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Poliovirus Replication: Identification and 
Mechanistic Analysis of Novel Viral-Host 

Interactions  
 

Vanessa Renee Strings 
 
 

Abstract 

 

Poliovirus (PV), the causative agent of poliomyelitis, is an RNA virus classified as 

a human enterovirus in the family Picornaviridae. In order to successfully 

replicate, all RNA viruses are highly dependent on host proteins and membranes. 

Host proteins aid the virus in various ways, for example, facilitating host cell shut 

off, genome circularization, protein trafficking and poly(A) tail extension. Host 

membranes are used to form viral replication complexes. These complexes act 

as structural scaffolds to increase the local concentration of both viral and host 

proteins required for RNA replication. To date, a small number of viral-host 

interactions have been characterized. We hypothesize that in addition to the few 

host proteins that have been previously characterized, there are additional host 

factors that play a role in the PV lifecycle that have yet to be described. 

Discovery and exploration of novel cellular proteins that are usurped for use 

during the viral lifecycle is technically challenging. Therefore, we set out to create 

an efficient, biologically relevant method to identify additional host proteins and 

examine their function in the PV lifecycle. In this work, we generated recombinant 
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PV containing a strep-tag within the non-structural viral proteins. These viruses 

were used as a tool to identify novel viral-host interactions under biological 

conditions. We combined physical interaction maps with genetic and functional 

assays to uncover how enteroviruses hijack cellular machinery. Our study 

provides mechanistic insight into how specific interactions between viral proteins 

and lipid membrane trafficking and signaling components allow the formation of 

virally induced replication organelles during infection.  
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Chapter 1: 

 

Introduction 
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Poliovirus (PV) is the causative agent of Poliomyelitis [1]. It is a human 

Enterovirus and a member of the family Picornaviridae [2]. The primary mode of 

PV transmission is through the oral-fecal route and the oral-oral route [3]. 

Poliovirus replicates within the gastrointestinal tract and in a low number of 

infections the virus enters the central nervous system (CNS) [4,5]. Once in the 

CNS the virus destroys motor neurons, which leads to muscle weakness and 

ultimately paralysis. Jonas Salk and Albert Sabin generated two vaccines in 

order to combat poliovirus infection, Inactivated Polio Vaccine (IPV, 1955) [6] and 

Oral Polio Vaccine (OPV, 1962) [7] respectively. Both the IPV and OPV vaccines 

produce neutralizing antibodies that protect and persist in the body throughout a 

person’s lifetime.  

 

Poliovirus was isolated over 100 years ago, and has since become a landmark 

model for studying the basic biology of viral genome replication, a fundamental 

requirement for disease. Additionally, the study of poliovirus has been a major 

factor in the elucidation of many aspects of eukaryotic gene expression. In order 

to accomplish a productive infection, viruses rely on specialized mechanisms to 

accomplish faithful replication of their genomes inside host cells. The poliovirus 

genome contains many regulatory signals within its compact RNA genome 

making its mechanism of replication very complex and efficient. 
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Poliovirus Genome Organization  

 

Poliovirus (PV) is a positive sense RNA virus. Its genome is approximately 7500 

nucleotides in length and can be divided into three segments, (1) the 5’ 

untranslated region (UTR) (2) the open reading frame (ORF) and (3) the 3’ UTR 

followed by a poly(A) tract [8]. The 5’ UTR consists of 743 nucleotides and 

contains a large amount of secondary structures (Figure 1). The cloverleaf is 

required for efficient replication while the IRES structure is required for translation 

of the viral genome [9-12]. The ORF is 6528 nucleotides in length and codes for 

both structural and non-structural viral proteins. The structural proteins (P1 

region) are not required for genomic replication however, the non-structural 

proteins (P2 and P3 regions) that are essential for viral replication [13]. The 

polyprotein is translated into one large polyprotein that is proteolytically 

processed into 11 viral proteins by the virally encoded proteases 2A, 3CD and 

3C [14]. The 3’ UTR is composed of 72 nucleotides and contains two stem loop 

structures that interact to form a tertiary structure refereed to as the “kissing 

interaction” [15,16]. Mutations disrupting the tertiary structure within the 3’ UTR 

were shown to negatively affect viral replication [15,16]. Immediately following 

the 3’ UTR is a poly(A) tail of approximately 80 nucleotides. Research has shown 

that the virus requires a minimum of 12 adenosine residues is required for 

efficient replication [17]. 
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Figure 1: Poliovirus Genome. The 5’ UTR contains the cloverleaf and IRES 
element. The coding region can be divided into structural and non-structural 
regions. The structural region encodes the proteins that form the viral capsid 
while the non-structural proteins are essential for viral replication. Lastly, the 3’ 
UTR contains two stem loop structures followed by a poly(A) tail of approximately 
80 adenosine residues. The proteolytic cleavages by the viral proteases are 
indicated by the black arrows both precursors and fully processed viral proteins 
are shown.  
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Poliovirus Lifecycle 

 

Entry and Uncoating 

 

PV enters the host cell via the Cluster of Differentiation 155 (CD155) otherwise 

known as the PV receptor (PVR) located on the cell surface. PVR is a type I 

transmembrane glycoprotein with three extracellular Ig-like domains (D1-D3) in 

the immunoglobulin superfamily[18]. The D1 domain of PVR is recognized by the 

virus capsid. The interaction between the viral particle and PVR facilitates an 

irreversible conformational change of the viral particle necessary for viral entry 

[19-22]. The complete mechanism of viral entry is not well understood, however, 

it is thought that the N-terminus of VP1 and possibly VP4 may facilitate cell entry 

by disrupting the cell membrane or by forming a pore through which the viral 

RNA is injected into the cell [23,24]. 

 

Translation 

 

Upon entry into the host cell, the virus hijacks the cellular translation machinery 

in order to translate the viral genome [9]. Cap-dependent translation is initiated 

by binding of eIF4E to the m7G cap group at the 5’ end of mRNA. This binding 

leads to recruitment of translation initiation factors and subsequently initiation of 

protein synthesis [25]. Due to the fact that PV lacks an m7G cap at it 5’ end, it 

depends on cap-independent translation and utilizes the internal ribosomal entry 
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site (IRES) in the 5’ UTR of its genome to begin protein synthesis [26-29]. The 

viral RNA is translated into one large polyprotein that is quickly processed into 

precursors and fully processed viral proteins, via virally encoded proteases [14] 

(Figure 1 and Figure 2). All of the non-structural viral proteins are required for a 

successful PV infection (Table 1). Additionally, the cloverleaf structure within the 

5’ UTR is essential for translation of the viral RNA. Deletion of the cloverleaf 

structure greatly reduces levels of viral translation [12,30,31]. Once there is a 

sufficient amount of viral proteins there is a switch from translation to replication. 

 

 

 

 

Table 1: Poliovirus Proteins and Function during the Viral Lifecycle 

Viral Protein Function during Viral Lifecycle 
VP0, VP1, VP2, VP3, VP4 Compose the viral capsid 
2Apro, 3Cpro, 3CDpro Proteases; Cleaves the viral polypeptide 
3B (VPg) Binds viral RNA required for positive and negative 

strand synthesis 
2BC, 2B, 2C, 3AB, 3A, 3B Encompass the viral replication complex 
3Dpol RNA dependent RNA polymerase; Replicates the 

viral RNA genome. 
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Figure 2: Poliovirus Lifecycle. PV enters the cell via the PV receptor (CD155). 
Upon entrance into the cell the viral positive strand RNA is released into the 
cytoplasm. The RNA is translated via host machinery and quickly processed into 
precursors and fully processed viral proteins that are all required for successful 
PV replication. Once there is a sufficient amount of viral proteins there is a switch 
from translation to replication. During viral replication the positive strand RNA is 
used as a template to form a complimentary negative strand. The negative strand 
is then used as a template to produce multiple positive strand genomes. The 
newly synthesized positive strand genomes can either be packaged into a viral 
capsid for release from the cell or be recycled into the translation or replication 
cycles. 
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Replication Complex Formation 

  

RNA synthesis takes place in the cytoplasm within membranous replication 

complexes. PV replication complex formation is thought to begin at the Golgi, 

specifically within the trans-Golgi network [32]. The non-structural viral protein 

3AB interacts with host membranes through the C-terminal hydrophobic domain 

in the 3A protein [33,34]. Membrane anchored PV 3A binds Golgi brefeldin A 

resistant guanine nucleotide exchange factor 1 (GBF1) and acyl-CoA binding 

domain containing 3 (ACBD3), both of which are thought to aid in the recruitment 

of Phosphatidylinositol 4-kinase beta (PI4KB) to site of the replication complex. 

PI4KB produces Phosphatidylinositol 4-phosphate (PI4P) rich membranes, which 

recruits the PV polymerase, 3D, to initiate viral replication [35]. The replication 

complexes contain the viral RNA as well as the viral proteins [36]. It is thought 

that the replication complex functions to concentrate the viral proteins at the site 

of replication. 

 

Viral Replication 

 

During viral replication the positive strand RNA is used as a template to 

synthesize a complimentary negative strand. This results in the formation of a 

double stranded intermediate called the replicative form (RF) (Figure 3). The 

negative strand is then used as a template to produce multiple positive strand 

genomes. This produces an intermediate that is partially single and double 
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stranded called the replicative intermediate (RI) (Figure 3). Approximately 50 new 

positive strand genomes are produced from a single negative strand. It is thought 

that the negative strand genome only exists in association with positive strand 

RNA and is not found freely in the cell [37]. The newly synthesized positive 

strand genomes synthesized during replication can either be packaged into a 

viral capsid for release from the cell or be recycled into the translation or 

replication processes. 

 

In order initiate negative strand synthesis ternary complexes composed of viral 

and cellular proteins must form at the 5’ and 3’ ends of the viral genomes. Within 

the 5’ UTR, viral protein 3CDpro binds stem loop d of the cloverleaf structure while 

cellular protein PCBP1/2 binds stem loop b [11,38,39] (Figure 3). Immediately 

following the viral 3’ UTR, cellular protein PABP binds to the poly(A) tail. The 

poly(A) tail must be at least 8-12 adeonsine residues in order to support PABP 

binding [17]. The ternary complex formed around the cloverleaf structure at the 5’ 

end of the genome can form a protein-protein interaction with PABP at the 3’ end 

of the genome. This leads to the circularization of the viral genome [17]. The 

polymerase and the viral primer, VPg-pUpU, are transferred to the 3’ UTR where 

the polymerase begins to copy the transcript and initiates negative strand RNA 

synthesis [17,40]. The specific mechanisms of positive strand RNA synthesis 

initiation are largely undetermined.  
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Figure 3: Mechanisms of Positive and Negative Strand Synthesis. During 
negative strand synthesis cellular proteins PCBP1/2 and PABP bind the stem 
loop B of the cloverleaf and the poly(A) tail respectively. Viral protein 3CDpro 
binds step loop D of the cloverleaf structure. 3CDpro and PCBP1/2 form a protein-
protein interaction with PABP. The formation of this complex results in a 
circularized genome. This allows the viral RNA dependent RNA polymerase, 
3Dpol to be transferred to the 3’ end if the positive strand and the polymerase 
begins to synthesize the complementary negative strand genome. This yields a 
double stranded intermediate referred to as the Replicative Form (RF). The RF is 
unwound and the negative strand genome is used as a template to make multiple 
positive strand genomes. This forms an intermediate called the Replicative 
Intermediate (RI). New synthesized positive strand genomes can reenter the 
replication cycle or become packaged and released from the cell or be translated 
to generate additional viral proteins.  
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Assembly, Encapsidation and Exit 

 

The structural proteins, VP1, VP2, VP3 and VP4, form the viral capsid. Sixty 

copies of each protein form an icosahedral structure surrounding a single RNA 

genome. VP1, VP2, and VP3 are on the outer surface of the capsid while VP4 

resides in the interior compartment of the capsid near the viral RNA [41-44]. The 

viral RNA enters an incompletely formed capsid. Viral proteases, 2Apro, 3Cpro and 

3CDpro subsequently make cleavages of the structural proteins to complete the 

formation of the capsid surrounding the viral genome [45,46]. The mature viral 

particles are released from the cell via cellular lysis. Approximately 10,000 virions 

can be released from and infection of a single cell [6]. 

 

Current Challenges in PV Replication 

 

PV lifecycle is a complex process that requires precursor and fully processed 

viral proteins as well as host proteins. Currently, a small amount of viral-host 

interactions have been characterized. We hypothesize that in addition to the few 

host proteins that have been previously characterized, there are additional host 

factors that play a role in the viral lifecycle that have yet to be described. 

Discovery and exploration of novel cellular proteins that are usurped for use 

during the viral lifecycle remains challenging [47]. Consequently, we set out to 

create an efficient, biologically relevant method to identify additional host proteins 

and examine their function in the PV lifecycle. 
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In this Dissertation 

 

We examined PV replication by studying the mechanism of an outstanding 

question in the Picornavirus field. Then transitioned to identifying novel virus-host 

interactions and elucidating their function in the viral lifecycle. We began by 

examining the mechanism of poly(A) tail extension within the 3’ UTR of the 

poliovirus genome. Our lab hypothesized that cellular protein Poly(A) Polymerase 

was responsible for poly(A) tail extension and could possibly be carrying out the 

extension using two methods, de novo extension or reiterative copying (Chapter 

2). 

 

Taking a target discovery approach to identify mechanism and components of PV 

replication, we set out to create a unique method to identify novel viral-host 

factors that play a role in PV replication cycle. We engineered infectious viruses 

that contained a strep tag insertion within the non-structural PV proteins (Chapter 

3). This approach is superior to traditional identification methods [48-56] because 

the use infectious tagged virus allows capture of biological interactions of both 

precursor and mature viral proteins in the context of a physiological viral 

infection.   

 

Using affinity purification-mass spectrometry (AP-MS), we identified interacting 

partners of both precursors and mature proteins (Chapter 4 and Chapter 5). 

Lastly, we focused on one novel viral-host interaction in particular, TIP47 and PV 
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3A (Chapter 6). Our data show that TIP47 specifically interacts with PV 3A and 

its precursor PV 3AB. Furthermore; PV replication is significantly reduced when 

TIP47 is downregulated and this effect is exacerbated in cells with altered LD 

composition. Taken together, we propose that TIP47 participates in replication 

complex formation by facilitating the trafficking and recruitment of lipids from LD 

to the virus replication complex.  
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Introduction 

 

Negative strand synthesis of Poliovirus (PV) is thought to initiate towards the end 

of the poly(A) tail [1]. The cellular protein poly(rC) binding protein (PCBP) and the 

viral polymerase precursor, 3CDpro, bind to the cloverleaf structure in the 5’ UTR 

[2,3]. Cellular PCBP protein interacts with poly(A) binding protein (PABP) bound 

to the 3’ UTR-poly(A) resulting in circularization of the poliovirus genome [4]. The 

polymerase and the viral primer, VPg-pUpU, are transferred to the 3’ UTR where 

the polymerase begins to copy the transcript (see Chapter 1, Figure 3). If the 

poly(A) tail is not elongated to a length that supports the binding of PABP then 

the viral transcript is unable to circularize, the polymerase will not be transferred 

to the 3’ end and negative strand synthesis is therefore inhibited [4]. This 

prevents positive strand synthesis and subsequent propagation of the virus. 

Consequently, the elongation of the poly(A) tail during replication an essential 

step for successful replication to occur. 

 

Early studies on the 3’ UTR of poliovirus led to the hypothesis that the poly(A) tail 

was genetically encoded, meaning that during replication there was faithful 

copying of the entire RNA template [5,6]. However, recently it was found that 

positive and negative strands isolated from HeLa cells have different poly(A) and 

poly(U) tail lengths, respectively. The positive strand poly(A) tail was 4 times the 

length of the negative strand poly(U) tail [7]. Because the negative strand is used 

as a template to make multiple positive strands, a mechanism to extend the 
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poly(A) tail to the wildtype length of 80-100 adenosine residues must exist. To 

date, both the enzyme responsible for extending the poly(A) tail as well as the 

mechanism of extension are unknown. 

 

We set out to determine the mechanism of poly(A) tail extension in newly 

synthesized positive strand RNA genomes. Specifically, we wanted to 

differentiate between two models: Extension and Reiterative Copying (Figure 1). 

In the Extension model we hypothesized that the RNA-dependent RNA 

polymerase (RdRp) or cellular poly(A) polymerase (PAP) has terminal nucleotide 

transferase (TNT-like) activity and is capable of 3’ terminal adenylate additions 

thereby synthesizing the poly(A) tail de novo [8]. On the contrary, in the 

Reiterative Copying model we hypothesized that the RNA-dependent RNA 

polymerase (RdRp) stutters over a five-nucleotide template located on the 

negative strand RNA template multiple times to further extend the poly(A) tail.  
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Figure 1: Potential Mechanisms of Poly(A) Tail Extension. During positive 
strand synthesis the negative strand is used as a template to produce multiple 
positive strand genomes. Due to the fact that the negative strand template 
contained 8 uracil residues, the newly synthesized viral genomes should have a 
poly(A) tail of approximately 8 adenosine residues. In the Extension Model, once 
the newly synthesized positive strand RNA is no longer associated to the 
negative strand RNA, the short poly(A) tail is bound by an unknown enzyme that 
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extends the poly(A) tail to its WT length of 80nt. In the Reiterative Copying 
Model, once the 3Dpol reaches the end of the negative strand template, it begins 
to stutter on the short tract of uracil residues producing the extended WT length 
poly(A) tail.   
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In order to test our hypothesized models, point mutations were introduced into 

the uracil track of stem loop X located in the 5’ UTR of the poliovirus negative 

strand genome, the suspected stuttering template (Figure 2). Viral RNA was 

synthesized from these altered constructs using a standard in vitro transcription 

reaction and transfected into HeLa S3 cells. After a successful round of 

replication, the released viruses were assayed in a standard plaque assay, and 

then individual virus colonies were plaque purified and used to infect additional 

cells. Following cytopathic effect (CPE) of the cells, viral RNA were extracted, 

reverse transcribed and sequenced in order to observe the composition of the 

poly(A) tail. 
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Figure 2: Structure of Stem Loop X and Y in the PV 3’ UTR. Wildtype, 5nt U-
A/A-U mutant and 1;5nt U-G/A-C mutants are shown. Mutated bases are 
highlighted in red. 
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Material and Methods 
 

Cell Culture 

HeLa S3 cells were grown in tissue culture flask in DMEM/F12 50/50 medium 

supplemented with 1x penicillin/streptomycin/glutamine and 10% newborn calf 

serum. Cells were incubated at 37ºC and 5% CO2. 

 

Primers 

Primer 
Name Orientation Sequence 

BglII 
Forward Forward TGGTGAAAGCATTGTGATCGAT 

P132seq 
For Forward TGGAAGAGCTTTATTGCTCCCA 

Rluc 
BB27 Reverse ACGAGGCCCTTTCGTCTTCAAG 

Rev 
P117 BB Reverse ATTGTCTCATGAGCGGATACATA 

5nt T-
A/A-T 
mutant 

Reverse tatatGGGCCCttttttttAAAAACTCCGAATTAAAGTTTTTTTTACCCCTA 

1;5nt T-
G/A-C 
mutant 

Reverse tatatGGGCCCttttttttGtttGCTCCGAATTAAAGCAAACTTTACCCCTA 

 

Cloning constructs 

In order to generate Stem loop X mutants primers containing mutated 

nucleotides were synthesized: 5nt T-A/A-T mutant and 1;5 T-G/A-C mutant. To 

generate the 5nt T-A/A-T mutant, PCR was performed using 5nt T-A/A-T mutant 

and Rluc BB27 or Rev P117 BB primers. To generate 1;5 T-G/A-C mutant, PCR 

was performed using 1;5 T-G/A-C mutant and Rluc BB27 (replicon) or Rev P117 

BB (WT) primers. The mutated fragments were cloned into the infectious cDNA 

or Luciferase replicon clones using BglII and EcoRl (WT) or ApaI (replicon) 

restriction sites. Mutated clones were verified by Sanger sequencing. 
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In vitro transcription reaction 

Poliovirus DNA plasmids were linearized with ApaI (replicon) or EcoRI (WT). The 

linear DNA was purified and was used in an in vitro reaction to generate 

infectious viral RNA. RNAs were transcribed in reactions containing 

bacteriophage T7 RNA polymerase, 1X transcription buffer (80 mM HEPES-

KOH, pH 7.5, 24 mM MgCl2, 2 mM spermidine, 40 mM DTT) and 7.5 mM NTP-

mix. After incubation at 37°C overnight, 2 U DNase I (Fermentas) was added and 

reactions incubated at 37°C for 30 minutes. RNA was precipitated by adding 1 

volume of 100% Ethanol and 1/10 volume NH4OAc. Samples were incubated for 

1 hour at -20°C. Reactions were centrifuged at 15,000 rpm for 20 min at 4°C, 

pelleted RNA was washed once with 70% ethanol. The viral RNA was 

resuspended to a concentration of 1µg/µL in RNase-free water.  

 

Plaque assay 

HeLa S3 cells were seeded in 6-well plates at a concentration of 1.5x106 

cells/well and incubated overnight at 37ºC and 5% CO2. Virus supernatant was 

diluted in a 1:10 dilution series in DMEM/F12 complete medium. Cells 

monolayers were washed once with PBS then 250µl of virus dilution was added 

per well. To allow virus attachment, cells were incubated with the virus inoculum 

for 30 mins at 37ºC and 5% CO2. Each well was overlayed with 5ml of 1% 

agarose in 1X DMEM/F12 complete. Plates were incubated for 2 days at 37ºC 

and 5% CO2. Agarose overlays were then removed and plates were stained 
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crystal violet dye (0.1% crystal violet, 20% ethanol) to visualize the plaques 

which where then counted and a titer was calculated. 

 

Plaque purification 

Plaque assays were performed using a P0 stock of WT and Stem loop X mutant 

viruses as described above. At 48 h post-infection the plaques were identified 

through the agarose overlay, marked, and "picked" using a 10 µL pipette tip. 

Picked plaques were amplified by infecting individual wells of 24-well tissue 

culture plates containing confluent (~5x105 cells/well) HeLa S3 cells in 500 µL 

complete culture medium. Plates were incubated at 37ºC and 5% CO2 until CPE 

was observed, approximately 48 h post infection. After three freeze/thaw cycles, 

samples were centrifuged at 14,000 rpm for 1 min in a 5415 C centrifuge 

(Eppendorf) and supernatants stored at -20ºC.  

 

Poliovirus RNA Transfection and Luciferase Replicon Assay 

HeLa S3 cells were collected, washed three times with PBS without salt, and 

resuspended to a concentration of 5x106 cells/ml. 800µl of cells were 

electroporated with 20µg of replicon RNA in a 0.4cm cuvette using an Electro 

Cell Manipulator 600 (BTX Inc.). Cells were recovered in16ml of medium and 

divided into two-8ml aliquots. A final concentration of 2mM Guanidine 

Hydrochloride was added to one of the aliquots. 2x105 cells were plated per well 

in 12-well plates and incubated at 37ºC in a 5% CO2 incubator. Cells were 

harvested for luciferase assay every hour for 7 hours. At the indicated time cells 
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were scraped from the 12 well plate and spun down at 3000 rpm. Cell pellets 

were then lysed in 100µl of cell culture lysis reagent (Promega). Luciferase 

activity in 10µl lysate was determined in a luminometer using the luciferase assay 

system (Promega).   

 

Infection, RT-PCR and Sequencing 

HeLa S3 cells were seeded at a concentration of 7x106 cells/10cm dish and 

incubated overnight at 37ºC and 5% CO2. The next morning the cells were 

infected with an MOI=10. The viral inoculum was incubated with the cells for 30 

mins at 37ºC and 5% CO2 to allow virus attachment. Cells were then washed 

three times with PBS and 7ml of fresh media was added to the cells. CPE was 

reached following an overnight incubation at 37ºC and 5% CO2. 

 

RNA was extracted from the infected cells using Trizol Reagent. Trizol was 

added to the viral suspension at a 1:1 ratio then vortexed for 15 secs. 0.2 

volumes of choloform was added to the reaction, mixed by hand then incubated 

at room temperature for 3 mins. Following centrifugation, the supernantant was 

precipitated by adding 0.5 volumes of isopropanol. The RNA pellet was washed 

once with ethanol then resuspended in 40µl of RNase free H2O. 

 

Thermoscript RT-PCR system for First Strand cDNA Synthesis (Invitrogen) was 

used to synthesize cDNA from extracted RNAs. 1 µg of resuspended RNA was 

combined with 0.5mM dNTPs and 1µl dT primer and brought to a final volume of 
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13µl with ddH2O. The sample was incubated for 5 mins at 65ºC then placed on 

ice for 1 minute. 4µl of 5X RT reaction buffer, 1µl RNAse out, 5nM DTT and 1µl 

Thermoscript was added to the reaction and brought to a total volume of 20µl 

with ddH2O. The reaction was incubated at 50ºC for 1 hour. Then stored at -

20ºC. 

 

Using PV genome specific primers, BglII forward and oligo dT reverse, the viral 

genome was amplified in a PCR reaction that contained 1x PCR buffer, 1.5mM 

MgCl2, 2µl cDNA, 0.4µM of each primer, 200µM of dNTP, 2.5U Taq DNA 

polymerase and water to 50µl. DNA was amplified using the following program: 

Denaturing 95ºC - 2 min 

Denaturing 95ºC 30sec 

  Annealing 56ºC 30sec 

   

          34 cycles 

Extension 72ºC -1 min/1kb         

Extension 72ºC 5 min 

 

The amplified DNA fragments were purified using a PCR clean up column kit 

(NucleoSpin Extract II; Machery-Nagel)  and sequenced by ELIM 

Biopharmaceuticals using ‘P132seg for’ primer. 
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Results 

 

Stem Loop X Mutants Yield Unique Plaque Phenotype 

 

Introducing mutations into the Poliovirus (PV) genome can cause detrimental 

effects to the virus or greatly decrease the viral titer. This is especially true in 

regions that contain secondary structures that are essential for viral replication 

[9]. In order to examine the fitness cost of the Stem Loop X mutants, we infected 

HeLa S3 cells with WT PV, 5nt T-A/A-T mutant PV, and 1;5nt T-G/A-C mutant 

PV. Following an overnight incubation the viral phenotype was analyzed via 

plaque assay. WT PV contained a titer of 1.24x109 PFU/ml and the plaque 

phenotype was uniform-medium sized (Figure 3A). However, both mutant viruses 

contain a significantly reduced viral titer. The 5nt T-A/A-T mutant PV contained 

3.2 log less PFU/ml when compared to WT PV. Furthermore, the mutant virus 

contained a mixed population of medium sized and pinpoint plaques (Figure 3B). 

The plaque phenotype of the 1;5nt T-G/A-C mutant PV was identical to WT PV. 

Yet the overall viral titer was decreased by 1.7 log when compared to WT PV 

(Figure 3C). The mutant viruses that were generated were capable of producing 

viable, infectious virus however; there was a fitness cost to containing mutations 

in Stem Loop X. 
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Figure 3: Plaque Phenotype of WT PV and Stem Loop X Mutants (A) WT PV 
contained a medium size plaque phenotype and yielded a titer of approximately 
1.24x109 PFU/ml. (B) The 5nt T-A/A-T mutant PV contained a mixed population 
of medium sized and pinpoint plaques and the viral titer was approximately 
6.4x105 PFU/ml. (C) The 1;5 T-G/A-C mutant PV contained plaques that were 
phenotypically similar to WT PV, though, the overall titer of the virus was 2x107 
PFU/ml, 1.7 log less than WT PV. 
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Examination of the Replication Kinetics of the Stem Loop X Mutants 

 

Generation of the Stem Loop X mutants yielded viable virus that produced less 

infectious viral particles when compared to WT PV. In order to determine if the 

mutations in Stem Loop X had an affect on the kinetics of viral replication we 

performed a one step growth assay using replicon RNA with the mutations in 

Stem Loop X (Figure 4). Viral replication was inhibited in the presence of 

Guanidine Hydrochloride (GuHCl) however viral translation was still functional 

(Figure 4, dotted lines). The level of translation in the 5nt T-A/A-T and 1;5nt T-

G/A-C mutant PV was similar to that of WT PV. Conversely, there was a 0.5 log 

decrease is viral replication at 3 hours post transfection in the mutant viruses 

compared to WT PV (Figure 4, solid lines). However, by 4 hours post transfection 

the viral kinetics between 5nt T-A/A-T mutant PV, 1;5nt T-G/A-C mutant PV and 

WT PV are indistinguishable. Therefore we can conclude, the mutations in Stem 

Loop X do not negatively affect the replication of the virus. 
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Figure 4: Growth Kinetics of Stem Loop X Mutants. Replicon RNAs were 
transfected into HeLa S3 cells and viral growth was assayed using a luciferase 
assay. Dotted lines represent samples treated with Guanidine Hydrochloride, an 
inhibitor of viral replication that is only capable of translating their viral genomes. 
Solid lines represent untreated samples capable of translation and replication. 
There is a lag in replication in the Stem Loop X mutants at 3 hours post 
transfection when compared to WT PV; however, replication of the three viruses 
is indistinguishable between 4-7 hours post infection. RLU= Relative Light Units. 
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Examination of Poly(A) Tail Sequence 

 

Point mutations were introduced into the uracil track of stem loop X located in the 

5’ UTR of the poliovirus negative strand genome, the suspected stuttering 

template (Figure 2). Viral RNAs were extracted, reverse transcribed and 

sequenced in order to observe the composition of the poly(A) tail. WT PV 

contained the standard Stem Loop X sequence. Therefore, the uracil track did 

not contain any mutations (Figure 5A, black boxes). Following a successful 

replication cycle a long poly(A) tail was produced.  

 

By mutating the uracil track to an adenosine track (AAAAA), 5nt T-A/A-T mutant, 

we expected to see a poly(U) tail if in fact the reiterative copying mechanism was 

being utilized by the virus to extend the poly(A) tail. Following sequencing, we 

found that the introduced mutations in the uracil track were still present (Figure 

5B, purple boxes) yet, interestingly; a long poly(A) tail was produced from the 

mutated virus (Figure 5B). Supporting the Extension Model as the mechanism of 

poly(A) tail extension in PV infected cells. 

 

When the uracil track was further mutated to GTTTG, 1;5nt T-G/A-C mutant, we 

expected to find stretches of adenosine residues interrupted by a cytosine 

residues, a repeating CAAACCAAAC sequence. Such a result would support the 

reiterative copying mechanism as the method most likely used to extend the 

poly(A) tail in poliovirus. However, a long poly(A) tail was produced even though 
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mutations in the uracil track were present and did not revert back to WT 

sequence (Figure 5C, purple boxes). Both of these experimental cases suggests 

the Extension Model as the possible mechanism used by the virus during 

replication to extend the poly(A) tail. 
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Discussion 

 

In this work our objective was to determine the mechanism of poly(A) tail 

extension in newly synthesized positive strand RNA genomes. Our experiments 

used Stem Loop X mutants (Figure 2) to differentiate between the Extension and 

Reiterative Copying models (Figure 1). In the Extension model we hypothesized 

that the RNA-dependent RNA polymerase (RdRp) or cellular poly(A)polymerase 

(PAP) with terminal nucleotide transferase (TNT-like) activity and was capable of 

3’ terminal adenylate additions thereby synthesizing the poly(A) tail de novo [8]. 

