not by preventing domain swapping, which was seen in the crystal 

structure of Acot7 protein crystallised in the presence of lysine. Amyloid fibril formation was 

demonstrated to be dependent on pH. Fibrils were reduced when Acot7 protein was boiled in buffer 

at pH greater than 8.5. Cysteine is an amino acid with a pKa side chain around the pH where the 

greatest shift in amount of amyloid fibril formation is seen, however, cysteine did not affect fibril 

formation. There is the possibility that another amino acid could be influencing fibril formation. For 

example, deprotonated histidine is a residue with a pKa value close to the pH at which the greatest 

effect is seen. Furthermore, the amino acid sequences adjacent within the protein and the protein 

conformation can affect the pKa value of amino acids. However, from our results we conclude that 

the effect of lysine is likely due to charge/pH dependent properties rather than an amino acid specific 

effect. 

Here we provide evidence to support that the mechanism of oligomerisation or formation 

of fibrils from Acot7 protein does not involve disulfide bonds. Acot7 protein has seven cysteine 

residues, however in the crystal structure of Acot7 disulfide bonds between the cysteine residues 

were not detected. Site mutageensis at the seven cysteine residues mutated to alanine residues did 

not prevent fibril formation. Furthermore, samples boiled in DTT showed increased fibril formation 

confirming that the multimeric species were not formed through disulfide bonds. Increased fibril 

formation was not seen in the cysteine mutant protein when samples were boiled in DTT, indicating 

that the cysteine residues were potentially involved in the stability of the protein but not crucial for 

the formation of fibrils. 

None of the conditions tested in this study were able to reverse or solubilise the formation 

of fibrils. It was not possible to dissociate fibril formation by the addition of TEV protease once 
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protein samples had been subjected to conditions in which previous amyloid fibrils had been 

formed. It has been previously shown that fibrils are extremely stable and difficult to reverse. 

Determining the structure of amyloid fibrils using crystallography techniques is made even more 

difficult by instability of the protein leading to fibril formation, and difficulty in producing well 

diffracting crystals when crystals are obtained (Hirota-Nakaoka, 2003; Makin, 2005). 

The Acot7 protein construct with a TEV cleavage site inserted between the two domains 

was used to show that as the length of time for TEV cleavage increased, the amount of fibril 

formation decreased, with almost complete cleavage and fibril removal at 48 hours. Two further 

protein constructs, consisting of two fused N- or C- domains, also demonstrated the ability to form 

fibrils. Therefore, the arrangement of domains (N-N, C-C or N-C) of the monomers/protomers does 

not matter with respect to fibril formation. However, it is critical that the domains to be connected 

for oligomer formation, probably via formation of an intermediate species, to occur prior to fibril 

formation. Consistent with this requirement for intact Acot7, the cleaved domains were not able to 

contribute to fibril formation from intact Acot7, even under fibril forming conditions. The TEV 

cleaved Acot7 protein domains eluted off S200 size exclusion column at a volume corresponding 

to the same size as the Acot7 protein and as the non-cleaved N-C fusion protein. This indicated that 

despite the cleavage of the N- and C-domains, the proteins were still forming the native hexameric 

protein structure. Surprisingly, treatment with NaOH was able to prevent the fibrils, and produced 

a single monomeric species for all Acot7 proteins. 

Acot7 protein showed greatest enzymatic activity when the two hotdog domains were in 

their native form, fused (Forwood, 2007; Kumar, 2017). When cleaved, or if only one hotdog 

domain was present, the enzymatic activity was decreased. It is yet to be investigated, but 

predictably likely, that fusion of two hotdog domains is able to result in increased enzymatic 

activity. Surprisingly, fibril formation from Acot7 protein did not affect enzyme activity and the 

binding of enzyme inhibitors did not prevent fibril formation (see Appendix 3). 

Each Acot7 dimer is comprised of two hotdog domains, a N-terminal hotdog domain and a 

C-terminal hotdog domain. The N-domain and C-domains are highly similar, with an RMSD of 

0.762 and despite a low sequence identity of ~27%. Alignment of N-terminal and C-terminal 
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domains show that these domains are superimposable, as seen in the crystal structure. In contrast, 

Acot12 N-terminal and C-terminal domains are not as superimposable and Acot12 does not exhibit 

fibril formation. Overall, the ability of Acot7 to domain swap the N-terminal and C-terminal 

domains is unique.   

For Acot7 protein it appeared as though fusion of two very similar hotdog domains could 

then result in fibril formation. It was hypothesised that fusion of two identical hotdog domains alone 

could induce fibril formation. A bacterial 1VPM protein fusion protein was used to demonstrate 

that fusion of two identical domains was not enough to induce fibril formation as the 1VPM_1VPM 

protein did not form fibrils. Future experiments will test the enzymatic activity of the fused 1VPM 

protein to assess the biological reasoning behind domain fusion.  

Acot12 and Acot7 proteins share a very similar hexameric structure, consisting of a trimer 

of hotdog domain dimers. Acot12 protein, however, does not form amyloid fibril under the same 

conditions as Acot7 protein will form fibrils. It is therefore something intrinsic to the Acot7 protein 

that induces fibril formation. The key to understanding the mechanism may be to determine what 

differentiates Acot12 from Acot7. It was hypothesised that potentially only one hotdog domain from 

Acot7 was responsible for initiating fibril formation. Two protein constructs consisting of a hotdog 

domain from Acot7 fused with a hotdog domain from Acot12 were used to show that only Acot7 

hotdog domains are able to forms fibrils, and that only one Acot7 domain is not sufficient to induce 

fibril formation. 

Acot7 forms trimers through inter-subunit β-strands, which have the potential to rearrange 

to form linear, multimeric amyloid fibrils. Since the structure and domain swapping of Acot7 

appeared unique amongst the hexameric thioesterases, and the amyloid fibril formation was also 

unique, whether domain swapping could possibly account for the fibril formation was investigated. 

The hypothesis was that superimposable domains allow for domain swapping and amyloid fibril 

formation. 

Models of amyloid fibril formation have been discussed above (Bhak, 2009; Žerovnik, 2010; 

Zerovnik, 2011). Dr. M. Kumar has provided evidence that amyloid fibril formation by Acot7 

protein does not occur through a standard nucleation-dependent mechanism (see Appendix 3) 
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(Kumar, 2017). The proposed mechanism of fibril formation from Acot7 protein is through domain 

swapping, made feasible by superimposable hotdog domains. Other proteins with a similar structure 

to Acot7, including Acot12, do not demonstrate domain swapping or form amyloid fibrils. However, 

non-aggregated Acot7 protein samples bound Congo red and Thioflavin T amyloid binding dyes 

and emitted a weak fluorescent signal indicating that, like some other amyloid forming proteins, 

Acot7 protein contains cross-β spine structure in a native state in solution. 

The oligomerisation and formation of amyloid fibrils from Acot7 protein probably requires 

generation of lower molecular weight species. The higher molecular weight species produced are 

resistant to heat and other conditions tested to disociate fibrils formed. Acot7 protein demonstrated 

a monomeric protein band at ~37 kDa, protein multimers as well as an intermediate species at ~62 

kDa. The intermediate species is probably a single N- or C-domain in addition to the Acot7 monmer 

to form an intermediate 1.5-mer species. The Acot7 monomer is probably required to initiate fibril 

formation. On SDS PAGE, where the full length Acot7 is TEV cleaved, there is a third band present, 

where there are only two cleaved domains, which may represent the fibril initiating domain. 

Interestingly, when the C-Cand N-N Acot7 proteins were cleaved, the C-C protein resulted in a 

single band representing a single hotdog domain. However, cleavage of the N-N protein result in 

two bands, despite both protein possessing the same affinity tag.  

Evidence that low molecular weight species are generated to initiate fibril formation from 

Acot7 protein include turbity measurements as an indication of fibril formation, which showed no 

increase in Acot7 size for up to 18 hours despite increase in intensities using amyloid detecting 

fluorescent dyes, Bis (Triphenylphosphonium) tetraphenylethene (TPE-TPP) and Thioflavin T (see 

Appendix 3). The binding of Acot7 protein to the amyloidophilic dyes indicates formation of 

amyloid-like β-sheets. The production of increased amyloids without the presence of larger 

molecular weight species supports a model in which low molecular species of Acot7 protein are 

initiating fibril formation. This is consistent with our proposed mechanism of fibril formation in 

which generation of lower molecular weight species of Acot7, followed by an intermediate species 

of Acot7 promotes the production of amyloid fibrils that then relies on the ability of domain 

swapping to form long, ordered oligomeric species of Acot7. 
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The mechanism of domain swapping essentially involves the exchange of whole parts of a 

chain from the loop region to the terminal end of a partially open protein monomer resulting in the 

domains being able to fold back in to a swapped position (Bennett, 1995; Liu, 2001). The loop 

region is therefore the only part that may show a conformation change. There is part of the loop 

region missing in the electron density for the crystal structure of Acot7, however this is very 

probable that a slight change in conformation has occurred. Several other proteins have been 

described to form amyloid firbils through the mechanism of domain swapping including from a 

mammalian prion protein (Knaus, 2001), and from cystatins and stefins (Zerovnik, 2011). For 

domain swapping to occur the domains must almost completely unfold to allow for protein 

rearrangement, and that the process must start with protein dimerisation (Liu, 2002b). It was shown 

using cystatin protein that inhibition of domain swapped dimerisation resulted in prevention of 

amyloid fibril formation (Nilsson, 2004b). A domain-swapped protomer has the ability to seed 

fibrillation and result in what has been described as a ‘run-away’ of amyloid fibril formation as the 

length of the fibril has no end (Zerovnik, 2011). The proposed mechanism of amyloid formation 

from Acot7 protein is through domain-swapping involving addition of either, interchangeably, a N- 

or C- domain to form an amyloid fibril chain (Figure 7.33).  
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Functional amyloids have been described as the ability of organisms to take advantage of 

the formation of amyloid fibrils from some proteins, despite amyloid fibrils having the potential to 

be toxic (Chiti, 2006; Fowler, 2007; Gebbink, 2005; Otzen, 2008). The identification of amyloid 

formation from bacteria and fungi to insects, and in humans suggests a conserved structure with 

probable functionality. Human proteins have also been found to form functional amyloids. Amyloid 

fibrils formed from human Pmel17 protein provide a template for melanin biosynthesis for 

pigmentation (Fowler, 2007). Amyloid fibril formation activates coagulation factor XII protein in 

the haemostatic system (Shibayama, 1999). Functional amyloidogenesis is regulated to avoid 

toxicity (Fowler, 2007). Amyloidogenesis is regulated through different mechanisms as reviewed 

by Fowler et al. (2007). ACOT7 has high specificity for arachidonoyl-CoA (AA-CoA) (Forwood, 

2007; Kirkby, 2010). 

It is probable that functional amyloid formation and degradation are tightly regulated, as 

the consequences of unregulated amyloid formation i.e. in a disease state can have detrimental 

effects. Through increased understanding of regulation of functional amyloidogenesis, therapies for 

amyloid disease could be designed to enhance amyloid regulation to prevent pathological amyloid 

production. Future therapies such as amyloid inhibiting therapeutic proteins would need a key focus 

on specificity that targets pathological production of amyloid formation, but does not interfere with 

functional amyloid production.  

The N- and C-domains were still forming a hexameric structure in solution, as seen on the 

S200 gel filtration analysis. Enzymatic thioesterase activity assays were used to determine if the 

individual domains forming a hexamer represent an enzymatically active quaternary conformation 

(Forwood, 2007). The domains showed very poor activity relative to the full length Acot7. 

However, when the N terminal and C terminal domains were mixed, some of the enzymatic activity 

was restored. The increased activity of the N terminal domain and the C terminal domain when 

combined, though not physically linked, showed that the two domains have a higher affinity for 

each other and that both domains are required for efficient enzymatic activity.  

Functional amyloids play a role in coagulation and clot breakdown, and in inflammation 

(Page, 2019). There is potential for Acot7 amyloid formation to have functionality if in a controlled 
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environment. Evidence for functionality includes that fibril formation from Acot7 protein did not 

affect enzyme activity and the binding of enzyme inhibitors did not prevent fibril formation. 

Furthermore, Acot7 and full-length human ACOT7 spontaneously demonstrated fibril formation at 

physiological pH and temperature . 

Our results also show that Acot7 forms amyloid fibrils under biological relevant conditions. 

The proposed model of fibril formation from Acot7 protein is through domain swapping. Evidence 

of domain swapping, resulting in the active site residues being on opposite domains has previously 

been described (Forwood, 2007). We have found that the initiation of fibril formation probably 

requires production of an intermediate species with a molecular weight ~1.5 x the molecular weight 

of an Acot7 monomeric unit. This appears to predominantly involve the N-terminal hotdog domain, 

which on SDS PAGE demonstrated the ability to form this intermediate species without the 

presence of the C-terminal domain. These findings potentially represent a novel mechanism of 

amyloid fibril formation for Acot7. Acot7 model of fibril formation should be further studied both 

using in vitro experiments to determine the enzymatic functionality of the newly presented protein 

constructs used for experiments in this study as well as in vivo to assess formation of Acot7 and the 

relationship to progression of neurodegenerative diseases. 

7.5 Conclusion 
The pathogenesis and mechanisms of formation of amyloid fibrils are of great interest, 

particularly involving Acot7 in relation to neurodegenerative disease. Further investigation is 

required to improve our understanding of the mechanisms of amyloid formation in the brain. 

Here the structure of Acot7, a thioesterase highly expressed in the brain, is used to model a novel 

mechanism of fibril formation. The proposed mechanism of amyloid fibril formation involves 

domain swapping. Therefore, the role Acot7 could potentially play in neurodegenerative diseases 

through amyloid fibril formation requires further investigation. 
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Supplementary Figures 

Figure 1: Plasmid maps 
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Suppl. Figure 1. Plasmid maps for PGRMC1-HA proteins a-e. Plasmids were expressed in 

pcDNA™3.1 (+) Mammalian Expression Vector. [Source: https://assets.thermofisher.com/TFS-

Assets/LSG/manuals/pcdna3_1_man.pdf] 

Sequences are available upon  request.   

DM PGRMC1

pcDNA3.1_PGRMC1-
HA_S57A/S181A

6216bp

TM PGRMC1

pcDNA3.1_PGRMC1-
HA_S57A/Y180F/S181A

6216bp

d.

e.
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Figure 2: Correlation graph and volcano plots for MS analysis 
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Volcano plot: WT PGRMC1 vs. MIA PaCa-2 
SAM analysis: FDR 1%, S

0
 0.1 

c. 

271	



	 2	

Volcano plot: WT PGRMC1 vs. +AG205 
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Suppl. Figure 2. Correlation graph and volcano plots for MS analysis. a. Correlation plots of ion 

intensities from all proteins detected in co-IP samples showing Mia PaCa-2 versus WT PGRMC1 

samples. b. Correlation plots of ion intensities from all proteins detected by MS analysis in pairwise 

comparisons of experimental replicates of WT PGRMC1 samples ± AG-205. c. Volcano plot 

showing Mia PaCa-2 versus WT PGRMC1 significance analysis of microarrays (SAM) analysis 

with a false discovery rate (FDR) of 1%, S
0
 0.1. d. Volcano plot showing WT PGRMC1 ± AG-205 

SAM analysis with a FDR of 1%, S
0
 0.1. 
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Appendices 

Appendix 1: Structural characterisation of a MAPR-related/archaebacterial protein 

 
Manuscript in preparation. Results presented in Chapter 5 will be in part published in this 

manuscript. 
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Structural characterisation of a MAPR-related/archaebacterial protein 
 
Abstract 

Eukaryogenesis is defined as the process of improbable evolution that resulted in eukaryotic 

traits and proteins arising in cell lineages that eventually gave rise to current eukaryotic cells. 

Investigating how proteins which retained conserved domains have diverged from ancestral 

proteins can help develop an understanding of the protein’s important, evolutionarily conserved 

functionality and regulation. BLAST sequence analysis and structural comparisons of MAPR 

and cytb5 domain containing proteins were used to demonstrate a unique class of MAPR related 

prokaryotic cytb5 domain proteins. This protein structure presented represents the second 

known of this cytochrome b5 domain containing class of proteins. Several described functions 

of PGRMC1, which are conserved within the family of MAPR proteins include sterol 

metabolism and membrane trafficking, may have appeared early in the transition to eukaryotic 

cells. We propose that MAPR proteins, including PGRMC1, are important in 

mitochondrial/eukaryotic origins. Furthermore, we suspect PGRMC1 plays a significant role 

in heme trafficking, through heme binding and modulation of mitochondrial FECH.  

 

Introduction 
The origins of MAPR proteins and the conserved nature of binding domains on 

PGRMC1 and other MAPR proteins and cytb5 like proteins has been investigated by our 

research group. Some of the functions of PGRMC1 and MAPR proteins including in regulation 

of heme synthesis (Piel, 2016), cytP450 interactions (Ryu, 2017) and sterol metabolism (Cahill 

& Medlock, 2017) are described as potentially ancient (Cahill, unpublished). Some other 

probable conserved eukaryotic functions of PGRMC1 include in membrane trafficking (Cahill, 

2016; Hampton, 2018), cell cycle regulation (Cahill, 2016; Griffin, 2014; Peluso, 2014) and 

mitotic spindle association (Juhlen, 2018; Luciano & Peluso 2016; Terzaghi, 2016). These 

functions have currently only been reported in mammals. Probable specialised metazoan 

functions of PGRMC1 include in the role of PGRMC1 in fertility and embryogenic axon 

guidance (Cahill, 2016). The most conserved eukaryotic cytP450 (CYP51A), which modifies 

the first sterol (lanosterol) and is conserved from yeast to mammals, is regulated by PGRMC1 

(Cahill, 2007; Hughes, 2007), and PGRMC1 and CYP51A both originated in bacteria (Cahill, 

unpublished).  

An investigation into how closely related MAPR proteins, including PGRMC1, are to 

a novel class of prokaryotic cytb5 proteins was performed. This was prompted by the discovery 



that some mitochondrial genes had co-evolved with PGRMC1 (Cahill & Medlock, 2017) and 

the effect expression of PGRMC1-HA phosphorylation mutant proteins had on mitochondrial 

shape and mitochondrial protein abundance (Thejer, 2019a). Our research group has shown 

that there are shared conserved regions not common to classical cytb5 proteins (Cahill, 2019). 

However, a sequence alignment performed using Multiple Alignment using Fast Fourier 

Transform (MAFFT) (Katoh, 2013) shows the prokaryotic cytb5 proteins lack a MAPR-

specific inter-helical insertion region (MIHIR) sequence that is found in MAPR proteins (In 

preparation!). Evidence of conserved residues between MAPR proteins and a clade of proteins 

including MAPR-like tyrosine proteins (cytb5MY) was provided (Cahill, unpublished). 

 

Methods 

A recombinant GST-tagged archaebacterial cytb5 domain protein was cloned into 

pGEX-4T-1 plasmid vector by Genscript. E.coli Top 10 competent cells (Stratagene) (30 μL) 

and PLysS (Novagen) cells (50 μL) were transformed with 1μL of archaebacterial cytochrome 

b5 domain plasmid DNA (Genscript) using heat shock method and cell recovery as previously 

described. 80 μL of cells were spread onto Luria Base plates containing ampicillin (100 ug/mL) 

and incubated overnight at 37 oC. Luria Broth containing ampicillin (100 ug/mL) was 

inoculated with the bacterial colonies and incubated overnight at room temperature at 220 rpm. 

MiniPrep (Qiagen) was performed using the transformed E.coli cells as per manufacturer’s 

protocol. Large scale cultures were produced using the transformed BL21(DE3) pLysS cells by 

adding 500 μL of cells to 500 mL of autoinduction expression base media (1 % Tryptone, 0.5 

% yeast extract, 1 mM MgSO4, 5 % 20x NPS, 2 % 50x 5052) containing ampicillin (100μg/ml). 

Cells were incubated at 30oC at 80 rpm for approximately 28 hours. The cells were harvested, 

lysed and cleared.  

To perform GST affinity chromatography using fast protein liquid chromatography 

(FPLC), the soluble cell extracts were injected using a superloop at 2 mL/minute into a GST 

column equilibrated with GST cell lysis buffer. The column was washed with 10 column 

volumes of GST buffer (50 mM Tris(hydroxymethyl)aminomethane, 125 mM NaCl, pH 7.4). 