Regardless of the presence of mutations in the uracil track in Stem Loop X. On 

the contrary, in the Reiterative Copying model we hypothesized that the RNA-

dependent RNA polymerase (RdRp) stutters over a five-nucleotide template 

located on the negative strand RNA template multiple times to further extend the 

poly(A) tail.  

 

Our results show that the stuttering mechanism is unlikely to be used by the 

polymerase to extend the poly(A) tail. Completely mutating the uracil tract to an 

adenosine tract should have produced a poly(U) tail if the reiterative copying 

mechanism was used. However, a poly(A) tail was synthesized. A poly(A) tail 

was also produced when the residues at position 1 and 5 of the uracil track were 

mutated. These results indicate that the reiterative copying model is not used my 

the virus, but rather the extension model is used to extend the poly(A) tail to its 

WT length.   
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It is also possible that the uracil track that we presume to be the location of 

stuttering by the RdRp was not accurate. The RdRp could have used a different 

template, not mutated in our experiments, to create the poly(A) tail using the 

reiterative copying model. In order to address this caveat, additional mutants 

need to be generated that have mutations extended past the uracil track. It is 

also essential to ensure that these mutations do not affect PABP binding and 

therefore negative and positive strand synthesis.  

 

These experiments were successful in aiding to expand our understanding of the 

mechanism of poliovirus replication. Though it is difficult to fully understand 

mechanism without concrete evidence of the cellular factor responsible for the 

function. Future work should focus on identifying cellular factors that play roles in 

the viral replication lifecycle.
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Introduction 

 

In order to successfully replicate Poliovirus (PV) utilizes virally encoded proteins 

as well as host proteins. To date, a small number of viral-host interactions have 

been characterized (Table 1). These interactions were found using a wide variety 

of traditional methods such as yeast and mammalian two-hybrid system analyses 

[1-4], genetic studies [2,5,6], RNAi screening [7,8] and overexpression/ 

purification analysis [9]. The PV lifecycle is very complex and we hypothesize in 

addition to the few host proteins that have been previously characterized, there 

are additional host factors that play a role in the viral lifecycle that have yet to be 

described. Discovery and exploration of novel cellular proteins that are usurped 

for use during the viral lifecycle remains challenging [10]. Consequently, we set 

out to create an efficient, biologically relevant method to identify additional host 

proteins. 

 

In order to identify novel host proteins that play a role in the PV lifecycle, an 

infectious virus containing a strep-tag insertion within the PV non-structural 

proteins was engineered. This approach is superior to other methods of 

identification [9] because the use infectious tagged viruses allows capture of 

biological interactions between both precursors and mature viral proteins in the 

context of a physiological viral infection. Furthermore, viral-host interactions can 

be examined at a range of time points during infection in contrast to a single 

snapshot in time. 
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However, there are challenges that come along with this technique. Insertions 

within the viral genome are known to be unstable or not tolerated [10]. Insertions 

could potentially inhibit the function of the essential viral proteins, rendering the 

virus incapable of replication. Therefore, prior to engineering strep-tagged 

viruses, several factors had to be taken into consideration, mainly, the location 

and the nucleotide sequence of the strep-tag. The PV genome is translated as 

one large polyprotein and cleaved into precursors and fully processed proteins all 

of which play a role in the viral lifecycle [11-13] (see Chapter 1). In order to 

maintain the endogenous cleavage sites within the viral genome the strep-tags 

were inserted five amino acids away from the C and N termini. Initially, inserting 

the strep-tag in the center of the viral proteins was avoided in order to maintain 

the endogenous function of the viral proteins. PV is known to delete insertions in 

the viral genome using recombination [14]. In order to decrease the probability of 

deletion of the strep-tag insertion degenerate strep sequences were used (Figure 

1). Taking these factors into consideration we were able to successfully engineer 

infectious PV containing 2xStrep-tag insertions within the non-structural viral 

proteins. 
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Table 1: Viral-Host Protein Interaction and Method of Discovery  
 
Host Protein Viral Protein Discovery Method Citation 
ACBD3 3A Coimmunoprecipitation 

Assays 
[7, 9] 

GBF 3A Yeast Two-Hybrid [15, 16] 
LIS1 3A Overexpression [17] 
VCP 3A siRNA screen [8] 
PCBP1/2 3Cpro, 3CDpro Genetic Manipulation; 

Binding Assays 
[18-28] 

PABP 3CDpro Binding Assays [29] 
Sam68 3Dpol Yeast Two-Hybrid; 

Coimmunoprecipitation 
Assays 

[30, 31] 

PI4K 3Dpol Binding Assays [32, 33] 
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Materials and Methods 
 
Primers 

 
Primer 
Name Orientation Sequence 

BMT I for Forward TAGAGCAAAAAGCGCTAGCACAG 

KAS I rev Reverse AGTTTGGCGCCCACCGAGATTTA 

SnaBI for Forward TATGTACGTACCACCAGGCGCT 

EcoRI rev Reverse ATTCATCGATGAATTCGGGCC 

BmgBI for Forward TATAACACGTCCACGTACTCG 
2A-1xstrep 
rev N-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCATTGGTGTCCGAATCCATATG 

2A-1xstrep 
for N-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGAACAAAGCGGTGTACACTGC 

2A-1xstrep 
rev C-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCAAGGTATCTCCAGAACATCGC 

2A-1xstrep 
for C-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGGAAGCCATGGAACAAGGCAT 

2B-1xstrep 
rev N-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCAGTAATTGGTGATGCCTTGTT 

2B-1xstrep 
for N-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGATAGAGTCACTTGGGGCCGC 

2B-1xstrep 
rev C-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCAAGGTATCTCCAGAACATCGC 

2B-1xstrep 
for C-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGTATGTCATCAAGCAAGGTGA 

2C-1xstrep 
rev N-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCACAACCAACTGTCACCTTGCT 

2C-1xstrep 
for N-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGAAGAAGTTTACTGAAGCATG 

2C-1xstrep 
rev C-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCACAGTTTATACATGACATAGA 

2C-1xstrep 
for C-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGGAGGCTTTGTTTCAAGGACC 

3A-1xstrep 
rev N-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCAATACTGGAGTGGTCCTTGAA 

3A-1xstrep 
for N-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGAAAGACTTGAAAATTGACAT 

3A-1xstrep 
rev C-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCACAGTTTATACATGACATAGA 

3A-1xstrep 
for C-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGTTTGCTGGACACCAGGGAGC 

3C-1xstrep 
rev N-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCAATCGAACCCTGGTCCTTGTA 

3C-1xstrep 
for N-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGTACGCAGTGGCTATGGCTAA 

3C-1xstrep 
rev C-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCAGTATGATCGCTTCAGGGCCG 

3C-1xstrep 
for C-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGTTCACTCAGAGTCAAGGTGA 

3D-1xstrep 
rev N-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCACCACTGGATTTCACCTTGAC 

3D-1xstrep 
for N-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGATGAGACCTTCGAAGGAAGT 

3D-1xstrep 
rev C-term Reverse CCAGCTGCCGCCGCCTTTCTCGAACTGGGTGTGGCTCCAACGGCGGTACAATGTTGAGT 

3D-1xstrep 
for C-term Forward AAAGGCGGCGGCAGCTGGTCACATCCGCAATTTGAAAAGTGGCTTGACTCATTTTAGTA 

PV-3335nt-
for seq Forward ACAAGGATGGTACGCTTACA 
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Primer 
Name Orientation Sequence 

PV-3742nt-
for seq Forward TAGGGATCATTACTGCTGGT 

PV-3908nt-
for seq Forward AGAGTTGACCAATATGGTGA 

PV- 
5055nt-for 

seq 
Forward AATGAGAGAAACAGAAGATC 

PV-5231nt-
for seq Forward TTGGATAGTCAACATCACCA 

PV-5903nt-
for seq Forward AGTCATCGGGATGCATGTTG 

PV-7200nt-
for seq Forward GATCCTAGGAACACTCAGGA 

 

Green text indicates restriction site sequences while blue and red text indicates 

strep-tag sequence. Primers used in strep-tag insertion using previously 

identified sites are not shown. 

 

Plasmids and Cloning 

A degenerate 2xStrep-tag insertion containing a flexible linker between the 8 

amino acid strep-tags (TGGAGCCACCCCCAGTTCGAGAAAGGCGGCGGCAG 

CTGGTCACATCCGCAATTTGAAAAG) was cloned individually into the non-

structural PV proteins in the prib(+)XpA WT PV plasmid [34].  

 

Strep-tag was inserted in a site-specific manner using a standard overlap PCR. 

Briefly, the appropriate mutagenesis and PCR primers were combined with 

plasmid template for 30 cycles of PCR using Phusion High-Fidelity DNA 

Polymerase. The first round PCR products were purified (NucleoSpin Extract II; 

Machery-Nagel) and 100 ng of each product was combined as template for the 

second round of PCR. Eight cycles of PCR was performed in the absence of 

PCR primers, then PCR primers were added and an additional 28 PCR cycles 
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performed. The second round PCR products were purified and digested with 

BglII and EcoRI (NEB). The plasmids vectors were digest with BglII and EcoRI 

and dephosphorylated (Antarctic Phosphatase; NEB). The mutated fragment was 

inserted into the pXpa backbone using a Quick Ligation Kit (NEB). Plasmids were 

transformed into DH5-alpha Electroporation- Competent cells (Agilent). Purified 

plasmids were sequenced (Elim Biopharm) to confirm the presence of the correct 

insert. 

 

Cell Lines and Culture Conditions 

HeLa S3 cells were cultured in DMEM High Glucose 50%/F-12 50% mix 

supplemented with 1× penicillin-streptomycin-glutamine (PSG) and 10% fetal 

bovine serum (FBS) at 37ºC and 5% CO2.  

 

Antibodies and reagents 

Commercial and lab generated antibodies were used for Western Blot (WB): anti-

Capsid (WB), anti-2B (WB), anti-2C (WB) [35], anti-3A (WB, IF) [36], anti-3D 

(WB) [37,38], anti-Strep-Tag II-HRP (WB, Novagen, 71591-3), anti-OctA Probe 

(D8)-HRP (WB, Santa Cruz, sc-807 HRP), anti-rabbit-HRP (WB, GE Healthcare, 

NA9340V), anti-mouse-HRP (WB, GE Healthcare, NA9310V). 

  

In vitro Transcription and Virus Production 

Wildtype PV and 2xStrep-tag plasmids were linearized with EcoRI. The linear 

DNA was purified using Nucleospin Extract II columns (Machery-Nagel). DNA 
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was used in an in vitro transcription reaction to generate infectious viral RNA. 

RNAs were transcribed in reactions containing bacteriophage T7 RNA 

polymerase, 1× transcription buffer (80 mM HEPES-KOH, pH 7.5, 24 mM MgCl2, 

2 mM spermidine, 40 mM DTT) and 7.5 mM NTP-mix. After incubation at 37°C 

overnight, 2 U DNase I (Fermentas) was added and reactions incubated at 37°C 

for 30 minutes. RNA was precipitated by adding 1 volume of 100% Ethanol and 

1/10 volume NH4OAc. Samples were incubated for 1 hour at -20°C. Reactions 

were centrifuged at 15,000 rpm for 20 min at 4°C, pelleted RNA was washed 

once with 70% ethanol. The viral RNA was resuspended to a concentration of 

1µg/µL in RNase-free water.  

 

20 µg of each corresponding RNA was electroporated into 4 × 106 HeLa S3 cells. 

Cells were incubated at 37°C until the cytopathic effect (CPE) was visible 

(approximately 24 hours). Viral supernatants were frozen-thawed three times and 

then centrifuged at 12,000 rpm in a tabletop centrifuge. Viral stocks from each of 

the passages were tittered via plaque assay.  

 
 
Plaque Assay 
 
HeLa S3 cells were seeded in 6-well plates at a concentration of 1.5x106 

cells/well and incubated overnight at 37ºC and 5% CO2. Virus supernatant was 

diluted in a 1:10 dilution series in DMEM/F12 complete medium. Cells 

monolayers were washed once with PBS then 250µl of virus dilution was added 

per well. To allow virus attachment, cells were incubated with the virus inoculum 



 54 

for 30 mins at 37ºC and 5% CO2. Each well was overlayed with 5ml of 1% 

agarose in 1× DMEM/F12 complete medium. Plates were incubated for 2 days at 

37ºC and 5% CO2. Agarose overlays were then removed and plates were 

stained crystal violet dye (0.1% crystal violet, 20% ethanol) to visualize the 

plaques which where then counted and a titer was calculated. 

 

One Step Growth Curve 

Confluent HeLa S3 (approximately 1 × 106 cells/well) in 12-well plates were 

washed with cold PBS and infected in quadruplicate with wild type PV or strep-

tagged viruses (2A.st, 2B.st, 3A.st, 3B.st, 3C.st or 3D.st; P4 stock) at an MOI of 

~5 for 30 min at RT with intermittent rocking. The inoculum was then removed 

and the cells washed with PBS and recovered in DMEM/F12 complete culture 

medium and incubated at 37ºC and 5% CO2. Time points were taken every two 

hours. At each time point, samples were frozen at -80ºC. Following three freeze-

thaw cycles the viral supernatants were clarified by centrifugation and each 

replicate was tittered by plaque assay or TCID50. 

 
 
TCID50 Assay 

HeLa S3 cells were resuspended to a concentration of 5x104 cells/mL in 

DMEM/F12 complete cell culture media. 100µL (5x103 cells/well) was added per 

well of a 96-well plate and incubated at 37°C and 5% CO2 24 hours prior to the 

assay. Viral stocks were serially diluted, 1:10, (10-2-10-10). 100µl of each dilution 

was added to one row of the 96-well plate. Samples were incubated at 37°C and 
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5% CO2 for 7 days. Titers were calculated using the Reed and Muench 

Calculator [39].  

 

Western blot 

For Western blot analysis, 5 µL of eluates were run and transferred on standard 

gels, membranes, and equipment (Biorad). Membranes were probed with anti-

virion, anti-2B, anti-2C, anti-3A, anti-3D, or anti-strep primary and anti-rabbit or 

mouse secondary antibodies. HRP activity was assayed using Pierce ECL Plus 

Western Blotting Substrate (Thermo Scientific).  
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Results 
 
 
Infectious PV Clones Containing 2xStrep-Tag Insertion 
 
 
Poliovirus clones containing 2xStrep-tags were generated to aid in the discovery 

of novel host factors that interact with viral proteins and play a role in PV 

lifecycle. A 60-nucleotide (nt) 2xStrep-tag (Figure 1) that contained a flexible 

linker between the two Strep-tags was cloned into viral cDNAs using overlap 

PCR. Degenerate strep sequences were used for the tag to inhibit deletion of the 

strep-tag insertion by recombination. We were able to successfully clone 16 

viruses with insertions (Table 2). Prior to downstream experiments, the clones 

were sequenced to ensure the insertion was in the correct location and no other 

mutations were found in the viral genome. 

 

 

 

 

Figure 1: Degenerate 2xStrep-tag Schematic. Strep-tag nucleotide sequence 
is shown in red. Amino acid sequence is shown in blue. Black and grey sequence 
between the strep-tags is a flexible linker. 
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Viral DNA plasmids were linearized and in vitro transcribed to create infectious 

viral RNAs. The RNAs were transfected into HeLa S3 cells and incubated for 

approximately 24-48 hours until the cytopathic effect (CPE) was reached. 

Production of viable virus was examined using a standard plaque assay (Figure 

2). Viable virus was produced from 11 clones, 2A-N, 2A-C, 2A1, 2B-C, 2C-N, 3A-

N, 3B1, 3B2, 3C1, 3D1 and 3D2  (Figure 2- B, C, D, G, J, K, M, N) (3C1, 3D1 

and 3D2 data not shown). However, 5 clones did not produce virus, 2A2, 2B-N, 

2B1, 2C-C, 3A-C (Figure 2- E, F, H, I, L). The lack of virus production in these 

clones was potentially due to the fact that the insertion was placed in a location 

that inhibited the function of a non-structural protein therefore rendering the virus 

incapable of replication. All of the viral clones that were capable of producing 

virus had approximately 1-2 logs fewer infectious viruses compared to WT PV. 

3A-N and 3B1 RNAs produced the lowest amount of infectious virus, 2x103 

PFU/ml and 4x102 PFU/ml respectively (Figure 2, K and M). The majority of the 

2xStrep-tagged viruses contained a plaque phenotype similar to WT at P0. 

However, extremely small pinpoint plaques were produced by 3B1, 3B2, 2B-C 

and 3A-N RNAs (Figure 2, M, N, G and K). 
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Figure 2: Plaque Phenotype and Viral Titer of 2xStrep-tagged Viruses. At 
viral passage 0. (A) WT PV had standard plaque phenotype and produced a viral 
titer of 3.6x108 PFU/ml. (B) Infectious RNA from 2A-N produced virus that had a 
standard plaque phenotype and produced a log less infectious virus compared to 
WT PV, 3.6x107 PFU/ml. (C) 2A-C infectious RNA produced virus that contained 
a standard plaque phenotype however, the amount of infectious virus was 
reduced, 1.2x105 PFU/ml. (D) 2A1 infectious RNA produced virus that contained 
a standard plaque phenotype and yielded a titer of 5.2x106 PFU/ml. (E) Infectious 
RNA from 2A2 did not produce viable virus. (F) Infectious RNA from 2B-N did not 
produce viable virus. (G) 2B-C infectious RNA produced a very small pinpoint 
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plaque phenotype and produced decreased amounts of infectious virus 
compared to WT PV, 2x105 PFU/ml. (H) Infectious RNA from 2B1 did not 
produce viable virus. (I) Infectious RNA from 2C-C did not produce viable virus. 
(J) 2C-N infectious RNA produced a standard plaque phenotype but yielded 
reduced amounts of infectious virus when compared to WT PV, 7.2x105 PFU/ml. 
(K) 3A-N infectious RNA produced a very small, pinpoint plaque phenotype and 
produced extremely low amounts of virus, 2x103 PFU/ml. (L) Infectious RNA from 
3A-C did not produce viable virus. (M) 3B1 infectious RNA produced extremely 
small pinpoint plaque phenotype and yielded highly reduced viral titer, 4x102 
PFU/ml. (N) 3B2 infectious RNA produced a small pinpoint plaque phenotype 
and reduced viral titers compared to WT PV, 8x105 PFU/ml. 3C1, 3D1 and 3D2 
plaques not shown. 
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Production of viral plaques at P0 however, does not indicate the presence or 

absence of the 2xStrep-tag within the viral genome. It is possible that the 

insertion was deleted during the first rounds of replication because it affected the 

stability of the virus. In order to verify the presence of the insertion in the virus, 

RNA was extracted from P0 virus, cDNA was generated using a Reverse 

Transcription reaction and the region that contained the 2xStrep-tag was 

sequenced. Seven viruses, 2A-N, 2B-N, 3A-N, 3B1, 3B2, 3C1 and 3D1, 

contained the 2xStrep-tag insertion at P0. While the remaining four viruses, 2A-

C, 2A1, 2C-C and 3D2 did not contain the tag (Table 2). The insertion of the 

2xStrep-tag was not lethal to the 4 viruses because they were able to conduct 

multiple rounds of replication. During these rounds of replication, we predict that 

the insert was deleted most likely by recombination and removing the insertion 

allowed the virus to increase its overall fitness allowing subsequent replication 

events to occur.  

 

Generation of a stable 2xStrep-tag insertion within the virus is essential for 

discovery of novel-host factors at various points in the replication lifecycle. 

Viruses that delete the insertion within 1-2 passages are unstable and therefore 

are considered problematic and ineffective. In order to verify the stability of the 

2xStrep-tag insertion in our recombinant viruses, we passaged the viruses four 

times in HeLa S3 cells. Following each passage the viral RNA was extracted, 

reverse transcribed to produce cDNA and sequenced for presence of the strep-

tag insertion. All of the viral clones, 2A-N, 2B-N, 3A-N, 3B1, 3B2, 3C1 and 3D1 
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contained the insertion after multiple passages (Table 2). Indicating that they 

were indeed stable and adequate to use for future experiments. 

 

Replication Kinetics and Protein Expression of the 2x-Strep-tagged Viruses 

 

Replication kinetics were examined in the seven stable viruses, 2A-N, 2B-N, 3A-

N, 3B1, 3B2, 3C1 and 3D1, to determine if they were capable of replicating with 

the same kinetics as WT PV. HeLa S3 cells were infected with an MOI=5 and 

time points were taken every two hours for 12 hours. Viral titers were calculated 

using a standard plaque assay. Figure 3A shows the replication kinetics of the P2 

proteins clones 2A-N and 2B-N. There is a significant lag in replication at 4 hours 

post infection (hpi) compared to WT however, by 6 hpi the tagged viruses 

recover and are indistinguishable from WT PV at 10 hpi. Figure 3B shows the 

replication kinetics of the P3 proteins 3A, 3B, 3C (3D is not shown). PV 3A.st and 

PV 3B.st have significant lags in replication at 4 hours post infection. At 8 hours 

post infection the tagged viruses contained similar titers, approximately 0.5 log 

less than WT. All viral clones were capable of replicating with WT kinetics. 
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Figure 3: Growth Kinetics of 2xStrep-tagged Viruses. (A) One-step growth 
curve of PV WT, PV 2A.st and PV 2B.st viruses. (B) One-step growth curve of 
PV WT, PV 3A.st, PV 3C.st and PV 3B.st (PV 3D.st not shown). HeLa S3 cells 
were infected with an MOI=5. Viral titers were determined by plaque assay 
(PFU/ml). 
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The ability to detect the 2xStrep-tagged proteins in infected lysates is crucial for 

Affinity Purification (AP) experiments. To determine if the 2xStrep-tagged virus 

was in fact translated and functional we infected HeLa S3 cells with, 2A-N, 2B-N, 

3A-N, 3B2, 3C1 and 3D1 tagged viruses and a Western Blot was performed on 

the viral lysates for the presence of strep-tagged proteins. PV 2A.st, from the P2 

region of PV, produced strep-tagged 2A that was detectable in the cell lysate 

(data not shown). However, 2B.st did not produce detectable strep-tagged 2B 

protein (data not shown). The P3 region viruses, 3A, 3B, 3C and 3D, produced 

strep-tagged proteins (Figure 4, α-strep). The expression of the viral proteins was 

also examined in comparison to WT PV. Similar to the viral replication kinetics, 

there was a lag in expression of viral proteins at 4 hours post infection yet by 6 

hours post infection the viral protein levels are comparable to WT PV (Figure 4). 

 

Taken together, both the viral replication kinetics and protein expression is most 

similar to WT PV at 6 hours post infection. It is during this time that the virus is in 

the exponential growth phase where there is robust expression of the viral 

proteins and potentially a great amount viral-host interactions would occur during 

this time therefore it was used in follow up experiments.  

 

 
 
 
 
 
 
 
 



 64 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Protein Expression of Tagged Viruses. Western blot of WT PV, PV 
3A.st, PV 3B.st, PV 3C.st and PV 3D.st viruses (2A.st not shown). Infected 
lysates were collected 0-7 hours post infection and blotted for anti-virion, anti-2B, 
anti-2C, anti-3A anti-3D and anti-strep. 
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Discussion 

 

We have created a unique tool to aid in the discovery of novel host factors 

required for PV replication. Our PV 2A.st, 3A.st, 3B.st, 3C.st and 3D.st viruses 

(Figure 5) can be used to probe PV-host protein interactions that occur under 

physiological conditions during infection. Non-structural PV polyprotein 

precursors as well as fully processed proteins have a combination of specialized 

functional roles in the PV lifecycle that are essential for successful replication 

[11-13] which can be observed using our tagged virus. Previously, sites in the PV 

genome that could tolerate small insertions of five amino acids using a random 

transposon-mediated insertion mutagenesis were identified [40]. Excitingly, we 

have shown that PV can tolerate a much larger insertions. We used a site-

specific method directly targeting five amino acids inside of PVs endogenous 

cleavage sites at both the C- and N- termini of PV proteins. In addition, we 

attempted to insert our larger tag into the previously described sites [40] and 

produced viable viruses that stably expressed the strep-tag for multiple 

passages. The creation of viable, infectious tagged viruses is helpful in studying 

aspects of the PV lifecycle under biologically relevant conditions. It is also useful 

for determining viral-host interactions at a range of time points during infection in 

contrast to a single time point. 

 

The replication kinetics and protein expression of the tagged viruses were similar 

to WT PV, and the strep-tag proteins were readily detected in infected cell 
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lysates. We can thus use this system to identify previously described proteins 

known to play a critical role in PV replication which will confirm the functionality of 

our method under biologically relevant conditions. Most importantly, we will be 

able to use our system to identify novel host proteins that play a role in the PV 

replication cycle. 
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Figure 5: Schematic of Engineered 2xStrep-tagged Viruses. 2xStrep 
insertions located within the 2A, 3A, 3B, 3C or 3D viral proteins are shown in red.  
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Table 2: Summary of Tagged Virus Generation. Virus clone name and location 
of insertion (nt) are listed to the left. Each non-structural viral protein is shown in 
a different color. P2 proteins are shown in shades of purple and P3 proteins are 
shown in shades of orange. Test conditions are listed in the first row; 
successfully cloned, virus produced, insertion present at P0, insertion stable at 
P4, expression of 2xStrep, WT replication kinetics and used for follow-up. Black 
boxes represent a positive outcome and continuation of analysis, red boxes 
represent a negative outcome and discontinuation of analysis, and green boxes 
represent viruses that were successfully generated and used for future 
experiments. 

Virus Clone 
Name

Insertion 
Location (nt)

Successfully 
Cloned

Virus  
Produced

Insertion 
Present at P0

Insertion 
Stable to P4

WT Replication 
Kinetics

Expression 
of 2xStrep

Used for  
Follow-Up

2A-N 3401

2A-C 3817

2A1 3535

2A2 3811

2B-N 3848

2B-C 4108

2B1 3901

2C-N 4139

2C-C 5095

3A-N 5126

3A-C 5356

3B1 5401

3B2 5422

3C-N 5453

3C-C 5971

3C1 5974

3D-N 6001

3D-C 7354

3D1 6145

3D2 7078
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Introduction 

 

In order to identify novel host proteins that play a role in the PV lifecycle, 

infectious viruses containing a strep tag insertion within the PV non-structural 

proteins were engineered (Chapter 3). This approach is superior to classical 

methods of identification [1] because the use infectious tagged virus allows 

capture of biological interactions between both precursors and mature viral 

proteins in the context of a physiological viral infection at a range of time points 

during infection.  

 

Affinity purification-mass spectrometry (AP-MS) was used to identify interacting 

partners in infected tagged virus lysates. We employed a scoring system 

particularly suited for identifying AP–MS-derived host–pathogen protein-protein 

interactions (PPIs), which is called MiST (Mass spectrometry Interaction 

Statistics) [2]. The MiST score takes into consideration three measures: protein 

abundance measured by peak intensities from the mass spectrum (abundance); 

invariability of abundance over replicated experiments (reproducibility); and 

uniqueness of an observed host–pathogen interaction across all viral 

purifications (specificity), and assigns a confidence score for the interaction on a 

scale between 0 and 1. Low confidence interactions are scored near 0, while a 

score of 1 indicates high confidence in the interaction. Generally a MiST score of 

0.7000 is considered confident however, lower MiST scores were generated 
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when using the tagged virus system due to the inherent reduction in specificity 

and abundance amongst the viral proteins.  

 

For our analysis, identified cellular proteins were ranked descendingly according 

to MiST score and the 40 highest scoring candidates were further analyzed using 

the STRING database [3-5]. STRING is a database of known and predicted 

protein interactions. The interactions include direct (physical) and indirect 

(functional) associations. Functional protein-association networks are built based 

on compiled available experimental evidence derived from genomic context, 

high-throughput experiments, co-expression experiments as well as previous 

knowledge. Cellular proteins are represented as circular nodes labeled with their 

gene name. Larger nodes contain protein structures within the node however; 

structural information is not available for proteins that contain smaller nodes. The 

blue lines linking the proteins together indicate the level of confidence in the 

interaction. Thicker lines represent stronger associations while lower confidence 

interactions are indicated by thin dotted lines.  

 

Tagged viral protein interacting candidates were clustered using the KMEANS 

clustering algorithm [6]. Every color node corresponds to an individual cluster. 

The STRING database clusters interacting proteins based on global scores 

within the database. Proteins with higher global scores have a greater probability 

of being in the same cluster. Therefore, all the proteins within the same cluster 

have a high confidence of interacting with each other represented by the thick 
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blue lines. Interestingly, many of the cellular proteins that co-purify with the 

tagged viral proteins also interact with each other in larger complexes. Analyzing 

these complexes could shed light on the location, function and/or pathway being 

hijacked by the viral proteins.   
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Methods 

 

Cell Lines and Culture Conditions 

293T cells were cultured in DMEM H-21 supplemented with 1× penicillin-

streptomycin-glutamine (PSG), 1× Sodium Pyruvate and 10% fetal bovine serum 

(FBS) at 37ºC and 5% CO2. 

 

Affinity Purification and Silver Staining 

For AP, 6x106 293T cells were seeded in 10 cm plates and incubated overnight. 

The next day, cells were infected with mock, WT PV, 3A.st, 3B.st, 3C.st, 3D.st 

virus for 30 minutes at 37ºC. Cells were washed 3 times in PBS then complete 

culture medium was replaced and cells were incubated for 6 hours. Cells were 

lysed in 0.5% NP-40 buffer (0.5% NP-40, 50 mM Tris pH 7.5, 150 mM NaCl, 1× 

Protease Inhibitor Cocktail (Roche, 11697498001), 10 mM DTT) for 30 min at 

4ºC. The supernatant was incubated with 60 µl with Strep-Tactin Sepharose 

(IBA). The beads were washed four times with Washing Buffer (100 mM Tris pH 

8.0, 150 mM NaCl, 1mM EDTA) prior to lysate binding. Proteins were eluted with 

1X Strep Tactin Elution Buffer (IBA, 71604). 5 µl of the eluates were analyzed by 

4-20% SDS PAGE (BioRad) and silver staining (Thermo). 

 

Mass spectrometry analysis 

Purified proteins eluates were digested with trypsin for LC-MS/MS analysis. 

Samples were denatured and reduced in 2M urea, 10 mM NH4HCO3 and 2 mM 
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DTT for 30 min at 60°C, then alkylated with 2 mM iodoacetamide for 45 min at 

RT. Trypsin (Promega) was added at a 1:100 enzyme:substrate ratio and 

digested overnight at 37°C. Following digestion, samples were concentrated 

using C18 ZipTips (Millipore) according to the manufacturer's specifications.  

Digested peptide mixtures were analyzed by LC-MS/MS on a Thermo Scientific 

Velos Pro ion trap mass spectrometry system equipped with a Proxeon Easy 

nLC high-pressure liquid chromatography and autosampler system. Samples 

were injected onto a pre-column (2 cm x 100 um I.D. packed with ReproSil Pur 

C18 AQ 5um particles) in 0.1% formic acid and then separated with a two-hour 

gradient from 5% to 30% ACN in 0.1% formic acid on an analytical column (10 

cm x 75 um I.D. packed with ReproSil Pur C18 AQ 3 um particles). The mass 

spectrometer collected data in a data-dependent fashion, collecting one full scan 

followed by 20 collision-induced dissociation MS/MS scans of the 20 most 

intense peaks from the full scan. Dynamic exclusion was enabled for 30 seconds 

with a repeat count of 1. The results raw data was matched to protein sequences 

by the Protein Prospector algorithm. Data were searched against a database 

containing SwissProt Human protein sequences (downloaded March 6, 2012) 

and poliovirus sequences, and concatenated to a decoy database, where each 

sequence was randomized in order to estimate the false positive rate. The 

searches considered a precursor mass tolerance of 1 Da and fragment ion 

tolerances of 0.8 Da, and considered variable modifications for protein N-terminal 

acetylation, protein N-terminal acetylation and oxidation, glutamine to 

pyroglutamate conversion for peptide N-terminal glutamine residues, protein N-
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terminal methionine loss, protein N-terminal acetylation and methionine loss, 

methionine oxidation, and constant modification for carbamidomethyl cysteine. 

Prospector data was filtered using a maximum protein expectation value of 0.01 

and a maximum peptide expectation value of 0.05.  

 

Mass-spectrometry Interaction STatistics (MiST) 

Prioritization of reproducible, bait-specific PV 3A, 3B, 3C and 3D host factors was 

achieved by first computing a MiST score [2] and then imposing a threshold of > 

0.7 on the MiST scores in the set of observed preys. The MiST AP-MS scoring 

algorithm was run with the following weighted inputs, wA=0.005, wR=0.308, 

wS=0.685. 

 

STRING Analysis and KMEANS Clustering 

Prey IDs for the highest 40 scoring cellular candidates in each viral affinity 

purification were entered collectively into the STRING web portal [3,4,7] 

(http://string-db.org). Functional protein-association networks were built based on 

compiled available experimental evidence derived from genomic context, high-

throughput experiments, co-expression and previous knowledge. The KMEANS 

clustering algorithm [6] was used within the STRING web portal clusters proteins 

based on the distance matrix obtained from the STRING global scores.  
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Results 

 

Host Proteins Co-purify with Tagged Viruses 

 

Robust expression of the tagged viral proteins in infected cell lysates does not 

imply the strep-tag is accessible for affinity purification. It is possible that the 

strep-tag lies within the tertiary structure of the viral protein. Furthermore, it is 

possible that a cellular protein binds to the viral protein near the strep tag 

insertion therefore masking the tag. To identify whether the tagged viral baits 

were capable of affinity purifying with cellular proteins, 293T cells were infected 

individually with Strep-tagged viruses then affinity purified using the Strep-Tactin 

system. Fortunately, in our case, the tagged viral proteins were accessible for 

affinity purification. Following the purification, we can readily detect the viral 

proteins on a silver stain gel (Figure 1, red stars).   

 

Tagged viruses, 3A.st, 3B.st, 3C.st and 3D.st, replicate and express viral proteins 

at roughly the same level by 6 hours post infection (Chapter 3, Figure 3B and 

Figure 4). Therefore, equivalent amounts of purified viral proteins were expected 

following affinity purification of lysates. However, there is a greater amount of 3C-

strep in the 3C.st affinity purification as compared to 3A-strep, 3B-strep and 3D-

strep in the 3A.st, 3B.st and 3D.st affinity purifications respectively (Figure 1). 

This is most likely due to the fact that the association between 3C-strep and the 
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Strep-Tactin beads is much stronger due to positioning of the strep tag compared 

the other tagged viral proteins. 

 

Non-infected (NI) and WT PV infected cells have a similar cellular background 

interacting proteins (Figure 1). Excitingly, the tag viral proteins purify with unique 

cellular proteins that are not found in the non-infected or WT PV infected control 

samples. Tagged virus, 3A.st, purifies with the greatest amount of interacting 

cellular proteins. Furthermore, it appears that 3A.st and 3B.st could be interacting 

with similar proteins since they have a common banding pattern. This is an 

expected observation because viral proteins 3A and 3B have the same 

precursor, 3AB (see Chapter 1). Using our system it is possible to detect 

interactions with both precursors and fully processed proteins. The same-shared 

cellular interacting protein banding pattern is true with 3C.st and 3D.st that have 

the same precursor 3CD (see Chapter 1). Interestingly, each tagged viral protein 

also contains bands representing cellular proteins that are not found in the other 

tagged virus eluates (Figure 1). 
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Figure 1: Silver Stained Affinity Purified Eluates. Samples analyzed in 
duplicate. Tagged viral bates are indicated by red stars. Tagged viral proteins co-
purified with unique host proteins that were not identified in the non-infected or 
WT PV infected affinity purification samples.  
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3A.st host protein interactions 

 

The top cellular protein interactions from the 3A.st dataset have a MiST score 

range of 0.9799 to 0.4188. Eighteen of those proteins have a significant MiST 

score greater than 0.7000. Excitingly we were able to identify previously 

characterized proteins that have been shown to function in poliovirus infection: 

ACBD3 [1,8,9], VCP [10] and NCL [11]. ACBD3 was originally identified using an 

overexpression AP-MS screen and, our dataset ACBD3, has a MiST score of 

0.7878. VCP was originally identified using a siRNA screen and has significant 

MiST score of 0.8712 in our dataset. Both ACBD3 and VCP were shown to play 

a role in PV replication. Lastly, NCL was described to bind the 3’ UTR of the viral 

genome using genetic screening. In our dataset NCL has a MiST score of 

0.7829. Three different methods were used to identify the three previously 

described cellular proteins that have been shown to play a role in PV infection. 

Identification of these proteins using our screen is a positive indication that our 

method is functional under biological conditions.  
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Table 1: 3A.st Host Interactions. Prey ID, MiST score, Gene Name, Prey 
Molecular Weight (MW) and Gene Symbol are shown for the highest scoring 
cellular candidates.  
 

PREY MiST Gene Name Prey MW Gene Symbol 
P27824 0.97986 Calnexin 67568.9 CANX 
P02768 0.96158 Serum albumin 69367.4 ALB 
Q99623 0.92287 Prohibitin-2 33296.7 PHB2 

O00264 0.92235 Membrane-associated progesterone receptor 
component 1 21671.3 PGRMC1 

P03300 0.90887 Genome polyprotein 246542.4 POLIO  
P14314 0.88912 Glucosidase 2 subunit beta 59425.9 PRKCSH 
P35232 0.88621 Prohibitin 29804.3 PHB 
P55072 0.87122 Transitional endoplasmic reticulum ATPase 89322.6 VCP 
P11021 0.86062 78 kDa glucose-regulated protein 72333.5 HSPA5 
P06576 0.80436 ATP synthase subunit beta, mitochondrial 56560.4 ATP5B 
Q9H3P7 0.78778 Golgi resident protein GCP60 60593.9 ACBD3 
P19338 0.78291 Nucleolin 76615.0 NCL 
P0CG47 0.77330 Polyubiquitin-B 25761.8 UBB  
P67809 0.75602 Nuclease-sensitive element-binding protein 1 35924.5 YBX1 
P25705 0.73700 ATP synthase subunit alpha, mitochondrial 59751.1 ATP5A1 
P38646 0.72426 Stress-70 protein, mitochondrial 73681.1 HSPA9 
P09651 0.71368 Heterogeneous nuclear ribonucleoprotein A1 38746.9 HNRNPA1 
P22626 0.70059 Heterogeneous nuclear ribonucleoproteins A2/B1 37430.0 HNRNPA2B1 
P07910 0.68702 Heterogeneous nuclear ribonucleoproteins C1/C2 33670.3 HNRNPC 

P52434 0.68555 DNA-directed RNA polymerases I, II, and III subunit 
RPABC3 17143.5 POLR2H 

P62820 0.68554 Ras-related protein Rab-1A 22678.0 RAB1A 
P61019 0.68553 Ras-related protein Rab-2A 23545.8 RAB2A 
O15260 0.68552 Surfeit locus protein 4 30394.3 SURF4 
P50281 0.68552 Matrix metalloproteinase-14 65894.5 MMP14  
P43686 0.68552 26S protease regulatory subunit 6B 47366.7 PSMC4 
Q8IY92 0.68551 Structure-specific endonuclease subunit SLX4 200013.5  BTBD12 
A5A3E0 0.68551 POTE ankyrin domain family member F 121445.7 POTEF  
P29375 0.68551 Lysine-specific demethylase 5A 192097.2  KDM5A 
P02452 0.68551 Collagen alpha-1(I) chain 138942.6 COL1A1 

Q9HCC0 0.67809 Methylcrotonoyl-CoA carboxylase beta chain, 
mitochondrial 61333.7 MCCC2 

Q8WWM7 0.61811 Ataxin-2-like protein 113374.5 ATXN2L 
P05166 0.60910 Propionyl-CoA carboxylase beta chain, mitochondrial 58216.2 PCCB 

P11182 0.58682 Lipoamide acyltransferase component of branched-
chain alpha-keto acid dehydrogenase complex 53487.5 DBT 

P05165 0.57379 Propionyl-CoA carboxylase alpha chain, 
mitochondrial 80059.7 PCCA 

Q92905 0.56507 COP9 signalosome complex subunit 5 37579.2 COPS5 
O60664 0.56095 Perilipin-3 47075.4 PLIN3 
P11498 0.45258 Pyruvate carboxylase, mitochondrial 129634.7 PC 
P05141 0.42915 ADP/ATP translocase 2 32852.5 SLC25A5 
Q9BT78 0.41878 COP9 signalosome complex subunit 4 46269.2 COPS4 
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Taking a deeper look into the dataset, we found five major clusters of cellular 

proteins that interact with PV 3A (Table 1; Figure 2). Interestingly, multiple 

protein complexes that function in the mitochondria of the cell were identified. 

First, the light blue nodes represent a cluster of 6 proteins (HSPA5, VCP, CANX, 

PHB, ALB and PRKCSH) that function in the mitochondrial lumen specifically in 

cell communication (Figure 2; Table 2). The average MiST score of all the 

proteins in the complex is 0.9081 (Table 1) this is a very significant value and 

indicates high confidence in the interaction between the cellular protein complex 

and PV 3A. The red nodes represent a four-protein complex (MCCC2, PCCA, 

PCCB and DBT) that functions in small molecular catabolic processes within the 

mitochondrial matrix (Figure 2; Table 2). The average MiST score of all the 

proteins in this complex is 0.6120 (Table 1). Lastly, a five-protein complex 

(SLC25A5, PHB2, ATP5A1, HSPA9 and ATP5B) that functions in the regulation 

of biological and cellular processes within the mitochondrial envelope is shown in 

tan (Figure 2; Table 2). The average MiST score of the complex is 0.4919 (Table 

1).  

 

Additionally, we identified a protein complex that functions within the nucleus and 

a complex that is localized to host membranes. The five-member complex (NCL, 

YBX1, POLR2H, HNRNPC, HNRNPA1 and HNRNPA2B1) is shown in grey and 

has an average MiST score of 0.7210 (Table 1) and is known to function in RNA 

splicing in the nucleoplasm of the cell (Figure 2; Table 2). This complex contains 

previously described PV interactor NCL. The presence of NCL in the complex 
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increases the confidence in the possibility that the complex playing a role in the 

replication cycle. The pink nodes represent a small protein complex of three 

cellular proteins (PLIN3, RAB1A and PGRMC1). The proteins in the complex are 

known to function in vesicle-mediated transport to membranes (Figure 2; Table 

2). Together they have an average MiST score of 0.7229 (Table 1). Both the 

nuclear and membrane associated complexes have MiST scores greater than 

0.700 supporting the possibility that PV 3A is interacting with the complexes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

90 

 
 

 
 

 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Network of 3A.st Cellular Interacting Partners. Five major cellular 
protein clusters were identified in the 3A.st affinity purification. Cellular proteins 
are shown as circular nodes labeled with their gene name. Lines linking proteins 
indicate the confidence in the interaction. Thicker lines represent stronger 
associations while lower confidence interactions are show by thin dotted lines. 
Cellular proteins are clustered by KMEANS clustering. Every color node 
corresponds to a cluster. Interacting proteins with a higher global score in the 
String database have more chances to end up in the same cluster.  
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Table 2: Gene Name, Complete Name, Description of Function and Size of 
3A.st Cellular Interactions. Information generated using String database [3,4,7]. 
 

Gene Name Complete Name, Description of Function and Size 

ACBD3 

acyl-Coenzyme A binding domain containing 3; Involved in the maintenance of Golgi 
structure by interacting with giantin, affecting protein transport between the endoplasmic 
reticulum and Golgi. Involved in hormone-induced steroid biosynthesis in testicular 
Leydig cells (By similarity) (528 aa) 

ALB 
albumin; Serum albumin, the main protein of plasma, has a good binding capacity for 
water, Ca(2+), Na(+), K(+), fatty acids, hormones, bilirubin and drugs. Its main function is 
the regulation of the colloidal osmotic pressure of blood (609 aa) 

ATP5A1 

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, cardiac 
muscle; Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) 
produces ATP from ADP in the presence of a proton gradient across the membrane 
which is generated by electron transport complexes of the respiratory chain. F-type 
ATPases consist of two structural domains, F(1) - containing the extramembraneous 
catalytic core, and F(0) - containing the membrane proton channel, linked together by a 
central stalk and a peripheral stalk. (553 aa) 

ATP5B 

ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces 
ATP from ADP in the presence of a proton gradient across the membrane which is 
generated by electron transport complexes of the respiratory chain. F-type ATPases 
consist of two structural domains, F(1) - containing the extramembraneous catalytic core, 
and F(0) - containing the membrane proton channel, linked together by a central stalk 
and a peripheral stalk. (529 aa) 

ATXN2L ataxin 2-like (1097 aa) 

BTBD12 

BTB (POZ) domain containing 12; Regulatory subunit that interacts with and increases 
the activity of different structure-specific endonucleases. Has several distinct roles in 
protecting genome stability by resolving diverse forms of deleterious DNA structures 
originating from replication and recombination intermediates and from DNA damage. 
Component of the SLX1-SLX4 structure-specific endonuclease that resolves DNA 
secondary structures generated during DNA repair and recombination. (1834 aa) 

CANX 

calnexin; Calcium-binding protein that interacts with newly synthesized glycoproteins in 
the endoplasmic reticulum. It may act in assisting protein assembly and/or in the 
retention within the ER of unassembled protein subunits. It seems to play a major role in 
the quality control apparatus of the ER by the retention of incorrectly folded proteins (592 
aa) 

COL1A1 collagen, type I, alpha 1; Type I collagen is a member of group I collagen (fibrillar forming 
collagen) (1464 aa) 

COPS4 

COP9 constitutive photomorphogenic homolog subunit 4 (Arabidopsis); Component of 
the COP9 signalosome complex (CSN), a complex involved in various cellular and 
developmental processes. The CSN complex is an essential regulator of the ubiquitin 
(Ubl) conjugation pathway by mediating the deneddylation of the cullin subunits of SCF-
type E3 ligase complexes, leading to decrease the Ubl ligase activity of SCF-type 
complexes such as SCF, CSA or DDB2. (406 aa) 

COPS5 

COP9 constitutive photomorphogenic homolog subunit 5 (Arabidopsis); Probable 
protease subunit of the COP9 signalosome complex (CSN), a complex involved in 
various cellular and developmental processes. The CSN complex is an essential 
regulator of the ubiquitin (Ubl) conjugation pathway by mediating the deneddylation of the 
cullin subunits of the SCF-type E3 ligase complexes, leading to decrease the Ubl ligase 
activity of SCF-type complexes such as SCF, CSA or DDB2. (334 aa) 

DBT 

dihydrolipoamide branched chain transacylase E2; The branched-chain alpha-keto 
dehydrogenase complex catalyzes the overall conversion of alpha-keto acids to acyl-CoA 
and CO(2). It contains multiple copies of three enzymatic components- branched-chain 
alpha-keto acid decarboxylase (E1), lipoamide acyltransferase (E2) and lipoamide 
dehydrogenase (E3) (482 aa) 

HNRNPA1 
heterogeneous nuclear ribonucleoprotein A1; Involved in the packaging of pre-mRNA 
into hnRNP particles, transport of poly(A) mRNA from the nucleus to the cytoplasm and 
may modulate splice site selection. May play a role in HCV RNA replication (372 aa) 
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Gene Name Complete Name, Description of Function and Size 

HNRNPA2B1 
heterogeneous nuclear ribonucleoprotein A2/B1; Involved with pre-mRNA processing. 
Forms complexes (ribonucleosomes) with at least 20 other different hnRNP and 
heterogeneous nuclear RNA in the nucleous (353 aa) 

HNRNPC 

heterogeneous nuclear ribonucleoprotein C (C1/C2); Binds pre-mRNA and nucleates the 
assembly of 40S hnRNP particles. Single HNRNPC tetramers bind 230-240 nucleotides. 
Trimers of HNRNPC tetramers bind 700 nucleotides. May play a role in the early steps of 
spliceosome assembly and pre-mRNA splicing. Interacts with poly-U tracts in the 3'-UTR 
or 5'-UTR of mRNA and modulates the stability and the level of translation of bound 
mRNA molecules (306 aa) 

HSPA5 heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa); Probably plays a role in 
facilitating the assembly of multimeric protein complexes inside the ER (654 aa) 

HSPA9 heat shock 70kDa protein 9 (mortalin); Implicated in the control of cell proliferation and 
cellular aging. May also act as a chaperone (679 aa) 

KDM5A 

lysine (K)-specific demethylase 5A; Histone demethylase that specifically demethylates 
'Lys- 4' of histone H3, thereby playing a central role in histone code. Does not 
demethylate histone H3 'Lys-9', H3 'Lys-27', H3 'Lys-36', H3 'Lys-79' or H4 'Lys-20'. 
Demethylates trimethylated and dimethylated but not monomethylated H3 'Lys-4'. May 
stimulate transcription mediated by nuclear receptors. May be involved in transcriptional 
regulation of Hox proteins during cell differentiation. May participate in transcriptional 
repression of cytokines such as CXCL12 (1690 aa) 

MCCC2 methylcrotonoyl-Coenzyme A carboxylase 2 (beta) (563 aa) 

MMP14 
matrix metallopeptidase 14 (membrane-inserted); Seems to specifically activate 
progelatinase A. May thus trigger invasion by tumor cells by activating progelatinase A 
on the tumor cell surface (582 aa) 

NCL 

nucleolin; Nucleolin is the major nucleolar protein of growing eukaryotic cells. It is found 
associated with intranucleolar chromatin and pre-ribosomal particles. It induces 
chromatin decondensation by binding to histone H1. It is thought to play a role in pre-
rRNA transcription and ribosome assembly. May play a role in the process of 
transcriptional elongation. Binds RNA oligonucleotides with 5'-UUAGGG-3' repeats more 
tightly than the telomeric single-stranded DNA 5'-TTAGGG-3' repeats (710 aa) 

PC 

pyruvate carboxylase; Pyruvate carboxylase catalyzes a 2-step reaction, involving the 
ATP-dependent carboxylation of the covalently attached biotin in the first step and the 
transfer of the carboxyl group to pyruvate in the second. Catalyzes in a tissue specific 
manner, the initial reactions of glucose (liver, kidney) and lipid (adipose tissue, liver, 
brain) synthesis from pyruvate (1178 aa) 

PCCA propionyl Coenzyme A carboxylase, alpha polypeptide (728 aa) 

PCCB propionyl Coenzyme A carboxylase, beta polypeptide (539 aa) 

PGRMC1 progesterone receptor membrane component 1; Receptor for progesterone (By similarity) 
(195 aa) 

PHB 
prohibitin; Prohibitin inhibits DNA synthesis. It has a role in regulating proliferation. As yet 
it is unclear if the protein or the mRNA exhibits this effect. May play a role in regulating 
mitochondrial respiration activity and in aging (272 aa) 

PHB2 

prohibitin 2; Acts as a mediator of transcriptional repression by nuclear hormone 
receptors via recruitment of histone deacetylases (By similarity). Functions as an 
estrogen receptor (ER)-selective coregulator that potentiates the inhibitory activities of 
antiestrogens and represses the activity of estrogens. Competes with NCOA1 for 
modulation of ER transcriptional activity. Probably involved in regulating mitochondrial 
respiration activity and in aging (299 aa) 

PLIN3 perilipin 3; Required for the transport of mannose 6-phosphate receptors (MPR) from 
endosomes to the trans-Golgi network (434 aa) 

POLR2H 

polymerase (RNA) II (DNA directed) polypeptide H; DNA-dependent RNA polymerase 
catalyzes the transcription of DNA into RNA using the four ribonucleoside triphosphates 
as substrates. Common component of RNA polymerases I, II and III which synthesize 
ribosomal RNA precursors, mRNA precursors and many functional non-coding RNAs, 
and small RNAs, such as 5S rRNA and tRNAs, respectively (150 aa) 

POTEF POTE ankyrin domain family, member F (1075 aa) 

PRKCSH protein kinase C substrate 80K-H; Regulatory subunit of glucosidase II (528 aa) 
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Gene Name Complete Name, Description of Function and Size 

PSMC4 
proteasome (prosome, macropain) 26S subunit, ATPase, 4; The 26S protease is 
involved in the ATP-dependent degradation of ubiquitinated proteins. The regulatory (or 
ATPase) complex confers ATP dependency and substrate specificity to the 26S complex 
(418 aa) 

RAB1A 
RAB1A, member RAS oncogene family; Probably required for transit of protein from the 
ER through Golgi compartment. Binds GTP and GDP and possesses intrinsic GTPase 
activity (205 aa) 

RAB2A RAB2A, member RAS oncogene family; Required for protein transport from the 
endoplasmic reticulum to the Golgi complex (212 aa) 

SLC25A5 
solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 
5; Catalyzes the exchange of ADP and ATP across the mitochondrial inner membrane 
(298 aa) 

SURF4 surfeit 4; May play a role in the maintenance of the architecture of the endoplasmic 
reticulum-Golgi intermediate compartment and of the Golgi (269 aa) 

UBB ubiquitin B (229 aa) 

VCP 

valosin-containing protein; Necessary for the fragmentation of Golgi stacks during mitosis 
and for their reassembly after mitosis. Involved in the formation of the transitional 
endoplasmic reticulum (tER). The transfer of membranes from the endoplasmic reticulum 
to the Golgi apparatus occurs via 50-70 nm transition vesicles which derive from part-
rough, part-smooth transitional elements of the endoplasmic reticulum (tER). Vesicle 
budding from the tER is an ATP-dependent process. (806 aa) 

YBX1 

Y box binding protein 1; Binds to splice sites in pre-mRNA and regulates splice site 
selection. Binds and stabilizes cytoplasmic mRNA. Contributes to the regulation of 
translation by modulating the interaction between the mRNA and eukaryotic initiation 
factors (By similarity). Binds to promoters that contain a Y-box (5'- CTGATTGGCCAA-3'), 
such as HLA class II genes. Regulates the transcription of numerous genes. Promotes 
separation of DNA strands that contain mismatches or are modified by cisplatin. (324 aa) 
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3B.st Host Protein Interactions 

 

Examination of the top host protein interactions from the 3B.st dataset shows a 

MiST score range of 0.7642 to 0.3910 (Table 3). Of the highest scoring cellular 

protein candidates only one protein has a MiST score of greater than 0.7000, 

RPN1. This observation is most likely due to the fact that lower MiST scores 

were generated when using the tagged virus system. Interestingly, we were able 

to detect previously characterized cellular protein ACBD3 [1,8,9]. ACBD3 was 

also identified in the 3A.st dataset. However, in the 3B.st data set ACBD3 has a 

MiST score of 0.3868 and ranks 25 of 38 identified proteins.  
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Table 3: 3B.st Host Interactions. Prey ID, MiST score, Gene Name, Prey 
Molecular Weight (MW) and Gene Symbol are shown for top scoring candidates.  
 

PREY MiST Gene Name Prey MW Gene Symbol 

P04843 0.7642 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 1 68570.0 RPN1 

P78527 0.6060 DNA-dependent protein kinase catalytic subunit 469093.1 PRKDC 
P61163 0.5714 Alpha-centractin 42614.1 ACTR1A 
O75526 0.5609 RNA-binding motif protein, X-linked-like-2 42814.5 RBMXL2 
P51572 0.5430 B-cell receptor-associated protein 31 27991.8 BCAP31 
C9JLW8 0.5195 Protein FAM195B 10920.3 FAM195B 
Q7L7X3 0.5066 Serine/threonine-protein kinase TAO1 116071.2 TAOK1 
P06576 0.4750 ATP synthase subunit beta, mitochondrial 56560.4 ATP5B 
P07711 0.4627 Cathepsin L1 37564.5 CTSL1 

Q3MHD2 0.4588 Protein LSM12 homolog 21700.9 LSM12 

P16615 0.4496 Sarcoplasmic/endoplasmic reticulum calcium ATPase 
2 114758 ATP2A2 

Q96F63 0.4422 Coiled-coil domain-containing protein 97 38946.9 CCDC97 
P05165 0.4329 Propionyl-CoA carboxylase alpha chain, mitochondrial 77354.4 PCCA 

P39656 0.4213 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase 48 kDa subunit 50801.2 DDOST 

Q08170 0.4211 Serine/arginine-rich splicing factor 4 56678.8 SRSF4 

Q9HCC0 0.4176 Methylcrotonoyl-CoA carboxylase beta chain, 
mitochondrial 61333.7 MCCC2 

Q9Y5X1 0.4167 Sorting nexin-9 66592.2 SNX9 
P25705 0.4163 ATP synthase subunit alpha, mitochondrial 59751.1 ATP5A1 

P12694 0.4106 2-oxoisovalerate dehydrogenase subunit alpha, 
mitochondrial 50471.4 BCKDHA 

P11182 0.4094 
Lipoamide acyltransferase component of branched-

chain alpha-keto acid dehydrogenase complex, 
mitochondrial 

53487.5 DBT 

P05166 0.4068 Propionyl-CoA carboxylase beta chain, mitochondrial 58216.2 PCCB 
Q7L014 0.3910 Probable ATP-dependent RNA helicase DDX46 117363.0 DDX46 
Q9Y3B4 0.3900 Pre-mRNA branch site protein p14 14585.0 SF3B14 
P51149 0.3882 Ras-related protein Rab-7a 23490.0 RAB7A 
Q9H3P7 0.3868 Golgi resident protein GCP60 60593.9 ACBD3 
O75533 0.3775 Splicing factor 3B subunit 1 145831.6 SF3B1 
P62318 0.3761 Small nuclear ribonucleoprotein Sm D3 13916.4 SNRPD3 
P62306 0.3730 Small nuclear ribonucleoprotein F 9725.3 SNRPF 
P81605 0.3699 Dermcidin 11284.0 DCD 
Q13435 0.3698 Splicing factor 3B subunit 2 100228.4 SF3B2 
P45880 0.3623 Voltage-dependent anion-selective channel protein 2 31566.8 VDAC2 
P11498 0.3620 Pyruvate carboxylase, mitochondrial 129634.7 PC 
Q12874 0.3615 Splicing factor 3A subunit 3 58849.4 SF3A3 
Q15459 0.3551 Splicing factor 3A subunit 1 88886.9 SF3A1 
O43719 0.3549 HIV Tat-specific factor 1 85853.5 HTATSF1 

P14678 0.3541 Small nuclear ribonucleoprotein-associated proteins B 
and B' 24610.3 SNRPB 

Q13085 0.3541 Acetyl-CoA carboxylase 1 265556.2 ACACA 
Q15428 0.3537 Splicing factor 3A subunit 2 49256.0 SF3A2 
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Three major clusters were identified in the 3B.st dataset. (Table 3; Figure 3). Two 

complexes function within the mitochondria while the remaining complex 

functions within the nucleus. The seven-protein complex shown in red (BCKDHA, 

DBT, CTSL1, PCCB, PCCA, ACACA and MCCC2) (Figure 3) functions in small 

molecular catabolic processes within the mitochondria matrix (Table 4) and has 

an average MiST score of 0.4134 (Table 3). A smaller three-protein complex 

(VDAC2, ATP5A1 and ATP5B) shown in dark green also functions within the 

matrix of the mitochondria specifically the complex acts to negatively regulate 

cellular and biological processes (Figure 3; Table 4). The average MiST score for 

this complex is 0.4179 (Table 3). The final complex in the 3B dataset functions in 

RNA splicing (Table 4). It is composed of 12 proteins (SF3B14, SF3B1, DDX46, 

HTATSF1, SF3A1, SF3A3, SRSF4, SNRPD3, SF3B2, SNRPF, SNRPB and 

SFSA2) (Figure 3), and is located in the nucleoplasm of cells. The average MiST 

score for this complex is 0.3732 (Table 3). 
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Figure 3: Network of 3B.st Cellular Interacting Partners. Three major cellular 
protein clusters were identified in the 3B.st affinity purification. Cellular proteins 
are shown as circular nodes labeled with their gene name. Lines linking proteins 
indicate the confidence in the interaction. Thicker lines represent stronger 
associations while lower confidence interactions are show by thin dotted lines. 
Cellular proteins are clustered by KMEANS clustering. Every color node 
corresponds to a cluster. Interacting proteins with a higher global score in the 
String database have a higher probability of being in the same cluster. 
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Table 4: Gene Name, Complete Name, Description of Function and Size of 
3B.st Cellular Interactions. Information generated using String database [3,4,7]. 
 