Competitive binding using GST buffer containing 10 mM Glutathione eluted purified GST-

tagged PGRMC1 from the column. To cleave the N-terminal GST tag from the PGRMC1 

protein, 100 μL of Tobacco etch virus (TEV) protease was added to the protein eluate and 

incubated at 4 oC overnight with TEV. Post removal via TEV cleavage of the GST tag,  the 

proteins have only an additional N-terminal S residue due to the site of cutting within the TEV 

cleavage site. Size exclusion chromatography was performed using AKTA FPLC with S200 



20/60 filtration column equilibrated with 50mM Tris. The protein samples were concentrated 

using 15 mL centrifugal spin columns with 10 kDa filters (UFC901024, MerckMillipore) and 

used for crystallisation trials. 

Crystals were obtained through sparse matrix screening and the hanging drop vapor 

diffusion method. Crystals in the space group P 4 2 2 diffracted to 2.1Å at the Australian 

Synchrotron microcrystallography beamlines (Aragão, 2018; Cowieson, 2015). The diffraction 

data was integrated in iMosflm (Battye, 2011), scaled, and reduced in AIMLESS (Evans, 2011; 

Evans & Murshudov, 2013), and the structure determined by molecular replacement using PDB 

ID 1J03 in Phaser (McCoy, 2007), REFMAC (Vagin, 2004), PHENIX (Adams, 2010), and 

COOT (Emsley, 2010).  The final structural model has been refined to an Rwork and Rfree of 

0.22 and 0.27 respectively, no Ramachandran outliers, and good stereochemistry. LIGPLOTs 

(Laskowski, 2011), structural superposition (Krissinel, 2004), and DALI (heuristic PDB 

search) protein structure comparison by alignment of distance matrices (Holm, 2019) were 

performed. 

To determine the accurate molecular weight of purified proteins in solution and to 

confirm the dimerisation and multimerisation of PGRMC1 analytical ultra-centrifugation 

(AUC) was performed on full-length PGRMC1, PGRMC1 dimer and Methanococcoides 

burtonii WP_011499504.1 cytochrome b5 domain. The analysis of protein samples using AUC 

were performed at La Trobe University, Melbourne. The sedimentation velocity experiments 

were performed using an XL-1 analytical ultracentrifuge with an An-Ti-50 8-hole rotor 

(Beckman-Coulter) and double sector centrepieces. Samples were loaded in 20mM Tris buffer, 

150mM NaCl at pH 8.0. Sedimentation velocity values were measured at 40,000 rpm, with 

measurements recorded every 6 minutes at 20oC and fit to a continuous sedimentation 

coefficient [c(S)] distribution model using the SEDFIT software suite (Schuck, 2013).  

 

Results 

The crystal structure of the Methanococcoides burtonii  WP_011499504.1 cytochrome b5 

domain  

Diffractable protein crystals were produced in an optimised condition from the PEG 

ION 2 screen (Hampton Research) using purified Methanococcoides burtonii 

WP_011499504.1 cytb5 domain protein at 8 mg/mL with in a condition containing 0.1M 

succinic acid, 12% PEG6000 incubated at 23oC (Figure 1a). Crystals produced from a crystal 

optimisation were flash frozen using liquid nitrogen and sent for x-ray diffraction to the 



Australian Synchrotron Facility, Melbourne. Crystal data was collected using the MX2 (Eiger 

16M detector) crystal beamline (Aragão, 2018; Cowieson, 2015) and Blu-Ice software 

(McPhillips et al., 2002) at the Australian Synchrotron Facility. Data collection and processing 

was performed as described for the Hadesarchaea archaeon ynp_n21 KUO41884.1 cytb5 

domain protein. 

Diffraction data was indexed and integrated in the space group P 4 2 2, with unit cell 

dimensions of a =67.495=, b = 67.495, and c = 48.132, and angles of a = 90, b = 90, and c = 

90. The archaebacterial cytb5 domain contained a bound cofactor, identified as heme (Figure 

??). This is consistent with the red colouration of the protein in solution and of the protein 

crystals, and with current understandings of heme binding within the predicted heme-binding 

cytb5 domain. Following rebuilding and refinement in COOT and REFMAC respectively, the 

final model had a Rwork and Rfree of  0.1622 and 0.1953 respectively, no Ramachandran 

outliers, and good stereochemistry (Table 1). The crystal structure consists of 77 residues, with 

an additional N-terminal alanine residue from the tag identified and electron density missing 

only for a single alanine residue at the C-terminus (Figure 2). The coordinates and associated 

structural data were deposited and validated to the Protein Data Bank (PDB) and issued the 

code 6VZ6.   

As expected, alike other cytb5 domain proteins the cytb5 domain exhibited heme 

binding (Figure 1). The main interactions with heme include the side chain residue serine 34 . 

The hydrogen bond interaction details are shown (Suppl. Figure 2). The structure showed heme 

chelation of Fe at residues histidine 42 and histidine 61. To better understand the biological 

assembly, the structure was analysed using Proteins, interfaces, structures and assemblies 

(PISA) (Krissinel, 2007). The protein and ligand complex had a total surface area of 

approximately 9140 Å, and buries a total area of 2760 Å.   

 
Multimer formation from the Methanococcoides burtonii  WP_011499504.1 cytochrome b5 

domain 

To determine the molecular weight of the Methanococcoides burtonii 

WP_011499504.1 cytb5 domain in solution AUC analysis was performed. Although the 

Methanococcoides burtonii WP_011499504.1 cytb5 domain protein existed predominantly as 

a monomer in solution on S200 gel filtration profile, the AUC analysis identified a ~50kDa 

species representing a multimer (Figure 3).  



Structural insights into cytochrome b5 binding domains 

A search was performed using Basic Local Alignment Search Tool (BLAST), which 

gave multiple hits for other MAPR-like proteins that contained consensus heme binding 

domain sequences. The top BLAST hits for PGRMC1 against human proteins were other 

MAPR proteins, with the top hit being Neudesin. The two archaebacterial proteins selected for 

this study were top BLAST hits for PGRMC1 against an archaebacterial database. The 

archaebacterial cytb5 domains were expressed, purified and crystallised for structural 

comparison with the crystal structure of the cytb5 domain of PGRMC1 (PDB: 4X8Y). The 

structures were used in the investigation into the origins and conserved nature of MAPR/ 

MAPR-like cytb5 domain containing proteins (Cahill, 2019) and represent the first known 

solved for a new class of MAPR-like proteins based on protein folding and heme-binding 

properties. The origins of the cytb5 domains and probable conserved functionality are 

discussed.  

The way in which MAPR proteins have evolved or otherwise appeared in organisms 

today through eukaryogenesis is reviewed by Cahill et al., 2019 (in preparation!). Here the 

crystal structures of two archaebacterial cytb5 domains were solved that were used to 

investigate the potential association of MAPR protein origins with eukaryogenesis. Cahill et 

al., 2019 discusses in detail the origins MAPR proteins were from a class of cytb5 domain 

proteins from candidate phyla radiation bacteria that share common heme-interacting tyrosine 

residues similar to MAPR proteins. PGRMC1 represents an archetypal heme-binding 

eukaryotic MAPR family member (clade 1) (Cahill, 2019). Several functions of MAPR protein 

that are conserved including sterol metabolism developed during evolution of prokaryotic 

organisms that enabled eukaryogenesis, and several other functions are predicted through 

conserved sequence motifs such as membrane-trafficking. The presence of a MIHIR between 

helices 3 and 4 of the cytb5 domain is another identified feature of MAPR proteins (Cahill, 

2007; Cahill, 2017). 

A heuristic PDB search was performed using DALI protein structure comparison by 

alignment of distance matrices (Holm, 2019), which identified the protein structures from those 

available on the PDB with the highest structural homology to the Methanococcoides burtonii 

cytb5 domain (Figure 4). As expected, this cytb5 domain showed highest homology to the cytb5 

domain from Hadesarchaea archaeon ynp_n21 protein A with a root mean square deviation 

(RMSD) of 0.7 and %ID of 54%. The protein identified with the second highest confidence 

score was the PGRMC1 cytb5 domain although comparatively the similarity was much lower, 

with an RMSD of 2.2 and %ID of 23%. The DALI comparison showed that the cytb5-like 



structure is conserved between organisms from archaebacteria to bacteria, to roundworm (A. 

suum) to chickens (G. gallus) and humans.  

The crystal structure of PGRMC1 shows the heme binding is coordinated at tyrosine 

residue 113 and the crystal structure of the archaebacterial Hadesarchaea archaeon ynp_n21 

cytb5 domain shows heme ligation at residue histidine 46 (Figure 6). Although the heme is not 

covalently bonded in the structure of the Methanococcoides burtonii WP_011499504.1 cytb5 

domain, it is buried within the protein. Both the archaebacterial Hadesarchaea archaeon 

ynp_n21 and Methanococcoides burtonii WP_011499504.1 cytb5 domains show the heme iron 

atom is coordinated by two conserved histidine residues that serve as axial ligands. Therefore, 

the heme binding seen for PGRMC1, and likely other related MAPR proteins, and the heme 

binding shown for the two archaebacterial ctyb5 domains represent different mechanisms of 

heme interaction. This supports that this mechanism of heme binding is not evolutionarily 

conserved between the MAPR-like and MAPR proteins.  

The MIHIR region of the MAPR proteins appears to be a eukaryotic feature that 

probably arose late in the evolutionary timeline. Furthermore, the demonstrated heme-stacking 

interactions seen in the crystal structure for PGRMC1 protein is probably crucial to formation 

of heterodimers and could potentially facilitate even larger multimer formation (Kabe, 2016). 

Further investigations are required to test if, due to the conserved nature of the cytb5 binding 

domain of the MAPR proteins, all MAPR proteins can form heme-dependent dimers or 

multimers.   



    
Figure 1. Heme binding peaks of cytb5 domain proteins 

 
Figure 2. Methanococcoides burtonii WP_011499504.1 cytb5 domain crystallisation and 

structure determination. a. Crystals were obtained in 0.1M succinic acid, 12% PEG6000 

at 23oC. The red colouration is due to the presence of the heme ligand. b. The structure of  cytb5 

domain (blue) showing the heme ligand (purple) was solved and deposited in the PDB (???). 
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Figure 3. AUC analysis of molecular weight of the Methanococcoides burtonii 

WP_011499504.1 cytb5 domain. a. Sedimentation rate of WP_011499504.1 cytb5 domain 

using AUC analysis. b. Molar mass of WP_011499504.1 cytb5 domain calculated using AUC 

analysis demonstrates a monomeric species of ~8kda and a multimeric species of ~50kDa. 

 
Figure 4. Sequence alignment of cytb5 domains from PGRMC1 (4x8y), Hadesarchaea 

archaeon ynp_n21 (6nzx) and Methanococcoides burtonii. A structural comparison was 

performed using the Methanococcoides burtonii cytb5 domain protein sequence (s001) as the 

reference. Uppercase indicates structurally equivalent positions and lowercase indicates 

additional amino acid insertions relative to s001. a. The upper sequence alignments are of the 

amino acids from each. b. The lower alignments show the secondary structure as assigned by 

DSSP. The structure consists of areas of a helix (H), strand (S) or coil (L). The amino acid 

most common at each site is coloured. 

a. b.
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Figure 5. Heme axial binding within the cytb5 domain. a. Heme binding within the 

Hadesarchaea archaeon ynp_n21 cytb5 domain that involves binding at histidine residue 46 

(green), hydrogen bonding at serine 34 and lysine 68 residues (orange) and heme axial ligand 

support at histidine residues 42 and 61 (yellow). b. Heme binding within the Methanococcoides 

burtonii WP_011499504.1 cytb5 domain involves hydrogen bonding at serine 34 residue 

(orange) and heme axial ligand support at histidine residues 42 and 61 (yellow). c. Heme 

binding within the PGRMC1 a cytb5 domain is coordinated through tyrosine 113 residue and 

interactions occur at lysine residue 163 and tyrosine residues 107 and 164. Note there are no 

axial histidine residues involved indicating that this type of heme interaction differs from that 

seen for the archaebacterial cytb55 proteins. d. Overlay shows that as predicted from the protein 

sequences there is high homology between the cytb5 domains. Despite this, it has been 

demonstrated here that these proteins likely did not evolve from the same ancestor. The 

PGRMC1 cytb5 domain (yellow) has a longer helix than the Hadesarchaea archaeon ynp_n2 

and Methanococcoides burtonii cytb5 domains (blue and green respectively), which is shifted 

away from the heme molecule.  
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Supplementary figures and tables 

Table 1. Crystallography data collection and refinement statistics WP_011499504.1 

Statistics for the highest-resolution shell are shown in parentheses. 

 

 

 

 

Resolution range 67.5-2.1 
Space group  P 4 2 2 
Unit cell  67.495   67.495   48.132   90   90  90 
Total reflections 6908 
Multiplicity 7.1 (4.8) 
Completeness (%) 98.0 (95.0) 
Mean I/sigma(I) 14.3 (5.1) 
R-merge 0.089 (0.297) 
R-meas 0.096 (0.334) 
R-pim 0.033 (0.149) 
CC1/2 0.997 (0.946) 
Reflections used in refinement 6717 (631) 
R-work 0.1622 
R-free 0.1953 
Number of non-hydrogen atoms 726 
  macromolecules 617 
  ligands 43 
  solvent 66 
Protein residues 79 
RMS (bonds) 0.0102 
RMS (angles) 1.04 
Ramachandran favoured (%) 98.67 
Ramachandran allowed (%) 1.33 
Ramachandran outliers (%) 0.00 
Rotamer outliers (%) 0.00 
Clashscore 4.84 
Average B-factor 24.8 
  macromolecules 24.2 
  ligands 22.1 
  solvent 32.7 



 

Table 2. Proteins with the highest structural homology to archaebacterial Methanococcoides 

burtonii cytb5 domain  

 
Z- z-score confidence in similarity significance, RMSD- Root mean square deviation across 

the aligned sequences, LALI- Total number of aligned residues, Nres- Total number of 

residues, %ID= Percent identity. 

PDB ID z RMSD LALI Nres %ID Protein name Gene Organism

6NZX 16.4 0.7 76 76 54 Cytochrome b5 APU95_0
3975

H. archaeon 
YNP_N21

4X8Y 8.3 2.2 73 112 23 Progesterone 
receptor membrane 

component 1

PGRMC1 Homo sapiens

1SOX 8.2 2.0 69 463 25 Sulfite oxidase SUOX Gallus gallus

1X3X 8.0 2.4 71 82 25 Cytochrome b5 N/A Ascaris suum

1KBI 5.9 2.4 67 504 30 Cytochrome b2 CYB2 Saccharomyces 
cerevisiae

2I96 5.8 2.8 69 108 25 Cytochrome b5 CyB5A Homo sapiens

2KEO 2.6 3.6 46 92 28 Probable E3 
ubiquitin-protein 
ligase HERC2

HERC2 Homo sapiens



 

Suppl. Figure 1. Schematic representation of the structure of the Methanococcoides burtonii 

WP_011499504.1 cytb5 domain. a. Topology map obtained from PDBsum showing helices 

(cylindrical), and directional alpha and beta sheets. b. Secondary structure plot in which helices 

are labelled H1-H4 and alpha (A) and beta (B) strands are indicated. The regions encoding the 

beta turns (b), gamma turns (g), beta hairpin (U-shaped) are also indicated. 
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Suppl. Figure 2. Heme is bound in the crystal structure of the Methanococcoides burtonii 

WP_011499504.1 cytb5 domain. a. LIGPLOT for heme bound to the cytb5 protein domain. 
b. Identified heme-interacting residues through hydrogen bonding shown in the table. 
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"This research was undertaken in part using the MX2 beamline at the Australian 
Synchrotron, part of ANSTO, and made use of the Australian Cancer Research 
Foundation (ACRF) detector" 
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Summary 1 

Disease-associated protein PGRMC1, the archetypal heme-binding eukaryotic MAPR 2 

family member, has multiple functions. Their complexity and unknown interrelationships 3 

represent an enigmatic knowledge gap and hindrance, which we addressed. Effects on 4 

mitochondria, which originated from endosymbiotic proto-mitochondrial bacteria, 5 

prompted us to examine prokaryotic MAPR origins. Here we show that MAPR proteins 6 

are related to a newly recognized class of prokaryotic cytochrome-b5 domain proteins. 7 

The first solved structure of this new class demonstrates distinctive MAPR-like folded 8 

architecture and heme-binding orientation. A subgroup from candidate-phyla radiation 9 

bacteria also shares MAPR-like heme-interacting tyrosines, having probably evolved new 10 

properties in a bacterial redox-related operon. Furthermore, we show that both of 11 

PGRMC1 and CYP51A (that catalyze the meiosis-associated 14-demethylation of the 12 

first sterol lanosterol from yeast to humans) originated in bacteria. We propose that 13 

conserved MAPR functions, including sterol metabolism and membrane-trafficking, 14 

developed during proto-eukaryotic archaean manipulation by symbiotic candidate-phyla 15 

radiation bacteria that enabled eukaryogenesis.  16 

 17 

Progesterone Receptor Membrane Component 1 (PGRMC1) is the archetypal and best 18 

characteriesd member of the eukaryotic membrane-associated progesterone receptor 19 

(MAPR) family of cytochrome b5 (cytb5)-related proteins.1 MAPR proteins are 20 

characterized within the cytb5-superfamily by tyrosinate heme chelation,2-4 and the 21 

presence of a small insertion, the MAPR-specific inter-helical insertion region (MIHIR), 22 

between helices 3 and 4 of the canonical cytb5-domain.1,5 PGRMC1 has diverse 23 

functions,6 including some that predate or are potentially ancient in eukaryotes (regulation 24 

of heme synthesis,7 cytochrome P450 (cyP450) interactions,8 sterol metabolism),9 some 25 

that arose in eukaryotes (membrane trafficking,6,10 cell cycle regulation at the G0/G1 26 
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checkpoint,6,11,12 mitotic/meiotic spindle association),13-15 and obviously specialized 1 

metazoan functions including e.g. fertility, embryogenic axon guidance, and membrane 2 

trafficking associated with synaptic plasticity.6 CyP450-interactions8 conspicuously 3 

feature PGRMC1 regulation of the most conserved eukaryotic cyP450 (CYP51A) to 4 

modify the first sterol (lanosterol) from yeast to mammals.1,16  5 

 6 

PGRMC1 is induced in hypoxic human breast cancer cells at a time and place where cells 7 

switch to anaerobic metabolism,17 suggestive of PGRMC1 modulation of mitochondrial 8 

function. PGRMC1 localizes to mitochondria,18 modulates mitochondrial ferrochelatase,7 9 

and has co-evolved with a number of genes encoding mitochondrial proteins.9 These and 10 

unpublished observations prompted us to hypothesize a role of MAPR proteins in 11 

mitochondrial/eukaryotic origins.  12 

 13 

Eukaryogenesis involved an alphaproteobacterial proto-mitochondrial endosymbiont 14 

colonizing an Asgard archaeal host,19,20 with probable genetic contribution by additional 15 

bacteria.21-23 Recent models of eukaryogenesis involve an anaerobic organoheterotrophic 16 

host which consumed amino acids, provided H2 to a syntrophic bacterial symbiont, and 17 

required symbiotic scavenging of toxic O2,24,25 which is consistent with the biochemistry 18 

of the first live-cultured Asgard archaen relative of the host cell.24 The last eukaryotic 19 

common ancestor had developed a suite of traits now unique to eukaryotes, including an 20 

internal membrane system and the ability to extricate membrane vesicles into the 21 

cytoplasm,26 accompanied by a massive degree of horizontal gene transfer (HGT) from 22 

the bacterial/proto-mitochondrial genome to the proto-eukaryotic host genome.27 23 