Gene Name Complete Name, Description of Function and Size 

ACACA 
acetyl-Coenzyme A carboxylase alpha; Catalyzes the rate-limiting reaction in the 
biogenesis of long-chain fatty acids. Carries out three functions- biotin carboxyl carrier 
protein, biotin carboxylase and carboxyltransferase (2383 aa) 

ACBD3 
acyl-Coenzyme A binding domain containing 3; Involved in the maintenance of Golgi 
structure by interacting with giantin, affecting protein transport between the endoplasmic 
reticulum and Golgi. Involved in hormone-induced steroid biosynthesis in testicular Leydig 
cells (By similarity) (528 aa) 

ACTR1A 
ARP1 actin-related protein 1 homolog A, centractin alpha (yeast); Component of a multi-
subunit complex involved in microtubule based vesicle motility. It is associated with the 
centrosome (376 aa) 

ATP2A2 

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2; This magnesium-dependent 
enzyme catalyzes the hydrolysis of ATP coupled with the translocation of calcium from the 
cytosol to the sarcoplasmic reticulum lumen. Isoform SERCA2A is involved in the 
regulation of the contraction/relaxation cycle (1042 aa) 

ATP5A1 

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, cardiac 
muscle; Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) 
produces ATP from ADP in the presence of a proton gradient across the membrane which 
is generated by electron transport complexes of the respiratory chain. (553 aa) 

ATP5B 

ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide; Mitochondrial 
membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces ATP from ADP 
in the presence of a proton gradient across the membrane which is generated by electron 
transport complexes of the respiratory chain. (529 aa) 

BCAP31 
B-cell receptor-associated protein 31; May play a role in anterograde transport of 
membrane proteins from the endoplasmic reticulum to the Golgi. May be involved in 
CASP8-mediated apoptosis (313 aa) 

BCKDHA 

branched chain keto acid dehydrogenase E1, alpha polypeptide; The branched-chain 
alpha-keto dehydrogenase complex catalyzes the overall conversion of alpha-keto acids to 
acyl-CoA and CO(2). It contains multiple copies of three enzymatic components- 
branched-chain alpha-keto acid decarboxylase (E1), lipoamide acyltransferase (E2) and 
lipoamide dehydrogenase (E3) (445 aa) 

CCDC97 coiled-coil domain containing 97 (343 aa) 
CTSL1 cathepsin L1; Important for the overall degradation of proteins in lysosomes (333 aa) 

DBT 

dihydrolipoamide branched chain transacylase E2; The branched-chain alpha-keto 
dehydrogenase complex catalyzes the overall conversion of alpha-keto acids to acyl-CoA 
and CO(2). It contains multiple copies of three enzymatic components- branched-chain 
alpha-keto acid decarboxylase (E1), lipoamide acyltransferase (E2) and lipoamide 
dehydrogenase (E3) (482 aa) 

DCD 
dermcidin; DCD-1 displays antimicrobial activity thereby limiting skin infection by potential 
pathogens in the first few hours after bacterial colonization. Highly effective against E.coli, 
E.faecalis, S.aureus and C.albicans. Optimal pH and salt concentration resemble the 
conditions in sweat (110 aa) 

DDOST 

dolichyl-diphosphooligosaccharide-protein glycosyltransferase; Essential subunit of N-
oligosaccharyl transferase enzyme which catalyzes the transfer of a high mannose 
oligosaccharide to an asparagine residue within an Asn-X-Ser/Thr consensus motif in 
nascent polypeptide chains (456 aa) 

DDX46 DEAD (Asp-Glu-Ala-Asp) box polypeptide 46; Plays an essential role in splicing, either 
prior to, or during splicing A complex formation (1031 aa) 

FAM195B family with sequence similarity 195, member B (97 aa) 

HTATSF1 

HIV-1 Tat specific factor 1; Functions as a general transcription factor playing a role in the 
process of transcriptional elongation. May mediate the reciprocal stimulatory effect of 
splicing on transcriptional elongation. In case of infection by HIV-1, it is up-regulated by 
the HIV-1 proteins NEF and gp120, acts as a cofactor required for the Tat-enhanced 
transcription of the virus (755 aa) 

LSM12 LSM12 homolog (S. cerevisiae) (195 aa) 
 

MCCC2 methylcrotonoyl-Coenzyme A carboxylase 2 (beta) (563 aa) 
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Gene Name Complete Name, Description of Function and Size 

PC 
pyruvate carboxylase; Pyruvate carboxylase catalyzes a 2-step reaction, involving the 
ATP-dependent carboxylation of the covalently attached biotin in the first step and the 
transfer of the carboxyl group to pyruvate in the second. (1178 aa) 

PCCA propionyl Coenzyme A carboxylase, alpha polypeptide (728 aa) 
PCCB propionyl Coenzyme A carboxylase, beta polypeptide (539 aa) 

PRKDC 

protein kinase, DNA-activated, catalytic polypeptide; Serine/threonine-protein kinase that 
acts as a molecular sensor for DNA damage. Involved in DNA nonhomologous end joining 
(NHEJ) required for double-strand break (DSB) repair and V(D)J recombination. Must be 
bound to DNA to express its catalytic properties. (4127 aa) 

RAB7A RAB7A, member RAS oncogene family; Involved in late endocytic transport. Contributes 
to the maturation of phagosomes (acidification) (207 aa) 

RBMXL2 RNA binding motif protein, X-linked-like 2 (392 aa) 

RPN1 

ribophorin I; Essential subunit of N-oligosaccharyl transferase enzyme which catalyzes the 
transfer of a high mannose oligosaccharide from a lipid-linked oligosaccharide donor to an 
asparagine residue within an Asn-X-Ser/Thr consensus motif in nascent polypeptide 
chains (607 aa) 

SF3A1 

splicing factor 3a, subunit 1, 120kDa; Subunit of the splicing factor SF3A required for 'A' 
complex assembly formed by the stable binding of U2 snRNP to the branchpoint sequence 
(BPS) in pre-mRNA. Sequence independent binding of SF3A/SF3B complex upstream of 
the branch site is essential, it may anchor U2 snRNP to the pre-mRNA. May also be 
involved in the assembly of the 'E' complex (793 aa) 

SF3A2 

splicing factor 3a, subunit 2, 66kDa; Subunit of the splicing factor SF3A required for 'A' 
complex assembly formed by the stable binding of U2 snRNP to the branchpoint sequence 
(BPS) in pre-mRNA. Sequence independent binding of SF3A/SF3B complex upstream of 
the branch site is essential, it may anchor U2 snRNP to the pre-mRNA. (464 aa) 

SF3A3 

splicing factor 3a, subunit 3, 60kDa; Subunit of the splicing factor SF3A required for 'A' 
complex assembly formed by the stable binding of U2 snRNP to the branchpoint sequence 
(BPS) in pre-mRNA. Sequence independent binding of SF3A/SF3B complex upstream of 
the branch site is essential, it may anchor U2 snRNP to the pre-mRNA. (501 aa) 

SF3B1 

splicing factor 3b, subunit 1, 155kDa; Subunit of the splicing factor SF3B required for 'A' 
complex assembly formed by the stable binding of U2 snRNP to the branchpoint sequence 
(BPS) in pre-mRNA. Sequence independent binding of SF3A/SF3B complex upstream of 
the branch site is essential, it may anchor U2 snRNP to the pre-mRNA. May also be 
involved in the assembly of the 'E' complex. (1304 aa) 

SF3B14 
Pre-mRNA branch site protein p14 (SF3B 14 kDa subunit); Necessary for the splicing of 
pre-mRNA. Directly contacts the pre-mRNA branch site adenosine for the first catalytic 
step of splicing. (125 aa) 

SF3B2 

splicing factor 3b, subunit 2, 145kDa; Subunit of the splicing factor SF3B required for 'A' 
complex assembly formed by the stable binding of U2 snRNP to the branchpoint sequence 
(BPS) in pre-mRNA. Sequence independent binding of SF3A/SF3B complex upstream of 
the branch site is essential, it may anchor U2 snRNP to the pre-mRNA. May also be 
involved in the assembly of the 'E' complex. (895 aa) 

SNRPB 

small nuclear ribonucleoprotein polypeptides B and B1; Appears to function in the U7 
snRNP complex that is involved in histone 3'-end processing. Associated with snRNP U1, 
U2, U4/U6 and U5. May have a functional role in the pre-mRNA splicing or in snRNP 
structure. (240 aa) 

SNRPD3 
small nuclear ribonucleoprotein D3 polypeptide 18kDa; Appears to function in the U7 
snRNP complex that is involved in histone 3'-end processing. Binds to the downstream 
cleavage product (DCP) of histone pre-mRNA in a U7 snRNP dependent manner (126 aa) 

SNRPF 
small nuclear ribonucleoprotein polypeptide F; Appears to function in the U7 snRNP 
complex that is involved in histone 3'-end processing. Associated with snRNP U1, U2, 
U4/U6 and U5 (86 aa) 

SNX9 sorting nexin 9; May be involved in several stages of intracellular trafficking (595 aa) 

SRSF4 splicing factor, arginine/serine-rich 4; A probable role in alternative splice site selection 
during pre-mRNA splicing (494 aa) 

TAOK1 TAO kinase 1; Phosphorylates MKK3 (By similarity). Activates the p38 MAP kinase 
pathway through the specific activation of the upstream MKK3 kinase (1001 aa) 

VDAC2 
voltage-dependent anion channel 2; Forms a channel through the mitochondrial outer 
membrane that allows diffusion of small hydrophilic molecules. The open state has a weak 
anion selectivity whereas the closed state is cation- selective (294 aa) 
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3C.st Host Protein Interactions 

 

The top 40 cellular protein interactions from the 3C.st dataset have a MiST score 

range of 0.8240 to 0.3097 (Table 5). Of the top cellular protein interactions, 

seven proteins have MiST scores of greater than 0.7000. We were able to 

identify previously identified cellular proteins that have been shown to interact 

with poliovirus RNA, PCBP2 [12-14] and NCL [11]. PCBP2 was shown to bind 

stem loop B of the positive sense cloverleaf structure within the 5’ UTR of the 

viral genome and indirectly interact with PV 3CD (see Chapter 1, Figure 3). In our 

dataset PCBP2 has a MiST score of 0.4506 and is ranked 22 out of 40 identified 

proteins (Table 5). NCL, also found in the 3A.st dataset (Table 1), here has a 

MiST score of 0.3632 and ranks 35 of 40. NCL was originally described to 

interact with the 3’ NTR-poly(A) region of the viral genome [11].  
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Table 5: 3C.st Host Interactions. Prey ID, MiST score, Gene Name, Prey 
Molecular Weight (MW) and Gene Symbol are shown for top 40 cellular 
candidates.  
 

PREY MiST Gene Name Prey MW Gene Symbol 
P11021 0.8240 78 kDa glucose-regulated protein 72333.5 HSPA5 
P37108 0.7625 Signal recognition particle 14 kDa protein 14570.1 SRP14 
P10412 0.7623 Histone H1.4 21865.4 HIST1H1E 
O60812 0.7614 Heterogeneous nuclear ribonucleoprotein C-like 1 32142.6 HNRNPCL1 
Q2KHP4 0.7535 HSPA5 protein 72422.6 HSP5A 
P52272 0.7449 Heterogeneous nuclear ribonucleoprotein M 77516.4 HNRNPM 
P48741 0.7009 Putative heat shock 70 kDa protein 7 40244.8 HSPA7 
Q96IS6 0.6983 HSPA8 protein (Fragment) 64673.6 HSPA8 
Q06830 0.6413 Peroxiredoxin-1 22110.5 PRDX1 
P27708 0.5595 CAD protein 242985.9 CAD 
Q14103 0.5567 Heterogeneous nuclear ribonucleoprotein D0 38434.5 HNRNPD 
P67809 0.5220 Nuclease-sensitive element-binding protein 1 35924.5 YBX1 
Q12905 0.5205 Interleukin enhancer-binding factor 2 43062.5 ILF2 
P62258 0.5200 14-3-3 protein epsilon 29174.2 YWHAE 
O75592 0.5149 Probable E3 ubiquitin-protein ligase MYCBP2 510088.7 MYCBP2 
P63104 0.5018 14-3-3 protein zeta/delta 27745.3 YWHAZ 
P03300 0.4887 Genome polyprotein 246542.4 POLIO 
P57721 0.4770 Poly(rC)-binding protein 3 39465.6 PCBP3 
Q08211 0.4623 ATP-dependent RNA helicase A 140959.7 DHX9 
P38646 0.4605 Stress-70 protein, mitochondrial 73681.1 HSPA9 
P31151 0.4567 Protein S100-A7 11471.1 S100A7 
Q15366 0.4506 Poly(rC)-binding protein 2 38580.4 PCBP2 
P06748 0.4490 Nucleophosmin 32575.3 NPM1 
P51571 0.4388 Translocon-associated protein subunit delta 18998.8 SSR4 
P29692 0.4375 Elongation factor 1-delta 31122.1 EEF1D 
P04406 0.4375 Glyceraldehyde-3-phosphate dehydrogenase 36053.5 GAPDH 
P0CG47 0.4332 Polyubiquitin-B 25761.8 UBB 
O14979 0.4321 Heterogeneous nuclear ribonucleoprotein D-like 46437.9 HNRPDL 
P59190 0.4240 Ras-related protein Rab-15 24390.8 RAB15 

O00264 0.4225 Membrane-associated progesterone receptor 
component 1 21671.3 PGRMC1 

P09651 0.4068 Heterogeneous nuclear ribonucleoprotein A1 38746.9 HNRNPA1 
P62820 0.3976 Ras-related protein Rab-1A 22678.0 RAB1A 
O60506 0.3856 Heterogeneous nuclear ribonucleoprotein Q 69603.2 SYNCRIP 
P04908 0.3775 Histone H2A type 1-B/E 14135.6 HIST1H2AB 
P19338 0.3632 Nucleolin 76615.0 NCL 
P22626 0.3629 Heterogeneous nuclear ribonucleoproteins A2/B1 37430.0 HNRNPA2B1 
P11498 0.3362 Pyruvate carboxylase, mitochondrial 129634.7 PC 
O43390 0.3252 Heterogeneous nuclear ribonucleoprotein R 70943.6 HNRNPR 
P62306 0.3200 Small nuclear ribonucleoprotein F 9725.3 SNRPF 
P05165 0.3097 Propionyl-CoA carboxylase alpha chain 80059.7 PCCA 
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One major and three minor clusters were identified in the 3C.st dataset. (Table 5; 

Figure 4). The majority of the identified complexes function within the nucleus. 

Although poliovirus replication occurs in the cytoplasm, the nuclear pore is 

cleaved by the viral protease 2A [15,16]. This subsequently causes the contents 

of the nucleus to leak into the cytoplasm. Therefore, having a large amount of 

nuclear proteins in this dataset is not unexpected. The eleven-protein complex 

shown in brown (HNRNPCL1, HNRNPM, PCBP2, SYNCRIP, HNRNPA2B1, 

HNRNPR, SNRPF, ILF2, YBX1, DHX9 and HNRNPD) (Figure 4) functions in 

splicing within the nuclear lumen (Table 6). The average MiST score of the 

complex is 0.4920. The smaller three-protein complex (HSPA9, HNRPDL and 

HNRNPA1) (Figure 4) shown in pink also functions in the nucleus of the cell 

specifically in RNA processing (Table 6). The average MiST score of the complex 

is 0.4331. The final nuclear complex is composed of HSPA8, PRDX1 and UBB 

shown in green (Figure 4). These proteins function in response to stimulus and 

chemical stress. Together they have a MiST score of 0.5910. The last complex 

found in the 3C.st dataset functions within the cytosol. YWHAE, YWHAZ and 

GAPDH (Figure 4) function in the regulation of biological and metabolic 

processes (Table 6) and have an average MiST score of 0.4864. 
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Figure 4: Network of 3C.st Cellular Interacting Partners. One major and three 
smaller cellular protein clusters were identified in the 3C.st affinity purification. 
Cellular proteins are shown as circular nodes labeled with their gene name. Lines 
linking proteins indicate the confidence in the interaction. Thicker lines represent 
stronger associations while lower confidence interactions are show by thin dotted 
lines. Cellular proteins are clustered by KMEANS clustering. Every color node 
corresponds to a cluster. Interacting proteins with a higher global score in the 
String database have a higher probability of being in the same cluster. 
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Table 6: Gene Name, Complete Name, Description of Function and Size of 
3C.st Cellular Interactions. Information generated using String database [3,4,7]. 
 

Gene Name Complete Name, Description of Function and Size 

CAD 
carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; 
This protein is a "fusion" protein encoding four enzymatic activities of the pyrimidine 
pathway (GATase, CPSase, ATCase and DHOase) (2225 aa) 

DHX9 
DEAH (Asp-Glu-Ala-His) box polypeptide 9; Unwinds double-stranded DNA and RNA in 
a 3' to 5' direction. Alteration of secondary structure may subsequently influence 
interactions with proteins or other nucleic acids. Functions as a transcriptional activator. 
Component of the CRD- mediated complex that promotes MYC mRNA stability (1270 aa) 

EEF1D 
eukaryotic translation elongation factor 1 delta (guanine nucleotide exchange protein); 
EF-1-beta and EF-1-delta stimulate the exchange of GDP bound to EF-1-alpha to GTP 
(647 aa) 

GAPDH glyceraldehyde-3-phosphate dehydrogenase; Independent of its glycolytic activity it is 
also involved in membrane trafficking in the early secretory pathway (335 aa) 

HIST1H1E histone cluster 1, H1e; Histones H1 are necessary for the condensation of nucleosome 
chains into higher order structures (219 aa) 

HIST1H2AB 

histone cluster 1, H2ab; Core component of nucleosome. Nucleosomes wrap and 
compact DNA into chromatin, limiting DNA accessibility to the cellular machineries which 
require DNA as a template. Histones thereby play a central role in transcription 
regulation, DNA repair, DNA replication and chromosomal stability. (130 aa) 

HNRNPA1 
heterogeneous nuclear ribonucleoprotein A1; Involved in the packaging of pre-mRNA 
into hnRNP particles, transport of poly(A) mRNA from the nucleus to the cytoplasm and 
may modulate splice site selection. May play a role in HCV RNA replication (372 aa) 

HNRNPA2B1 
heterogeneous nuclear ribonucleoprotein A2/B1; Involved with pre-mRNA processing. 
Forms complexes (ribonucleosomes) with at least 20 other different hnRNP and 
heterogeneous nuclear RNA in the nucleous (353 aa) 

HNRNPCL1 
heterogeneous nuclear ribonucleoprotein C-like 1; May play a role in nucleosome 
assembly by neutralizing basic proteins such as A and B core hnRNPs (By similarity) 
(293 aa) 

HNRNPD 

heterogeneous nuclear ribonucleoprotein D (AU-rich element RNA binding protein 1, 
37kDa); Binds with high affinity to RNA molecules that contain AU-rich elements (AREs) 
found within the 3'-UTR of many proto- oncogenes and cytokine mRNAs. Also binds to 
double- and single- stranded DNA sequences in a specific manner and functions a 
transcription factor. (355 aa) 

HNRNPM 

heterogeneous nuclear ribonucleoprotein M; Pre-mRNA binding protein in vivo, binds 
avidly to poly(G) and poly(U) RNA homopolymers in vitro. Involved in splicing. Acts as a 
receptor for carcinoembryonic antigen in Kupffer cells, may initiate a series of signaling 
events leading to tyrosine phosphorylation of proteins and induction of IL-1 alpha, IL-6, 
IL-10 and tumor necrosis factor alpha cytokines (730 aa) 

HNRNPR 

heterogeneous nuclear ribonucleoprotein R; Component of ribonucleosomes, which are 
complexes of at least 20 other different heterogenious nuclear ribonucleoproteins 
(hnRNP). hnRNP play an important role in processing of precursor mRNA in the nucleus 
(636 aa) 

HNRPDL 

heterogeneous nuclear ribonucleoprotein D-like; Acts as a transcriptional regulator. 
Promotes transcription repression. Promotes transcription activation in differentiated 
myotubes (By similarity). Binds to double- and single-stranded DNA sequences. Binds to 
the transcription suppressor CATR sequence of the COX5B promoter (By similarity).(420 
aa) 

HSPA5 heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa); Probably plays a role in 
facilitating the assembly of multimeric protein complexes inside the ER (654 aa) 

HSPA6 

heat shock 70kDa protein 7 (HSP70B); In cooperation with other chaperones, Hsp70s 
stabilize preexistent proteins against aggregation and mediate the folding of newly 
translated polypeptides in the cytosol as well as within organelles. These chaperones 
participate in all these processes through their ability to recognize nonnative 
conformations of other proteins. (643 aa) 

HSPA8 heat shock 70kDa protein 8; Chaperone. Isoform 2 may function as an endogenous 
inhibitory regulator of HSC70 by competing the co-chaperones (646 aa) 

HSPA9 heat shock 70kDa protein 9 (mortalin); Implicated in the control of cell proliferation and 
cellular aging. May also act as a chaperone (679 aa) 
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Gene Name Complete Name, Description of Function and Size 

ILF2 

interleukin enhancer binding factor 2, 45kDa; Appears to function predominantly as a 
heterodimeric complex with ILF3. This complex may regulate transcription of the IL2 
gene during T-cell activation. It can also promote the formation of stable DNA-dependent 
protein kinase holoenzyme complexes on DNA (390 aa) 

MYCBP2 
MYC binding protein 2; Probable E3 ubiquitin-protein ligase which mediates 
ubiquitination and subsequent proteasomal degradation of target proteins. May function 
as a facilitator or regulator of transcriptional activation by MYC. May have a role during 
synaptogenesis (4640 aa) 

NCL 

nucleolin; Nucleolin is the major nucleolar protein of growing eukaryotic cells. It is found 
associated with intranucleolar chromatin and pre-ribosomal particles. It induces 
chromatin decondensation by binding to histone H1. It is thought to play a role in pre-
rRNA transcription and ribosome assembly. (710 aa) 

NPM1 
nucleophosmin (nucleolar phosphoprotein B23, numatrin); Involved in diverse cellular 
processes such as ribosome biogenesis, centrosome duplication, protein chaperoning, 
histone assembly, cell proliferation, and regulation of tumor suppressors TP53/p53 and 
ARF. Binds ribosome presumably to drive ribosome nuclear export. (294 aa) 

PC 
pyruvate carboxylase; Pyruvate carboxylase catalyzes a 2-step reaction, involving the 
ATP-dependent carboxylation of the covalently attached biotin in the first step and the 
transfer of the carboxyl group to pyruvate in the second. (1178 aa) 

PCBP2 poly(rC) binding protein 2; Major cellular poly(rC)-binding protein. Binds also poly(rU) 
(366 aa) 

PCBP3 poly(rC) binding protein 3; Single-stranded nucleic acid binding protein that binds 
preferentially to oligo dC (By similarity) (371 aa) 

PCCA propionyl Coenzyme A carboxylase, alpha polypeptide (728 aa) 

PGRMC1 progesterone receptor membrane component 1; Receptor for progesterone (By similarity) 
(195 aa) 

PRDX1 
peroxiredoxin 1; Involved in redox regulation of the cell. Reduces peroxides with reducing 
equivalents provided through the thioredoxin system but not from glutaredoxin. May play 
an important role in eliminating peroxides generated during metabolism. (199 aa) 

RAB15 RAB15, member RAS onocogene family; May act in concert with RAB3A in regulating 
aspects of synaptic vesicle membrane flow within the nerve terminal (208 aa) 

RAB1A 
RAB1A, member RAS oncogene family; Probably required for transit of protein from the 
ER through Golgi compartment. Binds GTP and GDP and possesses intrinsic GTPase 
activity (205 aa) 

S100A7 S100 calcium binding protein A7 (101 aa) 

SNRPF 
small nuclear ribonucleoprotein polypeptide F; Appears to function in the U7 snRNP 
complex that is involved in histone 3'-end processing. Associated with snRNP U1, U2, 
U4/U6 and U5 (86 aa) 

SRP14 

signal recognition particle 14kDa (homologous Alu RNA binding protein); Signal-
recognition-particle assembly has a crucial role in targeting secretory proteins to the 
rough endoplasmic reticulum membrane. SRP9 together with SRP14 and the Alu portion 
of the SRP RNA, constitutes the elongation arrest domain of SRP. (136 aa) 

SSR4 
signal sequence receptor, delta (translocon-associated protein delta); TRAP proteins are 
part of a complex whose function is to bind calcium to the ER membrane and thereby 
regulate the retention of ER resident proteins (173 aa) 

SYNCRIP 

synaptotagmin binding, cytoplasmic RNA interacting protein; Heterogenous nuclear 
ribonucleoprotein (hnRNP) implicated in mRNA processing mechanisms. Component of 
the CRD- mediated complex that promotes MYC mRNA stability. Isoform 1, isoform 2 
and isoform 3 are associated in vitro with pre-mRNA, splicing intermediates and mature 
mRNA protein complexes. Isoform 1 binds to apoB mRNA AU-rich sequences.  (623 aa) 

UBB ubiquitin B (229 aa) 

YBX1 

Y box binding protein 1; Binds to splice sites in pre-mRNA and regulates splice site 
selection. Binds and stabilizes cytoplasmic mRNA. Contributes to the regulation of 
translation by modulating the interaction between the mRNA and eukaryotic initiation 
factors (By similarity). (324 aa) 

YWHAE 
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, epsilon 
polypeptide; Adapter protein implicated in the regulation of a large spectrum of both 
general and specialized signaling pathway. (255 aa) 

YWHAZ 
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 
polypeptide; Adapter protein implicated in the regulation of a large spectrum of both 
general and specialized signaling pathway (245 aa) 
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3D.st Host Protein Interactions 

 

Examination of the high scoring cellular protein interactions from the 3D.st 

dataset shows a MiST score range of 0.8296 to 0.5650 (Table 7). Fourteen of the 

top cellular protein interactions have MiST scores of greater than 0.7000. Similar 

to the 3C.st dataset, we were able to identify previously characterized cellular 

proteins that have been shown to interact with poliovirus RNA, PCBP1 [12-14], 

PABPN1[17], PABPC1, PABPC4 and NCL [11]. Along with PCBP2, PCBP1 

binds stem loop B of the positive sense cloverleaf structure within the 5’ UTR of 

the viral genome and indirectly interact with PV 3CD (see Chapter 1, Figure 3). In 

our dataset PCBP1 had the second highest MiST score, 0.800 (Table 7). The 

isoforms of PABP, PABPN1, PABPC1 and PABPC4 are thought to bind the 

poly(A) tail at the 3’ end of the viral genome. PABP also interacts with viral and 

cellular proteins at the 5’ end of the viral genome, which causes circularization of 

the viral RNA and initiates negative strand RNA synthesis [17] (see Chapter 1, 

Figure 3). The isoforms of PABP, PABPN1, PABPC1 and PABPC4 have MiST 

scores of 0.6470, 0.5658 and 0.6097 respectively. Similar to the 3A.st and 3C.st 

dataset, NCL was also identified in this dataset with a MiST score of 0.5687 and 

a rank of 37 out of 39 identified proteins.  
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Table 7: 3D.st Host Interactions. Prey ID, MiST score, Gene Name, Prey 
Molecular Weight (MW) and Gene Symbol are shown for the highest scoring 
cellular candidates.  
 

PREY MiST Gene Name Prey MW Gene Symbol 
Q14671 0.8296 Pumilio homolog 1 126474.2 PUM1 
Q15365 0.8000 Poly(rC)-binding protein 1 37498.2 PCBP1 

Q9BUJ2 0.7885 Heterogeneous nuclear ribonucleoprotein U-like 
protein 1 95739.3 HNRNPUL1 

P36957 0.7848 
Dihydrolipoyllysine-residue succinyltransferase 
component of 2-oxoglutarate dehydrogenase 

complex 
48729.7 DLST 

Q9UHK0 0.7799 Nuclear fragile X mental retardation-interacting 
protein 1 56300.1 NUFIP1 

P51991 0.7743 Heterogeneous nuclear ribonucleoprotein A3 39595.3 HNRNPA3 
P52298 0.7581 Nuclear cap-binding protein subunit 2 18001.3 NCBP2 

O14640 0.7581 Segment polarity protein dishevelled homolog DVL-
1 75187.4 DVL1 

Q13243 0.7568 Splicing factor, arginine/serine-rich 5 31264.1 SRSF5 
Q01085 0.7564 Nucleolysin TIAR 41591.1 TIAL1 
P49756 0.7557 RNA-binding protein 25 100186.3 RBM25 

Q9Y2W1 0.7557 Thyroid hormone receptor-associated protein 3 108666.6 THRAP3 
Q15637 0.7528 Splicing factor 1 68330.5 SF1 
Q9NZI8 0.7516 Insulin-like growth factor 2 mRNA-binding protein 1 63481.1 IGF2BP1 
Q86V81 0.6972 THO complex subunit 4 26888.1 THOC4 
P09622 0.6899 Dihydrolipoyl dehydrogenase, mitochondrial 54177.7 DLD 
Q02218 0.6821 2-oxoglutarate dehydrogenase, mitochondrial 115936.3 OGDH 
Q07955 0.6781 Splicing factor, arginine/serine-rich 1 27744.8 SRSF1 
O75494 0.6737 Splicing factor, arginine/serine-rich 13A 31300.8 SRSF10 
Q15287 0.6595 RNA-binding protein with serine-rich domain 1 34208.5 RNPS1 
Q9Y5S9 0.6516 RNA-binding protein 8A 19889.2 RBM8A 
P31943 0.6513 Heterogeneous nuclear ribonucleoprotein H 49229.9 HNRNPH1 
Q86U42 0.6470 Polyadenylate-binding protein 2 32749.3 PABPN1 
Q13595 0.6462 Transformer-2 protein homolog alpha 32688.9 TRA2A 
Q01130 0.6313 Splicing factor, arginine/serine-rich 2 25476.5 SRSF2 
P18583 0.6116 Protein SON 263832.4 SON 
Q13310 0.6097 Polyadenylate-binding protein 4 70783.5 PABPC4 
P22626 0.6006 Heterogeneous nuclear ribonucleoproteins A2/B1 37430.0 HNRNPA2B1 
O75390 0.5982 Citrate synthase, mitochondrial 51712.9 CS 
P84103 0.5941 Splicing factor, arginine/serine-rich 3 19329.8 SRSF3 
P14174 0.5931 Macrophage migration inhibitory factor 12476.4 MIF 
P09651 0.5871 Heterogeneous nuclear ribonucleoprotein A1 38746.9 HNRNPA1 
Q00610 0.5782 Clathrin heavy chain 1 191616.3 CLTC 
Q12906 0.5770 Interleukin enhancer-binding factor 3 95339.2 ILF3 

P22061 0.5755 Protein-L-isoaspartate(D-aspartate) O-
methyltransferase 24650.6 PCMT1 

P31942 0.5750 Heterogeneous nuclear ribonucleoprotein H3 36926.8 HNRNPH3 
P19338 0.5687 Nucleolin 76615 NCL 
P11940 0.5658 Polyadenylate-binding protein 1 70671.5 PABPC1 
Q01105 0.5650 Protein SET 33489.1 SET 
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Five clusters were identified in the 3D.st dataset. (Table 7; Figure 5). 

Comparable to the 3C.st dataset, the majority of the identified complexes 

function within the nucleus specifically in RNA processing and splicing. The 14-

protein complex shown in tan (SET, NCL, SRSF5, RNPS1, NCBP2, RBM8A, 

PABPN1, SRSF1, THOC4, SRSF3, SRSF2, PCBP1, HNRNPA2B1 and 

HNRNPUL1) (Figure 5) functions in nuclear splicing within the nucleoplasm 

(Table 8). The average MiST score of the complex is 0.6712. The green nodes 

represent a four-member protein complex (SF1, HNRNPH3, HNRNPH1 and 

HNRNPA3) (Figure 5). This complex also function in splicing within the nucleus 

(Table 8) and has an average MiST score of 0.6884. The five-protein complex 

(PABPC1, PABPC4, HNRNPA1, ILF3 and IGF2BP1) shown in pink (Figure 5) 

also functions in the nucleus of the cell specifically in RNA processing (Table 8). 

The average MiST score of the complex is 0.6182. The final nuclear complex is 

composed of TRA2A, SON and SRSF10 shown in yellow (Figure 5). These 

proteins function in RNA processing within the nucleus (Table 8). Together they 

have a MiST score of 0.6438. The final complex found in the 3D.st dataset, 

represented by dark blue nodes (Figure 5), is localized within the mitochondrial 

matrix. DLD, OGDH, CS and DLST function in lysine catabolic and metabolic 

processes (Table 8) and have an average MiST score of 0.6888. 
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Figure 5: Network of 3D.st Cellular Interacting Partners. Five cellular protein 
clusters were identified in the 3D.st affinity purification. Cellular proteins are 
shown as circular nodes labeled with their gene name. Lines linking proteins 
indicate the confidence in the interaction. Thicker lines represent stronger 
associations while lower confidence interactions are show by thin dotted lines. 
Cellular proteins are clustered by KMEANS clustering. Every color node 
corresponds to a cluster. Interacting proteins with a higher global score in the 
String database have a higher probability of being in the same cluster. 
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Table 8: Gene Name, Complete Name, Description of Function and Size of 
3D.st Cellular Interactions. Information generated using String database [3,4,7]. 
 