Accordingly, new mechanisms evolved early during eukaryogenesis to redirect 24 

cytoplasmically translated proteins of previously proto-mitochondrial genes to the 25 

mitochondrion, and to coordinate the reciprocal transfer of metabolites. We expect 26 
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proteins whose predecessors were instrumental in eukaryogenesis to retain critical 1 

functions because of their foundational relationship with eukaryosis. 2 

 3 

PGRMC1 membrane-trafficking includes a multiprotein complex involved in low density 4 

lipoprotein receptor (LDLR) endocytosis,28 consolidating the proposed multi-level 5 

involvement of PGRMC1 with sterol biology.1,9,16 Eukaryotic sterol biosynthesis arose 6 

primarily from a non-mitochondrially-inherited bacterial mevalonate pathway 7 

(MVP),23,29 the isoprenoid product of which is cyclized into ring structures called 8 

hopanoids involving a squalene cyclase homolog. Like mitochondrial cholesterol, 9 

hopanoids lower bacterial membrane permeability to protons, increasing membrane 10 

potential generated by electron transport chains.30,31 Evolving protomitochondrial access 11 

to cytoplasmically-synthesized sterols9 was probably important for eukaryogenesis. Here 12 

we investigate the potential association of MAPR protein origins with eukaryogenesis, 13 

showing that the original MAPR protein originated from a newly identified class of 14 

prokaryotic cytb5-domain proteins from candidate phyla radiation (CPR) bacteria. 15 

 16 

MAPR related to new prokaryotic cytb5M  17 

Preliminary BLASTp searches for the presence of MAPR-related proteins in prokaryotes 18 

were conducted using eukaryotic MAPR proteins and human cytb5 as search strings. 19 

From the results, a combined non-redundant list of proteins was compiled, and an 20 

alignment was generated using multiple alignment fast fourier transform (MAFFT) 21 

including reference sequences PGRMC1, Neudesin (NENF), and rat cytb5. Inferred 22 

phylogenetic trees produced two distinct prokaryotic clades (Supplementary Fig.1a). 23 

Notably, clade-1 contained MAPR proteins and the BLASTp hits obtained with those 24 

queries, and clade-2 contained eukaryotic cytb5, and its corresponding BLASTp hits. We 25 

reasoned that two alternative situations could give rise to this situation. A distinct and 26 
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previously unrecognized prokaryotic MAPR-like cytb5-domain clade could exist, or we 1 

could have theoretically sampled MAPR-like and cytb5-like proteins from a hypothetical 2 

prokaryotic sequence continuum, with apparent distinctiveness being a bias artefact of 3 

our BLASTp search strategy.  4 

 5 

To address this we first separately interrogated the archaeal and bacterial sequence data 6 

bases by BLASTp with selected prokaryotic sequences from each of clades 1 and 2 from 7 

Supplementary Fig.1a to generate independent sets of cytb5 sequences. MAFFT 8 

alignment again produced inferred trees with clade-1 and -2 tree topology, with bootstrap 9 

confidence values (BCV) >94% for both archaeal (Supplementary Fig.1b) and bacterial 10 

(Supplementary Fig.1c) trees. BLASTp with string sequences from one clade again did 11 

not detect members of the other. MAPR and some bacterial proteins formed a sub-cluster 12 

distinct from 279 other bacterial clade-1 sequences with BCV 88% (Supplementary 13 

Fig.1c). Combining archeal, bacterial and additional MAPR sequences (Fig. 1a) yielded 14 

similar results, consistent with the cytb5–domain proteins in clades-1 representing a new 15 

type of distinct prokaryotic cytb5 proteins. Reduced stringency BLASTp analysis 16 

supported this interpretation (Supplementary Fig.2). We propose the name cytochrome 17 

b5M (cytb5M) for the newly recognized “MAPR-like” prokaryotic cytb5-domain clade-1 18 

proteins.  19 

 20 

Bacterial cytb5MY cluster with MAPR 21 

Next, we considered the clade-1 bacterial sequences that clustered closer to MAPR than 22 

to other prokaryotic cytb5M proteins (Fig. 1a). Three contained MIHIR residues, while 11 23 

did not. Gene acquisition by HGT is extremely common in prokaryotes but quite rare in 24 

eukaryotes.32 The top eukaryotic BLASTp hits for two MIHIR-containing sequences 25 

were plants (KPK16282.1, KPK52515.1; not shown), and for the other (ANM31058.1) 26 
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were all either choanoflagellates or animals, i.e. higher holozoans (not shown). Hence, 1 

the MIHIR-containing bacterial sequences represent HGT originating from plants and 2 

holozoans. 3 

 4 

The other 11 MAPR-clustering bacterial sequences lacked MIHIR sequences, but 5 

contained the cognate equivalents of PGRMC1 heme-interacting Y107 and Y1134 (Fig. 6 

1b), as opposed to previously reported cytb5–domain bis-his axial heme ligation of 7 

hitherto described bacterial and eukaryotic cytb5 proteins.4,33 We designate this subgroup 8 

of cytb5M proteins with “MAPR-like tyrosines” as cytb5MY. All cytb5MY were from CPR 9 

bacteria (Supplementary Table 1). The top 100 BLASTp hits of all cytb5MY sequences 10 

from Fig. 1b against eukaryotic sequences returned only proteins with MIHIR sequences 11 

(Supplementary Information File 1), indicating that sequenced eukaryotes possess no 12 

cytb5MY proteins. Cladistically, MAPR and cytb5MY proteins are apomorphically derived 13 

cytb5M proteins. However, we suggest them to be sufficiently distinct to warrant reference 14 

to prokaryotic cytb5M and cytb5MY proteins, with the continued use of the MAPR 15 

terminology for eukaryotes.  16 

 17 

Sequence differences between clades  18 

Next, we analyzed the nature of conserved sequence differences between cytb5, cytb5M, 19 

cytb5MY, and MAPR proteins. Sequence logos (Fig. 2a) revealed altered frequencies of 20 

amino acid usage between clades (ΔC1:ΔC2, Fig. 2a). This included a surface loop 21 

between PGRMC1 G83-R884 (loop-1 in Fig. 2), which is at least two residues larger in 22 

all clade-1 than clade-2 proteins. G83, site of a pronounced change of polypeptide 23 

backbone direction,4 is strongly conserved in clade-1 (Fig. 2a). A second loop involving 24 

rat-cytb5 heme-binding34 was strongly conserved in clade-2 (loop-2 in Fig. 2). 25 

Additionally, relative to cytb5M, MAPR and cytb5MY proteins exhibit conserved cognates 26 
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of PGRMC1 Y107, Y113, K163 and Y164, all of which are involved in heme interaction.4 1 

The residues differential between clade-1 and clade-2, or cytb5M and cytb5MY/MAPR 2 

proteins are interspersed along the primary PGRMC1 sequence (Fig. 2a, top), yet form a 3 

contiguous surface extending from the heme-binding pocket to the surface loop, which 4 

rests upon conserved F81 and G83 (Fig. 2b,c). Residues more similar between MAPR 5 

and cytb5MY are clustered around the heme-binding pocket (purple in Fig. 2a,b). In 6 

contrast, the residues conserved among all proteins in the analysis (conserved between 7 

both cytb5-domain clades) predominantly occupy the protein interior (Fig. 2d). 8 

 9 

Clade-1 protein structure 10 

We next solved the first crystal structure of a prokaryotic cytb5M clade-1 protein from the 11 

archaeon Hadesarchaea YNP_N21 (KUO41884.1) (Fig. 1b), to compare this with the 12 

structures of representative proteins from each major group of clades-1 and -2, revealing 13 

overall shared similarity of the clade-1 proteins (Fig. 3). The HP and HS heme iron 14 

chelation sites of rat cytb5 (Fig. 3e) are strongly conserved in clade-2, with loop-2 15 

extending from the HP site (Fig. 2a). Hadesarchaea-cytb5M lacks the MAPR heme-16 

binding tyrosines yet binds heme in a MAPR-like orientation. It shares one heme 17 

chelating histidine (H61) with conventional (clade-2) cytb5 proteins (Fig. 3e, 18 

Supplementary Fig.3), which is conserved in cytb5M proteins (Fig. 2a). Heme-binding 19 

residues differ between cytb5M, cytb5MY and MAPR proteins within clade-1 (Fig. 2a). 20 

Excluding known MAPR proteins,1 the published structures most closely resembling 21 

Hadesarchaea-cytb5M belong to clade-2 and exhibit clade-2-like heme-binding 22 

(Supplementary Fig.4), confirming the novelty of our archetypal clade-1 cytb5M structure. 23 

Altogether, the requirements for dissimilar heme-binding and folded architecture underlie 24 

the presence of two discrete clades in Fig. 1a, one of which gave rise to eukaryotic cytb5, 25 

and the other to MAPR proteins. 26 
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 1 

Genomic context of CPR clade-1 proteins 2 

The above results suggest strongly that cytb5MY proteins originated from a CPR cytb5M 3 

protein. To compare genomic context of CPR cytb5M and cytb5MY genes we investigated 4 

the biology of both protein types using the Integrated Microbial Genomes & Microbiomes 5 

(IMG) platform to detect genes that co-localize in diverse prokaryotic genomes, which 6 

are likely functionally coupled.35 The cytb5MY sequences in Fig. 1b represented 22 distinct 7 

CPR genes in the IMG database (Fig. 4; Supplementary Table 1, Supplementary Fig.6a). 8 

Seventeen of these were colocalized with a putative ferric-reductase (pFre) gene, 9 

represented by three related gene clusters (putative operons) (Supplementary Fig.5, 10 

Supplementary Fig.6b). Putative MAFFT trees indicate that pFre clusters 2 and 3 are 11 

descended from gene cluster-1 with similar bootstrap support to the separation between 12 

cytb5MY and MAPR clades. The topology of JTT, WAG and Poisson trees were each 13 

consistent with cluster-1 being ancestral, however bootstrap support of approximately 14 

60% was marginal (Supplementary Fig.6a). Besides cytb5MY and pFre, cluster-1 involved 15 

two novel types of atypical cytb5-domain-like type A (CBLA) and B (CBLB) proteins 16 

additional to the cytb5MY protein and a two-component signal transduction element 17 

(Supplementary Fig.5). The CBLA and CBLB proteins were distantly related to clades-1 18 

and -2, respectively (Supplementary Fig.7). All proteins in the conserved cluster-1 operon 19 

contain one or more predicted transmembrane helices – hence, could potentially form a 20 

membrane-associated protein complex (not shown). In Daviesbacteria cluster-2 this 21 

putative operon appears to have been disassociated by a transposable retron-like element 22 

(preliminary) (Supplementary Fig.5, cluster-2). Cluster-3 of the distantly related 23 

Yonathbacteria appears to have arisen by HGT (Supplementary Fig.5, cluster-3, 24 

Supplementary Fig.6a).  25 

 26 
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pFre genes with or without genomic colocalization with cytb5-domain genes were present 1 

in phylogenetically diverse CPR groups (Fig. 4a, Supplementary Fig.6), yet 2 

colocalization of pFre with cytb5-domain genes, including cytb5MY, was restricted to CPR 3 

in the IMG data base (not shown). Cytb5MY incidence was most frequent in the 4 

Microgenomates CPR superphylum (Fig. 4a), and with the exception of Yonathbacterial 5 

cluster-3, pFre/cytb5MY colocalisation was within a monophyletic clade of pFre alleles, 6 

that included the primitive WWE3 and Wirthbacteria CPR groups, and gene cluster-4. 7 

Assuming HGT to Yonathbacteria, both cytb5MY and pFre trees supported ancestral status 8 

of cluster-1 for cytb5MY with marginal (>60%) bootstrap support (Supplementary Fig.5, 9 

Supplementary Fig.6).  10 

 11 

The configuration of pFre-containing gene cluster-4 (Supplementary Fig.5) may yield 12 

insight into cytb5MY origins, and general cytb5 evolution. The cytb5MY–containing cluster-13 

1 (Supplementary Fig.6a) contains upstream CBLA and downstream CBLB genes 14 

flanking pFre (Supplementary Fig.5), resembling atypical clade-1 and clade-2 proteins, 15 

respectively (Supplementary Fig.7). In cluster-4 (no cytb5MY) these are cognately 16 

occupied by CBLB and clade-2 proteins. The upstream proteins all contain a distinctive 17 

C-terminus (Supplementary Fig.8), suggesting evolution of cytb5 proteins between clades 18 

at these CPR operons. Future work should address the relationship between these cytb5-19 

domain proteins, however selection for atypical cytb5-domain properties appears to 20 

characterize these CPR pFre-associated gene clusters, which is presumably associated 21 

with optimization of redox-processes.  22 

 23 

We detected 13 CPR cytb5M genes (Supplementary Information File 3). Notably, of 247 24 

pFre genes detected in CPR genomes, none was colocalized (same operon) with a cytb5M 25 

protein, and only one co-occurred (same genome) with cytb5M (Supplementary Fig.6b). 26 
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We reason that pFre-colocalized cytb5MY genes acquired new functions relative to 1 

presumably ancestral cytb5M.  2 

 3 

CYP51A is of bacterial origin 4 

Having concluded that PGRMC1 is of CPR cytb5MY origin, we next considered the origins 5 

of the eukaryotic MAPR-containing enzyme pathway responsible for synthesizing 14-6 

demethylated lanosterol. Fig. 5a shows the conversion of squalene, the product of the 7 

mevalonate pathway (MVP), to the first sterol lanosterol. The respective MVP23,29 and 8 

squalene cyclase enzymes30,36 were inherited into eukaryotes from bacteria, although 9 

there have been limited cases of bidirectional HGT between kingdoms.37 PGRMC1-like 10 

proteins bind to and regulate CYP51A to catalyze subsequent lanosterol-demethylation 11 

from yeast to mammals. The origin of CYP51A was unclear. MAFFT inferred 12 

phylogenies revealed a closer relationship between eukaryotic CYP51A and bacterial 13 

rather than archaeal proteins with BCV of 99% (JTT, Fig. 5b), and 98% (WAG and 14 

Poisson) of trees (not shown). Of the closest 59 bacterial sequences clustering with 15 

eukaryotic CYP51A, only two were alpha-proteobacterial (Fig. 5b) and none were CPR, 16 

suggesting that, like the MVP,23 CYP51A originated in a non-protomitochondrial 17 

bacterial genome. A bacterially-inherited proto-eukaryotic steroid synthetic pathway 18 

probably included the MVP and the enzymes of Fig. 5a.  19 

 20 

Eukaryogenic implications 21 

We show that the distinctive cytb5-related MAPR proteins and conventional eukaryotic 22 

cytb5 proteins arose from separate ancestral eukaryotic cytb-domain genes. MAPR 23 

proteins arose from a newly recognized distinct class of CPR cytb5MY proteins, already 24 

possessing the residues necessary for the unique tyrosinate-based heme chelation of 25 

MAPR proteins. Genome annotators currently refer to e.g. “Cytochrome b5-like 26 



11 
 

Heme/Steroid-binding domain-containing protein” to proteins of both clades. We suggest 1 

that “Heme/Steroid-binding” should characterize MAPR-like clade-1. Here, we provide 2 

the first rationalized description of distinct clades of MAPR-related cytb5M/cytb5MY clade-3 

1 and eukaryotic cytb5-like clade-2 prokaryotic proteins.  4 

 5 

HGT from multiple bacterial genomes may have accompanied the proto-mitochondrial 6 

endosymbiosis that spawned eukaryotes.21-23 Recent proposed models for eukaryogenesis 7 

involve an organoheterotrophic Asgard archaeon host cell providing H2 or another 8 

electron carrier to a symbiotic partner.25 Imachi et al.24 propose the involvement of two 9 

symbiotic organisms, one of which scavenged H2, while the other was an O2 scavenging 10 

proto-mitochondrial bacterium. This was linked with the origins of photosynthesis 11 

causing a global rise in O2 levels that would be otherwise toxic for the anaerobic host cell. 12 

Our results are consistent with this model if the H2-scavenging organism was a CPR 13 

bacterium. However, contrary to the model proposed by Imachi et al., our results imply 14 

that the symbiosis involved gene transfer from both the proto-mitochodrial and the H2-15 

scavening symbionts, the latter of which was a CPR bacterium. 16 

 17 

Cytb5MY proteins are unique to monophyletic CPR bacteria, which typically have small 18 

genomes characteristic of symbionts,29,38,39 and some eukaryotic MVP enzymes resemble 19 

those from CPR.23,29 Together, this is consistent with CPR symbiosis in eukaryogenesis 20 

giving rise to MAPR proteins (with the improbable caveat of HGT from CPR to proto-21 

mitochondrial alphaproteobacteria). Genomic organization of cytb5MY genes suggests an 22 

ancestral role related to undefined yet regulated redox reactions. Given the prevalence of 23 

HGT,32 the presence of an inducible cytb5MY/pFre/cytb5-like operon (Supplementary 24 

Fig.5, Supplementary Fig.6) in CPR but not other prokaryotes strongly suggests some 25 
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CPR-specific process was associated with the evolutionary propagation of cytb5MY 1 

proteins: precursors to MAPRs.  2 

 3 

Regulated bacterial ferric-reductase-like operons are unusual because in prokaryotes 4 

these enzymes are largely constitutively expressed, catalyzing the reduction of free 5 

flavins which in turn could transfer electrons to a variety of substrates (e.g. various ferric 6 

siderophores are known substrates for the ‘classic’ ferric reductases).40 While eukaryotic 7 

ferric reductases are specific for Fe+3, in prokaryotes they are merely flavin reductases: 8 

reducing diverse flavins, not Fe+3 directly. Hence, we can predict neither flavin-9 

specificity, nor the specificity for the terminal pFre reduction substrate: which could be 10 

Fe+3, copper, other siderophores,40 or entirely different compounds. However, it is 11 

feasible that the CPR cytb5MY-containing pFre locus of the eukaryotic ancestor proposed 12 

in our study was involved in H2–associated syntrophy with an Asgard archaean, possibly 13 

with reduced tyrosinate-chelated cytb5MY-heme dissociating as a mobile electron carrier. 14 

 15 

The signature tyrosinate heme chelation of MAPR proteins means they bind ferric/Fe3+ 16 

heme tightly, but ferrous/Fe2+ heme weakly,2,3 potentially discharging their heme upon 17 

reduction (“one-shot reactivity”), with heme-chaperone and conditional status-18 

monitoring implications.9,41 This novel functionality probably evolved at a pFre/cytb5MY 19 

locus (Supplementary Fig.6), speculatively involving Fe3+ reduction via cytb5-domain 20 

proteins, with cytb5MY–released Fe2+-heme perhaps acting as siderophore.40 Involvement 21 

of MAPR proteins in similar biology remains unreported. 22 

 23 

The last common eukaryotic ancestor had evolved MIHIR-containing MAPR proteins, 24 

which together with CYP51A were catalysing the oxidative demethylation of lanosterol 25 

(Fig. 5a) at least by the time fungi evolved. A bacterially-inherited MAPR-dependent 26 
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steroidogenic pathway (Fig. 5) carries potentially profound eukaryogenic implications. 1 

Conspicuously, eukaryotic membranes differ from archaea, such that bacterial 2 

contribution to their evolution must have been substantial. Cytoplasmically synthesized 3 

sterols and membrane lipids required cytoplasmic vesicle trafficking to reach the proto-4 

mitochondrion.  5 

 6 

Four main features hitherto distinguished MAPR from other cytb5 proteins: tyrosinate 7 

heme-chelation, heme orientation, a MIHIR, and membrane-trafficking functionality. Our 8 

demonstration that both tyrosinate heme-chelation and orientation were inherited from 9 

cytb5MY proteins identifies the major eukaryotic MAPR innovations as MIHIR acquisition 10 

and membrane trafficking, which we hypothesize may be associated with the evolution 11 

of endocytosis, perhaps related to host-symbiont transfer. A potential non-vesicular 12 

alternative route for mitochondrial sterols is via endoplasmic reticulum (ER)-13 

mitochondrial contacts (EMC): communication mediators between ER and mitochondrial 14 

compartments. PGRMC1 is also associated with EMC.42  15 

 16 

The endosymbiotic proto-mitochondrion feasibly possessed the machinery to dock and 17 

fuse sterol-containing cytoplasmic membranes with its outer membrane, because, while 18 

certainly not all oranisms can do so, there are examples of cells from all kingdoms of life 19 

that can secrete, dock and fuse extracellular membranes.26,32,43,44 Sterols are involved with 20 

endocytosis at multiple levels in yeast and animals, both in facilitating membrane 21 

properties that enable receptor activation, and by participation in an actin-independent 22 

post-internalization process.45 Additionally to catalyzing the CYP51A reaction, 23 