Gene Name Complete Name, Description of Function and Size 

CLTC 
clathrin, heavy chain (Hc); Clathrin is the major protein of the polyhedral coat of coated 
pits and vesicles. Two different adapter protein complexes link the clathrin lattice either to 
the plasma membrane or to the trans-Golgi network (1675 aa) 

CS citrate synthase (466 aa) 

DLD 
dihydrolipoamide dehydrogenase; Lipoamide dehydrogenase is a component of the 
glycine cleavage system as well as of the alpha-ketoacid dehydrogenase complexes 
(509 aa) 

DLST 

dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate complex); The 
2-oxoglutarate dehydrogenase complex catalyzes the overall conversion of 2-
oxoglutarate to succinyl-CoA and CO(2). It contains multiple copies of 3 enzymatic 
components- 2-oxoglutarate dehydrogenase (E1), dihydrolipoamide succinyltransferase 
(E2) and lipoamide dehydrogenase (E3) (453 aa) 

DVL1 dishevelled, dsh homolog 1 (Drosophila); May play a role in the signal transduction 
pathway mediated by multiple Wnt genes (670 aa) 

HNRNPA1 
heterogeneous nuclear ribonucleoprotein A1; Involved in the packaging of pre-mRNA 
into hnRNP particles, transport of poly(A) mRNA from the nucleus to the cytoplasm and 
may modulate splice site selection. May play a role in HCV RNA replication (372 aa) 

HNRNPA2B1 
heterogeneous nuclear ribonucleoprotein A2/B1; Involved with pre-mRNA processing. 
Forms complexes (ribonucleosomes) with at least 20 other different hnRNP and 
heterogeneous nuclear RNA in the nucleous (353 aa) 

HNRNPA3 
heterogeneous nuclear ribonucleoprotein A3; Plays a role in cytoplasmic trafficking of 
RNA. Binds to the cis-acting response element, A2RE. May be involved in pre-mRNA 
splicing (378 aa) 

HNRNPH1 
heterogeneous nuclear ribonucleoprotein H1 (H); This protein is a component of the 
heterogeneous nuclear ribonucleoprotein (hnRNP) complexes which provide the 
substrate for the processing events that pre-mRNAs undergo before becoming 
functional, translatable mRNAs in the cytoplasm. Binds poly(RG) (449 aa) 

HNRNPH3 

heterogeneous nuclear ribonucleoprotein H3 (2H9); Involved in the splicing process and 
participates in early heat shock-induced splicing arrest. Due to their great structural 
variations the different isoforms may possess different functions in the splicing reaction 
(346 aa) 

HNRNPUL1 
heterogeneous nuclear ribonucleoprotein U-like 1; Acts as a basic transcriptional 
regulator. Represses basic transcription driven by several virus and cellular promoters. 
Plays also a role in mRNA processing and transport. (856 aa) 

IGF2BP1 

insulin-like growth factor 2 mRNA binding protein 1; RNA-binding factor that affects 
mRNA nuclear export, localization, stability and translation. Component of the CRD- 
mediated complex that promotes MYC mRNA stabilization. Regulates mRNA stability 
during the integrated cellular stress response (ISR) in stress granules (SGs). (577 aa) 

ILF3 

interleukin enhancer binding factor 3, 90kDa; May facilitate double-stranded RNA-
regulated gene expression at the level of post-transcription. Can act as a translation 
inhibitory protein which binds to coding sequences of acid beta-glucosidase (GCase) and 
other mRNAs and functions at the initiation phase of GCase mRNA translation, probably 
by inhibiting its binding to polysomes.(898 aa) 

MIF 

macrophage migration inhibitory factor (glycosylation-inhibiting factor); Pro-inflammatory 
cytokine. Involved in the innate immune response to bacterial pathogens. The expression 
of MIF at sites of inflammation suggests a role as mediator in regulating the function of 
macrophages in host defense. (115 aa) 

NCBP2 

nuclear cap binding protein subunit 2, 20kDa; Component of the cap-binding complex 
(CBC), which binds co-transcriptionally to the 5' cap of pre-mRNAs and is involved in 
various processes such as pre-mRNA splicing, translation regulation, nonsense-
mediated mRNA decay, RNA-mediated gene silencing (RNAi) by microRNAs and mRNA 
export. (156 aa) 

NCL 

nucleolin; Nucleolin is the major nucleolar protein of growing eukaryotic cells. It is found 
associated with intranucleolar chromatin and pre-ribosomal particles. It induces 
chromatin decondensation by binding to histone H1. It is thought to play a role in pre-
rRNA transcription and ribosome assembly. May play a role in the process of 
transcriptional elongation. (710 aa) 
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Gene Name Complete Name, Description of Function and Size 
NUFIP1 nuclear fragile X mental retardation protein interacting protein 1; Binds RNA (495 aa) 

OGDH 

oxoglutarate (alpha-ketoglutarate) dehydrogenase (lipoamide); The 2-oxoglutarate 
dehydrogenase complex catalyzes the overall conversion of 2-oxoglutarate to succinyl-
CoA and CO(2). It contains multiple copies of three enzymatic components- 2- 
oxoglutarate dehydrogenase, dihydrolipoamide succinyltransferase and lipoamide 
dehydrogenase (1023 aa) 

PABPC1 

poly(A) binding protein, cytoplasmic 1; Binds the poly(A) tail of mRNA. May be involved 
in cytoplasmic regulatory processes of mRNA metabolism such as pre- mRNA splicing. 
Its function in translational initiation regulation can either be enhanced by PAIP1 or 
repressed by PAIP2. (636 aa) 

PABPC4 
poly(A) binding protein, cytoplasmic 4 (inducible form); Binds the poly(A) tail of mRNA. 
May be involved in cytoplasmic regulatory processes of mRNA metabolism. Can 
probably bind to cytoplasmic RNA sequences other than poly(A) in vivo (By similarity) 
(660 aa) 

PABPN1 

poly(A) binding protein, nuclear 1; Involved in the 3'-end formation of mRNA precursors 
(pre-mRNA) by the addition of a poly(A) tail of 200-250 nt to the upstream cleavage 
product. Stimulates poly(A) polymerase (PAPOLA) conferring processivity on the poly(A) 
tail elongation reaction and controls also the poly(A) tail length. (306 aa) 

PCBP1 poly(rC) binding protein 1; Single-stranded nucleic acid binding protein that binds 
preferentially to oligo dC (356 aa) 

PCMT1 
protein-L-isoaspartate (D-aspartate) O-methyltransferase; Catalyzes the methyl 
esterification of L-isoaspartyl and D-aspartyl residues in peptides and proteins that result 
from spontaneous decomposition of normal L-aspartyl and L-asparaginyl residues. (227 
aa) 

PUM1 
pumilio homolog 1 (Drosophila); Sequence-specific RNA-binding protein that regulates 
translation and mRNA stability by binding the 3'-UTR of mRNA targets. May be required 
to support proliferation and self-renewal of stem cells (By similarity) (1188 aa) 

RBM25 RNA binding motif protein 25 (843 aa) 

RBM8A 

RNA binding motif protein 8A; Component of a splicing-dependent multiprotein exon 
junction complex (EJC) deposited at splice junction on mRNAs. The EJC is a dynamic 
structure consisting of a few core proteins and several more peripheral nuclear and 
cytoplasmic associated factors that join the complex only transiently either during EJC 
assembly or during subsequent mRNA metabolism. (174 aa) 

RNPS1 

RNA binding protein S1, serine-rich domain; Component of a splicing-dependent 
multiprotein exon junction complex (EJC) deposited at splice junction on mRNAs. The 
EJC is a dynamic structure consisting of a few core proteins and several more peripheral 
nuclear and cytoplasmic associated factors that join the complex only transiently either 
during EJC assembly or during subsequent mRNA metabolism. (305 aa) 

SET 
SET nuclear oncogene; Multitasking protein, involved in apoptosis, transcription, 
nucleosome assembly and histone binding. Isoform 2 anti-apoptotic activity is mediated 
by inhibition of the GZMA- activated DNase, NME1. (290 aa) 

SF1 
splicing factor 1; Necessary for the ATP-dependent first step of spliceosome assembly. 
Binds to the intron branch point sequence (BPS) 5'-UACUAAC-3' of the pre-mRNA. May 
act as transcription repressor (639 aa) 

SON 
SON DNA binding protein; Represses hepatitis B virus (HBV) core promoter activity and 
transcription of HBV genes and production of HBV virions. Binds to the consensus DNA 
sequence- 5'-GA[GT]AN[CG][AG]CC-3'. Might protect cells from apoptosis. Might be 
involved in pre-mRNA splicing (By similarity) (2426 aa) 

SRSF1 

splicing factor, arginine/serine-rich 1; Plays a role in preventing exon skipping, ensuring 
the accuracy of splicing and regulating alternative splicing. Interacts with other 
spliceosomal components, via the RS domains, to form a bridge between the 5'- and 3'-
splice site binding components, U1 snRNP and U2AF. (248 aa) 

SRSF10 splicing factor, arginine/serine-rich 13A (262 aa) 

SRSF2 
splicing factor, arginine/serine-rich 2; Necessary for the splicing of pre-mRNA. It is 
required for formation of the earliest ATP-dependent splicing complex and interacts with 
spliceosomal components bound to both the 5'- and 3'-splice sites during spliceosome 
assembly. (221 aa) 

SRSF3 splicing factor, arginine/serine-rich 3; May be involved in RNA processing in relation with 
cellular proliferation and/or maturation (164 aa) 

SRSF5 splicing factor, arginine/serine-rich 5; Plays a role in constitutive splicing and can 
modulate the selection of alternative splice sites (272 aa) 
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Gene Name Complete Name, Description of Function and Size 

THOC4 
THO complex 4; Component of the THO subcomplex of the TREX complex. The TREX 
complex specifically associates with spliced mRNA and not with unspliced pre-mRNA. It 
is recruited to spliced mRNAs by a transcription-independent mechanism. (257 aa) 

THRAP3 thyroid hormone receptor associated protein 3; Plays a role in transcriptional coactivation 
(955 aa) 

TIAL1 
TIA1 cytotoxic granule-associated RNA binding protein-like 1; RNA-binding protein. 
Possesses nucleolytic activity against cytotoxic lymphocyte target cells. May be involved 
in apoptosis (392 aa) 

TRA2A transformer 2 alpha homolog (Drosophila); Sequence-specific RNA-binding protein which 
participates in the control of pre-mRNA splicing (282 aa) 
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Common Tagged Virus-Host Interactions 

 

Examining the total number of proteins that affinity purified with each tagged 

virus in the absence of MiST score restrictions (Figure 6) we detected a large 

amount of cellular proteins that are known to function in various processes in the 

cell. Each viral protein was found to interact with unique cellular proteins not 

identified in the other tagged viruses. 3A.st interacted with 13 distinctive cellular 

proteins while 3B.st; 3C.st and 3D.st interacted with 16, 18 and 47 unique 

proteins respectively (Figure 6). Expectedly 3A.st and 3B.st share common 

cellular protein interactions. However, due to the fact that they share the same 

viral precursor, 3AB (see Chapter 1), it is unexpected there are not a larger 

proportion of common interacting proteins. Similarly, 3C.st and 3D.st that share 

the common viral precursor 3CD also share a large amount of cellular common 

interactions, a total of 18 cellular proteins (Figure 6).  

 

There is a greater amount of common protein interactions between 3B.st and 

3D.st than 3B.st and 3C.st; 3A.st and 3D.st; and 3A.st and 3C.st (Figure 6). The 

increase in common interactions is most likely due to the function and localization 

of the viral proteins during the viral replication cycle. Further, there are 11 times 

more common interacting proteins between 3B.st, 3C.st and 3D.st compared to 

3A.st, 3B.st and 3C.st; 3A.st, 3B.st and 3D.st; 3A.st, 3C.st and 3D.st. This could 

be because 3A is membrane associated while the remaining viral proteins are 
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not embedded into the membrane. A total of 16 cellular proteins were identified 

to interact with all four tagged viruses (3A.st, 3B.st and 3C.st, 3D.st).  
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Figure 6: Common Protein Interactions Between Tagged Viruses. Tagged 
viruses 3A.st, 3B.st, 3C.st and 3D.st are represented by A, B, C and D 
respectively. The number of cellular proteins in each group is shown in white.  
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When taking a deeper look at the 16 cellular proteins that interact with the four-

tagged viral proteins, 3A.st, 3B.st, 3C.st and 3D.st, we identified three enriched 

complexes (Figure 7). One complex functions within the nucleus while the 

subsequent complexes function within the mitochondria. The four-member 

complex shown in red (NCL, HNRNPC, HNRNPA1 and HNRNPA2B1) (Figure 7) 

functions in RNA splicing within the nucleoplasm (Table 9). The four yellow 

nodes (UBB, HSPA9, ATP5B and PC) (Figure 7) represent a complex that 

functions in the regulation and cellular and biological processes within the 

mitochondrial matrix. The final complex, shown in tan (PCCA, PCCB, MCCC2 

and DBT) (Figure 7), functions within the mitochondrial matrix specifically in small 

molecule catabolic processes (Table 9). Common interactions between all the 

tagged viral proteins could be helpful in identifying high confidence interactions.  
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Figure 7: Network of 3A.st, 3B.st, 3C.st and 3D.st Common Cellular 
Interacting Partners. Three cellular protein clusters were identified to interact 
with the four-tagged viruses. Cellular proteins are shown as circular nodes 
labeled with their gene name. Lines linking proteins indicate the confidence in the 
interaction. Thicker lines represent stronger associations while lower confidence 
interactions are show by thin dotted lines. Cellular proteins are clustered by 
KMEANS clustering. Every color node corresponds to a cluster. Interacting 
proteins with a higher global score in the String database have a higher 
probability of being in the same cluster. 
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Table 9: Gene Name, Complete Name, Description of Function and Size of 
Common Tagged Virus Cellular Interactions. Information generated using 
String database [3,4,7]. 
 

Gene Name Complete Name, Description of Function and Size 

ATP5B 

ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces 
ATP from ADP in the presence of a proton gradient across the membrane which is 
generated by electron transport complexes of the respiratory chain. (529 aa) 

ATXN2L ataxin 2-like (1097 aa) 

DBT 

dihydrolipoamide branched chain transacylase E2; The branched-chain alpha-keto 
dehydrogenase complex catalyzes the overall conversion of alpha-keto acids to acyl-CoA 
and CO(2). It contains multiple copies of three enzymatic components- branched-chain 
alpha-keto acid decarboxylase (E1), lipoamide acyltransferase (E2) and lipoamide 
dehydrogenase (E3) (482 aa) 

HNRNPA1 
heterogeneous nuclear ribonucleoprotein A1; Involved in the packaging of pre-mRNA 
into hnRNP particles, transport of poly(A) mRNA from the nucleus to the cytoplasm and 
may modulate splice site selection. May play a role in HCV RNA replication (372 aa) 

HNRNPA2B1 
heterogeneous nuclear ribonucleoprotein A2/B1; Involved with pre-mRNA processing. 
Forms complexes (ribonucleosomes) with at least 20 other different hnRNP and 
heterogeneous nuclear RNA in the nucleous (353 aa) 

HNRNPC 

heterogeneous nuclear ribonucleoprotein C (C1/C2); Binds pre-mRNA and nucleates the 
assembly of 40S hnRNP particles. Single HNRNPC tetramers bind 230-240 nucleotides. 
Trimers of HNRNPC tetramers bind 700 nucleotides. May play a role in the early steps of 
spliceosome assembly and pre-mRNA splicing. Interacts with poly-U tracts in the 3'-UTR 
or 5'-UTR of mRNA and modulates the stability and the level of translation of bound 
mRNA molecules (306 aa) 

HSPA5 heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa); Probably plays a role in 
facilitating the assembly of multimeric protein complexes inside the ER (654 aa) 

HSPA9 heat shock 70kDa protein 9 (mortalin); Implicated in the control of cell proliferation and 
cellular aging. May also act as a chaperone (679 aa) 

MCCC2 methylcrotonoyl-Coenzyme A carboxylase 2 (beta) (563 aa) 

NCL 

nucleolin; Nucleolin is the major nucleolar protein of growing eukaryotic cells. It is found 
associated with intranucleolar chromatin and pre-ribosomal particles. It induces 
chromatin decondensation by binding to histone H1. It is thought to play a role in pre-
rRNA transcription and ribosome assembly. May play a role in the process of 
transcriptional elongation. (710 aa) 

PC 

pyruvate carboxylase; Pyruvate carboxylase catalyzes a 2-step reaction, involving the 
ATP-dependent carboxylation of the covalently attached biotin in the first step and the 
transfer of the carboxyl group to pyruvate in the second. Catalyzes in a tissue specific 
manner, the initial reactions of glucose (liver, kidney) and lipid (adipose tissue, liver, 
brain) synthesis from pyruvate (1178 aa) 

PCCA propionyl Coenzyme A carboxylase, alpha polypeptide (728 aa) 

PCCB propionyl Coenzyme A carboxylase, beta polypeptide (539 aa) 

SNRPD1 
small nuclear ribonucleoprotein D1 polypeptide 16kDa; May act as a charged protein 
scaffold to promote snRNP assembly or strengthen snRNP-snRNP interactions through 
nonspecific electrostatic contacts with RNA (119 aa) 

UBB ubiquitin B (229 aa) 
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Discussion 

 

The tagged viruses in our screen seem to highly manipulate the cellular splicing 

machinery and the mitochondrion during infection. Although the replication cycle 

of poliovirus is exclusively cytoplasmic, it has been shown that the 2Apro targets 

the splicesomal core assembly machinery [18]. Defects in the splicing machinery 

lead to downstream effects on pre-mRNA splicing and consequently act as an 

efficient way for the virus to down-regulate the expression of genes that encode 

proteins involved in innate immune responses. Recent studies have shown that 

the mitochondrion plays a central role in host defense mechanisms against viral 

infections [19]. There have been a number of novel viral and mitochondrial 

proteins that were shown to be involved in these processes. Additionally, some 

viral proteins localize in mitochondria and interact with mitochondrial proteins to 

regulate cellular responses. 

 

Various RNA viruses have been shown to alter mitochondrial complexes, 

namely, Hepatitis C Virus (HCV), Vesicular Stomatitis Virus (VSV), Influenza A 

and Avian encephalomyelitis virus (AEV) [19]. AEV belongs to the same family 

as Poliovirus, Picornaviridae. Interestingly in AEV it was shown that the structural 

protein VP3 and the non-structural protein 2C promotes cell death. VP3 was 

shown to induce apoptosis using the capsapse-3-like protease pathway in the 

mitochondria. Furthermore 2C was shown to localize to the mitochondria and 

promote cytochrome c efflux into the cytosol, which subsequently leads to 
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apoptosis. The viral protein 2C is very conserved among picornaviruses and it is 

possible that an identical process is occurring in poliovirus-infected cells. 

 

In our analysis we observed that affinity purification of a single viral protein was 

capable of precipitating entire multi-protein complexes. However, it is unlikely 

that a single viral protein could directly interact with each protein in a large 

complex. It is more probable that the viral protein is interacting with a single 

cellular protein and that cellular protein is interacting with additional cellular 

proteins and so forth. Functional screens should be performed to identify the 

specific protein within the larger complexes that is directly interacting with the 

viral protein and functions in the PV lifecycle. Although this chapter primarily 

focused on complexes that purify with the tagged viruses, individual proteins not 

found in complexes could also be interesting to further study. When considering 

individual proteins that are not found to be a member of a larger complex it is 

more likely that the interaction is occurring directly between the viral protein and 

the cellular protein and not through an alternative protein within the complex.  
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Introduction 

 

An abundance of information was generated from the affinity purification- mass 

spectrometry (AP-MS) screen using the infectious tagged viruses (see Chapter 

4). We identified various complexes that localized to distinct cellular 

compartments. In addition to tagged viruses we also employed two classical 

affinity purification screens in parallel. Individual clones of P3 viral proteins (see 

Chapter 1) were cloned into a vector containing a 2x Strep tag. These 

recombinant viral protein plasmids were overexpressed in 293T cells in the 

presence and absence of WT PV infection (Figure 1). It was hypothesized that 

cellular proteins identified in all three screening methods would have greater 

confidence for their interaction with the viral protein. 

 

High quality data was not generated for 3B, 3C or 3D recombinant proteins. 

Therefore, the emphasis was directed to the recombinant 3A interactions. PV 3A 

is non-structural protein that is essential from viral replication. The end C-terminal 

end of 3A embeds into host membranes and aids in the formation of the viral 

replication complexes [1,2] (see Chapter 1). Here, we show the AP-MS data 

generated from the recombinant 3A overexpression is the presence and absence 

of WT PV infection (Rec3A and Rec3A+WT). Raw data from the 3A.st infection 

AP-MS experiments is discussed in Chapter 4. Lastly, common cellular proteins 

identified in all three-discovery methods (Figure 1) were examined.  
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Figure 1: Schematic of Three Discovery Methods. (1) Tagged virus infection 
(3A.st). 3A.st virus was used to infect 293T cells for 6 hours followed by AP-MS 
(2) Recombinant 3A Overexpression (Rec3A). 3A-strep was overexpressed in 
293T cells for 24 hours followed by AP-MS (3) Recombinant 3A Overexpression+ 
WT PV (Rec3A+WT). 3A-strep was overexpressed in 293T cells for 24 hours 
then infected with WT PV for 6 hours followed by AP-MS. 
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Methods 

 

Cell Lines and Culture Conditions 

293T cells were cultured in DMEM H-21 supplemented with 1× penicillin-

streptomycin-glutamine (PSG), 1× Sodium Pyruvate and 10% fetal bovine serum 

(FBS) at 37ºC and 5% CO2. 

 

Affinity Purification and Silver Staining 

For AP, 6x106 293T cells were seeded in 10 cm plates and incubated overnight. 

The next day, cells were transfected with mock or recombinant 3A. 24 hours post 

transfection cells were infected with mock or WT PV for 30 minutes at 37ºC. Cells 

were washed 3 times in PBS then complete culture medium was replaced and 

cells were incubated for 6 hours. Cells were lysed in 0.5% NP-40 buffer (0.5% 

NP-40, 50 mM Tris pH 7.5, 150 mM NaCl, 1× Protease Inhibitor Cocktail (Roche, 

11697498001), 10 mM DTT) for 30 min at 4ºC. The supernatant was incubated 

with 60 ul with Strep-Tactin Sepharose beads (IBA). The beads were washed 

four times with Washing Buffer (100 mM Tris pH 8.0, 150 mM NaCl, 1mM EDTA) 

prior to lysate binding. Proteins were eluted with 1X Strep Tactin Elution Buffer 

(IBA, 71604). 5 µl of the eluates were analyzed by 4-20% SDS PAGE (BioRad) 

and silver staining (Thermo). 
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Mass spectrometry analysis 

Purified proteins eluates were digested with trypsin for LC-MS/MS analysis. 

Samples were denatured and reduced in 2M urea, 10 mM NH4HCO3 and 2 mM 

DTT for 30 min at 60°C, then alkylated with 2 mM iodoacetamide for 45 min at 

RT. Trypsin (Promega) was added at a 1:100 enzyme:substrate ratio and 

digested overnight at 37°C. Following digestion, samples were concentrated 

using C18 ZipTips (Millipore) according to the manufacturer's 

specifications.  Digested peptide mixtures were analyzed by LC-MS/MS on a 

Thermo Scientific Velos Pro ion trap mass spectrometry system equipped with a 

Proxeon Easy nLC high-pressure liquid chromatography and autosampler 

system. Samples were injected onto a pre-column (2 cm x 100 um I.D. packed 

with ReproSil Pur C18 AQ 5um particles) in 0.1% formic acid and then separated 

with a two-hour gradient from 5% to 30% ACN in 0.1% formic acid on an 

analytical column (10 cm x 75 um I.D. packed with ReproSil Pur C18 AQ 3 um 

particles). The mass spectrometer collected data in a data-dependent fashion, 

collecting one full scan followed by 20 collision-induced dissociation MS/MS 

scans of the 20 most intense peaks from the full scan. Dynamic exclusion was 

enabled for 30 seconds with a repeat count of 1. The results raw data was 

matched to protein sequences by the Protein Prospector algorithm. Data were 

searched against a database containing SwissProt Human protein sequences 

(downloaded March 6, 2012) and poliovirus sequences, and concatenated to a 

decoy database, where each sequence was randomized in order to estimate the 

false positive rate. The searches considered a precursor mass tolerance of 1 Da 
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and fragment ion tolerances of 0.8 Da, and considered variable modifications for 

protein N-terminal acetylation, protein N-terminal acetylation and oxidation, 

glutamine to pyroglutamate conversion for peptide N-terminal glutamine 

residues, protein N-terminal methionine loss, protein N-terminal acetylation and 

methionine loss, methionine oxidation, and constant modification for 

carbamidomethyl cysteine. Prospector data was filtered using a maximum protein 

expectation value of 0.01 and a maximum peptide expectation value of 0.05.  

 

Mass-spectrometry Interaction STatistics (MiST) 

Prioritization of reproducible, bait-specific PV 3A host factors was achieved by 

first computing a MiST score [3] and then imposing a threshold of > 0.7 on the 

MiST scores in the set of observed preys. The MiST AP-MS scoring algorithm 

was run with the following weighted inputs, wA=0.005, wR=0.308, wS=0.685. 

 

STRING Analysis and KMEANS Clustering 

Prey IDs for the highest 66 scoring cellular candidates from the Rec3A and 

Rec3A+WT AP-MS screens were entered into the STRING web portal [4-6] 

(http://string-db.org). Functional protein-association networks were built based on 

compiled available experimental evidence derived from genomic context, high-

throughput experiments, co-expression and previous knowledge. The KMEANS 

clustering algorithm [7], used within the STRING web portal, clusters proteins 

based on the distance matrix obtained from the STRING global scores.  
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Results 

 

Cellular Proteins Co-Purify with Recombinant 3A 

 

To determine if recombinant 3A-strep protein was able to express alone in the 

absence of biological infection and further if the viral protein was able to co-purify 

with cellular proteins, the viral protein was transfected and overexpressed for 24 

hours. After which, the tagged viral protein was affinity purified from cells using 

the Strep-Tactin purification system. Sample eluates were analyzed by SDS-

PAGE followed by silver staining. Mock-overexpressed samples had cellular 

background interacting proteins that were reproducible in all four replicates 

(Figure 2). The majority of the cellular proteins that co-purify with the mock 

samples are larger than 50 kDa in size, in addition to one strong band at 

approximately 12 kDa. 12 kDa is the approximate size of 3A-strep. However, 

Western blot analysis confirms that this band is not the strep-tagged viral protein 

3A (data not shown). 

 

There was robust expression of recombinant 3A (Figure 2, red star). Excitingly, 

recombinant 3A purified with unique cellular proteins that were not found in the 

mock-overexpressed control samples (Figure 2). These cellular interactions were 

reproducibly found in each replicate. Unlike the mock-overexpressed samples, 

the recombinant 3A cellular interacting proteins had a range of sizes from 250 

kDa-10 kDa. 
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                            Mock      Recombinant 3A 

      Overexpression                 Overexpression  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Silver stained Rec3A Affinity Purification Eluates. Samples 
analyzed in quadruplicate. Rec3A was expressed in 293 cells and lysates were 
then precipitated with Strep beads. Recombinant 3A, indicated by red star, co-
purified with unique host proteins that were not identified in the mock 
overexpression samples.  
 

 

 

 

 

 

S
td

V
S

 4
9

V
S

 5
0

V
S

 5
1

V
S

 5
2

V
S

 6
9

V
S

 7
0

V
S

 7
1

V
S

 7
2

* *

250$
150$
100$
75$
50$
37$
25$
20$
15$
10$

3C$Overexpression$

S
td

V
S

 5
3

V
S

 5
4

V
S

 5
5

V
S

 5
6

V
S

 7
3

V
S

 7
4

V
S

 7
5

V
S

 7
6

**

250$
150$
100$
75$
50$
37$
25$
20$
15$
10$

3D$Overexpression$

S
td

V
S

 4
5

V
S

 4
6

V
S

 4
7

V
S

 4
8

V
S

 6
5

V
S

 6
6

V
S

 6
7

V
S

 6
8

* *10$

250$
150$
100$
75$
50$
37$
25$
20$
15$

3A$Overexpression$

S
td V

S
 4

1

V
S

 4
2

V
S

 4
3

V
S

 4
4

V
S

 5
7

V
S

 5
8

V
S

 5
9

V
S

 6
0

V
S

 6
1

V
S

 6
2

V
S

 6
3

V
S

 6
4

250$
150$
100$
75$
50$
37$
25$
20$
15$
10$

Mock$
$Overexpression$



 
 

131 

Recombinant 3A-Host Interactions 

 

The scoring challenges that affected  in the tagged virus AP-MS dataset were not 

a setback in the overexpressed recombinant protein datasets. Overall the 

recombinant 3A AP-MS dataset contained cellular protein candidates that 

contained high MiST scores [3], above 0.7000, as compared to the low scores 

generated by the tagged virus infection datasets (see Chapter 4). This 

occurrence is most likely due to the abundance of overexpressed viral protein as 

opposed to the small amount of endogenously expressed viral proteins. Because 

MiST uses three parameters, abundance, reproducibility and specificity, when 

calculating confidence scores, the greater abundance of overexpressed proteins 

directly benefits the overall MiST score.  

 

Previously identified 3A interacting proteins ACBD3 [8-10] and GBF1 [11] were 

identified in the recombinant 3A dataset (Table 1). Overexpression AP-MS was 

the method used to initially identify the 3A-ACBD3 interaction. It is encouraging 

that we could reproduce this interaction with our method. In our screen ACBD3 

has a MiST score of 0.9928 and is the highest ranked protein in the dataset 

(Table 1). The 3A-GBF interaction was found in genetic manipulation screen. 

Interestingly, we were able to detect this interaction in our screen. Here, GBF1 

ranks 10 out of the top 66 Rec3A interacting proteins and has a MiST score of 

0.9890. 
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Table 1: Recombinant 3A Host Interactions. Prey ID, MiST score, Gene 
Name, Prey Molecular Weight (MW) and Gene Symbol are shown for the top 
scoring cellular candidates. 
 