PGRMC1 senses progestogen sterol levels,6,9 associates with sigma-2 receptor/TMEM97 24 

in sterol transport,9,18,28 and regulates sterol/lipid homeostasis via interaction with the 25 

INSIG/SCAP/SREBP complex, and transcriptional regulation of SREBP-1.9,46,47 An 26 
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evolutionary ancestral role of MAPR-regulated sterol synthesis and mitochondrial 1 

oxygen consumption status seems plausible. Steroidogenesis, including the CYP51A 2 

reaction,48 requires molecular O2, and so would not have originated in the anaerobic 3 

proto-eukaryotic host cell. Accordingly, the synthesis of yeast cholesterol-like ergosterol 4 

from lanosterol requires oxygen. Yeast SREBP is cleaved to activate an anaerobic 5 

program regulated by 4-methyl sterols across unicellular eukaryotes.49,50 Both the yeast 6 

MAPR and CYP51A homologs are transcriptionally-induced by hypoxia.16 PGRMC1 is 7 

also induced in the hypoxic zone of human tumors,17 possibly representing conserved 8 

ancestral MAPR hypoxic functionality, which may be related to the proposed role of 9 

proto-mitochondria in O2 detoxification during eukaryogenesis.24  10 

 11 

Meiosis/mitosis originated before the last common eukaryotic ancestor. Many aspects of 12 

modern meiosis reflect primordial functions,51 which may extend to MAPR proteins. 13 

Yeast meiotic membrane fusion requires sterols.52 PGRMC1 is attached to the 14 

kinetochore microtubules of meiotic/mitotic spindles,13,14 to metaphase 15 

centromeres,13,15,53 and the products of the reaction catalyzed by PGRMC1 and CYP51A 16 

are either follicular fluid meiosis-activating sterol (ff-MAS) (Fig. 5a) or dihydro-ff-MAS, 17 

both meiosis-inducers.54 PGRMC1 mediates progesterone-induced block of meiotic 18 

progression.55 The MAPR-dependent first eukaryotic sterol modification (Fig. 5a) may 19 

have been a bacterial proto-eukaryote-altering metabolite. Whereas post-cholesterol 20 

steroid hormones evolved in vertebrates, the synthetic pathway from lanosterol to 21 

cholesterol involves production of diverse bioactive sterols56 which sequentially appeared 22 

during evolution, where CYP51A/PGRMC1 catalyze the first step (Fig. 5a). The closest 23 

59 bacterial proteins to eukaryotic CYP51A (Fig. 5b) contained only two 24 

alphaproteobacterial and no CPR sequences. Improbable HGT of both cytb5MY and 25 

CYP51A to the proto-eukaryote to metabolize a lanosterol-like hopanoid and regulate its 26 
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transport may have been eukaryogenically formative, conceivably driving the relationship 1 

between symbiotic bacteria and archaeal host cell towards the resulting détente of the 2 

emergent eukaryotic state. 3 

 4 

The evolutionary rarity of eukaryogenesis occurred only once in 4 billion years: roughly 5 

the same frequency that life arose in the solar system.26 Unique MAPR properties forged 6 

in the evolutionary furnace of a CPR pFre operon may have been pivotally enabling, so 7 

that many modern PGRMC1 functions (including perhaps mitochondrial regulation of 8 

heme synthesis)7,9 may ultimately reflect an ancient king(dom)-maker role of the 9 

ancestral MAPR protein in facilitating the transition to eukaryosis. These considerations 10 

refocus the context of PGRMC1 biology across the spectrum of heme/lipid metabolism 11 

and transport, and disease.6,9,18,28,46 12 

 13 

 14 

Methods 15 

BLASTp analyses. To search for MAPR-related proteins in bacteria for Supplementary 16 

Fig.1a, initial NCBI BLASTp analyses (https://blast.ncbi.nlm.nih.gov/Blast.cgi)57 were 17 

performed using the following MAPR proteins (Accession and FASTA files obtained 18 

from UNIPROT): Q9UMX5 (human Neudesin), Q8WUJ1 (human Neuferricin), O00264 19 

(human PGRMC1), O15173 (human PGRMC2), Q9XFM6 (Arabidopsis thaliana plant 20 

MAPR protein), and Q12091 (Saccharomyces cerevisiae yeast MAPR protein), or the 21 

single human cytrochrome b5 sequence (P00167). The NCBI non-redundant protein 22 

sequence data base was searched, restricting phylogentic taxa using the “Organism” input 23 

to the eukaryotes (taxid:2759), Bacteria (taxid:2) or Archaea (taxid:2157). Hits were 24 

selected as proteins with schematic graphical alignment across the cytb5 domain as 25 

provided by the BLASTp “Color key for alignment scores” output. Typical values were 26 
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>40% identity, E<10. For Fig. 1a new eukaryotic sets of MAPR and cytb5 sequences were 1 

generated with BLASTp query sequences of NP_006658_1 (PGRMC1) and P04166 (rat 2 

cytb5). Three queries were made for each sequence, with “Organism” set to 1) Eukaryotes 3 

excluding Opisthokonta (taxid:33154) (the clade containing yeasts and animals), 2) 4 

Opisthokonta excluding metazoans (taxid:33208), and 3) Metazoans exluding Chordata 5 

(taxid:7711). For each query the top ten BLASTp hits were used to generate sets of 90 6 

MAPR and cytb5 proteins. Default BLASTp parameters were used unless otherwise 7 

specified were: Expect threshold “10”, Word size “6”, Max matches in a query range “0”, 8 

Matrix “BLOSUM62”; Gap Costs: “Existence: 11, Extension: 1”, and Conditional 9 

adjustments “compositional score matrix adjustment”.  10 

 11 

Reduced stringency BLASTp was performed with standard NCBI BLASTp settings 12 

except: 10,000 max sequences, expect threshold 50, Word size 3 (Organism: bacteria, 13 

taxid:2) or Word size 2 (Organism: archaea database, taxid:2157) (Supplementary Fig.2). 14 

Word size 3 and 2 are the available alternative options on the NCBI BLASTp server. Data 15 

sets were iteratively refined to yield multiple hundreds of aligned sequences with 16 

sufficient gap-free residues for NJ tree building as described case by case in 17 

Supplementary Fig.2. 18 

 19 

For BLASTp analysis of cytb5MY-resembling proteins in eukaryotic sequences 20 

(Supplementary Information File 1) the accession numbers from Fig. 1b were individually 21 

entered as successive query sequences to the NCBI BLASTp server, with Organism 22 

restricted to Eukaryota (taxid:2759), otherwise employing default BLASTp settings. The 23 

top 100 best BLASTp hits per analysis were downloaded as FASTA files and subjected 24 

to MAFFT analysis as described below including control reference sequences 25 

NP_006658.1 (PGRMC1, clade-1), NP_037481.1 (NENF, clade-1), KUO41884.1 26 
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(Hadesarchaea archaeon YNP_N21 cytb5M, clade-1), P04166.2 (rat cytochrome b5, clade-1 

2) and 1CXY_A (E. Vacuolata Cytochrome B558, clade-2). The 116 resulting sequences 2 

were subjected to MAFFT and refining of the data set by deleting gapped sequences to 3 

obtain sufficient gap-free alignments for tree building (between 112 and 116 sequences 4 

per analysis: see Supplementary Information File 1).  5 

 6 

BLASTp of non-cytb5MY CPR cytb5-like proteins against eukaryotes were performed 7 

using query sequences (IMG identifiers) Ga0075854_11113, Ga0075854_11513, 8 

Ga0301032_10388 and Ga0301032_10385, with organism restricted to Eukaryota 9 

(taxid:2759) and all other parameter default values.  10 

 11 

BLASTp searches for cytb5M proteins in CPR were performed separately using the query 12 

sequences KUO41884.1 and KKR30394.1 with Organism limited to bacteria candidate 13 

phyla (taxid:1783234). Resulting hits with homology over the cytb5-domain and E value 14 

<4 were downloaded. All hits from KKR30394 were also detected by KUO41884.  15 

 16 

CYP51A BLASTp searches were performed using UniProt Q16850 (human CP51A) as 17 

search string with organism restricted in separate searches to 1) Opisthokonta 18 

(taxid:33154) exclude: Bilateria (taxid:33213) (“Eukaryotic”), 2) Archaebacteria 19 

(taxid:2157), 3) Alphaproteobacteria (taxid:28211) (“alphaproteobacteria”), and 4) 20 

Bacteria (taxid:2), exclude Alphaproteobacteria (taxid:28211) (“other bacteria”). Top 21 

BLASTp hits were analysed by MAFFT L-INS-i as described below.  22 

 23 

Phylogenetic analyses 24 

All NCBI BLASTp hit file CSV files were downloaded and hits combined in Microsoft 25 

Excel. Non-redundant FASTA sequences were retrieved using Batch Entez, and subjected 26 
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to MAFFT alignment by the L-INS-i method58-60 using the Computational Biology 1 

Research Consortium (CBRC) server at 2 

https://mafft.cbrc.jp/alignment/server/index.html. For reduced stringency BLASTp, 3 

sequences which branched outside of MAPR (clade-1) and rat cytb5 (clade-2) reference 4 

sequences on the preliminary guide tree were discarded prior to iterative elimination of 5 

gapped aligned sequences and NJ tree-building. Sequences with gaps were deleted 6 

manually by inspecting the MAFFT FASTA alignment in AliView61 and removing 7 

gapped sequences via the “Refine dataset” function of the CBRC server to iteratively 8 

generate sequence data sets with sufficient gap free sites for tree-building. The sequence 9 

selection was inverted, followed by sequence realignment with MAFFT L-INS-i until 10 

sufficient gap-free sites for tree building were iteratively obtained. Inferred phylogenetic 11 

trees were routinely constructed using NJ method (all gap-free sites) and each of JTT, 12 

WAG and Poisson substitution models with bootstrap selected and 1,000 resamplings, 13 

and were processed using Archaeopteryx software through the forester.jar program,62 as 14 

described on the CBRC server.  15 

For Fig. 5b each sequence was annotated as eukaryotic (“Euk_”), archaeal (“Arc_”) 16 

alphaproteobacteria (“Alp_”) or other bacteria (“Bac_”), and the tree is grouped into 17 

branches representing these categories. 18 

 19 

Crystal structure 20 

The protein was cloned (Supplementary Fig.9), recombinantly expressed, and purified 21 

using affinity and size exclusion chromatography.63 The protein eluted from the size 22 

exclusion column as a single homogeneous peak, and at a volume consistent with the 23 

expected molecular weight of a monomer. Crystals were obtained through sparse matrix 24 

screening and the hanging drop vapor diffusion method. Crystals in the space group P63 25 

diffracted to 1.9Å at the Australian Synchrotron microcrystallography beamlines.64,65 The 26 
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diffraction data was integrated in Mosflm,66 scaled, and reduced in AIMLESS,67,68 and 1 

the structure determined by molecular replacement using PDB ID 1J03 in Phaser,69 2 

REFMAC,70 PHENIX,71 and COOT.72 The final structural model has been refined to an 3 

Rwork and Rfree of 0.22 and 0.27 respectively, no Ramachandran outliers, and good 4 

stereochemistry (see Supplementary Table 2). LIGPLOTs,73 structural superposition,74 5 

and DALI (heuristic PDB search) protein structure comparison by alignment of distance 6 

matrices75 were performed as described. 7 

 8 

Other protein analysis 9 

The degree of conservation of cytb5-domain residues in the structure of PGRMC1 was 10 

visualized using the Consurf server (http://consurf.tau.ac.il/).76 Sequence Logo Plots of 11 

amino acids in respective protein clades were generated using WebLogo 12 

(http://weblogo.berkeley.edu/logo.cgi).77 Non-PGRMC1 residues from the 4X8Y 13 

structure4 were not included in the PGRMC1 structural data for Fig. 2.  14 

 15 

IMG genomic sequence analyses 16 

Conserved gene cluster analysis is based on the observation that functionally related 17 

genes are often collocated on the chromosomes in prokaryotes, preserving similar gene 18 

context across phylogenetically diverse organisms.78,79  During evolution proteins that 19 

function together in a pathway or structural complex evolve in a correlated fashion, and 20 

tend to be either preserved collectively, thus ensuring that the pathway or complex 21 

remains fully functional, or be eliminated all together.  Methods of chromosomal gene 22 

context analysis have proved to be valuable for delineation of evolutionary patterns 23 

between organisms, as well as for protein function prediction.78-80 The Gene 24 

Neighborhood Viewer and Chromosomal Cassette Viewer tools80 of the Integrated 25 

Microbial Genomes (IMG) database35 were used to analyze chromosomal gene clusters 26 
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centered on the cytb5MY genes as described in the IMG user guide 1 

(https://img.jgi.doe.gov/docs/userGuide.pdf). 2 

 3 

Data availability 4 

The structure of Hadesarchaea YNP_N21 cytb5M (KUO41884.1) has been deposited in 5 

the Protein Data Bank with accession number 6NZX. The PDB validation report is 6 

included as Supplementary Information File 6. Other data and materials are supplied as 7 

supplemental data or are available upon request. 8 

 9 

  10 
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Figures 1 

 2 

 3 

Fig. 1. MAPR related to prokaryotic cytb5MY. a, Sequences from Supplementary 4 

Fig.1 are combined with independent eukaryotic MAPR and cytb5 sequences (see 5 

methods) in a 65 gap-free site alignment of 814 sequences. 11 proteins clustering closer 6 

to MAPR than other bacterial proteins are indicated (cytb5MY). See Supplementary 7 

Information File 2 for FASTA and tree files. b, MAFFT alignment of MAPR with 8 

bacterial HGT and cytb5MY proteins. Heme-interacting tyrosines and the MIHIR in 9 

PGRMC1 are indicated. Alignment with representative clade-2 cytb5M sequence 10 

(KUO41884.1, Hadesarchaea cytb5M), and eukaryotic (NP_085075.1, rat cytb5B) or 11 

bacterial (1CXY_A Ectothiorhodospira Vacuolata) clade-1 proteins is provided below.   12 
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 1 

 2 

Fig. 2. A conserved clade-1 surface. a, Sequence logos of the alignment of Fig. 1a. 3 

The box and “?” in clade-2 show a potentially incorrect inter-clade alignment, in which 4 

case the adjacent position (H165) is absent from clade-2. “Loop-1” and “loop-2” are 5 

shown. b, A conserved clade-1 surface. Loop 1 is shown as open mesh to display 6 

conserved underlying F81 and G83. c, Rotation through 90° relative to (b), showing 7 

conserved exposed surface residues as filled spheres. d, Residues conserved between all 8 

cytb5-domain sequences in Fig. 1a (both clades) constitute the protein interior, as 9 

generated by Consurf,76 based upon 4X8Y.   10 
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 3 

Fig. 3. The crystal structure of Hadesarchaea cytb5M. a, Hadesarchaea YNP_N21 4 

cytb5M structure. b, Topological organization of the structure from a). Numbering 5 

follows KUO41884.1. c, Alignment of loop-1 regions of bacterial cytb5 (1CXY, 6 

Ectothiorhodospira vacuolata),81 rat mitochondrial cytb5 (1B5M_A),34 human 7 

PGRMC1 (4X8Y),4 and KUO41884.1. The position of KUO41884.1 G14 and 8 

PGRMC1 G83 is arrowed at the base of the clade-1-specific loop (PGRMC1 84-88). d, 9 

Heme orientation differs by typically 90 degrees between clades-1 and -2. e, Contacts 10 

with heme. The four proteins are shown in the alignment from Fig. 1a, showing heme-11 

interacting residues. See Supplementary Fig.3 for interaction details. 12 
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 1 

Fig. 4. The CPR genomic context of cytb5MY genes. Concatenated 16 ribosomal 2 

protein tree from Danczak et al.82 indicating phylogenetic relationships of candidate 3 

phylum radiation (CPR) species encoding the detected cytb5MY (B5MY) genes, with or 4 

without colocalized pFre genes. See Supplementary Fig.5 and Supplementary Fig.6 for 5 

gene cluster details. Cluster-4 (◊) represents 9 Roizmanbacteria genomes with pFre 6 

operons resembling cluster-1 without cytb5MY. Also shown are phyla containing 7 

genomes with pFre alleles colocalized with a non-B5MY cytb5-domain gene, and those 8 

with pFre alleles not colocalized with cytb5-domain gene. Manual positioning of 9 

Wirthbacteria follows Castelle and Banfield.29  10 
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 1 

Fig. 5. CYP51A is of bacterial origin. a, Enzymes involved in mammalian production 2 

and 14-demethylation of lanosterol. MVP: mevalonate pathway. b, Eukaryotic 3 

CYP51A/lanosterol-14-demethylase-related proteins cluster with bacterial and not 4 

archaeal cyP450s. The figure shows the 1,000 bootstrap tree following MAFFT L-INS-I 5 

and JTT tree generation. Numbers in brackets after each branch label show the number 6 

of sequences in a branch. Other conventions follow Fig. 1. Aligned sequences and JTT 7 

tree file are available as Supplementary Information File 4. 8 
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 1 

Supplementary Fig.1. BLASTp hits from MAPR or cytochrome b5 protein search 2 
strings form two discrete clades. a, A 1,000 bootstrap MAFFT-generated maximum 3 
likelihood phylogenetic tree constructed from the alignment of 176 protein sequences 4 
using NJ and Poisson substitution. b,c, Selected prokaryotic sequences from panel (a) 5 
were additionally used as BLASTp queries to detect cytb5-related proteins from archaea 6 
(b) and bacteria (c), and to construct trees as in “a”. Each data set contains two human 7 
MAPR and one rat cytb5 reference sequence. See Supplementary Information File 2 for 8 
FASTA and tree files for all trees. 9 
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Supplementary Fig.2. Reduced stringency BLAST does not detect a sequence 3 
continuum between clades 1 and 2. a, Schematic of reduced stringency BLASTp 4 
analysis using Word Size 3 (see Methods) against the bacterial data base. The indicated 5 
sequences from clade-1 and clade-2 were used as BLASTp search strings, and 6 
combined with three clade-1 (PGRC1 NP_006658.1, NENF NP_037481.1, 7 
KXH77621.1) and two clade-2 (CYB5B_RAT P04166, and WP_103012903.1) 8 
reference sequences, tagged “>RC2_” and >RC2_” respectively. Iterative processing of 9 
the data as shown led to 818 gap-free sequences which were used for NJ treebuilding. 10 
Bootstrap support for separate clades 1 and 2 was 94% for JTT (depicted), 89% (WAG), 11 
and 93% (Poisson). Of the 159 sequences in clade-2 of this tree (excluding two clade-2 12 
reference sequences), only 4 (WP_093087318.1, KKQ27723.1, KXK26085.1, 13 
GBD33942.1) were detected by both the clade-1 (KUO41884.1) and clade-2 (P04166) 14 
BLAST query sequences. b, Using the same BLASTp search strings as panel a, the 15 
smaller archaean data base was searched with Word Size 2 (WS2), followed by iterative 16 
MAFFT data refinement as schematically depicted. 103 WS2 hits were combined with 17 
the sequences from Fig. 1a and iteratively refined to provide a robust tree architecture of 18 
932 sequences used for NJ tree building. Bootstrap support for the existence of separate 19 
clades 1 and 2 was 85% (JTT), 76% (WAG), and 86% (Poisson, depicted). Of the 34 20 
WS2 sequences present in clade-2, 10 (AQS28389.1, RLI96648.1, RME54213.1, 21 
PIN98782.1, RME31891.1, RME52388.1, PIN95630.1, PIZ83262.1, OIO41921.1, 22 
RME53069.1) were also BLASTp hits for clade-1 search string KUO41884.1. c, Word 23 
size 2 BLASTp with independent query sequences to panel b. Because of the relatively 24 
low hit number of panel b the analysis was repeated using the indicated two outlying 25 
clade-1 and clade-2 sequences from Fig. 1a. Iterative data refinement 103 WS2 hits 26 
were combined with sequences from Fig. 1a to yield ultimately 912 sequences with 57 27 
gap-free sites for tree building. d, NJ/Poisson tree (1,000 bootstrap) of the process from 28 
panel c, including nine WS2 sequences with 100% bootstrap support as outliers to 29 
clades 1 and 2 (green). Bootstrap support for clades 1 and 2 is below 70% for JTT, 30 
WAG and Poisson NJ trees (depicted), however a group of cytb5-related proteins form 31 
an outlying distinct clade with 100% bootstrap support. Of the 11 WS2 sequences 32 

d
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present in clade-2, none were also BLASTp hits for clade-1 search string OHE40815.1. 1 
Of the 9 outlying WS2 sequences, one (KQM10489) was also a BLASTp hit for clade-1 2 
search string OHE40815.1. e, Identical tree to panel d, with nine WS2 outlying 3 
sequences removed prior to MAFFT alignment. This tree contains 78 WS2 sequences 4 
that fall within clades 1 or two, but none that cluster between those clades. Bootstrap 5 
support for clades 1 and two is 93% (JTT), 89% (WAG) and 97% (Poisson, depicted). 6 
11 proteins were detected by both clade-1 and clade-2 search querie sequences. No 7 
proteins intermediate in sequence between clades 1 and 2 were found. For identities of 8 
all cytb-L proteins detected in CPR bacteria see Supplementary Information File 3. 9 
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 1 
Supplementary Fig.3. Heme-interacting residues from Fig. 3e. H-Bonds with heme 2 

propionate groups are given at the top of respective panels, with LIGPLOTs below. a, 3 

Hadesarchaea YNP_N21, cytb5M KUO41884.1 (clade-1). b, Human PGRMC1 4X8Y 4 

(Clade-1). Non-PGRMC1 N-terminal residues in the 4X8Y structure from the bacterial 5 

expression vector that make contact with heme are indicated by a circled X. The N-6 

terminus is not proximal to heme in the dimeric structure (Fig. 2c). These residues make 7 

contact from adjacent symmetry units. The PGRMC1 MAPR domain of 4X8Y was also 8 

1CXY E. vacuolata (clade-2)d
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N-terminally truncated relative to Fig. 1b by 2 residues. N-terminal non-PGRMC1 1 

residues (from the expression vector fusion protein) of adjacent crystal symmetry units 2 

contacting heme in the PGRMC1 4X8Y structure could artefactually stabilize the heme-3 

dependent dimer. A native PGRMC1 MAPR-domain structure would be desirable to 4 

confirm biological heme-dependent PGRMC1 dimerization. Hydrophobic interactions 5 

between heme and S68, P69 and E70 from 4X8Y PGRMC1 structure are not shown for 6 

Fig. 3e because these represent non-PGRMC1 residues from the bacterial expression 7 

vector. c, Rat mitochondrial cytb5B 1B5M_A (Clade-2). Numbering is according to the 8 

corresponding rat cytb5 sequence NP_085075.1. d, E. vacuolata 1CXY (clade-2).  9 
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 3 

Supplementary Fig.4. The most similar non-MAPR cytb5-domain published 4 

structures to Hadesarchaea cytb5M are from clade-2. a, The thirty PDB structures 5 

most similar by DALI to KUO41884.1 (Hadesarchaea cytb5M, this study) were from 6 
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seventeen proteins (colored boxes). MAFFT alignment followed by NJ Poisson putative 1 

tree construction (1,000 bootstrap) showed that all except the recognised MAPR 2 

proteins (4X8Y, 1J03, 1T0G) belonged to clade-2. Reference sequences include clade-1 3 

proteins NP_006658.1 PGRMC1, NP_037481.1 NENF, and archaean cytb5M 4 

KXH77621.1 (no structure available), and clade-2 NP_085075.1 rat cytb5. Note the 5 

KRR N-terminal PGRMC1 MAPR residues absent from 4X8Y. Other conventions 6 

follow Fig. 1. b, Clade-2 proteins with solved structures most similar to KUO41884.1 7 

all shared the HPG heme iron chelation motif involving loop 2 (Fig. 3e). The HS motif 8 

was also present in all but chicken sulfite oxidase (1SOX),83 the cytb5-reductase domain 9 

of NADH cytochrome b5 oxidoreductase (3LF5),84 and Ascaris suum cytb5 (1X3X). The 10 

latter is known to be an atypical cytb5 protein,85 and also exhibited divergent tree 11 

clustering in “a”. Red: iron atom chelation. Grey: adjacent conserved heme hydrophobic 12 

interaction residue (following Fig. 3e). The color key corresponds to proteins shown in 13 

a.  c, All clade-2 proteins except 1X3X exhibit similar heme orientation to reference 14 

1CXY (left panel). In 1X3X the propionates are rotated approximately 90° to the left 15 

(centre panel, arrows), whereas in clade-1 proteins the propionates are rotated to the 16 

right relative to clade-2 (arrows, right panel), and bind at a tilted plane relatively to 17 

clade-2, prominently permitted by the absence of loop 2. Superimposable Arabidopsis 18 

MAPR structures 1J0386 and 1T0G87 do not include heme. Only 1J03 is included. 19 

  20 



44 
 

 1 

Supplementary Fig.5. CPR cytb5MY gene neighbourhoods. Schematic depiction of 2 
three types of gene cluster containing cytb5MY genes, and one example of a pFre operon 3 
without cytb5MY (Fig. 4, Supplementary Fig.6a), resembling gene cluster-1 without 4 
cytb5MY. Orthologous proteins are shown as arrows of the same color throughout the 5 
image. Triple vertical lines across some arrows indicate heme-binding motifs: twin 6 
tyrosines in cytb5MY are in black; twin histidines are in gray. Cytb5-like A (CBLA) and 7 
cytb5-like B (CBLB) with distinct structures in cluster-1 are conserved in cluster-2. The 8 
CBLA protein of cluster-3 contains a fibronectin type 3 (FN3) domain. CBLA clustered 9 
with clade-1, while CBLB proteins clustered with clade-2. The relationship of either 10 
with the respective clade is not well supported (Supplementary Fig.7). “+/- rich” 11 
denotes regions of alternating positive and negative charge, predicted to be 12 
unstructured. See Supplementary Fig.8 for details. BLASTp of representative cytb5-L 13 
proteins from Dojkabacteria and Yonathbacteria against eukaryotes returned only zero 14 
or 1 hits per sequence, with E values >0.01, indicating that, unlike cytb5MY, Cytb5-L 15 
genes have not contributed strongly to eukaryotic evolution (not shown). 16 
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 1 

Supplementary Fig.6. Cytb5MY distribution in relation to putative ferric-reductase 2 

(pFre) genes. These images are intended to be viewed enlarged on a computer screen, 3 

rather than printed. a, MAFFT inferred phylogenetic trees of 559 sequences aligned 4 

across 70 gap-free sites, including 11 non-redundant NCBI cytb5MY protein sequences 5 

(Fig. 1) from 22 IMG genomes, representing supporting data for Fig. 4. Symbols match 6 

Fig. 4. Outgroups include 93 MIHIR-containing proteins, and cytb5M proteins from Fig. 7 

1a and Supplementary Fig.7. Paired NCBI/IMG identifier branches represent the same 8 

protein in both databases. The heavy black triangle indicates the earliest common 9 

ancestor for cluster-1 in each tree, i.e. the deepest common tree supported for ancestral 10 

pFre cluster-1 using NJ tree-building model for each of JTT, WAG and Poisson 11 

substitution models. All trees support derivation of cluster-3 from cluster-1, with JTT 12 

and WAG trees also offering 60% bootstrap support for derivation of cluster-2 from 13 
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cluster-1. Ancestral status of cluster-1 depends upon dubious monophyly of the clade 1 

containing Woesebacteria (no pFre cluster) and Gottesmanbacteria (pFre cluster-1), 2 

with bootstrap support of just 35% (WAG) and 41% (Poisson), relative to the respective 3 

65% and 47% separations of cytb5MY from MAPR.  b, Inferred phylogenetic tree of all 4 

247 detected CPR pFre genes in IMG. Genomes without pFre are not presented. The 5 

arrowed clade containing all cluster-1 cytb5MY alleles exhibited 63% bootstrap support 6 

in a secondary analysis of 229 sequences, with 18 gapped sequences removed (not 7 

shown). pFre alleles either not colocalized (grey) or colocalized (black, bold) with at 8 

least one non-cytb5MY cytb5-domain protein, or with cytb5MY proteins in the clusters 9 

described in Fig. 4 are depicted. Most bold clade operons are configured as 10 

combinations of: [one pFre gene + one cytb5 domain] (plus other unrelated genes in the 11 

vicinity). 50/58 pFre-associated cytb5 proteins clustered in clade-2 upon MAFFT/L-12 

INS-i NJ/JTT tree building (87% bootstrap support for clades 1 and 2: not shown). 8/58 13 

sequences contained gaps and were deleted from tree-building (Supplementary 14 

Information File 3). Condensed branches contain 85 pFre genes without colocalized 15 

cytb5-domain gene (numbers per branch are indicated). ◊ designates non-cytb5MY 16 

cluster-4 operon from Fig. 4 and Supplementary Fig.5. The cytb5-containing 17 

Collierbacteria and WWE3 clusters in the same clade do not share the ◊ operon 18 

structure. Of the five examples cytb5MY protein not associated with a pFre-operon from 19 

Fig. 4, only two are present in this tree. The black star represents the single IMG 20 

genome [Microgenomates (Gottesmanbacteria) bacterium GW2011_GWC2_39_8] 21 

where cytb5M and pFre co-occur in one genome (these are not colocalized in one 22 

operon). Other symbols match the genomes from panel a. For identities of all cytb5 23 

domain proteins detected in CPR bacteria see Supplementary Information File 3.  24 

  25 
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 1 

 2 

Supplementary Fig.7. Affiliation of pFre-associated Cytb5-L proteins. a, An NJ 3 

1,000x bootstrap Poisson inferred phylogenetic tree of 916 sequences, including cytb5-4 

like type A (CPR_BLA) and or cytb5-like type B1 from cluster-1 or -2 (CPR1/2_BLB1) 5 

proteins (Fig. 4b) as well as the proteins from Fig. 1a. It was impossible to align clades-6 

1 and 2 together with both cytb5-L type B1 and B2 proteins and obtain sufficient gap-7 

free aligned sites for tree building. This panel shows the tree with CPR1/2_BLB2 8 

sequences omitted. These sequences include those from Fig. 1a, supplemented with 9 
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CPR cytb5-domain proteins detected in IMG analyses (labelled: “CPRx”, and the results 1 

of BLASTp of a cytb5MY search string (KUO41884.1) against the NCBI CPR database 2 

(taxid:1783234) (labelled “tax_”). No effort was made to remove identical sequences 3 

from the three input sources. b, All details are identical to “a”, except that 4 

CPR1/2_BLB1 sequences were omitted and CPR2_BLB2 sequences included in the 5 

alignment to give 912 MAFFT-aligned sequences. The position of the CPR_BLA clade 6 

relative to cytb5M is uncertain with only 32% and 34% bootstrap support in both 7 

analyses. The corresponding WAG tree for panel “a” positioned the CPR1_BLA clade 8 

deep within the cytb5M branch (not shown). Complete tree files and PDF printouts of the 9 

expanded trees for this figure are available as Supplementary Information File 5. 10 

11 
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 1 

Supplementary Fig.8. Upstream CBLA (clade-1) and CBLB (clade-2) proteins 2 

from clusters 1 and 4 share similar distinctively charged C-termini. Representative 3 

cytb5-like proteins upstream of pFre in clusters 1 and 4 (Fig. 4b) share apparent 4 

functional sequences, manifested by a sequence enriched in S/T hydroxyl groups (o), 5 

followed by a stretch of interspersed negatively and positively charged side chains (+/- 6 

rich). These are the motifs referred to as “+/- rich” in Fig. 4b. By way of comparison, a 7 

CBLB2 Daviesbacterial protein from the analogous position in cluster-2 to the 8 

Djokabacterial CBLA protein of cluster-1 is depicted (the N-terminal rectangle 9 

represents the cytb5 domain). All boxed regions C-terminal to the cytb5 domain are 10 

predicted to be unstructured in solution. The c-terminal similarity suggests that CBLA 11 

(clade-1, Supplementary Fig.7) and CBLB (clade-2, Supplementary Fig.7) could share 12 

common evolutionary ancestry at a cognate locus in a CPR pFre operon.  13 

  14 
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a 1 
GGATCCAATATTGAGAACCTGTACTTCCAG\AGCATGCGTGTGTTTACCAAAGAGGAGCTGAGC2 
CGTTATAACGGTAAAGAAGGCGCGCCGGCGTACGTTGCGTATAACGGCAAGGTGTACGACGTTA3 
CCGGCAGCTTCCACTGGAAGGGTGGCAAACACCACGTGCTGCACGACGCGGGTCAGGACCTGAC4 
CGAGAGCATTGGTCGTGCGCCGCACACCGCGGAGCTGCTGGAAAAATTTCCGGTGGTTGGTGTT5 
CTGCGTGGCTAAAATATTGAATTC 6 

b 7 
\SMRVFTKEELSRYNGKEGAPAYVAYNGKVYDVTGSFHWKGGKHHVLHDAGQDLTESIGRAPHT8 
AELLEKFPVVGVLRG 9 
 10 

Supplementary Fig.9. Sequences of pGEX4T1_KUO41884 and the crystallised 11 

protein. a, KUO41884.1 sequence was cloned into the BamH1 and EcoRI sites (bold) 12 

of pGEX4T1 with added Tobacco Etch Virus (TEV) cleavage site (boxed, cleavage site 13 

in translated protein marked by \). The stop codon is underlined. b, Sequence of the 14 

crystallized protein, corresponding to KUO41884.1 with additional N-terminal S 15 

residue after TEV cleavage. 16 

  17 



52 
 

 1 

Supplementary Table 1. Details of cytb5MY proteins from Fig. 1b. All species are 2 
CPR bacteria.29 The details of all cytb5MY and cytb5M proteins detected in CPR bacteria 3 
are provided in Supplementary Information File 3. 4 

Accession Protein name [species] Reference 
KKR05718.1 hypothetical protein UT34_C0002G0225 [candidate division WS6 bacterium 

GW2011_GWF2_39_15] 

38 

OHA80798.1 hypothetical protein A2675_01620 [Candidatus Yonathbacteria bacterium 
RIFCSPHIGHO2_01_FULL_51_10] 

88 

OHA83705.1 hypothetical protein A2408_00355 [Candidatus Yonathbacteria bacterium 
RIFOXYC1_FULL_52_10] 

88 

KKS94036.1 putative steroid-binding protein 3 [Candidatus Collierbacteria bacterium 
GW2011_GWC2_43_12] 

38 

KKU89055.1 hypothetical protein UY18_C0004G0020 [Microgenomates group bacterium 
GW2011_GWF2_47_9] 

38 

OIP98122.1 hypothetical protein AUK40_01915 [Candidatus Wirthbacteria bacterium 
CG2_30_54_11] 

89 

PJA14771.1 hypothetical protein COX64_01640 [Candidatus Dojkabacteria bacterium 
CG_4_10_14_0_2_um_filter_Dojkabacteria_WS6_41_15] 

90 

EKD84736.1* 
HCE30597.1* 

Predicted heme/steroid binding protein [Candidatus Daviesbacteria bacterium]* 91 

OGE21801.1 hypothetical protein A2778_04905 [Candidatus Daviesbacteria bacterium 
RIFCSPHIGHO2_01_FULL_40_24] 

88 

KKQ43725.1 hypothetical protein US62_C0043G0008 [Candidatus Woesebacteria bacterium 
GW2011_GWA1_37_8] 

38 

KKR31495.1 hypothetical protein UT63_C0068G0005 [Candidatus Gottesmanbacteria 
bacterium GW2011_GWC2_39_8] 

38 

* EKD84736.1 and HCE30597.1 are identical. Protein name and species are provided 5 
for HCE30597.1. 6 

 7 

  8 
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Supplementary Table 2. Crystallography statistics. 1 

Resolution range 19.28-1.9 (1.968-1.9) 
Space group P 63     
Unit cell 72.17 72.17 22.81 90 90 120 
Total reflections 445959 (41994)    
Unique reflections 5544 (519)     
Multiplicity 80.4 (80.9)    
Completeness (%) 99.87 (100.00)   
Mean I/sigma(I)  49.00 (4.27)    
Wilson B-factor 25.28    
R-pim 0.09944 (0.3724)    
CC1/2 0.968 (0.643)     
CC* 0.992 (0.885)  
Reflections used in refinement 5544 (519)  
Reflections used for R-free 280 (24)     
R-work 0.2228     
R-free 0.2702 
Number of non-hydrogen atoms 663  
Macromolecules 599    
Ligands 43    
Solvent  21   
Protein residues 76    
RMS(bonds) 0.021    
RMS(angles) 1.89   
Ramachandran favored (%) 97.30  
Ramachandran allowed (%) 2.70  
Ramachandran outliers (%) 0.00   
Rotamer outliers (%) 0.00     
Clashscore 4.77   
Average B-factor 29.60    
Macromolecules 29.26    
Ligands 31.56    
Solvent 35.27 

 2 

  3 
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Supplementary Information File 1. Zip archive containing top BLASTp hits from 1 

eukaryotes, using each respective cytb5MY protein from Fig. 1b as query sequence in 2 

BLASTp against the eukaryotic data base. See the methods section and the README 3 

file in the zip archive for details. 4 

 5 

Supplementary Information File 2. Zip archive containing full PDF images, FASTA 6 

sequence alignments, and xml tree files for Fig. 1 and Supplementary Fig.1. 7 

 8 

Supplementary Information File 3. Excel file containing details of all cytb5-related 9 

protein genes detected in CPR genomes, providing NCBI and IMG identifiers where 10 

available for each sequence. Some sequences were available in only one data base. 11 

 12 

Supplementary Information File 4. Zip archive containing full PDF images, FASTA 13 

sequence alignments, and xml tree files for Fig. 5b. 14 

 15 

Supplementary Information File 5. Zip archive containing full PDF images, FASTA 16 

sequence alignments, and xml tree files for Supplementary Fig.7. 17 

 18 

Supplementary Information File 6. Protein Data Bank validation reports for the 19 

structure of Hadesarchaea YNP_N21 cytb5M (KUO41884.1), with PDB accession 20 

number 6NZX. 21 
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Abstract 

Acyl-coenzyme A thioesterase (Acot) enzymes are involved in a broad range of essential 

intracellular roles including cell signalling, lipid metabolism, inflammation and the 

opening of ion channels. Dysregulation in lipid metabolism has been linked to 

neuroinflammatory and neurological disorders such as Alzheimer’s and Parkinson’s 

diseases. Structurally, Acots adopt a circularised trimer arrangement with each monomer 

containing a N- and C-terminal hotdog domain. Herein, Acot amyloid fibril formation 

was investigated, in particular characterisation of, and the mechanism underlying, fibril 

formation of mouse Acot7 (mAcot7). Mouse and human Acot7 spontaneously form 

amyloid fibrils under physiological conditions. mAcot7 formed multi-strand, super-

helical amyloid fibril structures which were characterised by a variety of spectroscopic 

and biophysical techniques. mAcot7 has an unusual mechanism of nucleation-dependent 

aggregation; fibril formation is preceded by the formation of stable, non-disulphide 

linked, SDS- and heat-resistant oligomers (mainly trimers) that act as the nucleus for 

spontaneous fibril formation. The initial phase (~18 hours) of aggregation involves 

conformational rearrangement within the oligomers, possibly via domain swapping, to 

form species of enhanced b-sheet character. Subsequent loss of a-helical structure is 

accompanied by large-scale amyloid fibril formation (up to ~160 hours). mAcot7 formed 

fibrils in the presence of its substrate arachidonoyl-CoA and other negatively charged 

molecules, and maintained its enzymatic activity during fibril assembly. It is proposed 

that the mAcot7 trimer (oligomer) and its fibrillar form act as functional amyloid.   