PREY MiST Gene Name Prey MW Gene Symbol 
Q9H3P7 0.99280 Golgi resident protein GCP60 60593.9 ACBD3 
P50991 0.99277 T-complex protein 1 subunit delta 57924.8 CCT4 
P42704 0.99167 Leucine-rich PPR motif-containing protein, mitochondrial 157906.5 LRPPRC 
Q9UJZ1 0.99157 Stomatin-like protein 2 38534.4 STOML2 
O00410 0.99105 Importin-5 123631.1 IPO5 
P78527 0.99086 DNA-dependent protein kinase catalytic subunit 469093.1 PRKDC 
O14980 0.98985 Exportin-1 123387.0 XPO1 
P07602 0.98956 Proactivator polypeptide 58113.3 PSAP 
P11021 0.98950 78 kDa glucose-regulated protein 72333.5 HSPA5 

Q92538 0.98897 Golgi-specific brefeldin A-resistance guanine nucleotide 
exchange factor 1 206447.8 GBF1 

O43175 0.98875 D-3-phosphoglycerate dehydrogenase 56651.0 PHGDH 
P05023 0.98839 Sodium/potassium-transporting ATPase subunit alpha-1 112897.1 ATP1A1 
Q96A49 0.98670 Synapse-associated protein 1 39933.7 SYAP1  
O15260 0.98670 Surfeit locus protein 4 30394.3 SURF4 

Q9GZT3 0.98670 SRA stem-loop-interacting RNA-binding protein, 
mitochondrial 12349.1 C14orf156 

P55060 0.98629 Exportin-2 110417.6 CSE1L 

O00264 0.98562 Membrane-associated progesterone receptor 
component 1 21671.3 PGRMC1 

P27824 0.98104 Calnexin 67568.9 CANX 
P02768 0.97952 Serum albumin 69367.4 ALB 
Q92973 0.97148 Transportin-1 102356.0 TNPO1 
Q9BVK6 0.93001 Transmembrane emp24 domain-containing protein 9 27277.6 TMED9 
Q59EP7 0.93001 Solute carrier family 25 member 4 variant (Fragment) 29347.3  SLC25A4 
Q9NRP0 0.93001 Oligosaccharyltransferase complex subunit OSTC 16829.4 OSTC 
O43592 0.93001 Exportin-T 109965.2 XPOT 
O43264 0.93001 Centromere/kinetochore protein zw10 homolog 88830.3 ZW10 
P36542 0.93001 ATP synthase subunit gamma, mitochondrial 32996.3 ATP5C1 
Q14974 0.92931 Importin subunit beta-1 97171.1 KPNB1 

P04844 0.92771 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 2 69284.6 RPN2 

O60664 0.92544 Perilipin-3 47075.4 PLIN3 
O75947 0.92543 ATP synthase subunit d, mitochondrial 18491.4 ATP5H 
O60814 0.92490 Histone H2B type 1-K 13890.3 HIST1H2BK 
P35613 0.92054 Basigin 42200.7 BSG 

P30153 0.92051 Serine/threonine-protein phosphatase 2A 65 kDa 
regulatory subunit A alpha isoform 65309.2 PPP2R1A 

Q86VP6 0.92051 Cullin-associated NEDD8-dissociated protein 1 136377.0 CAND1 

P04843 0.91980 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 1 68570.0 RPN1 

P61619 0.91767 Protein transport protein Sec61 subunit alpha isoform 1 52265.2 SEC61A1 
P51149 0.91655 Ras-related protein Rab-7a 23490.0 RAB7A 

Q9HAV4 0.91560 Exportin-5 136312.5 XPO5 

Q7L1Q6 0.90660 Basic leucine zipper and W2 domain-containing protein 
1 48043.6 BZW1 

P20674 0.87294 Cytochrome c oxidase subunit 5A, mitochondrial 16762.3 COX5A 
P49756 0.83978 RNA-binding protein 25 100186.3 RBM25  
A6NIZ1 0.83978 Ras-related protein Rap-1b-like protein 20925.1 RAP1B  
O96008 0.83978 Mitochondrial import receptor subunit TOM40 homolog 37893.4 TOMM40 
P15954 0.83978 Cytochrome c oxidase subunit 7C, mitochondrial 7245.6 COX7C 
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PREY MiST Gene Name Prey MW Gene Symbol 

Q9Y6E2 0.83978 Basic leucine zipper and W2 domain-containing protein 
2 48162.8 BZW2 

Q5T2N8 0.83978 ATPase family AAA domain-containing protein 3C 46379.9  ATAD3C 
P48047 0.83978 ATP synthase subunit O, mitochondrial 23277.5 ATP5O 

Q9NRR5 0.83977 Ubiquilin-4 63853.5 UBQLN4 
Q9Y3A6 0.83977 Transmembrane emp24 domain-containing protein 5 26005.1  TMED5 
P61586 0.83977 Transforming protein RhoA 21768.3 RHOA 

Q53HC3 0.83977 Solute carrier family 25 member 3 isoform b variant 
(Fragment) 39929.1  SLC25A3 

Q9UPN7 0.83977 Serine/threonine-protein phosphatase 6 regulatory 
subunit 1 96724.5 PPP6R1 

O00743 0.83977 Serine/threonine-protein phosphatase 6 catalytic subunit 35144.6 PPP6C 
Q6MZS5 0.83977 Putative uncharacterized protein DKFZp686A13234  68360.0 HNRNPR 
Q14739 0.83977 Lamin-B receptor 70703.8 LBR 
Q0VGD6 0.83977 HNRPR protein (Fragment) 67861.4 HNRNPR 
O60884 0.83977 DnaJ homolog subfamily A member 2 45746.0 DNAJA2 
O75964 0.83977 ATP synthase subunit g, mitochondrial 11428.6 ATP5L 
Q9H3U1 0.83976 Protein unc-45 homolog A 103077.8 UNC45A 
P53675 0.83976 Clathrin heavy chain 2 187031.6 CLTCL1 
P61289 0.83433 Proteasome activator complex subunit 3 29506.3 PSME3 
P49755 0.82786 Transmembrane emp24 domain-containing protein 10 24976.2 TMED10 
Q9P035 0.82784 3-hydroxyacyl-CoA dehydratase 3 43159.9 PTPLAD1 
P62820 0.82648 Ras-related protein Rab-1A 22678.0 RAB1A 
Q13148 0.82647 TAR DNA-binding protein 43 44740.2 TARDBP 
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Taking a deeper look into the dataset we found eight major protein complexes. 

We were able to purify complexes from various compartments in the cell such as 

the mitochondria, cytoplasm, ER and Golgi. Two complexes were found to 

localize within the mitochondria of the cell. The first complex was composed of 

six proteins, ATP5C1, ATP5O, ATP5H, ATP5L, COX5A and COX7C (Figure 3, 

grey nodes). The complex functions in cellular respiration, specifically, in the 

electron transport chain within the mitochondria (Table 2). The combined MiST 

score of the complex is 0.8746 (Table 1). The second mitochondrial complex, 

SLC24A3, SLC25A4 and CCT4 (Figure 3, light blue), functions in metabolic 

processes within the inner membrane of the mitochondria and has a combined 

mist score of 0.9209 (Table 2 and Table 1). Both of the complexes have a very 

significant MiST score and therefore have a high probability of interacting with 

3A. 

 

The subsequent three complexes were identified to localize to the cytoplasm of 

the cells. Interestingly, each of the complexes plays a role in cellular regulation. 

PPP6R1, PPP6C and PRKDC, represented by dark green nodes (Figure 3), is a 

three-protein complex that functions in the regulation of metabolic processes 

(Table 2). The complex has a combined MiST score of 0.8901 (Table 1). The 

second complex has combined MiST score of 0.9360 (Table 1). ALB, LBR and 

PHGDH, shown in dark blue, functions in the regulation of biological processes 

(Figure 3 and Table 2). The final cytoplasmic complex has five members CAND1, 

ZW10, GBF1, HNRNPR and XPO1, represented by green nodes (Figure 3). The 
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complex has a combined MiST score of 0.9182 (Table 1) and functions in 

regulation of cellular processes (Table 2). All of the cytoplasmic complexes have 

a high MiST scores. Furthermore, one of the complexes contains previously 

identified 3A interactor GBF1 [11] increasing the support for the interaction of the 

complex with 3A. 

 

The final complexes are of great interest because they function in trafficking to 

membranes near the ER and Golgi. During PV infection the replication 

complexes are thought to form near the ER-Golgi Intermediate compartment 

membrane (ERGIC) [12-14]. The four-member complex in yellow, TMED5, 

TMED9, TMED10 and SURF4 (Figure 3) functions in Golgi organization within 

ERGIC (Table 2). The complex has a combined MiST score of 0.8961 (Table 1). 

The green nodes represent a six-protein complex (CSE1L, XPOT, IPO5, TNPO1, 

TARDBP and KPNB1) (Figure 3) that functions in nucleo-cytoplasmic transport 

(Table 2) and has a combined MiST score of 0.9391 (Table 1). The four-protein 

complex shown in pink (PLIN3, RAB1A, PGRMC1 and BSG) (Figure 3) has a 

combined MiST score of 0.9145 and functions in vesicle-mediated transport and 

establishment of localization to membranes within the cytoplasm (Table 2). The 

complex has a combined MiST score 0.9145 (Table 1). The final seven-protein 

complex, CANX, RPN1, HSPA5, RPN2, OSTC, SEC61A1 and UBQLN4 (Figure 

3) function in organic substance metabolic processes within the ER membrane 

(Table 2) and has a collective MiST score 0.9294 (Table 1). 



 
 

136 

 
 
Figure 3: Network of Rec3A-Cellular Interacting Partners. Eight major cellular 
protein clusters were identified in the Rec3A affinity purification. Cellular proteins 
are shown as circular nodes labeled with their gene name. Lines linking proteins 
indicate the confidence in the interaction. Thicker lines represent stronger 
associations while lower confidence interactions are show by thin dotted lines. 
Cellular proteins are clustered by KMEANS clustering. Every color node 
corresponds to a cluster. Interacting proteins with a higher global score in the 
String database have more chances to end up in the same cluster.  
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Table 2: Gene Name, Complete Name, Description of Function and Size of 
Rec3A Cellular Interactions. Information generated using String database [4-6]. 
 

Gene Name Complete Name, Description of Function and Size 

ACBD3 

acyl-Coenzyme A binding domain containing 3; Involved in the maintenance of Golgi 
structure by interacting with giantin, affecting protein transport between the endoplasmic 
reticulum and Golgi. Involved in hormone-induced steroid biosynthesis in testicular Leydig 
cells (By similarity) (528 aa) 

ALB 
albumin; Serum albumin, the main protein of plasma, has a good binding capacity for 
water, Ca(2+), Na(+), K(+), fatty acids, hormones, bilirubin and drugs. Its main function is 
the regulation of the colloidal osmotic pressure of blood (609 aa) 

ATAD3C ATPase family, AAA domain containing 3C (411 aa) 

ATP1A1 

ATPase, Na+/K+ transporting, alpha 1 polypeptide; This is the catalytic component of the 
active enzyme, which catalyzes the hydrolysis of ATP coupled with the exchange of 
sodium and potassium ions across the plasma membrane. This action creates the 
electrochemical gradient of sodium and potassium ions, providing the energy for active 
transport of various nutrients (1023 aa) 

ATP5C1 
ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces 
ATP from ADP in the presence of a proton gradient across the membrane which is 
generated by electron transport complexes of the respiratory chain.(298 aa) 

ATP5H 

ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d; Mitochondrial 
membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces ATP from ADP 
in the presence of a proton gradient across the membrane which is generated by electron 
transport complexes of the respiratory chain. (161 aa) 

ATP5L 

ATP synthase, H+ transporting, mitochondrial F0 complex, subunit G; Mitochondrial 
membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces ATP from ADP 
in the presence of a proton gradient across the membrane which is generated by electron 
transport complexes of the respiratory chain. (103 aa) 

ATP5O 

ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit; Mitochondrial 
membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces ATP from ADP 
in the presence of a proton gradient across the membrane which is generated by electron 
transport complexes of the respiratory chain. (213 aa) 

BSG 

basigin (Ok blood group); Plays pivotal roles in spermatogenesis, embryo implantation, 
neural network formation and tumor progression. Stimulates adjacent fibroblasts to 
produce matrix metalloproteinases (MMPS). May target monocarboxylate transporters 
SLC16A1, SLC16A3 and SLC16A8 to plasma membranes of retinal pigment epithelium 
and neural retina. Seems to be a receptor for oligomannosidic glycans (385 aa) 

BZW1 basic leucine zipper and W2 domains 1; Enhances histone H4 gene transcription but does 
not seem to bind DNA directly (451 aa) 

BZW2 basic leucine zipper and W2 domains 2; May be involved in neuronal differentiation (By 
similarity) (419 aa) 

C14orf156 

SRA stem-loop-interacting RNA-binding protein, mitochondrial Precursor ; RNA-binding 
protein that acts as a nuclear receptor corepressor. Probably acts by binding the SRA 
RNA, and repressing the SRA-mediated nuclear receptor coactivation. Binds the STR7 
loop of SRA RNA. Also able to repress glucocorticoid (GR), androgen (AR), thyroid (TR) 
and VDR-mediated transactivation (109 aa) 

CAND1 

cullin-associated and neddylation-dissociated 1; Enhances transcription from various 
types of promoters (By similarity). Regulatory protein that interferes with the assembly of 
the SCF (SKP1-CUL1-F-box protein) ubiquitin ligase complex and thereby down-regulates 
ubiquitination of target proteins. (1230 aa) 

CANX 
calnexin; Calcium-binding protein that interacts with newly synthesized glycoproteins in 
the endoplasmic reticulum. It may act in assisting protein assembly and/or in the retention 
within the ER of unassembled protein subunits. It seems to play a major role in the quality 
control apparatus of the ER by the retention of incorrectly folded proteins (592 aa) 

CCT4 
chaperonin containing TCP1, subunit 4 (delta); Molecular chaperone; assist the folding of 
proteins upon ATP hydrolysis. Known to play a role, in vitro, in the folding of actin and 
tubulin (539 aa) 

CLTCL1 
clathrin, heavy chain-like 1; Clathrin is the major protein of the polyhedral coat of coated 
pits and vesicles. Two different adapter protein complexes link the clathrin lattice either to 
the plasma membrane or to the trans-Golgi network (By similarity) (1640 aa) 
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Gene Name Complete Name, Description of Function and Size 

COX5A cytochrome c oxidase subunit Va; This is the heme A-containing chain of cytochrome c 
oxidase, the terminal oxidase in mitochondrial electron transport (150 aa) 

COX7C 
cytochrome c oxidase subunit VIIc; This protein is one of the nuclear-coded polypeptide 
chains of cytochrome c oxidase, the terminal oxidase in mitochondrial electron transport 
(63 aa) 

CSE1L 

CSE1 chromosome segregation 1-like (yeast); Export receptor for importin-alpha. 
Mediates importin- alpha re-export from the nucleus to the cytoplasm after import 
substrates (cargos) have been released into the nucleoplasm. In the nucleus binds 
cooperatively to importin-alpha and to the GTPase Ran in its active GTP-bound form.(971 
aa) 

DNAJA2 DnaJ (Hsp40) homolog, subfamily A, member 2; Co-chaperone of Hsc70 (412 aa) 

GBF1 
golgi-specific brefeldin A resistant guanine nucleotide exchange factor 1; Promotes 
guanine-nucleotide exchange on ARF5. Promotes the activation of ARF5 through 
replacement of GDP with GTP (By similarity) (1859 aa) 

HIST1H2BK 

histone cluster 1, H2bk; Core component of nucleosome. Nucleosomes wrap and compact 
DNA into chromatin, limiting DNA accessibility to the cellular machineries which require 
DNA as a template. Histones thereby play a central role in transcription regulation, DNA 
repair, DNA replication and chromosomal stability. (126 aa) 

HNRNPR 

heterogeneous nuclear ribonucleoprotein R; Component of ribonucleosomes, which are 
complexes of at least 20 other different heterogenious nuclear ribonucleoproteins 
(hnRNP). hnRNP play an important role in processing of precursor mRNA in the nucleus 
(636 aa) 

HSPA5 heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa); Probably plays a role in 
facilitating the assembly of multimeric protein complexes inside the ER (654 aa) 

IPO5 

importin 5; Functions in nuclear protein import as nuclear transport receptor. Serves as 
receptor for nuclear localization signals (NLS) in cargo substrates. Is thought to mediate 
docking of the importin/substrate complex to the nuclear pore complex (NPC) through 
binding to nucleoporin and the complex is subsequently translocated through the pore by 
an energy requiring, Ran- dependent mechanism.(1115 aa) 

KPNB1 
karyopherin (importin) beta 1; Functions in nuclear protein import, either in association 
with an adapter protein, like an importin-alpha subunit, which binds to nuclear localization 
signals (NLS) in cargo substrates, or by acting as autonomous nuclear transport receptor. 
Acting autonomously, serves itself as NLS receptor.(876 aa) 

LBR lamin B receptor; Anchors the lamina and the heterochromatin to the inner nuclear 
membrane (615 aa) 

LRPPRC 
leucine-rich PPR-motif containing; May play a role in RNA metabolism in both nuclei and 
mitochondria. In the nucleus binds to HNRPA1-associated poly(A) mRNAs and is part of 
nmRNP complexes at late stages of mRNA maturation which are possibly associated with 
nuclear mRNA export. (1394 aa) 

OSTC oligosaccharyltransferase complex subunit (149 aa) 

PGRMC1 progesterone receptor membrane component 1; Receptor for progesterone (By similarity) 
(195 aa) 

PHGDH phosphoglycerate dehydrogenase (533 aa) 

PLIN3 perilipin 3; Required for the transport of mannose 6-phosphate receptors (MPR) from 
endosomes to the trans-Golgi network (434 aa) 

PPP2R1A 
protein phosphatase 2 (formerly 2A), regulatory subunit A, alpha isoform; The PR65 
subunit of protein phosphatase 2A serves as a scaffolding molecule to coordinate the 
assembly of the catalytic subunit and a variable regulatory B subunit (589 aa) 

PPP6C 

protein phosphatase 6, catalytic subunit; Catalytic subunit of protein phospatase 6 (PP6). 
PP6 is a component of a signaling pathway regulating cell cycle progression in response 
to IL-2 receptor stimulation. N-terminal domain restricts G1 to S phase progression in 
cancer cells, in part through control of cyclin D1. (342 aa) 

PPP6R1 
SAPS domain family, member 1; Regulatory subunit of protein phospatase 6 (PP6). May 
function as a scaffolding PP6 subunit. Involved in the PP6- mediated dephosphorylation of 
NFKBIE opposing its degradation in response to TNF-alpha (881 aa) 

PRKDC 
protein kinase, DNA-activated, catalytic polypeptide; Serine/threonine-protein kinase that 
acts as a molecular sensor for DNA damage. Involved in DNA nonhomologous end joining 
(NHEJ) required for double-strand break (DSB) repair and V(D)J recombination. (4127 aa) 

PSAP 
prosaposin; The lysosomal degradation of sphingolipids takes place by the sequential 
action of specific hydrolases. Some of these enzymes require specific low-molecular 
mass, non-enzymic proteins- the sphingolipids activator proteins (coproteins) (524 aa) 
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Gene Name Complete Name, Description of Function and Size 

PSME3 

proteasome (prosome, macropain) activator subunit 3 (PA28 gamma; Ki); Subunit of the 
11S REG-gamma (also called PA28-gamma) proteasome regulator, a donut-shaped 
homoheptamer which associates with the proteasome. 11S REG-gamma activates the 
trypsin-like catalytic subunit of the proteasome but inhibits the chymotrypsin- like and 
postglutamyl-preferring (PGPH) subunits. (267 aa) 

PTPLAD1 protein tyrosine phosphatase-like A domain containing 1; Involved in Rac1-signaling 
pathways leading to the modulation of gene expression (362 aa) 

RAB1A 
RAB1A, member RAS oncogene family; Probably required for transit of protein from the 
ER through Golgi compartment. Binds GTP and GDP and possesses intrinsic GTPase 
activity (205 aa) 

RAB7A RAB7A, member RAS oncogene family; Involved in late endocytic transport. Contributes 
to the maturation of phagosomes (acidification) (207 aa) 

RAP1B Ras-related protein Rap-1b-like protein Precursor (184 aa) 
RBM25 RNA binding motif protein 25 (843 aa) 

RHOA 

ras homolog gene family, member A; Regulates a signal transduction pathway linking 
plasma membrane receptors to the assembly of focal adhesions and actin stress fibers. 
Serves as a target for the yopT cysteine peptidase from Yersinia pestis, vector of the 
plague, and Yersinia pseudotuberculosis, which causes gastrointestinal disorders. May be 
an activator of PLCE1. (193 aa) 

RPN1 
ribophorin I; Essential subunit of N-oligosaccharyl transferase enzyme which catalyzes the 
transfer of a high mannose oligosaccharide from a lipid-linked oligosaccharide donor to an 
asparagine residue within an Asn-X-Ser/Thr consensus motif in nascent polypeptide 
chains (607 aa) 

RPN2 

ribophorin II; Essential subunit of N-oligosaccharyl transferase enzyme which catalyzes 
the transfer of a high mannose oligosaccharide from a lipid-linked oligosaccharide donor 
to an asparagine residue within an Asn-X-Ser/Thr consensus motif in nascent polypeptide 
chains (631 aa) 

SEC61A1 
Sec61 alpha 1 subunit (S. cerevisiae); Plays a crucial role in the insertion of secretory and 
membrane polypeptides into the ER. Required for assembly of membrane and secretory 
proteins. Tightly associated with membrane- bound ribosomes, either directly or through 
adapter proteins (476 aa) 

SLC25A3 
solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3; Transport of 
phosphate groups from the cytosol to the mitochondrial matrix. Phosphate is 
cotransported with H(+) (362 aa) 

SLC25A4 
solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4; 
Catalyzes the exchange of ADP and ATP across the mitochondrial inner membrane (298 
aa) 

STOML2 stomatin (EPB72)-like 2 (356 aa) 

SURF4 surfeit 4; May play a role in the maintenance of the architecture of the endoplasmic 
reticulum-Golgi intermediate compartment and of the Golgi (269 aa) 

SYAP1 synapse associated protein 1, SAP47 homolog (Drosophila) (352 aa) 

TARDBP 

TAR DNA binding protein; DNA and RNA-binding protein, which regulates transcription 
and splicing. Involved in the regulation of CFTR splicing. It promotes CFTR exon 9 
skipping by binding to the UG repeated motifs in the polymorphic region near the 3'-splice 
site of this exon. (414 aa) 

TMED10 transmembrane emp24-like trafficking protein 10 (yeast); Involved in vesicular protein 
trafficking (219 aa) 

TMED5 transmembrane emp24 protein transport domain containing 5 (229 aa) 
TMED9 transmembrane emp24 protein transport domain containing 9 (235 aa) 

TNPO1 

transportin 1; Functions in nuclear protein import as nuclear transport receptor. Serves as 
receptor for nuclear localization signals (NLS) in cargo substrates. Is thought to mediate 
docking of the importin/substrate complex to the nuclear pore complex (NPC) through 
binding to nucleoporin and the complex is subsequently translocated through the pore by 
an energy requiring, Ran- dependent mechanism.  (898 aa) 

TOMM40 translocase of outer mitochondrial membrane 40 homolog (yeast); Channel-forming 
protein essential for import of protein precursors into mitochondria (By similarity) (361 aa) 

UBQLN4 ubiquilin 4 (601 aa) 

UNC45A 

unc-45 homolog A (C. elegans); Acts as co-chaperone for HSP90. Prevents the 
stimulation of HSP90AB1 ATPase activity by AHSA1. Positive factor in promoting PGR 
function in the cell. May be necessary for proper folding of myosin (Potential). Necessary 
for normal cell proliferation. (944 aa) 
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Gene Name Complete Name, Description of Function and Size 

XPO1 

exportin 1 (CRM1 homolog, yeast); Mediates the nuclear export of cellular proteins 
(cargos) bearing a leucine-rich nuclear export signal (NES) and of RNAs. In the nucleus, 
in association with RANBP3, binds cooperatively to the NES on its target protein and to 
the GTPase RAN in its active GTP-bound form (Ran-GTP). Docking of this complex to the 
nuclear pore complex (NPC) is mediated through binding to nucleoporins. (1071 aa) 

XPO5 

exportin 5; Mediates the nuclear export of proteins bearing a double-stranded RNA 
binding domain (dsRBD) and double-stranded RNAs (cargos). XPO5 in the nucleus binds 
cooperatively to the RNA and to the GTPase Ran in its active GTP-bound form. Proteins 
containing dsRBDs can associate with this trimeric complex through the RNA. Docking of 
this complex to the nuclear pore complex (NPC) is mediated through binding to 
nucleoporins. (1204 aa) 

XPOT 
exportin, tRNA (nuclear export receptor for tRNAs); Mediates the nuclear export of 
aminoacylated tRNAs. In the nucleus binds to tRNA and to the GTPase Ran in its active 
GTP- bound form. Docking of this trimeric complex to the nuclear pore complex (NPC) is 
mediated through binding to nucleoporins. (962 aa) 

ZW10 

ZW10, kinetochore associated, homolog (Drosophila); Essential component of the mitotic 
checkpoint, which prevents cells from prematurely exiting mitosis. Required for the 
assembly of the dynein-dynactin and MAD1-MAD2 complexes onto kinetochores. Involved 
in regulation of membrane traffic between the Golgi and the endoplasmic reticulum (779 
aa) 
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Cellular Proteins Co-Purify with Recombinant 3A +WT infection 
 
 

Recombinant strep-tagged 3A (Rec3A) protein was able to express in the 

absence of biological infection and further the viral protein was able to co-purify 

with cellular proteins.  To examine if the cellular interactors change during the 

context of infection, 3A-strep protein was transfected into 293T cells. 24 hours 

post transfection cells were mock or WT PV infected for 6 hours.  After which, the 

tagged viral protein was affinity purified from infected cells lysates using the 

Strep-Tactin purification system. Samples eluates were analyzed by SDS-PAGE 

followed by silver staining.  

 

Mock-overexpressed +WT PV infection samples contained a large amount of 

background interacting proteins compared to the mock-overexpressed samples  

(Figure 2 and Figure 4, mock). This indicates that modifications are occurring in 

the cell as a result to infection. The cellular proteins that co-purify with the mock 

samples represent a range of sizes (Figure 4). The identical 12 kDa band that 

was found in the mock-overexpressed samples (Figure 2) is also present in the 

mock-overexpressed infected samples (Figure 4). Although this band is the 

approximate size of the tagged 3A protein Western blot analysis confirms that 

this band is not the strep-tagged viral protein 3A (data not shown). 

 

There was robust expression of recombinant 3A during the context of WT PV 

infection (Figure 4, red star). As seen with the Rec3A elution, Rec3A+WT 
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samples purified with unique cellular proteins that were not found in the mock-

overexpressed control samples (Figure 4). These cellular interactions were 

reproducibly found in each replicate. However, the silver stained SDS-PAGE of 

Rec3A and Rec3A+WT look analogous to each other. This could be due to the 

fact that the same proteins are co-purifying in both conditions or because of the 

over abundance of total proteins in each the samples. In order to differentiate 

between these two possibilities MS analysis was utilized.  
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              Mock               Recombinant 3A  
                            Overexpression + WT PV            Overexpression + WT PV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Silver Stained Rec3A+WT Affinity Purification Eluates. Samples 
analyzed in quadruplicate. Tagged viral bates are indicated by red stars. Tagged 
viral proteins co-purified with unique host proteins that were not identified in the 
mock overexpressed+WT PV infected affinity purification samples.  
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Recombinant 3A + WT PV- Host Interactions 

 

The Rec3A+WT AP-MS dataset contained numerous cellular protein candidates 

that contained significant MiST scores. The top 66 cellular interacting proteins 

had a MiST score range of 0.9937 to 0.6855. Four previously described cellular 

proteins that have been shown to play a role in the poliovirus lifecycle were 

identified using this method, GBF1 [11], ACBD3 [8-10], NCL [15] and PI4KB 

[8,16]. Half of the previously characterized proteins were not identified in 

absence of PV infection, NCL and PI4KB. This indicates that the biological 

context of infection may be needed for certain interactions to occur. A large 

amount of cellular rearrangements occur within infected cells that can 

subsequently affect the localization of cellular proteins and possibility affect viral-

host interactions. 

 

Previously identified cellular interacting proteins, GBF1, ACBD3, NCL and PI4KB 

had MiST scores of 0.9917, 0.9906, 0.9270 and .8389 respectively. GBF and 

ACBD3 were identified in the non-infected overexpressed recombinant 3A 

screen. Here both cellular proteins rank within the top 15 proteins. PI4KB was 

described to play a role in PV replication via a siRNA screen. Specifically, it was 

shown to play a role in recruitment of the viral RNA-dependent RNA polymerase, 

PV 3D, to the replication complex (see Chapter 1). Genetic screening identified 

NCL, which was described to bind the 3’ UTR of the viral genome [15]. 

Interestingly, NCL was also found in the tagged virus datasets (Chapter 3.2). 
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However, NCL was not found in the Rec3A screen suggesting the requirement of 

infection for the interaction between NCL and non-structural PV proteins to occur. 
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Table 3: Recombinant 3A with WT PV Infection Host Interactions. Prey ID, 
MiST score, Gene Name, Prey Molecular Weight (MW) and Gene Symbol are 
shown for the top scoring cellular candidates. 
 