Keywords: hotdog domain, acyl-coenzyme A thioesterase-7, polydispersity, nucleation-

dependent polymerisation, amyloid fibril, thioesterase activity 

Abbreviations: AA-CoA: arachidonoyl-CoA, Acot: Acyl-coenzyme A thioesterase, 

ANS: 8-Anilinonaphthalene-1-sulfonic acid, αB-c: aB-crystallin, CoA: Coenzyme A, 

CD: Circular dichroism, GdmCl: Guanidine hydrochloride, hAcot7: Human acyl-CoA 

thioesterase-7, mAcot7: Mouse acyl-CoA thioesterase 7, mAcot12: Mouse acyl-CoA 

thioesterase 12, TEM: Transmission electron microscopy, ThT: Thioflavin T, TPE-TPP: 

Bis(Triphenylphosphonium) tetraphenylethene 
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Introduction 

Acyl-CoA thioesterase (Acot) enzymes are involved in a variety of important cellular 

roles including cell signalling, regulation of metabolic and enzymatic signals, and 

inflammation. They hydrolyse long-chain fatty acids and regulate cellular concentrations 

of activated fatty acyl-CoAs and CoA (1-3). Acots are ubiquitously expressed in both 

prokaryotes and eukaryotes. Mammalian Acot family members are broadly categorised 

into type I and type II classes based on their masses (1,4). Among the mammalian type II 

class, Acot7 and Acot12 have been extensively studied, and are present in the brain and 

liver, respectively. Acot7 plays a role in neuronal fatty acid metabolism (5). Recently, 

Acot7 has been ascribed a novel inflammatory role through its production of arachidonic 

acid (AA) from its highly specific substrate arachidonoyl-CoA (AA-CoA), suggesting a 

link with eicosanoid metabolism.  

The structure of mouse Acot7 (mAcot7), as determined using a combination of chemical 

cross-linking, mass spectrometry, X-ray diffraction and molecular modelling techniques, 

revealed a quaternary arrangement of a trimer of mAcot7 monomers or subunits which 

each contain two similar N- and C-terminal hotdog domains (Fig 1). The hotdog domain 

comprises a central sausage-like α-helix surrounded by five antiparallel β-strands, 

resembling that of a bun (6).  Each subunit of mAcot7, therefore, has a double-hotdog 

structure, referred to as a N-C heteroprotomer. In the trimeric arrangement of mAcot7, 

one N-C heteroprotomer subunit forms a symmetrical, circular complex with two other 

N-C heteroprotomers (Fig 1). The arrangement of the domains in Fig. 1, clockwise from 

the green to violet heteroprotomers is N,C,N,C,C,N, i.e. the violet heteroprotomer has its 

domains swapped in orientation relative to the other two. The interaction between each 

heteroprotomer involves non-covalent, inter-domain contacts (comprising 25% of the 

Acot7 residues), with the β-sheets of each subunit forming a semi-continuous antiparallel 

barrel. (3,7). Likewise, Acot12, commonly known as cytoplasmic acetyl-CoA hydrolase, 

adopts a trimer of double-hotdog monomers in an arrangement analogous to mAcot7 (7).  
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Figure 1. Crystal structure of various mAcot7 constructs. The structure of full-length mAcot7 
(PDB 4ZV3) with the coloured balls representing the substrate (AA-CoA) bound to the protein. 
In its crystalline form, mAcot7 exists as a trimer comprised of three double-hotdog N-C 
heteroprotomers, represented in green, cyan and magenta. The domains in each hotdog protomer 
are coloured in either dark or light shades of the same colour.   

Amyloid fibrils are aggregated, long, highly ordered, b-sheet structures associated with 

the deposits in a range of diseases such as Alzheimer’s, Parkinson’s and type-II diabetes 

(3-5). The oligomeric species that are precursors to the fibrils are the putative cytotoxic 

species. In contrast, non-pathological, functional amyloid is also found in nature (5-8). In 

this study, recombinant human Acot7 (hAcot7) and mAcot7 underwent spontaneous in 

vitro amyloid fibril formation under physiological conditions. mAcot7 formed amyloid 

fibrils in the presence of its substrate (arachidonoyl-CoA) and enzyme inhibitors (i.e. 

glutarate, malonate and tricarballylate), and was enzymatically active throughout the 

process of fibril formation. Mechanistically, mAcot7 amyloid fibril formation does not 

occur via a standard nucleation-dependent mechanism. Aggregation involves the highly 

stable trimers acting as a nucleus to facilitate fibril formation. In doing so, the mAcot7 

trimer (Fig 1) and its higher order oligomers display characteristics of functional amyloid.  

Experimental Procedures 

Materials 
Recombinant mAcot12, hAcot7, mAcot7 (isoforms A: 338 residue protein, and B: 381 

residue protein), and αB-crystallin (αB-c) were expressed and purified as described 

previously (3,7,8). Thioflavin T (ThT), lysine, aspartic acid, glutamic acid, N-acetyl 

aspartic acid, arachidonoyl-CoA, glutarate, malonate, tricarballylate, 1,4-Dithiothreitol 

(DTT), 8-anilinonaphthalene-1-sulfonic acid (ANS), and guanidine hydrochloride 
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(GdmCl) were purchased from Sigma-Aldrich. All other chemicals were of analytical 

grade. 

Amyloid fibril formation 
Acot proteins prepared at 50-250 µM in 20 mM or 100 mM sodium phosphate buffer, pH 

7.4, 37 °C were incubated in the absence or presence of lysine, aspartic acid, glutamic 

acid, N-acetyl aspartic acid, iodoacetic acid, glutarate, malonate, tricarballylate and 

varying concentrations of αB-c, arachidonoyl-CoA in a 96 well or 384 well microplate or 

in 1.5 mL microcentrifuge tubes, with  shaking at 37 °C. The fibrillar aggregation kinetics 

of proteins was measured using specific filters of the Biotek Synergy 2 microplate reader. 

The transparent sealing film was used to prevent solvent evaporation. ThT fluorescence 

emission was measured using a 440/40 nm filter for excitation and a 485/20 nm filter for 

emission, while for TPE-TPP fluorescence, 380/20 and 460/40 nm filters were used as 

excitation and emission filters, respectively. A 1:0.33 (protein: ThT) molar ratio and a 

1:0.66 (protein: TPE-TPP) molar ratio were used for all the amyloid fibril kinetic assays. 

mAcot7 fibril formation experiments sans dye were conducted in a Heidolph Titramax 

1000 (Germany) microplate shaker. 

Light scattering measurements 
The change in light scattering at 350 nm over time was used to monitor the assembly of 

varying concentrations of mAcot7 in 20 mM phosphate buffer at pH 7.4, 37 °C. The assay 

was conducted in Greiner bio-one, half area, clear bottom, medium binding, 96 well 

plates, sealed with transparency film, and the light scattering was monitored using a 

Biotek Synergy 2 microplate reader. 

Transmission electron microscopy 
Fresh mAcot7 and other proteins samples following incubation under the above-

mentioned aggregation conditions were transferred to formvar- and carbon-coated copper 

400 mesh or ultrathin holey carbon support film, copper 400 mesh, grids and negatively 

stained with uranyl acetate (2% (w/v); Ajax Chemicals) in water. Samples were examined 

using a Hitachi 7100 or JEOL JEM-2100F transmission electron microscope at a 125 kV 

and 200 kV accelerating voltage under a magnification of 100-300k. Particle sizing was 

performed using ImageJ software. 

X-ray fibre diffraction 
Fibrillar mAcot7 was formed by incubating 200 µM protein under the above-mentioned 

amyloid fibril forming conditions for 160 h. The fibrils were purified by centrifugation at 

14,100 x g for 1 h and then resuspended in distilled water immediately before the 
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formation of the fibril stalk. A mAcot7 fibril stalk was prepared via the stretch frame 

method according to Serpell et al. (9). Diffraction images were collected from the fibril 

samples using a Cu Ka Rigaku rotating anode source (wavelength 1.5418 Å) and mar345 

image plate detector (MarResearch GmbH, Germany). Images were examined and 

reflections measured using marView (MarResearch). 

Far-UV circular dichroism 
Far-UV CD spectra of 10-20 µM protein samples were collected over a wavelength range 

of 180-260 nm, with a 0.5 nm step-increment, a bandwidth of 1.5 nm and scan rate of 4 

s/increment at 37 °C. Each spectrum was acquired in an Applied Photophysics Chirascan 

spectrophotometer with a 1 mm path length, QS high precision cell (Hellma Analytics). 

All the samples were prepared in 10 mM phosphate buffer, pH 7.4 and the average of 5 

accumulations (blank subtracted) was considered as the final spectrum. All high voltage 

tension records above 600 V were discarded.  

Real-time far-UV circular dichroism 
The far-UV CD spectrum of 10 µM mAcot7 in 10 mM phosphate buffer, pH 7.4, 37 °C 

was collected over a period of ~65 h in a 1 mm path length cuvette sealed with sealing 

tape. The approximate scan-time of each spectrum was 11 min, which was collected over 

a wavelength range of (180-260) nm, with a 0.5 nm step-increment, a bandwidth of 1.5 

nm and scan rate of 4 s/ increment.  

Amyloid seeding experiment 
150 µM of fresh mAcot7 in 20 mM phosphate buffer, pH 7.4, was incubated at 37 °C 

with  agitation either without (unseeded) or with (seeded) percentage (1% v/v, 5% v/v 

and 10% v/v) of purified mAcot7 amyloid fibrils. mAcot7 amyloid fibrils were formed 

by incubating the protein under the above-mentioned amyloid fibril-forming conditions 

for 160 h. The in-situ aggregation kinetics were monitored via ThT fluorescence as 

described above. 

Guanidine hydrochloride unfolding experiments 
10 µM mAcot7 was mixed with an increasing concentration of guanidinium chloride 

(GdmCl) (0 – 7 M) in 1 M increments in 20 mM phosphate buffer, pH 7.4, and incubated 

overnight at 37 °C. The unfolding of the protein was monitored via extrinsic and intrinsic 

fluorescence measurements described below. 

8-Anilinonaphthalene-1-sulfonic acid (ANS) binding assay 
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The degree of exposed hydrophobicity of mAcot7 in denaturant-induced unfolding assays 

was monitored by measuring ANS extrinsic fluorescence emission from 400 – 600 nm 

following excitation at 380 nm, in a Cary Eclipse fluorescence spectrophotometer. All 

samples were prepared in a final volume of 500 µL in a high precision quartz fluorescence 

cuvette (Hellma Analytics) having a path length of 10 mm and equilibrated at room 

temperature for 15 min before the measurements. A 1:10 molar ratio of protein: ANS dye 

was used in all the samples. The slit width was set to 5 nm and the scan speed set to 

medium for all readings. ANS fluorescence emission spectra were normalised using Cary 

Eclipse software.  

Intrinsic fluorescence measurements 
mAcot7 denaturant-induced unfolding assays were performed by measuring the protein 

intrinsic tryptophan(s) fluorescence emission from 305 – 400 nm following excitation at 

295 nm, respectively in a Cary Eclipse fluorescence spectrophotometer. All samples were 

prepared in a final volume of 500 µL in a high precision quartz fluorescence cuvette 

(Hellma Analytics) having a path length of 10 mm and equilibrated at room temperature 

for 15 min before the measurements. The slit width was set to 5 nm and the scan speed to 

medium for all readings. Fluorescence emission spectra were normalised using Cary 

Eclipse software.  

Real-time extrinsic fluorescence measurements 
The quaternary or tertiary structural change of 15 µM mAcot7 in 20 mM phosphate 

buffer, pH 7.4, 37 °C was monitored over 131 h in a 10 mm path length cuvette sealed 

with sealing tape by monitoring the change in ANS fluorescence emission upon binding 

to exposed mAcot7 hydrophobic residues. ANS fluorescence emission was acquired from 

400 – 600 nm following excitation at 380 nm, with a 0.5 nm step-increment, a bandwidth 

of 1.0 nm and scan rate of 4 s/ increment in a Applied Photophysics Chirascan 

spectrophotometer. The approximate scan-time of each spectrum was 22 min and a 1:10 

molar ratio of protein: ANS dye was used. 

Real-time intrinsic fluorescence measurements 
The structural rearrangement of 15 µM mAcot7 in 20 mM phosphate buffer, pH 7.4, 

37 °C, was monitored over 123 h in a 10 mm path length cuvette sealed with sealing tape, 

by assessing the change in tryptophan fluorescence. Fluorescence emission of mAcot7 

was monitored from 305 – 400 nm following excitation at 295 nm, with 0.5 nm step-

increment, a bandwidth of 1.0 nm and scan rate of 4 s/increment in a Applied 
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Photophysics Chirascan spectrophotometer. The approximate scan-time of each spectrum 

was 11 min. 

SDS-PAGE 
mAcot7 in 20 mM phosphate buffer, pH 7.4 was subjected to SDS-PAGE using 

NuPAGE® Novex® 4-12% Bis-Tris protein gels and 2-(N-morpholino)ethane sulfonic 

acid (MES) as a running buffer. Precision plus ProteinTM KaleidoscopeTM standards (Bio-

rad) were used as molecular weight markers. 

Thioesterase activity assay 
The standard reaction mixture to measure thioesterase activity contained 6.6 µL 

arachidonoyl-CoA (from 0.33 mM stock), 190.4 µL 100 mM phosphate buffer, pH 7.4 

and 1 µL of 200 µM mAcot7 sample in a final volume of 200 µL. The enzyme activity of 

fresh and incubated mAcot7 samples under amyloid fibril-forming conditions was 

monitored by measuring the absorbance at 412 nm over 30 min, immediately after the 

addition of 0.1 mM 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB). The molar absorption 

coefficient, ε412 (13,600 M-1 cm-1), was used to calculate the cleavage of the thioester 

bond. Units of mAcot7 enzyme activity (U) are expressed as moles of arachidonoyl-CoA 

hydrolysed/min at 37°C (1,2). 

Results  

Acyl-CoA thioesterases form amyloid fibrils in vitro under physiological conditions 
The ability of human, mouse Acot7 and mouse Acot12, to form amyloid fibrils in vitro 

was investigated at pH 7.4 and 37 °C (i.e. mimicking physiological conditions). An in 

situ Thioflavin T (ThT) dye-binding amyloid assay revealed that both Acot7 species 

readily formed amyloid fibrils. In doing so, they both exhibited no lag phase before the 

increase in fluorescence (Fig 2A). By contrast, only a minor increase in ThT fluorescence 

was observed for Acot12, suggesting that the protein did not form ordered aggregates 

(Fig 2A). Formation of long fibrillar structures by hAcot7 and mAcot7, of different size 

and morphology, was confirmed by transmission electron microscopy (TEM) (Fig 2B 

and 2C). Both Acot7s formed fibrils of more than a micrometre in length. The width of 

the mAcot7 and hAcot7 fibrils was estimated to be 11 - 13 nm and 8 - 10 nm, respectively. 

The TEM image also confirmed the stability of Acot12, whereby no visible protein 

aggregates were observed (Fig 2C). 
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Figure 2. Amyloid fibril-forming propensity of the Acot family. mAcot7, hAcot7 and 
mAcot12 were incubated in 20 mM phosphate buffer, pH 7.4, at 37 °C with shaking. (A) ThT 
fluorescence assays showing amyloid fibril formation of 100 µM mAcot7 (black circle), 50 µM 
hAcot7 (red circle) and 50 µM mAcot12 (green circle). TEM images of amyloid fibrils formed 
by (B) mAcot7, (C) hAcot7 and (D) mAcot12. The width (W) of the fibrils is given on the images. 
Scale = 200 nm as indicated in the figure. 
 

However, there were very few fibrillar structures in the TEM images of both hAcot7 and 

mAcot7 (Fig 2B and 2C). Instead, many spherical oligomeric species were present that 

presumably contain a large proportion of ThT-binding, β-sheet-rich structures. Similar 

behaviour occurs with the mouse prion protein (10) and Aβ42 during fibril formation 

(11). 

Characterisation of the mAcot7 amyloid fibril structure 

Structural characterisation of mAcot7 fibrils was performed using X-ray fibre diffraction 

and far-UV circular dichroism (CD) spectroscopy. X-ray fibre diffraction of purified 

mAcot7 fibrils yielded a diffraction pattern with a meridional reflection at 4.7 Å and an 

equatorial reflection at 8.8 - 11.6 Å (Fig 3A), revealing that the fibril core is organized in 

a cross β-sheet arrangement, confirming an amyloid fibril structure (12-14). From the 

crystal structure (Fig 1A) (3), mAcot7 secondary structure features both α-helix and β-
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sheet. The far-UV CD spectrum of mAcot7 upon dissolution (i.e. at zero hours) was 

consistent with such secondary structural elements (Fig 3B) with an ellipticity minimum 

at ~208 nm for mAcot7 (a-helix) and a minimum at ~218 nm arising from β-sheet. By 

contrast, the CD spectrum of purified mAcot7 fibrils exhibited a broad ellipticity 

minimum from ~ 220 to 224 nm (Fig 3B), implying the presence of a b-sheet superhelical 

amyloid fibril arrangement (15). Superhelical fibril structures have been observed in 

many amyloid-forming proteins including fimbriae (16), insulin (17), toxic amyloid-β1–

42 fibrillar oligomers (11) and several tandem heptad repeat peptides (15). Consistent 

with this, TEM images of mAcot7 (Fig 2B), also indicated the presence of long, twisted, 

helical rod-like fibrillar structures. 

 

Figure 3. Substructure of mAcot7 fibrils. Fresh mAcot7 was incubated in 10 mM phosphate 
buffer, pH 7.4 at 37 °C with shaking for 160 hours. mAcot7 fibrils were purified by centrifugation 
at 14,100 x g for one hour. (A) X-ray fibre diffraction pattern of mAcot7 fibrils. The major 
reflections are indicated at 4.7 Å and 8.8-11.6 Å. (B) Far-UV CD spectra of freshly prepared (0 
h; solid curve) and fibrillar (dashed curve) mAcot7. 

 

Amyloid fibril formation of mAcot7 does not proceed by a standard nucleation-
dependent mechanism 
To understand the molecular mechanism of mAcot7 polymerisation, the dependence of 

the initial rate of aggregation on the concentration of mAcot7 was assessed by in-situ ThT 

fluorescence (Fig 4A). The initial rate of mAcot7 fibril assembly was  linearly dependent 

on protein concentration and therefore exhibited apparent first-order kinetics (Fig 4B) 

(18). Aggregation profiles in the presence of the oligomer-sensitive probe 

Bis(Triphenylphosphonium) tetraphenylethene (TPE-TPP) ((19) revealed a bi-phasic 

profile (Fig 4A and 4B) with the first phase occurring over 18 hours post-incubation of 

mAcot7. The ThT agrgegation profile did not exhibit this initial phase (Fig 4A). The 
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second phase of TPE-TPP aggregation up to 100 hours had a rate comparable to that 

observed in the ThT aggregation profile (Fig 4B), implying that it was reflecting the same 

phenomenon, i.e. the formation of amyloid fibrils. The aggregation profiles for both dyes 

showed that there was no significant lag phase during mAcot7 oligomerisation and fibril 

formation, i.e. that mAcot7 undergoes spontaneous dye-sensitive aggregation. TPE-TPP 

binds and emits enhanced fluorescence upon the generation of early-stage aggregates 

(oligomers) during amyloid fibril formation, thereby providing a means to monitor the 

rate of oligomerisation/nucleation ((19). Thus, the use of both dyes enables the 

observation of the formation of prefibrillar oligomers (via TPE-TPP fluorescence), which 

is followed by the formation of the fibrillar species (as monitored by both dyes). 

Previously, we and others observed that small heat-shock molecular chaperone proteins 

(sHsps) such as aB-crystallin (αB-c) interact, in a concentration-dependent manner, with 

a variety of intermediately folded monomeric, prefibrillar (oligomeric) and amyloid 

fibrillar species to suppress their aggregation (20-25). To gain further insight into the 

mechanism of mAcot7 fibril formation, mAcot7 was incubated with αB-c in 1:1 and 1:2 

molar subunit ratios. As revealed by ThT fluorescence, αB-c did not suppress or modulate 

the assembly or disassembly process of mAcot7 (Fig 4C). Amyloid fibril formation 

proceeding via a nucleation-dependent mechanism involves the formation of stable 

oligomers or nuclei during the lag phase. The aggregation of mAcot7 occurs over a 

relatively long timeframe (> 100 hours, Fig 4C), conditions which are favourable for 

efficient αB-c chaperone action as it prefers to interact with slowly aggregating target 

proteins (47). Thus, the inability of αB-c to alter mAcot7 fibril formation does not arise 

from αB-c being unable to rearrange itself for optimal chaperone interaction, for example 

via subunit exchange and dissociation from its oligomeric state. More likely, the 

ineffective chaperone action of αB-c is due to mAcot7 aggregating via a non-standard 

nucleation-dependent mechanism, as is evidenced by its absence of a lag phase during its 

aggregation (Fig 2A, 4A and 4C). Consistent with this, our previous studies showed that 

a-crystallin (a combination of the closely related sHsps, αA-crystallin and αB-c) did not 

prevent the aggregation of the serpin, a-trypsin, which aggregates via a nucleation-

independent polymerisation mechanism involving initial dimer formation due to the 

reactive centre loop from one monomer inserting into the b-sheet of a nearby monomer 

(48). 
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The nucleation-dependent mechanism of aggregation is a polymerisation process, for 

example in protein crystallisation, whereby the assembly of particles is mediated via the 

formation of thermodynamically unfavourable nuclei  (26). The rate-limiting step in 

nucleation-dependent protein aggregation is the formation of the nucleus during the lag 

phase. The introduction of preformed fibrils or seeds (i.e. nuclei) circumvents this 

requirement for a nucleus and promotes fibril formation leading to an increase in the rate 

of initial aggregation and a concomitant reduction in the lag phase (27-30). The initial 

rate of mAcot7 assembly was measured by ThT fluorescence upon the addition of 1%, 

5%, 10% v/v preformed mAcot7 fibrils as seeds to a fresh solution of mAcot7 (Fig 4D). 

An increase in the initial rate of aggregation of 1.6, 2.0 and 2.3-fold for the presence of 

1%, 5%, 10% v/v respectively of preformed mAcot7 fibril seeds was observed, which 

was essentially unchanged from the rates for the seeds on their own (Fig 4D). By contrast, 

addition of similar levels of seeds to a solution of A53T a-synuclein (the protein involved 

in Parkinson’s disease and which aggregates via standard nucleation-dependent means) 

led to a decrease in the lag phase and a marked increase in the rate of aggregation (38). 

In addition, A53T a-synuclein aggregation is readily inhibited by the chaperone action of 

aB-c (24), unlike the effect of aB-c on mAcot7 aggregation (Fig 4C). Thus, from the 

above experiments, it is concluded that mAcot7 amyloid formation does not occur via a 

standard nucleation-dependent mechanism. 

Conformational changes during Acot7 amyloid fibril formation 
The secondary structural conformational transitions in mAcot7 during its fibril formation 

were monitored in real-time by far-UV CD spectroscopy over 56 hours under amyloid 

fibril-forming conditions (Fig 5A). The change in ellipticity at ~208 nm and ~218 nm 

was observed, i.e. at minima corresponding to α-helix and β-sheet conformations 

respectively. The increase in mAcot7 α-helical ellipticity at 208 nm was observed only 

after ~18 hours of incubation, a time that corresponds to the end of the first phase of the 

TPE-TPP aggregation profile (Fig 5B), i.e. the end of the formation of prefibrillar 

oligomers.  The ellipticity at 218 nm (indicative of β-sheet) steadily and linearly 

decreased over most of the acquisition timeframe, indicative of a gain of b-sheet (Fig 

5B). The rate of gain of mAcot7 β-sheet was 1.3 times faster than the loss of α-helicity. 

The CD data imply that Acot7 increases its b-sheet content in a linear manner over the 

entire 56 hours whereas the loss of a-helicity only occurs after ~18 hours. Thus, the 

increase in b-sheet reflects the conversion of mAcot7 (which commences immediately 

upon dissolution) to species containing more b-sheet, for example amyloid fibrils, with 
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the a-helical regions retaining their structure during the initial phase associated with 

oligomer formation, i.e. the mAcot7 prefibrillar oligomers contain significant a-helical 

structure. 

Additionally, the far-UV CD spectra were acquired of freshly dissolved and after 24 hours 

of incubation of mAcot7 and mAcot12, under amyloid-forming conditions (not shown). 

The spectra were normalised and deconvoluted to determine the secondary structure 

components of the amyloid fibril-forming mAcot7 were compared to non-aggregating 

mAcot12. A decrease of α-helical conformation and an increase in antiparallel β-sheet 

was observed for mAcot7 protein upon oligomerisation and fibrillation, whereas non-

aggregating mAcot12 had little change in its CD spectrum with time. 

To measure clustered, exposed hydrophobicity changes with the conversion to a fibrillar 

form, fresh mAcot7 and 8-anilinonaphthalene-1-sulfonic acid (ANS) were co-incubated 

at pH 7.4, 37 °C and the ANS fluorescence emission was monitored over 131 hours 

(Suppl. Fig 3). Apart from an intial small decrease and then a similar linear increase after 

~50 hours in ANS fluorescence intensity at the 478 nm maximum with time, there was 

no significant spectral changes indicating that there was little alteration in exposed 

hydrophobicity associated with mAcot7 amyloid fibril formation.  

mAcot7 contains two Trp residues; Trp165 is buried and forms part of an anti-parallel β-

sheet involving the N-terminal hotdog domain, and Trp210 is between the N- and C-

terminal hotdog domains but is not observed in the mAcot7 crystal structure (presumably 

due to this region’s mobility). The structural rearrangement of mAcot7 was monitored 

using intrinsic tryptophan fluorescence for over 123 hours during amyloid fibril formation 

(Suppl. Fig 4). Tryptophan fluorescence intensity and emission maximum (λEM) are 

mostly influenced by the polarity of its local environment, hydrogen bonding and other 

non-covalent interactions. The red-shift and change in tryptophan fluorescence intensity 

of the λEM of even a partially buried tryptophan residue in a folded protein upon unfolding, 

due to the increase in the microenvironment polarity, is invaluable for structural study 

(31,32). Tryptophan fluorescence emission exhibited a slight red shift from λEM = 344 – 

346 nm to 350 nm with incubation, along with a linear decrease in fluorescence intensity 

(Suppl. Fig 4), indicating greater solvent exposure of the tryptophan residues due to 

partial unfolding of mAcot7, possibly arising from domain swapping of the mAcot7 

protein during its fibril formation.
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Figure 5. Secondary structural transitions in mAcot upon amyloid fibril formation. (A) 
Time-dependent far-UV CD spectra of 10 µM mAcot7 in 10 mM phosphate buffer, pH 7.4 at 
37 °C. Scan time for each spectrum was ~11 minutes and data were acquired for ~56 hours. Each 
colour-coded spectrum, i.e. black curves (0 h – 14 h), yellow curves (14 h – 23 h), green and cyan 
curves (23 h – 38 h), magenta curves (38 h – 46 h) and blue curves (46 h – 56 h), represents a 
sequential interval of mAcot7 incubation, as indicated by the blue arrow. (B) Change in ellipticity 
at 208 nm (solid circles) and 218 nm (empty circles) of mAcot7 over the incubation period of ~56 
h. The initial rate of increase in ellipticity at 208 nm was determined from a linear fit of the data 
from 18 hours onwards, as represented by cyan line. The decrease in ellipticity at 218 nm up to 
~36 h was determined from the slope of a linear regression fit (cyan line).  

 

Stable mAcot7 oligomers precede amyloid fibril formation 
A SDS-PAGE of SDS-treated, heated and/or reduced, freshly dissolved mAcot7 exhibited 

bands from low and high molecular weight species (Fig 5A).  In addition to the relatively 

weak band from monomeric mAcot7 (~37 kDa), strong bands were observed in the 

presence of SDS for the dimeric (74 kDa) and trimeric (111 kDa) forms of the protein, 

along with weak bands for the tetramer (148 kDa) and pentamer (185 kDa). mAcot7 has 

seven cysteine residues, that do not form disulphide bonds in the crystal structure. 

Similarly in solution, mAcot7 does not form disulphide bonds, as revealed by the same 

pattern of bands in gels of DTT-treated mAcot7. Severe heat-treatment (boiling) of 

mAcot7 enhanced its polymerization significantly, leading to temperature-resistant, 

highly aggregated species that ran at the top of the gel. The monomer, dimer, trimer and 

tetramer species were still present after this harsh treatment, however, with the dimer and 

trimer being the most prevalent (Fig 5A). Thus, these two species are very stable entities 

that are not dissociated by SDS, or even to some extent upon boiling. Similarly, amyloid 

fibrils do not dissociate in the presence of SDS. It is concluded, therefore, that these small 
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mAcot7 aggregates are the prefibrillar oligomers that are the precursors to large-scale 

amyloid fibril formation, i.e. the species that are monitored by TPE-TPP fluorescence and 

CD during the first 18 hours of incubation (Fig 4).  

Furthermore, measurement of the turbidity (light scattering) at 350 nm of mAcot7 did not 

reveal the presence of aggregates of sufficient size to scatter light during the first 18 hours 

of incubation during amyloid fibril formation (Fig 6D). By contrast, a steady increase in 

TPE-TPP and ThT fluorescence were observed from the commencement of incubation, 

which implied successive generation or formation of mAcot7 oligomers which were not 

large enough to scatter light at 350 nm, but, from the CD data, had enhanced b-sheet 

content compared to native mAcot7. The absence of large aggregates for the first ~18 

hours of mAcot7 incubation implies that mAcot7 fibril assembly requires the presence of 

β-sheet-rich, low-molecular weight oligomers that are formed during this time. The SDS-

PAGE data indicate that these oligomers are highly stable and have characteristics of 

amyloid fibrils. 

During these studies, Acot7 demonstrated a propensity to form high molecular weight 

species that appeared as laddering during SDS-PAGE (Fig 6), while related bacterial and 

eukaryote thioesterases did not exhibit such properties (Fig 6B, and data not shown).  

 

Figure 6. Fibril formation for Acot7 was seen as protein laddering on SDS PAGE analysis. 
(A) SDS PAGE showing fibril formation from freshly prepared highly concentrated and diluted 
Acot7 non-boiled protein (Isoform 4, 338 residue). Multimers of Acot7 as well as an intermediate 
species is present in fibril formation. (B) SDS PAGE showing that Acot12 protein at the same 
concentration as Acot7 when boiled does not show protein laddering. (C) SDS PAGE showing 
fibril formation as protein laddering from Acot7 protein (Isoform 1, 380 residue). (D) Time-
dependent light scattering profile (at 350 nm) of 150 µM mAcot7 in 20 mM phosphate buffer, pH 
7.4, at 37 °C, with shaking.  
 

A.  

M

B.  
Acot7 

Isoform 4 Acot12M

250

150
100

75

50

37

25
20

195
168
138
108
78

62

38 38

Acot7
Isoform 1

C.  

M

39

D.



17 
 

Prior to examining the roles of domain swapping and the necessity for fused domains in 

fibril formation, we examined in detail a range of Acot7 fibril properties. A range of 

different molecular weight species that were resistant to SDS-PAGE were identified (Fig 

6). In addition to a relatively weak band from monomeric Acot7 ~38 kDa, strong bands 

were observed consistent with a dimer 78kDa and trimer 108 kDa forms of the protein, 

along with weak bands for the tetramer 138kDa and pentamer 195kDa. The band present 

at 62kDa implies that an intermediate species, a 1.5-mer of Acot7 protein is formed. We 

hypothesise that this intermediate species may facilitate domain swapping and hence to 

form fibrils. Multiples of this 1.5-mer species are also present, at 108kDa (potentially 2x 

1.5-mer) and at 168kDa (3x 1.5-mer). These additional bands support a model involving 

domain cleavage and an Acot7 intermediate species forming. The molecular weight of 

the Acot7 isoform that we use (Isoform 4) is ~37kDa and 338 residues. We also tested 

whether the 380 residue Acot7 protein (Isoform 1) also demonstrated the ability to form 

amyloid fibrils on SDS gel (Fig 6C). The ability of multiple isoforms of Acot7 protein 

further supports a functional amyloid model rather than aberrant protein misfolding. Due 

to the unique ability of Acot7 to form fibrils, we examined the structure of full-length 

Acot7. Here, we used structural and domain swapping approaches to better understand 

the possible mechanism(s) of Acot7 amyloid formation. 

Protein destabilisation through pH and temperature promotes fibril formation  
To understand the mechanism of fibril formation, both temperature and pH were 

investigated for their role in promoting or inhibited fibril formation. We found that as the 

increasing the length of time boiling the Acot7 samples resulted in increased protein 

laddering indicating fibril formation (Fig 7A). Similarly, as the pH of the solution was 

decreased, the fibril formation seen on SDS PAGE was again increased (Fig 7B). Fibril 

formation increased dramatically as the pH was decreased to a pH range between 5-8. At 

pH 8.5-9 the lowest fibril formation was observed. 

Fused domains are critical for fibril formation 
To investigate the ability of each domain to form fibrils, we engineered an Acot7 

construct with a TEV cleavage site inserted between the two domains. We found that as 

the length of time for TEV cleavage increased, the amount of fibril formation decreased, 

with almost complete cleavage and fibril removal at 48 hours (Figure 8).  
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Figure 7. Fibril formation seen as laddering on SDS PAGE from Acot7 was increased by 
increased sample boiling time and decreased pH. (A) Fibril formation from Acot7 protein 
increased with increased boiling time. Non-boiled Acot7 shows some multimerisation but protein 
laddering is not present. (D) Fibril formation from Acot7 protein was pH dependent and 
significantly decreased fibril formation was seen in buffers within the pH range of 8.5-9. 
 
 
 

 
Figure 8. Two hotdog domains of Acot7, though not necessarily N-C, must be fused for fibril 
formation to occure. (A) SDS-PAGE showing a TEV cleavage titration over 48 hours non-boiled 
of freshly prepared, highly pure, diluted Acot7 N-C fusion protein in GST buffer. Almost 
complete cleavage of the N- and C- domains was achieved after 48 hours. (B)  SDS PAGE 
showing the effect of boiling and TEV cleavage 24 hours at 4oC for 24 hours -/+ boiling of Acot7 
N-C, C-C and N-N proteins. All boiled samples were boiled for exactly 2 minutes in SDS sample 
buffer at 95oC. (C) SDS PAGE analysis fund that the cleaved domains were not able to contribute 
to firbil formation from the full-length Acot7 protein.  
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Since we showed that fused domains are important for fibril formation, and that the N- 

and C- domains are superimposable, we tested our model further by creating two further 

constructs; homoprotomers of N-N, and C-C, both with TEV cleavage sites inserted in 

between the two hotdog domains. These proteins eluted at the same volume as wildtype 

Acot7, indicating the ability to form the same quaternary arrangement (Suppl. Fig 1). We 

found that, as predicted from our model, both the N-N and C-C constructs formed fibrils 

(Fig 8B). The ability of Acot7 to superimpose these domains is a critical component of 

fibril formation, since Acot12 lacked this quality. When treated with the TEV protease to 

cleave the two hotdog domains apart, neither the N-N nor C-C domain construct formed 

fibrils. The C-C fusion (non-boiled) protein shows a predominant band at ~37kDa, 

however, the N-N fusion (non-boiled) protein showed a predominant band at ~62kDa. 

This suggests that the N domain favours formation of an intermediate species as seen for 

the full length Acot7 protein in Figure 2. Here we show that the arrangement of domains 

(N-N, C-C or N-C) of the monomers/protomers does not matter with respect to fibril 

formation. However, it is necessary for the domains to be connected for oligomer 

formation, probably via the trimer, to occur prior to fibril formation. Consistent with this 

requirement for intact Acot7, the cleaved domains were not able to contribute to fibril 

formation from intact Acot7 (Fig 8C).  

Fibril formation is not dependent on disulfide bonds  

Acot7 has seven cysteine residues that do not form disulphide bonds as seen in the crystal 

structure.  To investigate the possibility that Acot7 protein was forming oligomers 

through disulfide bonds Acot7 was run on SDS PAGE in the presence of DTT. 

Surprisingly, we found that DTT increased fibril formation for all three Acot domain 

constructs N-C, N-N, and C-C (Fig 9A). Furthermore, site mutagenesis at the seven 

cysteine residues to alanine did not prevent fibril formation (Fig 9B). This supports a 

mechanism of oligomerisation or fibril formation that does not involve disulfide bonds. 

To determine if the Acot7 could be reduced to a monomeric band using other methods 

was investigated. We found that treatment with NaOH was able to prevent the fibrils, and 

produced a single monomeric species for all Acot7 proteins (Fig 9). 
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Figure 9. Acot7 was susceptable to DTT which increased protein laddering and NaOH 
which was able to reduce Acot7 proteins to a monomer on SDS PAGE. (A)The C-C and N-N 
Acot7 proteins formed fibrils when boiled. Furthermore, fibril formation seen as protein 
laddering, was increased when boiled in the presence of DTT for the Acot7 proteins. Surprisingly, 
all proteins including the N-N domain protein demonstrated the ability to be reduced to a 
predominant monomer band at ~37kDa when boiled in the presence of NaOH. (B) A cysteine 
mutant Acot7 protein in which all cysteine residues were replaced with alanine also demonstrated 
fibril formation indiating that fibrillation is not dependent on disulfide bonds.  

 

mAcot7 enzyme activity is not affected by amyloid fibril formation and the binding 
of its substrate and enzyme inhibitors do not prevent mAcot7 fibrillation 
No significant change in the thioesterase activity of mAcot7 occurred during its amyloid 

fibril formation over 130 hours (Fig 10A). A 1.2, 1.4 and 2.4-fold increase in the rate of 

mAcot7 fibril formation, as monitored by ThT fluorescence, occurred in the presence of 

increasing concentrations (100, 150 and 300 µM), respectively, of the substrate (AA-

CoA) (Fig 10B). In addition, inhibitors of mAcot7 enzyme activity such as glutarate, 

malonate and tricarballylate also increased the rate of the mAcot7 amyloid fibril 

formation 4.8, 4.5 and 5.9-fold, respectively (Fig 7C). A similar proliferation of mAcot7 

aggregation was observed in the presence of an excess of negatively charged amino acids 

such as aspartic, glutamic and N-acetyl aspartic acid (Suppl. Fig 3). Therefore, negatively 

charged species enhances mAcot7 fibril formation, perhaps by binding to the active site 

and facilitating the conformational change that precedes large-scale amyloid fibril 

formation. 
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Figure 10.  Determination of mAcot7 enzyme activity, the effect of substrate and inhibitors 
during mAcot7 amyloid fibril formation. (A) The activity of mAcot7 during its aggregation. 
(B) Relative ThT fluorescence of 150 µM mAcot7 alone (black) or in the presence of 100 µM 
Arachidonoyl-CoA (red), 150 µM Arachidonoyl-CoA (cyan) and 300 µM Arachidonoyl-CoA 
(blue) incubated in 100 mM phosphate buffer, pH 7.4, at 37 °C with shaking. (C) Relative ThT 
fluorescence showing amyloid fibril forming kinetics of 150 µM mAcot7 alone (black) or in the 
presence of 2 mM glutarate (red), malonate (cyan) and tricarballylate (blue).  
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Morphology of mAcot7 amyloid fibril assembly 
To investigate the overall structural changes during fibril assembly, the morphology of 

mAcot7 aggregates was examined by TEM during its fibril formation (Fig 11). mAcot7 

was incubated for seven days under amyloid-forming conditions. Aliquots were removed 

at 47, 90, 128 and 160-hours during incubation, flash-frozen and imaged via TEM. Images 

of 47-hour samples did not contain any mature fibrillar structures, though small 

oligomeric forms appeared to acquire a more organised morphology, for example circular 

and globular arrangements. mAcot7 protein samples imaged at 90, 128, and 160 hours 

displayed sequential assembly of small structured fibrils to more ordered, mature mAcot7 

fibrils (superhelical assembly). The emergence of small, globular oligomers (Fig 11) 

before the formation of mAcot7 amyloid fibrils confirms the and oligomeric 

rearrangement of the full-length protein prior to ultimate fibril formation.  
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Figure 11. Morphological changes in mAcot7 during amyloid fibril formation. 200 µM 
mAcot7 was incubated in 20 mM phosphate buffer, pH 7.4, at 37 °C, with constant fast shaking 
and protein samples were aliquoted at different time points from 0 to 160 h. Representative TEM 
images of mAcot7 at different time points illustrate the mAcot7 amyloid fibril assembly 
processes. Scale bars = 50, 100 and 200 nm as indicated. 