PREY MiST  Gene Name Prey MW Gene Symbol 
P78527 0.99370 DNA-dependent protein kinase catalytic subunit 469093.1 PRKDC 
Q99623 0.99348 Prohibitin-2 33296.7 PHB2 
P10809 0.99305 60 kDa heat shock protein, mitochondrial 61055.2 HSPD1 
P50914 0.99304 60S ribosomal protein L14 23432.1 RPL14 
O14828 0.99303 Secretory carrier-associated membrane protein 3 38287.3 SCAMP3 
P03300 0.99303 Genome polyprotein 246542.4 POLIO 
Q9P035 0.99303 3-hydroxyacyl-CoA dehydratase 3 43159.9 PTPLAD1 
P25705 0.99280 ATP synthase subunit alpha, mitochondrial 59751.1 ATP5A1 
P05387 0.99178 60S acidic ribosomal protein P2 11665.0 RPLP2 

Q92538 0.99173 Golgi-specific brefeldin A-resistance guanine nucleotide 
exchange factor 1 206447.8 GBF1 

P35232 0.99133 Prohibitin 29804.3 PHB 
P45880 0.99112 Voltage-dependent anion-selective channel protein 2 31566.8 VDAC2 
P05023 0.99101 Sodium/potassium-transporting ATPase subunit alpha-1 112897.1 ATP1A1 
Q9H3P7 0.99059 Golgi resident protein GCP60 60593.9 ACBD3 
P42704 0.99017 Leucine-rich PPR motif-containing protein, mitochondrial 157906.5 LRPPRC 
O14980 0.99010 Exportin-1 123387.0 XPO1 
P12236 0.98910 ADP/ATP translocase 3 32866.6 SLC25A6 
O43175 0.98553 D-3-phosphoglycerate dehydrogenase 56651.0 PHGDH 
P05386 0.98497 60S acidic ribosomal protein P1 11514.0 RPLP1 
Q92973 0.98379 Transportin-1 102356.0 TNPO1 

Q9GZT3 0.98241 SRA stem-loop-interacting RNA-binding protein, 
mitochondrial 12349.1 C14orf156 

Q00325 0.98085 Phosphate carrier protein, mitochondrial 40095.2 SLC25A3 
Q14974 0.98084 Importin subunit beta-1 97171.1 KPNB1 
O43592 0.98084 Exportin-T 109965.2 XPOT 
P02768 0.97834 Serum albumin 69367.4 ALB 
Q92616 0.97822 Translational activator GCN1 292760.9 GCN1L1 
P57088 0.97669 Transmembrane protein 33 27978.4 TMEM33 

O00264 0.97343 Membrane-associated progesterone receptor component 
1 21671.3 PGRMC1 

P21796 0.96477 Voltage-dependent anion-selective channel protein 1 30772.8 VDAC1 
P55060 0.96476 Exportin-2 110417.6 CSE1L 
O75947 0.92991 ATP synthase subunit d, mitochondrial 18491.4 ATP5H 
Q9NRR5 0.92903 Ubiquilin-4 63853.5 UBQLN4 
Q9BVC6 0.92903 Transmembrane protein 109 26210.2 TMEM109 
P08134 0.92881 Rho-related GTP-binding protein RhoC 22006.6 RHOC 
P51149 0.92881 Ras-related protein Rab-7a 23490.0 RAB7A 
P55209 0.92880 Nucleosome assembly protein 1-like 1 45374.5 NAP1L1 
P18124 0.92880 60S ribosomal protein L7 29226.0 RPL7 
P19338 0.92694 Nucleolin 76615.0 NCL 
P11021 0.92568 78 kDa glucose-regulated protein 72333.5 HSPA5 
O15260 0.92451 Surfeit locus protein 4 30394.3 SURF4 
P27824 0.92336 Calnexin 67568.9 CANX 

Q9HAV4 0.92036 Exportin-5 136312.5 XPO5 
O00410 0.91983 Importin-5 123631.1 IPO5 
P06748 0.91495 Nucleophosmin 32575.3 NPM1 
Q16891 0.91446 Mitochondrial inner membrane protein 83678.6 IMMT 
P06576 0.91276 ATP synthase subunit beta, mitochondrial 56560.4 ATP5B 
Q07020 0.91243 60S ribosomal protein L18 21634.7 RPL18 
Q9Y6E2 0.90949 Basic leucine zipper and W2 domain-containing protein 2 48162.8 BZW2 
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PREY MiST Gene Name Prey MW Gene Symbol 
P38646 0.83960 Stress-70 protein, mitochondrial 73681.1 HSPA9 
P61289 0.83960 Proteasome activator complex subunit 3 29506.3 PSME3 
P36542 0.83960 ATP synthase subunit gamma, mitochondrial 32996.3 ATP5C1 
Q96H53 0.83894 HSPA8 protein (Fragment) 24084.1 HSPA8 
O00161 0.83893 Synaptosomal-associated protein 23 23354.3 SNAP23 
Q9UBF8 0.83893 Phosphatidylinositol 4-kinase beta 91379.7 PI4KB 
Q01650 0.83893 Large neutral amino acids transporter small subunit 1 55010.8 SLC7A5 
P59190 0.83840 Ras-related protein Rab-15 24390.8 RAB15 
Q9UJZ1 0.83839 Stomatin-like protein 2 38534.4 STOML2 
P68104 0.83799 Elongation factor 1-alpha 1 50141.3 EEF1A1 
P48741 0.83797 Putative heat shock 70 kDa protein 7 40244.8 HSPA6 
P62820 0.83343 Ras-related protein Rab-1A 22678.0 RAB1A 
P48047 0.83256 ATP synthase subunit O, mitochondrial 23277.5 ATP5O 
P51572 0.82979 B-cell receptor-associated protein 31 27991.8 BCAP31 
P20674 0.82612 Cytochrome c oxidase subunit 5A, mitochondrial 16762.3 COX5A 
Q7L1Q6 0.82611 Basic leucine zipper and W2 domain-containing protein 1 48043.6 BZW1 
P05141 0.70044 ADP/ATP translocase 2 32852.5 SLC25A5 
O60664 0.68551 Perilipin-3 47075.4 PLIN3 
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Seven complexes were identified in the Rec3A+WT infection dataset. Similar to 

the Rec3A dataset, many of these complexes were found to localize to different 

compartments of the cell. The first complex shown in pink (ATP5H, ATP5O, 

ATP5A1, ATP5B, ATP5C1, COX5A, SLC25A5, SLC25A3, SLC25A6, VDAC2 

and PHB2) has a combined MiST score 0.9081 (Table 3 and Figure 5) and 

functions within the mitochondrial inner membrane in the generation of precursor 

metabolism and energy for the electron transport chain (Table 4). The next 

largest complex shown in red contains 10 cellular proteins (IMMT, VDAC1, 

HSPA6, NAP1L1, HSPD1, HSPA8, NCL, NPM1, HSPA9 and ALB) (Figure 5). 

This complex functions in the regulation of cellular processes within the 

cytoplasm and has a combined MiST score of 0.9222 (Table 3 and Table 4). 

Interestingly, the complex contains previously characterized cellular interactor 

NCL, increasing the confidence in the complexes interaction with 3A. The RPL7, 

RPL18, RPLP2, RPLP1 and RPL14 complex indicated by brown nodes has a 

combined MiST score of 0.9622 (Figure 5 and Table 3). These proteins are part 

of the cytosolic large ribosomal subunit and function in protein targeting to the ER 

within the cytoplasm (Table 4). 

 

The six-member complex (CSE1L, XPO1, XPOT, IPO5, TNPO1 and KPNB1) 

shown as gold nodes (Figure 5) has a combined MiST score of 0.9700 (Table 3) 

and functions in nucleo-cytoplasmic transport (Table 4). PRKDC, XPO5 and 

EEF1A1 shown as light blue nodes (Figure 5) is a smaller complex that has a 

combined MiST score of 0.9174 (Table 3) and functions in regulation of 
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programmed cell death within the nucleoplasm (Table 4). The complex shown in 

yellow (PHB, HSPA5, CANX and BCAP31) (Figure 5) has a combined MiST 

score of 0.9175 (Table 3) and is thought to function in establishment of 

localization to the ER membrane (Table 4). The final complex, PGRMC1, PLIN3, 

RAB1A and GBF1 (Figure 5, dark brown nodes) has a combined MiST score 

0.8710 (Table 3) and functions in vesicle mediated transport and establishment 

of localization to host membranes (Table 4). This complex contains GBF1, which 

has been previously shown to interact with PV 3A. All of the described 

complexes have significant MiST scores that indicate a genuine interaction with 

the non-structural protein, 3A that could be required for PV replication.  
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Figure 5: Network of Rec3A+WT Infection Cellular Interacting Partners. 
Seven cellular protein clusters were identified in the Rec3A+WT AP-MS dataset. 
Cellular proteins are shown as circular nodes labeled with their gene name. Lines 
linking proteins indicate the confidence in the interaction. Thicker lines represent 
stronger associations while lower confidence interactions are show by thin dotted 
lines. Cellular proteins are clustered by KMEANS clustering. Every color node 
corresponds to a cluster. Interacting proteins with a higher global score in the 
String database have more chances to end up in the same cluster.  
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Table 4: Gene Name, Complete Name, Description of Function and Size of 
Rec3A+WT-Cellular Interactions. Information generated using String database 
[4-6]. 
 

Gene Name Complete Name, Description of Function and Size 

ACBD3 

acyl-Coenzyme A binding domain containing 3; Involved in the maintenance of Golgi 
structure by interacting with giantin, affecting protein transport between the endoplasmic 
reticulum and Golgi. Involved in hormone-induced steroid biosynthesis in testicular Leydig 
cells (By similarity) (528 aa) 

ALB 
albumin; Serum albumin, the main protein of plasma, has a good binding capacity for 
water, Ca(2+), Na(+), K(+), fatty acids, hormones, bilirubin and drugs. Its main function is 
the regulation of the colloidal osmotic pressure of blood (609 aa) 

ATP1A1 

ATPase, Na+/K+ transporting, alpha 1 polypeptide; This is the catalytic component of the 
active enzyme, which catalyzes the hydrolysis of ATP coupled with the exchange of 
sodium and potassium ions across the plasma membrane. This action creates the 
electrochemical gradient of sodium and potassium ions, providing the energy for active 
transport of various nutrients (1023 aa) 

ATP5A1 

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, cardiac 
muscle; Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) 
produces ATP from ADP in the presence of a proton gradient across the membrane which 
is generated by electron transport complexes of the respiratory chain. (553 aa) 

ATP5B 

ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces 
ATP from ADP in the presence of a proton gradient across the membrane which is 
generated by electron transport complexes of the respiratory chain. (529 aa) 

ATP5C1 

ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1; 
Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces 
ATP from ADP in the presence of a proton gradient across the membrane which is 
generated by electron transport complexes of the respiratory chain. (298 aa) 

ATP5H 

ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d; Mitochondrial 
membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces ATP from 
ADP in the presence of a proton gradient across the membrane which is generated by 
electron transport complexes of the respiratory chain..  (161 aa) 

ATP5O 

ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit; Mitochondrial 
membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces ATP from 
ADP in the presence of a proton gradient across the membrane which is generated by 
electron transport complexes of the respiratory chain. (213 aa) 

BCAP31 
B-cell receptor-associated protein 31; May play a role in anterograde transport of 
membrane proteins from the endoplasmic reticulum to the Golgi. May be involved in 
CASP8-mediated apoptosis (313 aa) 

BZW1 basic leucine zipper and W2 domains 1; Enhances histone H4 gene transcription but 
does not seem to bind DNA directly (451 aa) 

BZW2 basic leucine zipper and W2 domains 2; May be involved in neuronal differentiation (By 
similarity) (419 aa) 

C14orf156 

SRA stem-loop-interacting RNA-binding protein, mitochondrial Precursor ; RNA-binding 
protein that acts as a nuclear receptor corepressor. Probably acts by binding the SRA 
RNA, and repressing the SRA-mediated nuclear receptor coactivation. Binds the STR7 
loop of SRA RNA. (109 aa) 

CANX 
calnexin; Calcium-binding protein that interacts with newly synthesized glycoproteins in 
the endoplasmic reticulum. It may act in assisting protein assembly and/or in the retention 
within the ER of unassembled protein subunits. It seems to play a major role in the quality 
control apparatus of the ER by the retention of incorrectly folded proteins (592 aa) 

COX5A cytochrome c oxidase subunit Va; This is the heme A-containing chain of cytochrome c 
oxidase, the terminal oxidase in mitochondrial electron transport (150 aa) 

CSE1L 

CSE1 chromosome segregation 1-like (yeast); Export receptor for importin-alpha. 
Mediates importin- alpha re-export from the nucleus to the cytoplasm after import 
substrates (cargos) have been released into the nucleoplasm. In the nucleus binds 
cooperatively to importin-alpha and to the GTPase Ran in its active GTP-bound form. 
Docking of this trimeric complex to the nuclear pore complex (NPC) is mediated through 
binding to nucleoporins. (971 aa) 
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Gene Name Complete Name, Description of Function and Size 

EEF1A1 
eukaryotic translation elongation factor 1 alpha-like 7; This protein promotes the GTP-
dependent binding of aminoacyl-tRNA to the A-site of ribosomes during protein 
biosynthesis (By similarity) (462 aa) 

GBF1 
golgi-specific brefeldin A resistant guanine nucleotide exchange factor 1; Promotes 
guanine-nucleotide exchange on ARF5. Promotes the activation of ARF5 through 
replacement of GDP with GTP (By similarity) (1859 aa) 

GCN1L1 
GCN1 general control of amino-acid synthesis 1-like 1 (yeast); Acts as a translation 
activator that mediates translational control and perform an EF3-related function on the 
ribosome by regulating GCN2 protein kinase (EIF2AK1-4) activity (By similarity) (2671 aa) 

HSPA5 heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa); Probably plays a role in 
facilitating the assembly of multimeric protein complexes inside the ER (654 aa) 

HSPA6 

heat shock 70kDa protein 7 (HSP70B); In cooperation with other chaperones, Hsp70s 
stabilize preexistent proteins against aggregation and mediate the folding of newly 
translated polypeptides in the cytosol as well as within organelles. These chaperones 
participate in all these processes through their ability to recognize nonnative 
conformations of other proteins. (643 aa) 

HSPA8 heat shock 70kDa protein 8; Chaperone. Isoform 2 may function as an endogenous 
inhibitory regulator of HSC70 by competing the co-chaperones (646 aa) 

HSPA9 heat shock 70kDa protein 9 (mortalin); Implicated in the control of cell proliferation and 
cellular aging. May also act as a chaperone (679 aa) 

HSPD1 
heat shock 60kDa protein 1 (chaperonin); Implicated in mitochondrial protein import and 
macromolecular assembly. May facilitate the correct folding of imported proteins. May 
also prevent misfolding and promote the refolding and proper assembly of unfolded 
polypeptides generated under stress conditions in the mitochondrial matrix (573 aa) 

IMMT inner membrane protein, mitochondrial (mitofilin) (758 aa) 

IPO5 

importin 5; Functions in nuclear protein import as nuclear transport receptor. Serves as 
receptor for nuclear localization signals (NLS) in cargo substrates. Is thought to mediate 
docking of the importin/substrate complex to the nuclear pore complex (NPC) through 
binding to nucleoporin and the complex is subsequently translocated through the pore by 
an energy requiring, Ran- dependent mechanism. (1115 aa) 

KPNB1 

karyopherin (importin) beta 1; Functions in nuclear protein import, either in association 
with an adapter protein, like an importin-alpha subunit, which binds to nuclear localization 
signals (NLS) in cargo substrates, or by acting as autonomous nuclear transport receptor. 
Acting autonomously, serves itself as NLS receptor. (876 aa) 

LRPPRC 

leucine-rich PPR-motif containing; May play a role in RNA metabolism in both nuclei and 
mitochondria. In the nucleus binds to HNRPA1-associated poly(A) mRNAs and is part of 
nmRNP complexes at late stages of mRNA maturation which are possibly associated with 
nuclear mRNA export. May bind mature mRNA in the nucleus outer membrane. (1394 aa) 

NAP1L1 nucleosome assembly protein 1-like 1; May be involved in modulating chromatin 
formation and contribute to regulation of cell proliferation (391 aa) 

NCL 

nucleolin; Nucleolin is the major nucleolar protein of growing eukaryotic cells. It is found 
associated with intranucleolar chromatin and pre-ribosomal particles. It induces chromatin 
decondensation by binding to histone H1. It is thought to play a role in pre-rRNA 
transcription and ribosome assembly. May play a role in the process of transcriptional 
elongation. (710 aa) 

NPM1 

nucleophosmin (nucleolar phosphoprotein B23, numatrin); Involved in diverse cellular 
processes such as ribosome biogenesis, centrosome duplication, protein chaperoning, 
histone assembly, cell proliferation, and regulation of tumor suppressors TP53/p53 and 
ARF. Binds ribosome presumably to drive ribosome nuclear export. Acts as a chaperonin 
for the core histones H3, H2B and H4 (294 aa) 

PGRMC1 progesterone receptor membrane component 1; Receptor for progesterone (By similarity) 
(195 aa) 

PHB 
prohibitin; Prohibitin inhibits DNA synthesis. It has a role in regulating proliferation. As yet 
it is unclear if the protein or the mRNA exhibits this effect. May play a role in regulating 
mitochondrial respiration activity and in aging (272 aa) 

PHB2 

prohibitin 2; Acts as a mediator of transcriptional repression by nuclear hormone 
receptors via recruitment of histone deacetylases (By similarity). Functions as an estrogen 
receptor (ER)-selective coregulator that potentiates the inhibitory activities of 
antiestrogens and represses the activity of estrogens. Competes with NCOA1 for 
modulation of ER transcriptional activity. (299 aa) 

PHGDH phosphoglycerate dehydrogenase (533 aa) 
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Gene Name Complete Name, Description of Function and Size 

PI4KB 

phosphatidylinositol 4-kinase, catalytic, beta; Phosphorylates phosphatidylinositol (PI) in 
the first committed step in the production of the second messenger inositol- 1,4,5,-
trisphosphate (PIP). May regulate Golgi disintegration/reorganization during mitosis, 
possibly via its phosphorylation. Involved in Golgi-to-plasma membrane trafficking (By 
similarity) (828 aa) 

PLIN3 perilipin 3; Required for the transport of mannose 6-phosphate receptors (MPR) from 
endosomes to the trans-Golgi network (434 aa) 

PRKDC 

protein kinase, DNA-activated, catalytic polypeptide; Serine/threonine-protein kinase that 
acts as a molecular sensor for DNA damage. Involved in DNA nonhomologous end 
joining (NHEJ) required for double-strand break (DSB) repair and V(D)J recombination. 
Must be bound to DNA to express its catalytic properties. (4127 aa) 

PSME3 

proteasome (prosome, macropain) activator subunit 3 (PA28 gamma; Ki); Subunit of the 
11S REG-gamma (also called PA28-gamma) proteasome regulator, a donut-shaped 
homoheptamer which associates with the proteasome. 11S REG-gamma activates the 
trypsin-like catalytic subunit of the proteasome but inhibits the chymotrypsin- like and 
postglutamyl-preferring (PGPH) subunits. (267 aa) 

PTPLAD1 protein tyrosine phosphatase-like A domain containing 1; Involved in Rac1-signaling 
pathways leading to the modulation of gene expression (362 aa) 

RAB15 
RAB15, member RAS onocogene family; May act in concert with RAB3A in regulating 
aspects of synaptic vesicle membrane flow within the nerve terminal (By similarity) (208 
aa) 

RAB1A 
RAB1A, member RAS oncogene family; Probably required for transit of protein from the 
ER through Golgi compartment. Binds GTP and GDP and possesses intrinsic GTPase 
activity (205 aa) 

RAB7A RAB7A, member RAS oncogene family; Involved in late endocytic transport. Contributes 
to the maturation of phagosomes (acidification) (207 aa) 

RHOC 
ras homolog gene family, member C; Regulates a signal transduction pathway linking 
plasma membrane receptors to the assembly of focal adhesions and actin stress fibers 
(193 aa) 

RPL14 ribosomal protein L14 (215 aa) 
RPL18 ribosomal protein L18 (188 aa) 

RPL7 
ribosomal protein L7; Binds to G-rich structures in 28S rRNA and in mRNAs. Plays a 
regulatory role in the translation apparatus; inhibits cell-free translation of mRNAs (248 
aa) 

RPLP1 ribosomal protein, large, P1; Plays an important role in the elongation step of protein 
synthesis (114 aa) 

Gene Name Complete Name, Description of Function and Size 
RPLP2 ribosomal protein, large, P2; Plays an important role in the elongation step of protein 

synthesis (115 aa) 

SCAMP3 secretory carrier membrane protein 3; Functions in post-Golgi recycling pathways. Acts as 
a recycling carrier to the cell surface (347 aa) 

SLC25A3 
solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3; Transport of 
phosphate groups from the cytosol to the mitochondrial matrix. Phosphate is 
cotransported with H(+) (362 aa) 

SLC25A5 
solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 
5; Catalyzes the exchange of ADP and ATP across the mitochondrial inner membrane 
(298 aa) 

SLC25A6 

solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 
6; Catalyzes the exchange of ADP and ATP across the mitochondrial inner membrane. 
May participate in the formation of the permeability transition pore complex (PTPC) 
responsible for the release of mitochondrial products that triggers apoptosis (298 aa) 

SLC7A5 

solute carrier family 7 (cationic amino acid transporter, y+ system), member 5; Sodium-
independent, high-affinity transport of large neutral amino acids such as phenylalanine, 
tyrosine, leucine, arginine and tryptophan, when associated with SLC3A2/4F2hc. Involved 
in cellular amino acid uptake. Acts as an amino acid exchanger. (507 aa) 

SNAP23 
synaptosomal-associated protein, 23kDa; Essential component of the high affinity 
receptor for the general membrane fusion machinery and an important regulator of 
transport vesicle docking and fusion (211 aa) 

STOML2 stomatin (EPB72)-like 2 (356 aa) 

SURF4 surfeit 4; May play a role in the maintenance of the architecture of the endoplasmic 
reticulum-Golgi intermediate compartment and of the Golgi (269 aa) 
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Gene Name Complete Name, Description of Function and Size 
TMEM109 transmembrane protein 109 (243 aa) 
TMEM33 transmembrane protein 33 (247 aa) 

TNPO1 

transportin 1; Functions in nuclear protein import as nuclear transport receptor. Serves as 
receptor for nuclear localization signals (NLS) in cargo substrates. Is thought to mediate 
docking of the importin/substrate complex to the nuclear pore complex (NPC) through 
binding to nucleoporin and the complex is subsequently translocated through the pore by 
an energy requiring, Ran- dependent mechanism. (898 aa) 

UBQLN4 ubiquilin 4 (601 aa) 

VDAC1 

voltage-dependent anion channel 1 pseudogene 1; Forms a channel through the 
mitochondrial outer membrane and also the plasma membrane. The channel at the outer 
mitochondrial membrane allows diffusion of small hydrophilic molecules; in the plasma 
membrane it is involved in cell volume regulation and apoptosis. It adopts an open 
conformation at low or zero membrane potential and a closed conformation at potentials 
above 30-40 mV. (283 aa) 

VDAC2 

voltage-dependent anion channel 2; Forms a channel through the mitochondrial outer 
membrane that allows diffusion of small hydrophilic molecules. The channel adopts an 
open conformation at low or zero membrane potential and a closed conformation at 
potentials above 30-40 mV. (294 aa) 

XPO1 

exportin 1 (CRM1 homolog, yeast); Mediates the nuclear export of cellular proteins 
(cargos) bearing a leucine-rich nuclear export signal (NES) and of RNAs. In the nucleus, 
in association with RANBP3, binds cooperatively to the NES on its target protein and to 
the GTPase RAN in its active GTP-bound form (Ran-GTP). (1071 aa) 

XPO5 

exportin 5; Mediates the nuclear export of proteins bearing a double-stranded RNA 
binding domain (dsRBD) and double-stranded RNAs (cargos). XPO5 in the nucleus binds 
cooperatively to the RNA and to the GTPase Ran in its active GTP-bound form. Proteins 
containing dsRBDs can associate with this trimeric complex through the RNA. (1204 aa) 

XPOT 

exportin, tRNA (nuclear export receptor for tRNAs); Mediates the nuclear export of 
aminoacylated tRNAs. In the nucleus binds to tRNA and to the GTPase Ran in its active 
GTP- bound form. Docking of this trimeric complex to the nuclear pore complex (NPC) is 
mediated through binding to nucleoporins. (962 aa) 
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Comparison of Common 3A Virus-Host Interactions 

 

Each discovery method (Figure 1) identifies novel cellular proteins that are not 

identified in the other discovery methods (Figure 6). The PV 3A.st screen 

(Chapter 4) yields nine novel interacting proteins. This number is significantly 

less than the other screening methods. This is most likely due to the fact that the 

3A.st screening method yields less total 3A protein as compared to the 

overexpressed recombinant 3A protein, thereby reducing the amount of host 

proteins and decreasing the detectability of the interactions. Rec3A and 

Rec3A+WT infection contain 14 and 100 novel proteins respectively (Figure 6).  

 

Rec 3A and Rec3A+WT have the largest amount of common proteins, 63, 

(Figure 6, blue) this is most likely due to the fact that the methods are very 

analogous. Rec3A+WT and 3A.st have eight common proteins (Figure 6, yellow). 

Both screens are in the context of infection therefore the fact that they have a 

significant number of common cellular interacting proteins is not unpredicted. It is 

also not surprising that PV 3A.st and Rec3A have the least amount of common 

interacting proteins because the methods differ greatly (Figure 6, purple). 3A.st is 

in the context of a biological infection while Rec3A overexpression lacks the 

biological context that is required some cellular interactions to occur.  

 

There are a total of 30 common proteins between all three-discovery methods 

when the datasets are not restricted by significant MiST score cutoffs (Figure 6, 
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black). These 30 common proteins could be interesting to further determine their 

function in the poliovirus lifecycle. 
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Figure 6:  Common 3A Cellular Protein Interactions. Using three discovery 
methods: (1) Infection with 3A.st, (2) Overexpression of recombinant 3A and (3) 
Overexpression of recombinant 3A + WT PV infection. The number of cellular 
proteins in each group is shown in black, common proteins between groups are 
shown in white. 
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The 30 common interacting proteins (Figure 6, black) were further analyzed by 

restricting the MiST score. Fifteen cellular candidates were identified to have a 

minimum MiST score of 0.7000 in at least one discovery method (Figure 7). Four 

identified cellular proteins (ACBD3, CANX, PGRMC1 and PHB2) have a MiST 

score of above 0.7000 in all three screening methods while six cellular 

candidates (ATP5A1, ATP5B, NCL, PHB, RAB1A and SURF4) have a MiST 

score of above 0.7000 in two screening methods. Finally, five cellular protein 

candidates (HNRNPA1, PLIN3 (TIP47), SLC25A5, UBB and YBX1) have a 

significant MiST score in one of the screening methods. 

 

Previously identified 3A cellular interactor ACBD3 [8-10] was identified in all 

three-discovery methods and has a MiST score of 0.788, 0.991 and 0.993 in the 

PV 3A.st, Rec3A and Rec3A+WT methods respectively (Figure 7). The fact that 

a known 3A interacting protein has a highly significant MiST score in our dataset 

shows that each of our discovery methods are functional. NCL was also found in 

all three screening methods. This cellular protein had MIST scores of 0.783, 

0.927 and 0.598 in the PV 3A.st, Rec3A and Rec3A+WT methods respectively. 

NCL was originally identified to interact with the 3’ UTR of the viral genome [15]. 

However, It is possible that NCL has an alternative function that involves 

interacting with 3A. 
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Figure 7: MiST Scores of Common 3A Cellular Protein Interactions.  
Comparison of scores amongst the three discovery methods. Gene names are 
shown on the left and discovery methods are shown at the top of the graphic. 
Identified proteins that have a MiST score of 0.700 in at least one discovery 
method are shown. Dark blue squares indicate high MiST scores while white 
squares indicate proteins with lower MiST scores. 
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When examining the fifteen top scoring common proteins found in the 3A.st, 

Rec3A and Rec3A+WT methods, we identified four major complexes. The first 

complex, shown in yellow (UBB, ATP5A1, ATP5B and SLC25A5) functions in the 

regulation of biological processes within the mitochondrial lumen (Figure 8 and 

Table 6). PHB, PHB2 and CANX form a complex that localizes to the cytoplasm 

(Figure 8, gold nodes). Within the cytoplasm, the complex functions in 

macromolecule biosynthetic processes (Table 6). The brown nodes represent a 

three-member complex (HNRNPA1, NCL and YBX1) that functions in nuclear 

mRNA splicing via the spliceosome within the nucleus (Figure 8 and Table 6). 

This complex contains previously described PV interactor, NCL [15]. The 

presence of NCL in the complex increases the confidence of the possibility of the 

complex playing a role in the PV lifecycle. The final identified complex is shown 

in red, PGRMC1, PLIN3 and RAB1A (Figure 8). This complex functions in vesicle 

mediated transport within membranes a process known to be hijacked during PV 

infection [17]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

161 

 

   
 
 
 
Figure 8: Network of Common 3A Cellular Interacting Partners. Four 
common cellular protein clusters were identified in all of the 3A AP-MS methods. 
Cellular proteins are shown as circular nodes labeled with their gene name. Lines 
linking proteins indicate the confidence in the interaction. Thicker lines represent 
stronger associations while lower confidence interactions are show by thin dotted 
lines. Cellular proteins are clustered by KMEANS clustering. Every color node 
corresponds to a cluster. Interacting proteins with a higher global score in the 
String database have more chances to end up in the same cluster.  
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Table 5: Gene Name, Complete Name, Description of Function and Size of 
Common 3A Cellular Interactions. Information generated using String 
database [4-6]. 
 

Gene Name Complete Name, Description of Function and Size 

ACBD3 

acyl-Coenzyme A binding domain containing 3; Involved in the maintenance of Golgi 
structure by interacting with giantin, affecting protein transport between the endoplasmic 
reticulum and Golgi. Involved in hormone-induced steroid biosynthesis in testicular Leydig 
cells (By similarity) (528 aa) 

ATP5A1 

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit 1, cardiac 
muscle; Mitochondrial membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) 
produces ATP from ADP in the presence of a proton gradient across the membrane which 
is generated by electron transport complexes of the respiratory chain. (553 aa) 

ATP5B 

ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide; Mitochondrial 
membrane ATP synthase (F(1)F(0) ATP synthase or Complex V) produces ATP from ADP 
in the presence of a proton gradient across the membrane which is generated by electron 
transport complexes of the respiratory chain. (529 aa) 

CANX 

calnexin; Calcium-binding protein that interacts with newly synthesized glycoproteins in the 
endoplasmic reticulum. It may act in assisting protein assembly and/or in the retention 
within the ER of unassembled protein subunits. It seems to play a major role in the quality 
control apparatus of the ER by the retention of incorrectly folded proteins (592 aa) 

HNRNPA1 
heterogeneous nuclear ribonucleoprotein A1; Involved in the packaging of pre-mRNA into 
hnRNP particles, transport of poly(A) mRNA from the nucleus to the cytoplasm and may 
modulate splice site selection. May play a role in HCV RNA replication (372 aa) 

NCL 

nucleolin; Nucleolin is the major nucleolar protein of growing eukaryotic cells. It is found 
associated with intranucleolar chromatin and pre-ribosomal particles. It induces chromatin 
decondensation by binding to histone H1. It is thought to play a role in pre-rRNA 
transcription and ribosome assembly. May play a role in the process of transcriptional 
elongation. (710 aa) 

PGRMC1 progesterone receptor membrane component 1; Receptor for progesterone (By similarity) 
(195 aa) 

PHB 
prohibitin; Prohibitin inhibits DNA synthesis. It has a role in regulating proliferation. As yet 
it is unclear if the protein or the mRNA exhibits this effect. May play a role in regulating 
mitochondrial respiration activity and in aging (272 aa) 

PHB2 

prohibitin 2; Acts as a mediator of transcriptional repression by nuclear hormone receptors 
via recruitment of histone deacetylases (By similarity). Functions as an estrogen receptor 
(ER)-selective coregulator that potentiates the inhibitory activities of antiestrogens and 
represses the activity of estrogens. Competes with NCOA1 for modulation of ER 
transcriptional activity. (299 aa) 

PLIN3 perilipin 3; Required for the transport of mannose 6-phosphate receptors (MPR) from 
endosomes to the trans-Golgi network (434 aa) 

RAB1A 
RAB1A, member RAS oncogene family; Probably required for transit of protein from the 
ER through Golgi compartment. Binds GTP and GDP and possesses intrinsic GTPase 
activity (205 aa) 

SLC25A5 
solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 5; 
Catalyzes the exchange of ADP and ATP across the mitochondrial inner membrane (298 
aa) 

SURF4 surfeit 4; May play a role in the maintenance of the architecture of the endoplasmic 
reticulum-Golgi intermediate compartment and of the Golgi (269 aa) 

UBB ubiquitin B (229 aa) 

YBX1 

Y box binding protein 1; Binds to splice sites in pre-mRNA and regulates splice site 
selection. Binds and stabilizes cytoplasmic mRNA. Contributes to the regulation of 
translation by modulating the interaction between the mRNA and eukaryotic initiation 
factors (By similarity). Regulates the transcription of numerous genes. Promotes 
separation of DNA strands that contain mismatches or are modified by cisplatin. (324 aa) 
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Discussion 
 
 

Three discovery methods were employed to identify novel viral host interactions 

in poliovirus-infected cells. Infection with tagged virus (3A.st), overexpression of 

recombinant 3A (Rec3A) and overexpression of recombinant 3A in the presence 

of WT infection (Rec3A +WT) (Figure 1). Each of the discovery method has 

advantages and disadvantages. For example, the 3A.st and Rec3A+WT methods 

were conducted in the context of infection this is beneficial for biological 

interactions. Conversely, Rec3A and Rec3A+WT have a large amount of 

overexpressed protein within the cell, which is not equivalent to the 

physiologically quantities of viral protein. On the other hand, the 3A.st virus is not 

able to produce large amounts of viral proteins as compared to an overexpressed 

protein, which is beneficial for MS analysis. Taken together the combination of 

the methods can yield valuable insight into significant viral-host interactions. 