 

The full length Acot7 protein was expressed and purified using affinity and size exclusion 

chromatography. Conditions that induced crystallisation were screened using commercial 

screens Crystal 1/2 and PEG ION 1/2 (Hampton Research), PACT and PROPLEX 

(Molecular Dimensions). Following optimisation, crystals suitable for diffraction were 

formed in 0.1M ammonium citrate, pH 7.0 and 10% PEG 3350. A single crystal diffracted 

to 2.6 Å resolution, and diffraction data was indexed and integrated in the space group P 

1 21 1. The Matthews coefficient indicated that three Acot7 molecules were most likely 

present in the asymmetric unit, and the structure was solved by molecular replacement 

using the individual domains of Acot7. The N-domains and C-domains were placed 

separately, and in each case, these domains were placed in close proximity to form a 

200nm
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double hotdog domain. The density was of sufficient quality that each domain could be 

reliably placed, aided by the low sequence conservation between the two domains (30%). 

In addition, the N-domain also contained a bound cofactor, while all C-domains were 

lacking CoA. This is consistent with a previous study that showed the N-domain crystal 

structure was bound to six CoA molecules within the hexameric structure, however the 

C-domain crystal structure had no bound cofactor (Fig 12). Following rebuilding and 

refinement in COOT and REFMAC respectively, the final model had a Rwork and Rfree 

of 0.231 and 0.268 respectively, no Ramachandran outliers, and good stereochemistry 

(Suppl. Table 1). The three monomers in the asymmetric unit exhibited a similar 

structure, with the greatest root mean square deviation (RMSD) of 0.29 Å. Residues 207-

217 could not be modelled due to a lack of discernible density. The coordinates and 

associated structural data were deposited and validated to the Protein Data Bank (PDB) 

and issued the code 6VFY (Fig 12). 

As expected, each asymmetric unit contained a trimer of hotdog domain dimers, where 

each dimer consists of an N hotdog domain and a C hotdog domain protomer (Fig 12A). 

The β-sheets that form an antiparallel barrel are modelled as the ‘bun’ and the central a 

helices form the ‘hotdog’. It is apparent in the hexameric structural arrangement that CoA 

binds the N-domain only (Fig 12B). The main interactions with CoA include the side 

chains of Leu-108, Ser-136, His-138, Tyr-198, Arg-205 Asn-283, Phe-284, and His-285 

as shown in the monomer below (Fig 12C). The location of the enzyme is consistent with 

the previous report that of two putative active sites within Acot7, only the Asn24/Asp213 

active site is functional (Forwood, 2007). 
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Figure 12. Crystal structure of Acot7 with the ligand CoA bound. (A) Pymol image of crystal 

structure from Pymol showing the N- (purple) and C- (blue) terminal domains and CoA molecules 

(green) bound within the N-terminal hotdog domains. (B) Image showing electron density around 

each of the CoA molecules made using CCP4fft and Pymol. (C) Identification of CoA-interacting 

residues through hydrogen bonding shown in the table. (D) LIGPLOT for CoA bound to Acot7. 
 

The hexameric structure observed in the crystal structure is supported by the size 

exclusion chromatography elution profile, and is similar to other hexameric 

thioesterases (33). Whilst the overall structure is consistent with other hexameric 

thioesterases, our structure did reveal a quite unexpected domain rearrangement, whereby 

the N- and C-terminal domains in one of the trimers was reversed (Fig 13A). For example, 

as shown, the pairing of hotdog domains was expected to result in a configuration of N-

C, N-C, N-C (Fig 13B). However, domain swapping of just one pair of hotdog domains, 

as seen in the crystal structure, results in a configuration of N-C, N-C, C-N. The crystal 

structure for Acot12 shows the hexameric structure that was predicted for Acot7 (Fig 

N-domain bound CoA

D. 

B.  

[E]  

[D] [F]  

C. 
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13C). Acot12 does not demonstrate the ability to domain swap as seen in the crystal 

structure for Acot7. 

 
Figure 13. Domain swapping present in the crystal structure of Acot7 was not previously 

predicted in the Acot7 structural model or present in the crystal structure of Acot12. (A) 

Crystal structure of Acot7 showing domain swapping resulting in an N-C, N-C, C-N structural 

arrangement. (B) Predicted structure of Acot7 modelled against the 1VPM protein from B. 

halodurans using Pymol. (C) Crystal structure of Acot12 (lacking the START domain) which 

does not demonstrate the ability to domain swap (PDB: 4MOC).  

 

To better understand the biological assembly and the associated interfaces, the structure 

was analysed using Proteins, interfaces, structures and assemblies (PISA) (34). The 

hexameric assembly consisting of three Acot7 protomers has a total surface area of 

approximately 38,800 Å, and buries a total area of 9,400 Å. This is mediated through three 

different types of interaction interfaces, as shown (Fig 14). The N-N interface (interface 

1) consists of 1100 Å of buried surface area, 11 hydrogen bonds, and six salt bridges. The 

N-C interface (interface 2) is comprised of 980 Å of buried surface area, 7 hydrogen 

bonds, and six salt bridges while the C-C interface is comprised of 880 Å of buried 
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surface, 5 hydrogen bonds, and 1 salt bridge (interface 3). A summary of the interactions 

identified between each of the interfaces using PISA are presented in Table 2.  

 
Figure 14. Three different interfaces between N-N, N-C and C-C as a result of domain swapping 
in the crystal structure of Acot7 were identified using PISA. The Acot7 dimers were arbitrarily 
given as chain D, E, or F by PISA.  

 

Superimposable domains are critical for fibril formation 

Each Acot7 protomer in the asymmetric unit was comprised of two hotdog domains. The 

N-domain and C-domain are highly similar, and exhibit an RMSD of 0.762 (Fig 15A). 

To better understand why Acot7, but not other hexameric thioesterases are able to switch 

domains, we examined the structure of these individual domains. Superposition of the N-

terminal and C-terminal domains show that these domains in Acot7 would be able to 

substitute for the other domain, as demonstrated in our crystal structure, despite 

harbouring a low sequence identity. In contrast, Acot12, a protein from the same family 

of thioesterases as Acot7 and hexameric structure, does not have such superimposable 

domains (Fig 15B). Overall, the ability of Acot7 to domain swap the N-terminal and C-

terminal domains is unique.   

Since the structure and domain swapping of Acot7 appeared unique amongst the 

hexameric thioesterases, and the amyloid fibril formation was also unique, our hypothesis 

was that superimposable domains allowed for domain swapping and amyloid fibril 

formation.  
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Figure 15. Alignment of N-terminal and C-terminal Acot7 domains demonstrate the 
superimposable nature of the N- and C- domains that is not as evident for Acot12 domains. 
(A) Acot7 N-domain (purple) aligned with C-domain (blue) using Pymol with an RMSD of 0.762. 
(B) Acot12 N-domain (dark purple) aligned with C-domain (green) using Pymol with an RMSD 
of 0.920. 
 
Discussion 

The trimer of mAcot7 (mass = 3 x 37 = 111 kDa) is arranged in a symmetrical and circular 

manner (Fig 1). Potentially, the N- and C hotdog domains can interconvert via swapping 

of domains. The observation that Acot7 homoprotomers are amyloidogenic like the 

heteroprotomer implies that the physical arrangement of the domains is not a factor in 

determining their propensity to form fibrils. The homo and heteroprotomer trimers are 

highly stable since they cannot be dissociated to a significant degree by SDS (Fig 6). 

Likewise, SDS cannot dissociate amyloid fibrils into their component subunits. The 

implication, therefore, is that the mAcot7 trimers are amyloid-like and this oligomer is 

the base unit for amyloid fibril formation of Acot7. The absence of a lag phase in the ThT 

and TPE-TPP aggregation profiles for mAcot7 is consistent with the trimer itself (and/or 

aggregates of this species) being the prefibrillar oligomeric nucleus, as it is already 

present upon dissolution. Thus, association of mAcot7 monomers is not required for the 

nucleus to form during a lag phase prior to the exponential growth phase arising from the 

sequestration of partially folded monomeric proteins, as occurs during standard 

nucleation-dependent amyloid fibril aggregation. Additionally, the small increase in ThT 

fluorescence that occurs upon addition of seeds is consistent with this proposal, since the 

nucleus (i.e. the trimeric oligomer) is already present, and hence the rate of increase in 

ThT fluorescence is essentially the same for mAcot7 in the presence or absence of seeds.  

A. B.

Acot7

Acot12
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Furthermore, aB-crystallin is not able to inhibit mAcot7 fibril formation because mAcot7 

aggregates via this unusual mechanism. For aB-crystallin to function effectively as a 

molecular chaperone, it interacts with a dynamic, monomeric intermediately folded target 

protein early along its aggregation pathway, for example one that is undergoing 

conformational reorganisation as it participates in self-association (20,21,23,35). The 

mAcot7 trimer does not satisfy these criteria as it is already present as the highly stable 

oligomeric nucleus. The long timeframe over which mAcot7 aggregates (days) is 

favourable to aB-crystallin chaperone activity (23,36), so this is not a factor in the 

chaperone’s ineffectiveness. 

Aspects of the mechanism of mAcot7 amyloid fibril formation have been determined. 

The initial phase of mAcot7 aggregation (up to around 18 hours’ post-incubation) 

involves the oligomer undergoing structural rearrangement that increases the amount of 

mAcot7 b-sheet secondary structure (presumably in a cross b-sheet arrangement), as 

monitored by TPE-TPP fluorescence, but not ThT fluorescence, without large-scale fibril 

formation as evidenced by time-dependent light scattering data (Fig 6) and TEM images 

(Fig 11). The small change in ANS indicates that there is little alteration in exposed 

hydrophobicity during oligomerisation and fibril formation. Thus, there is no formation 

of large-scale fibrillar species during the initial hours. Subsequently, there is a steady loss 

of a-helicity that is accompanied by formation of amyloid fibrils.  

The trigger for amyloid fibril formation may be structural changes arising from domain 

swapping that commence early on but occur to a greater extent after 18 hours of 

incubation. A moderate red shift in the tryptophan fluorescence emission maximum (~5 

nm) and a linear decrease in intensity suggest partial unfolding or quaternary structural 

rearrangement of mAcot7 during oligomerization and fibril formation. In doing so, the 

mAcot7 N- or C-terminal domains of one monomer (N-C heteroprotomer) reorient 

themselves that they are adjacent to a domain from another subunit of the same character 

(i.e. a N- or C-terminal domain). As a result, an amyloidogenic precursor is produced 

which facilitates oligomerisation and polymerisation of mAcot7 via a non-nucleation-

dependent mechanism to form a multi-strand  superhelix (as assessed by TEM) amyloid 

fibrillar structure. Domain swapping to facilitate amyloid fibril formation occurs in other 

proteins, for example a similar mechanism involving the production of amyloidogenic 

precursors including the conformational conversion has been observed with proteins such 

as the cysteine protease inhibitors, cystatins and stefins (reviewed in Zerovnik et al. 

(2011) FEBS J. 278, 2263-2282) In addition to the conformational transition, electrostatic  
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interactions affect the propensity of mAcot7 to form amyloid fibrils. Finally, we have 

shown that mAcot7 is enzymatically active for about a week and forms amyloid fibrils 

even when bound to the substrate Arachidonoyl-CoA and enzyme inhibitors (Fig 10). We 

hypothesise that the two of the most stable and prominent forms of mAcot7, i.e. the 

fibrillar and the enzymatically active trimeric heteroprotomer conformation, are in 

equilibrium with each other with constant interexchange. At equilibrium, equal 

proportions of the Acot7 are present  thereby explaining the constant thioesterase activity 

over a long period of time. In doing so, the fibrillar form of mAcot7 acts as a reservoir 

for the other mAcot7 species, more specifically the functionally active form. As a result, 

mAcot7 can be considered as a type of functional amyloid. 
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Supplementary tables and figures 

Table 1. Data collection and refinement statistics for Acot7 
Resolution range 29.67  - 2.6 (2.693  - 2.6) 

Space group P 1 21 1 

Unit cell 67.16 135.33 70.13 90 100.57 90 

Total reflections 269468 (33592) 

Unique reflections 37634 (4555) 

Multiplicity 7.2 ( 7.4) 

Completeness (%) 99.26 (98.75) 

Mean I/sigma(I) 11.4 (1.3) 

Wilson B-factor 76.12 

R-pim 0.033 (0.598) 

CC1/2 0.998 ( 0.715) 

Reflections used in refinement 37570 (3711) 

Reflections used for R-free 1939 (183) 

R-work 0.2308 (0.3630) 

R-free 0.2676 (0.4337) 

Number of non-hydrogen atoms 6718 

  Macromolecules 6566 

  Ligands 149 

  Solvent 3 

Protein residues 913 

RMS(bonds) 0.004 

RMS(angles) 0.84 

Ramachandran favored (%) 98.33 

Ramachandran allowed (%) 1.67 

Ramachandran outliers (%) 0.00 

Rotamer outliers (%) 0.00 

Clashscore 10.86 

Average B-factor 87.35 

  Macromolecules 87.48 

  Ligands 82.09 

  Solvent 64.88 
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Table 2. Hydrogen bonds and salt bridges identified in the crystal structure of Acot7 using PISA. 

 

 

  

Hydrogen bonds
Structure 1 Distance(Å) Structure 2

1 E:CYS 61[ SG ] 3.55 D:GLN 59[ O ]

2 E:CYS 61[ N ] 3.32 D:CYS 61[ O ]

3 E:CYS 61[ N ] 3.79 D:CYS 61[ SG ]

4 E:CYS 61[ SG ] 3.82 D:CYS 61[ SG ]

5 E:ARG 94[ NH1] 2.47 D:GLU 149[ OE1]

6 E:GLN 59[ O ] 3.58 D:CYS 61[ SG ]

7 E:CYS 61[ O ] 3.05 D:CYS 61[ N ]

8 E:CYS 61[ SG ] 3.87 D:CYS 61[ N ]

9 E:GLU 86[ OE1] 2.44 D:ARG 65[ NH1]

10 E:GLU 86[ OE2] 3.28 D:ILE 63[ N ]

11 E:GLU 149[ OE1] 2.76 D:ARG 94[ NH1]

Hydrogen bonds
Structure 1 Distance(Å) Structure 2

1 F:CYS 61[ SG ] 3.82 E:SER 233[ O ]

2 F:CYS 61[ N ] 3.32 E:ILE 235[ O ]

3 F:CYS 243[ N ] 3.38 E:PRO 240[ O ]

4 F:ARG 65[ NH1] 2.92 E:GLU 260[ OE2]

5 F:ARG 94[ NH1] 3.14 E:ASP 317[ OD2]

6 F:ASN 97[ ND2] 2.43 E:VAL 320[ O ]

7 F:CYS 61[ O ] 3.07 E:ILE 235[ N ]

Salt bridges
Structure 1 Distance(Å) Structure 2

1 E:ARG 94[ NH1] 2.47 D:GLU 149[ OE1]

2 E:ARG 94[ NH1] 3.31 D:GLU 149[ OE2]

3 E:GLU 86[ OE1] 2.44 D:ARG 65[ NH1]

4 E:GLU 86[ OE1] 3.83 D:ARG 65[ NH2]

5 E:GLU 149[ OE1] 3.50 D:ARG 94[ NE ]

6 E:GLU 149[ OE1] 2.76 D:ARG 94[ NH1]

Salt bridges
Structure 1 Distance(Å) Structure 2

1 F:ARG 65[ NH1] 3.80 E:GLU 260[ OE1]

2 F:ARG 65[ NH2] 3.69 E:GLU 260[ OE1]

3 F:ARG 65[ NE ] 3.63 E:GLU 260[ OE2]

4 F:ARG 65[ NH1] 2.92 E:GLU 260[ OE2]

5 F:ARG 94[ NH1] 3.14 E:ASP 317[ OD2]

6 F:ARG 94[ NH2] 3.82 E:ASP 317[ OD2]

Hydrogen bonds
Structure 1 Distance(Å) Structure 2

1 F:ILE 235[ N ] 3.10 D:ILE 235[ O ]

2 F:ILE 235[ O ] 3.09 D:ILE 235[ N ]

3 F:ASP 317[ OD2] 3.65 D:ARG 268[ NH2]

4 F:PRO 318[ O ] 3.87 D:ARG 268[ NH2]

5 F:VAL 319[ O ] 3.58 D:ARG 268[ NE ]

Salt bridges
Structure 1 Distance(Å) Structure 2

1 F:ASP 317[ OD2] 3.65 D:ARG 268[ NH2]

Interface 1

Interface 2

Interface 3
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Figure 1. S200 size exclusion chromatography profiles of Acot7 proteins. 

 

  

Figure 2. Secondary structural transitions in mAcot upon amyloid fibril formation. Secondary 

structure content estimation for freshly prepared (0 h) and fibrillar (24 h) protein samples. 24 h proteins 

samples are highlighted in bold. 15 µM of the protein in 10 mM phosphate buffer, pH 7.4, at 37 °C was 

used to collect the spectra for both incubated and non-incubated samples. Deconvolution of the spectra 

to determine the percentage of each secondary structural component was performed using BeStSel 

software http://bestsel.elte.hu/. 

Acot7 FL
N-C fusion protein

N-C cleaved 48 hours

N-N fusion protein

C-C fusion protein
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Figure 3. Chemical forces involved during the process of mAcot7 amyloid fibril formation. (A) 

ANS binding fluorescence emission of 15 µM mAcot7 in 10 mM phosphate buffer, pH 7.4 at 37 °C 

with time over 131 h. Scan time for each spectrum was ~22 min. Each colour-coded spectrum, i.e. black 

spline curves (0 h – 37 h), cyan and red spline curves (37 h – 73 h), green spline curves (73 h – 110 h) 
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and yellow spline curve (110 h – 131 h) represents different intervals of mAcot7 incubation, as labelled 

in the figure. (B) Relative ThT fluorescence of 150 µM mAcot7 (black circle) alone, and in the presence 

of 10 mM lysine (black dot), 10 mM aspartic acid (empty triangle), 10 mM glutamic acid (empty 

diamond) or 10 mM N-acetyl aspartic acid (red circle, right Y-axis marked in red). (C) Relative ThT 

fluorescence of 150 µM mAcot7 (circle) alone, and in the presence of 450 µM iodoacetic acid 

(diamond). mAcot7 was incubated in 100 mM phosphate buffer, pH 7.4 at 37 °C with shaking.  

 

Figure 4. Comparison of mAcot7 conformational changes in the presence of a denaturant and 

under amyloid fibril-forming conditions. Guanidine hydrochloride (GdmCl) induced equilibrium 

unfolding of 10 µM mAcot7 in 20 mM phosphate buffer, pH 7.4 at 37 °C, monitored based on 
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normalised (A) mAcot7 Tryptophan fluorescence emission and (B) ANS fluorescence emission 

(Extrinsic Fluorescence). Each spectrum represents different concentrations of GdmCl and is colour 

coded: 0 M (black spline curve), 1 M (cyan spline curve), 2 M (red spline curve), 3 M (blue spline 

curve), 4 M (yellow spline curve), 5 M (green spline curve), 6 M (magenta spline curve) and 0 M (grey 

spline curve) as indicated in the figures. (C) Real time tryptophan fluorescence emission of 15 µM 

mAcot7 in 10 mM phosphate buffer, pH 7.4, at 37 °C. Scan time for each spectrum was ~10 min and 

was collected for ~123 h. Each colour-coded spectrum i.e. black spline curves (0 h – 28 h), yellow 

spline curves (28 h – 45 h), cyan spline curves (45 h – 52 h), green spline curves (52 h – 71 h), red 

spline curves (71 h – 78 h), grey spline curves (78 h – 96 h), blue spline curves (96 h – 117 h) and 

magenta spline curve (117 h – 123 h) represents different intervals of mAcot7 incubation, as indicated 

in the figure. 
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Appendix 4: Ethics approval for MIA PaCa-2 pancreatic cancer cell line 
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Appendix 5: CSU Animal Care and Ethics Committee (ACEC) and Institutional Biosafety 
Committee (IBC) Approval for mouse xenograft experiments 
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Details of Murrumbidgee Pathology clinical laboratory 

 

 Murrumbidgee Pathology:  ISO 15189:2012:10.50 Anatomical pathology, 10.51 Histopathology, 

.01 Histopathology of biopsy material. (Accreditation No: 19173, Contact: Dr P J Smart, 1 Rabaul 

Place, Wagga Wagga, NSW, 2650) 
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