 

The AP-MS results obtained in these studies highlight the various roles viral 

proteins play during infection. PV 3A is a membrane-associated protein that is 

thought to play a role in replication complex formation [2,18]. We identified 

previously characterized cellular proteins that interact with 3A: ACBD3 [8-10] and 

GBF1 [11]. Both proteins have been shown to function in replication complex 

formation [8,9,11,19]. Identification of these known interactors validates the AP-

MS method used in our study. We can identify proteins known to play a critical 
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role in PV replication, which confirms that our method is functional under 

biologically relevant conditions.  

 

Various cellular complexes were identified in the 3A datasets. These complexes 

are known to function in the cytoplasm, nucleus, the Endoplasmic Reticulum-

Golgi Intermediate Compartment (ERGIC) and host membranes. The four-

member complex (SURF4, TMED5, TMED9 and TMED10), found in the Rec3A 

dataset (Figure 2), would be of great interest to investigate because of its close 

association with ERGIC. PV has been shown to form the viral replication complex 

within ERGIC [12-14]. Also of interest is the three-member complex of (TIP47, 

PGRMC1 and RAB1A). This complex is known to function in vesicle-mediated 

transport to membranes. The mechanism by which membranes are utilized by 

the virus to form the replication complex is still not completely known [20]. 

Studying these complexes could shed light on these important mechanisms. 

Follow up experiments should be conducted to verify the interaction between the 

viral and host protein and to further identify the exact role the identified host 

protein plays in the PV lifecycle.  
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Introduction 

 

Poliovirus (PV) replication is dependent on the formation of replication complexes 

in infected cells [1-4]. Replication complexes are composed of cytoplasmic 

membranes that act as structural scaffolds to increase the local concentration of 

viral proteins required for RNA replication and to protect the viral RNA from 

cellular degradation [5]. Among the PV non-structural precursor proteins, PV 3AB 

is a small viral protein of 12kDa that contains hydrophobic residues at its C-

terminal end. These hydrophobic residues anchor PV 3AB to host membranes 

[6,7] and have been hypothesized to facilitate remodeling of the host membranes 

for use by the virus [3].  

 

Although previous work has examined the requirements for both preexisting 

membranes and newly synthesized lipids during the formation of the viral 

replication complexes [8-12], the source of host lipids required for PV replication 

is still under investigation. Besides the ER, Golgi, and lysosomal membranes 

[3,8-12], another source of available lipids for the virus in the cell is lipid droplets 

(LDs). LDs act as a reservoir for excess cholesterol esters and triacylglycerides 

in eukaryotic organisms. They are required for efficient Dengue, HIV, and HCV 

infections [13-17]. Three major proteins found on the surface of LDs are Tail-

interacting protein, 47kDa (TIP47; PLIN3), Perilipin (PLIN) and Adipose 

differentiation-related protein (ADRP) [18]. Unlike the latter two proteins, TIP47 

localizes to the cytoplasm of cells stably without being rapidly degraded [19]. 
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Furthermore, TIP47 has been reported to have various roles in lipid metabolism, 

specifically trafficking and storage of neutral lipids during LD maturation [18,20-

23]. TIP47 binds to the surface of LDs using the four amphipatic helices located 

on its C-terminal end, similar to apolipoprotein E [24]. It is thought that these 

helices to bind free fatty acids and transport them to LDs for storage.!In addition, 

TIP47 is thought to be involved in retrograde trafficking of mannose-6-phosphate 

receptors from endosomes [25], however, this role has been disputed [26]. 

 

PV replication complex formation is thought to begin at the Golgi, specifically 

within the trans-Golgi network [5]. Membrane anchored PV 3A binds Golgi 

brefeldin A resistant guanine nucleotide exchange factor 1 (GBF1) and acyl-CoA 

binding domain containing 3 (ACBD3), both of which are thought to aid in the 

recruitment of Phosphatidylinositol 4-kinase beta (PI4KB) to site of the replication 

complex. PI4KB produces Phosphatidylinositol 4-phosphate (PI4P) rich 

membranes, which recruits the PV polymerase, 3D, to initiate viral replication. 

Down regulation of ACBD3 is associated with decrease in PV replication in 

infected cells [27,28]. Interestingly, ACBD3 has also been shown to have 

functional roles in lipid metabolism and membrane trafficking [29] similar to 

TIP47. However, the functional significance of TIP47 in PV replication complex 

formation and its interaction with other cellular factors during PV infection has not 

been reported. 
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In order to identify novel host factors that play a role in PV replication complex 

formation, we engineered an infectious virus containing a strep tag insertion 

within the PV 3A protein (see Chapter 4). This approach is superior to other 

identification methods because the use infectious tagged virus allows capture of 

biological interactions of both precursor and mature viral proteins in the context 

of a physiological viral infection. Using affinity purification-mass spectrometry 

(AP-MS), we identified interacting partners of both precursors and mature 

proteins (see Chapter 4 and Chapter 5). Our data show that TIP47 specifically 

interacts with PV 3A and its precursor PV 3AB. We further found that TIP47 

interacts with ACBD3 during the context of infection. PV replication is significantly 

reduced when TIP47 is downregulated and this effect is exacerbated in cells with 

altered LD composition. WT PV rapidly adapts to TIP47 depletion and lipid 

manipulation by creating non-synonymous mutations within the non-structural 

viral proteins, 2B and 3D (see Chapter 1). Together these mutations can 

overcome the introduced pharmalogical and genetic impairment indicating the 

importance of TIP47 and specific lipids within the LDs for PV replication. Taken 

together, we propose that TIP47 participates in replication complex formation 

during PV infection by interacting with 3A to modulate the flux of cholesterol from 

the LDs to replication complexes. 
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Methods 

Primers 

Name Sequence 
positive-strand_RT GGCCGTCATGGTGGCGAATAATGTGATGGATCCGGGGGTAGCG 
negative-strand_RT GGCCGTCATGGTGGCGAATAACATGGCAGCCCCGGAACAGG 
positive-strand_For CATGGCAGCCCCGGAACAGG 
negative-strand_Rev TGTGATGGATCCGGGGGTAGCG 
Tag primer  GGCCGTCATGGTGGCGAATAA 
3077F GGTATTTCGAACGCCTATTCACACTTTTACGACGGT 
3728F TGTCACCACGGGGTGATAGGGATCATTACTGCTGGT 
5434F ACAAGGACCAGGGTTCGATTACGCAGTGGCTATGGCT 
4393R AGGGGCAAACCTCTTAGACTGGATGGATAAC 
6094R GGTTCCTTCACCCCTTCAAACACATAGTGGAAAGCA 
6753R AATCCGATTTTCTCAAGCACCATCTTTAGTG 

 

Cell Lines and Culture Conditions 

HeLa S3 cells were cultured in DMEM High Glucose 50%/F-12 50% mix 

supplemented with 1× penicillin-streptomycin-glutamine (PSG) and 10% fetal 

bovine serum (FBS) at 37ºC and 5% CO2. HEK293T cells were grown in DMEM 

High Glucose medium supplemented with 1× sodium pyruvate, 1× PSG and 10% 

FBS at 37ºC and 5% CO2.  A172 cells were cultured in DMEM High Glucose 

medium supplemented with 1× PSG and 10% FBS at 37ºC and 5% CO2. 

 

Antibodies and reagents 

Commercial and lab generated antibodies were used for Western Blot (WB) or 

Immunofluorescence microscopy (IF): anti-2B (WB), anti-3A (WB, IF) [30], anti-

Strep Tag II-HRP (WB, Novagen, 71591-3), anti-OctA Probe (D8)-HRP (WB, 

Santa Cruz, sc-807 HRP), anti-TIP47 (WB, IF, Abcam, ab47639), anti-GAPDH 

(WB, IMGENEX, IMG-5143A-050), anti-rabbit-HRP (WB, GE Healthcare, 

NA9340V), anti-mouse-HRP (WB, GE Healthcare, NA9310V), anti-rabbit-Alexa 
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Flour 555 (IF, Invitrogen, A21429), anti-mouse-Alexa Flour 488 (IF, Invitrogen, 

A21121). Commercial beads were used for Affinity Purifications: EZview Red 

ANTI-FLAG M2 Affinity Gel (Sigma, F2426) and Strep-Tactin Sepharose (IBA, 2-

1201-010). 

 

Affinity Purification, Silver Staining and Western Blotting 

For AP, 6x106 293T cells were seeded in 10 cm plates and incubated overnight. 

A total of 7 µg of plasmid (mock, TIP47-flag, PV 3A-strep, EV71 3A-strep, CVB3 

3A-strep, ACBD3-strep) was transfected individually or dually using calcium 

phosphate. At 24 hours post transfection cells were infected with mock, WT PV 

or 3A.st virus for 30 minutes at 37ºC. Cells were washed 3X in PBS then culture 

medium was replaced and cells were incubated for 6 hours. Cells were lysed in 

0.5% NP-40 buffer (0.5% NP-40, 50 mM Tris pH 7.5, 150 mM NaCl, 1× Protease 

Inhibitor Cocktail (Roche, 11697498001), 10 mM DTT) for 30 min at 4ºC. The 

supernatant was incubated with 60 µL with anti-FLAG M2 Affinity Gel (SIGMA) or 

Strep-Tactin Sepharose (IBA). The beads were washed four times with Washing 

Buffer (100 mM Tris pH 8.0, 150 mM NaCl, 1mM EDTA). Proteins were eluted 

with 50 µL TBS (50 mM Tris pH 7.5, 150 mM NaCl, containing 15 µg 3xFLAG 

peptide (ELIM)) or 1X Strep Tactin Elution Buffer (IBA, 71604). 5 µL of the 

eluates were analyzed by 4-20% SDS PAGE (BioRad) and silver staining 

(Thermo). 
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For Western blot analysis, 5 µL eluates were run and transferred on standard 

gels, membranes, and equipment (Biorad). Membranes were probed with anti-

3A, anti-strep or anti-OctA probe (D8) primary and anti-rabbit or mouse 

secondary antibodies. HRP activity was assayed using Pierce ECL Plus Western 

Blotting Substrate (Thermo Scientific).  

 

Lentivirus production, transduction and Western blotting 

Lentiviral particles were produced as described [31]. HEK293T cells were 

transfected with pSicoR construct and packaging plasmids pMDLg/pRRE, pRSV-

Rev, and pMD2.G. The culture supernatant containing lentiviral particles was 

concentrated overnight using Lenti-X Concentrator (Clontech, 631231). Cells 

were transduced with serial dilutions of the viral stocks and incubated for 48 

hours, then infectious titers were calculated using fluorescence microscopy.  

For Western blot analysis of lentivirus-transduced cells, cells were lysed with 

0.5% NP-40 buffer (0.5% NP-40, 50 mM Tris pH7.5, 150 mM NaCl, 1× Protease 

Inhibitor Cocktail (Roche, 11697498001), 10 mM DTT) for 30 min at 4ºC, and 

mixed 1:1 with Laemmli buffer. 5 µL of cell lysates were run and transferred on 

standard gels, membranes, and equipment (Biorad). Membranes were probed 

with the respective primary and secondary antibodies. HRP activity was assayed 

using Pierce ECL Plus Western Blotting Substrate (Thermo Scientific).  
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In vitro Transcription and Virus Production 

Wildtype PV and 3A.st, T37I-2B and T371-2B-M6T-3D plasmids were linearized 

with EcoRI. The linear DNA was purified and was used in an in vitro transcription 

reaction to generate infectious viral RNA. RNAs were transcribed in reactions 

containing bacteriophage T7 RNA polymerase, 1× transcription buffer (80 mM 

HEPES-KOH, pH 7.5, 24 mM MgCl2, 2 mM spermidine, 40 mM DTT) and 7.5 mM 

NTP-mix. After incubation at 37°C overnight, 2 U DNase I (Fermentas) was 

added and reactions incubated at 37°C for 30 minutes. RNA was precipitated by 

adding 1 volume of 100% Ethanol and 1/10 volume NH4OAc. Samples were 

incubated for 1 hour at -20°C. Reactions were centrifuged at 15,000 rpm for 20 

min at 4°C, pelleted RNA was washed once with 70% ethanol. The viral RNA 

was resuspended to a concentration of 1µg/µL in RNase-free water.  

 

20 µg of each corresponding RNA was electroporated into 4 × 106 HeLa S3 cells. 

Cells were incubated at 37°C until the cytopathic effect (CPE) was visible 

(approximately 24 hours). Viral supernatants were freeze-thawed three times and 

then centrifuged at 3,000 rpm in a tabletop centrifuge. Viral P0 stocks from each 

of the passages were tittered via plaque assay. RNA extraction and RT-PCR 

followed by sequencing was used to ensure that the T37I-2B and M6T-3D 

mutations remained present and additional mutations were not found in the 

genome. 
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Triacsin C and Oleic Acid Drug Treatment 

A172 cells were incubated in Triacsin C medium (A172 cell culture medium 

supplemented with 10.8µM Triacsin C (Enzo Life Sciences BML-EI218-0100)) or 

Oleic Acid medium (A172 culture medium supplemented with a final 

concentration of 400µM oleate (Sigma)) [32] for 40 hours. A one step growth 

curve assay was performed following incubation. 

 

One Step Growth Curve 

Confluent A172 (approximately 1 × 106 cells/well) in 12-well plates were washed 

with cold PBS and infected in quadruplicate with wild-type PV or 3A.st virus (P4 

stock), T37I-2B (P1 stock) and T37I-2B-M6T-3D (P1 stock) at an MOI of ~5 for 

30 min at RT with intermittent rocking. The inoculum was then removed and the 

cells washed with PBS and recovered in culture medium and incubated at 37ºC 

and 5% CO2. Time points were taken every two hours. At each time point, 

samples were frozen at -80ºC. Following three freeze-thaw cycles the viral 

supernatants were clarified by centrifugation and each replicate was titered by 

TCID50. 

 

TCID50 Assay 

HeLa S3 cells were resuspended to a concentration of 5x104 cells/mL in cell 

culture media DMEM/F12 complete cell culture media. 100µL (5x103 cells/well) 

was added per well of a 96-well plate and incubated at 37°C and 5% CO2. 24 

hours prior to the assay. Viral stocks were serially diluted, 1:10, (10-2-10-10). 
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100µL of each dilution was added to one row of the 96-well plate. Samples were 

incubated at 37°C and 5% CO2 for 7 days. Titers were calculated using the Reed 

and Muench Calculator [33].  

 

Strand-specific RT-qPCR 

Strand-specific qPCR was based on a published protocol [34]. Briefly, cDNA was 

synthesized from diluted total RNA using SuperScript III Reverse Transcriptase 

(Life Technologies) and 125 nM strand-specific RT primer (positive- strand_RT 

and negative-strand_RT) in a 5 µL reaction. Separate RT reactions for positive 

and negative strands were performed for each sample. RT products were treated 

with 0.5 units of Exonuclease I (Fermentas) to remove excess RT primer prior to 

qPCR. cDNAs were diluted ten-fold and analyzed by qPCR using 2× SYBR FAST 

Master Mix (Kapa Biosystems), 200 nM strand-specific qPCR primer (positive-

strand_For and negative-strand_Rev), and 200 nM Tag primer in a 10 µL 

reaction. A 10× dilution series of in vitro transcribed positive and negative strand 

RNA standards was run alongside experimental samples and used to construct a 

standard curve. 

 

Immunofluorescence  

A172 cells grown were on coverslips coated with 0.01mg/mL poly-lysine 

overnight then were fixed with 4% paraformaldehyde for 15 min at room 

temperature. Coverslips were washed 3 times with phosphate-buffered saline 

(PBS), and incubated in blocking buffer (PBS-T with 1% BSA +5% goat serum) 
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for 1 hour. Cells were washed 3 times with PBS and subsequently incubated with 

primary antibodies in PBS-T for 1 hour. Following incubation cells were washed 

and then incubated with secondary antibodies for 1 hour in the dark. Images 

were captured on a Leica Fluorescent Microscope. Colocalization and statistical 

analysis of proteins and was performed using Image J software. 

 

Statistical Analysis of label-free MS  

The label-free affinity purification mass spectrometry data of the TIP47 time 

course in the context of Polio infection was analyzed using the MSstats package 

[35] in R/Bioconductor (v.2.13). To prepare the data for analysis, the set of 

identified peptides by MaxQuant [36] was filtered for contaminants and false 

positives from the search. Control samples of the mock infection and Tip47 

affinity purification were then normalized by scaling each sample’s log-

transformed MS1-intensity distribution to have the same median across each 

respective group. Missing intensity values for peptides in a single condition 

where imputed by using an estimate of background noise per MS run. The 

resulting data set was then subjected to a significance analysis using MSstats, 

which uses MS1 intensity measurements per peptide as individual features for 

the prediction of condition-dependent changes per protein, using mixed or fixed 

ANOVA models where applicable. To estimate the difference in TIP47 interaction 

partners on specific time points after Polio infection we fitted a contrast for each 

of the 5 time points after infection against the combined set of mock infection 

controls. Statistically significant interaction partners were selected by filtering the 
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data for all identified proteins with a combined log-fold-change > 2 and q-values 

< 0.05. 

 

Statistical Analysis  

Unpaired two-tailed student’s t-test was used for statistical analysis.  

 

Limited Dilution Viral Purification and Sequencing 

HeLa S3 cells were resuspended to a concentration of 5x104 cells/mL in cell 

culture media (DMEM, 1x penstrep/glutamine, 2% final FBS concentration). 

100µL (5x103 cells/well) was added per well of a 96-well plate and incubated at 

37°C and 5% CO2 24 hours prior to the assay. TIP47 depleted cells treated with 

Oleic Acid passage 6 viral population stocks were diluted to a concentration of 

0.05 PFU/ml in complete cell culture media. 100µL of the diluted virus was added 

to each well of the 96-well plate. Samples were incubated at 37°C and 5% CO2 

for 7 days. Viral supernatants from infected wells were collected. RNA was 

extracted from 50µL of viral supernatant using RNA mini columns (Ambion).  

 

Thermoscript RT-PCR system for First Strand cDNA Synthesis (Invitrogen) was 

used to synthesize cDNA from extracted RNAs. 1 µg of resuspended RNA was 

combined with 0.5mM dNTPs and 1µL dT primer and brought to a final volume of 

13µL with ddH2O. The sample was incubated for 5 mins at 65ºC then placed on 

ice for 1 minute. 4µL of 5X RT reaction buffer, 1µL RNAse out, 5nM DTT and 1µL 
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Thermoscript was added to the reaction and brought to a total volume of 20µL 

with ddH2O. The reaction was incubated at 50ºC for 1 hour. Then stored at 20ºC. 

 

PCR was performed using genome specific primers, 3077F/4393R (2B) and 

5434F/6753R (3D) primers. PCR reaction that contained 1x PCR buffer, 1.5mM 

MgCl2, 2µL cDNA, 0.4µM of each primer, 200µM of dNTP, 2.5U PFU High- 

Fidelity DNA polymerase and water to 50 µL. The amplified DNA fragments were 

purified using a PCR clean up column kit (NucleoSpin Extract II; Machery-Nagel) 

and sequenced using 3728F (2B) and 6094R (3D) primers (Elim 

Biopharmaceuticals). 

 

CirSeq Analysis 

WT poliovirus was serially passaged in A172 cells at an MOI of 0.1 for 8 hours 

either in the presence of absence of Oleic Acid medium (400µM oleate, final 

concentration). The viral supernatants were amplified by infecting A172 cells in 

the presence of absence of Oleic Acid medium at an MOI of 5-10 for 8 hours to 

produce sufficient quantities of viral RNA for sequencing library preparation. 

Sequencing libraries were produced as previously described [37]. The libraries 

were sequenced as a single read of 300 nucleotides on a HiSeq 1500/2500 in 

Rapid Mode. Consensus sequences, alignments and mutation rates were 

obtained as previously described [37]. The relative fitnesses of variants were 

calculated by performing a weighted total least squares regression of the 

following expression: 
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€ 

ft = f t−1⋅ w + µt−1 

where f is the variant frequency, µ is the mutation rate for the variant, t is time in 

generations (passages) and w is the relative fitness of the variant. The weights 

for each frequency was reciprocal of its standard deviation, obtained using a 

binomial model, squared. 
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Results 
 
 
TIP47 and 3A of Various Enterviouses Co-Purify  

 

The interaction between TIP47 and 3A was originally identified in our tagged 

virus AP-MS screen (see Chapter 4) and our PV 3A method comparison (see 

Chapter 5). The interaction was further examined by reverse AP. TIP47-flag was 

overexpressed in 293T cells followed by infection with mock, WT PV or PV 3A.st 

for 6 hours. Reverse AP was performed with flag antibody (TIP47-flag) followed 

by western blotting using anti-strep antibodies (PV 3A.st) (Figure 1A). TIP47 

specifically co-purifies with PV 3A. Additionally, TIP47-flag co-purifies with 

endogenous un-tagged PV 3A following infection with WT PV (data not shown).  

 

To determine whether the co-purification of TIP47 is specific to PV 3A, cells were 

also infected with viruses containing the 2x strep tag in PV-3B, PV-3C or PV-3D 

(Figure 1B) (see Chapter 3). 24 hours prior to infection 293T cells were 

transfected with TIP47-flag. Six hours post infection with mock, WT PV, 3A.st, 

3B.st, 3C.st or 3D.st viruses, lysates were reverse AP using flag antibody against 

TIP47 and then western blotted for strep-tagged viral proteins. TIP47 co-purifies 

with 3A.st and 3B.st but not with mock, WT PV, 3C.st or 3D.st (Figure 1C). Thus, 

we conclude that TIP47 could be interacting with the fully processed viral protein 

3A or its precursor 3AB. 
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Figure 1: Interaction between TIP47 and PV 3A. (A) Western blot of elutant 
from TIP47-3A reverse IP. 293T cells were transfected with TIP47-flag for 24 
hours then infected for 6 hours with WT PV or PV 3A.st. Lysates were 
precipitated with Flag or Strep beads and elutant probed via western with anti-
strep or anti-flag  (B) Schematic of the P3 region of the tagged viruses. (C) 
Western blot of elutant from TIP47 and P3 proteins reverse IP. 293T cells were 
transfected with TIP47-flag for 24 hours and then infected for 6 hours with PV 
WT, PV 3A.st, PV 3B.st, PV 3C.st and PV 3D.st viruses. Lysates were 
precipitated with Flag or Strep beads and elutant probed with anti-Strep and anti-
Flag. TIP47 also interacts with CVB3 3A and EV71 3A. (D) TIP47-flag and PV 
3A-strep, CVB3 3A-strep or EV71 3A-strep were dually transfected into 293T 
cells. Lysates were precipitated with Flag or Strep beads and elutant was probed 
via western with anti-strep or anti-flag antibodies.  
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Interestingly, we found that the interaction between TIP47 and 3A is not solely 

specific to PV. The interaction is also present in other enteroviruses, namely 

CVB3 and EV71 (Figure 1D). CVB3 3A and EV71 3A proteins were individually 

cloned into a plasmid containing a 2xStrep tag. The 3A-strep tagged proteins for 

each virus were overexpressed with TIP47-flag. Reverse AP was performed with 

flag antibody (TIP47-flag) and followed by Western blotting for strep (3A-strep 

proteins) (Figure 1D). TIP47 interacts with CVB3 3A and EV71 3A. This data 

suggests that the TIP47-3A interaction is conserved amongst enteroviruses. 

 

Comparison of the amino acid sequence of 3A protein from PV, CVB3, and EV71 

demonstrates that the proteins are highly conserved. Enterovirus 3A sequences 

were aligned using PRALINE software [38]. The least conserved alignment 

position scores 0 and the most conserved alignment position scores 10 

(indicated by (*)) (Figure 2A). The C- terminal membrane bound region of the 3A 

proteins is the most conserved, while the N-terminal region of the protein is more 

adaptable. This is result was predicted because our attempt to insert a 2xStrep 

tag into the C-terminal region (see Chapter 3) yielded ‘dead’ virus. The 

secondary structure prediction analysis of Enterovirus 3A proteins using 

PRALINE software is nearly identical (Figure 2B). Red areas represent α-helices 

while blue areas represent β-sheets. Since our data suggest that the TIP47-3A 

interaction is conserved in Enteroviruses, TIP47 is not likely to interact with the 

3A proteins in areas of low conservation.  
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Figure 2: Conservation of 3A Protein among Enteroviruses. 3A protein of 
PV, EV71 and CVB3 contain large amount of similarity. (A) Conservation map of 
Enterovirus 3A proteins. Enterovirus 3A multiple sequence alignment was 
generated using PRALINE software. The scoring scheme ranges from 0- 10. The 
least conserved alignment position scores 0 and a score of 10 (*) represents the 
most conserved alignment position. (B) Secondary structure prediction analysis 
of Enterovirus 3A proteins was generated using PRALINE software. Red areas 
represent α-helices while blue areas represent β-sheets. 
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Depletion of TIP47 Inhibits PV Replication 

 

To determine if TIP47 has a role in PV replication, we used lentiviruses to target 

TIP47 with specific short hairpin RNA (shRNA). TIP47 was efficiently 

downregulated in A-172 cells (Figure 3A).  To examine the role of TIP47 in PV 

replication we infected the TIP47 depleted and control cells and measured the 

viral titer. TIP47 depleted cells produced 60% fewer viral infectious particles at 10 

hours post infection compared to the control cells (Figure 3B).  The amount of 

positive and negative stranded viral RNA produced during infection in the TIP47 

depleted and control cells was also examined using strand-specific qPCR [39]. 

TIP47 depleted cells produced less viral RNA compared to control cells. At 7 

hours post infection there is 42% fewer positive strand RNA genomes (Figure 

3C) and 35% fewer negative strand RNA genomes (Figure 3D). Similar 

decreases in infectious particles and positive and negative strand RNA were 

seen following infection in HeLa S3 cells (data not shown). Taken together, these 

results show that TIP47 participates in RNA replication.  
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Figure 3: Effect of TIP47 Depletion on the Viral Lifecycle. A172 cells were 
transduced with lentivirus shRNA against TIP47 depleting TIP47 from cells. (A) 
Cell lysates were probed with anti-TIP47 and anti-GAPDH antibodies via western 
blot. (B) Viral titer. WT PV titers at 10h post infection in Control and TIP47 
depleted cell lines. Viral titers were quantified by TCID50. Downregulation of 
TIP47 decreases the number of both positive and negative strand genomes. 
Control and TIP47 depleted cell lines were infected with WT PV. RNA was 
extracted from the infected cell lines 7h post infection. The total amount of (C) 
positive and (D) negative strand RNA genomes was quantified by strand specific 
qPCR p= *<.05; **<.01. 
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Previously Identified 3A Interactor, ACBD3, Co-purifies with TIP47 during 

Infection 

 

To determine whether the network of cellular proteins interacting with TIP47 was 

altered during the course of infection, TIP47-flag was overexpressed in 293T 

cells, which were then infected with mock or WT PV. Lysates were AP with Flag 

beads and elutants were analyzed via silver stain gel (Figure 4A). We found that 

TIP47-flag purification yields proteins not found in the mock-transfected samples 

(Figure 4A, Lanes 1 and 2), but also that infection of TIP47-flag overexpressed 

cells yields a banding pattern distinct from that of TIP47-flag without infection 

(Figure 4A, Lanes 2 and 4). This suggests that the network of proteins interacting 

with TIP47 is modified during PV infection.  

 

To further examine the network of endogenous proteins that interact with TIP47 

during infection 293T cells were transfected with TIP47-flag for 24h then infected 

with mock or WT PV for 0, 1, 2, 3 or 6 hrs. Affinity purified elutions from TIP47 +/- 

WT PV infection were analyzed using cell-free quantitation MS. The quantities 

(Log2 (WT PV/mock) normalized to time 0) of previously described endogenous 

TIP47 interactors, M6PR [25], PGRMC1, RAB9A [40] and RAB1A [41], remain 

unchanged during the course of infection (Figure 4B). As expected, the quantity 

of PV 3A strongly increased during the course of infection (Figure 4B). Quantities 

of four cellular proteins (CE57L, FBRS, ACATN, ACBD3) increased during the 

course of infection. Interestingly, ACBD3 was amongst the cellular proteins that 
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had a significant increase in quantity during the course of infection indicating an 

interaction between TIP47 and ACBD3 at 3 and 6 hours during infection (Figure 

4B). Thus, TIP47 and ACBD3 may function together in the viral replication 

complex. 
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Figure 4: TIP47 Cellular Candidate Interaction Profile. (A) Silver stain of 
elutant from TIP47-flag IP +/- infection. 293T cells were transfected with TIP47-
flag for 24h then infected with mock or WT PV for 6h. Lysates were precipitated 
with Flag beads. The red (*) indicates the location of TIP47-flag on the gel. (B) 
Quantification of previously described endogenous TIP47 protein interactions 
(M6PR, PGRMC1, RAB9A and RAB1A) and four of cellular proteins (CE57L, 
FBRS, ACATN, ACBD3) during WT PV infection. The levels of endogenous 
TIP47 interactions remain unchanged, while the remaining proteins significantly 
increase during the course of infection. 293T cells were transfected with TIP47-
flag for 24h then infected with mock or WT PV for 0, 1, 2, 3 or 6 hrs. 
Immunoprecipitated lysates were analyzed by cell free quantification MS. Fold 
change (Log2 (WT PV/mock)) normalized to time 0 is shown. (C) Western blot of 
elutant and input from TIP47-ACBD3 reverse IP. 293T cells were dually 
transfected with TIP47-flag and ACBD3-strep. 24h post transfection cells were 
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infected with PV WT and then 1-7h post infection cells were immunoprecipitated 
with either Flag or Strep beads. Elutant was then probed with anti-Flag, anti-
Strep and anti-3A. (D) Protein-protein interaction map of TIP47 cellular 
interactions in the presence and absence of viral infection. The interaction 
between TIP47 and SEPT7, SNX2, CLIC1, VPS35 and GSTP1 is lost during 
infection and the interaction between TIP47 and M6PR, RAB1A, RAB9A and 
PGRMC1 remains unchanged during infection. However, five proteins, ACBD3, 
ACATN, PV 3A, FBRS and CE57L only interact with TIP47 in the context of 
infection.  
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ACBD3 has been previously shown to interact with PV-3A [27,28] and was also 

identified in our original screen (see Chapter 4 and  Chapter 5). Thus, our data 

suggest that TIP47, ACBD3 and 3A may form a functional complex during 

infection. To examine the time post infection when TIP47 and ACBD3 interact, 

Affinity Purification (AP) was performed with flag antibody against TIP47 and 

followed by Western blotting for strep-tagged ACBD3. Time points for AP were 

taken every hour for 7 hours post infection with PV. We fail to detect TIP47 and 

ACBD3 interaction at early time points (0-3 hours post-infection). However, at 4 

hours post infection TIP47 and ACBD3 begin to co-purify (Figure 4C). The 

TIP47-ACBD3 interaction continues through 7 hours post-infection.  

 

Infection with WT PV modifies the expected TIP47 cellular interaction profile 

(Figure 4D). The interaction between TIP47 and four cellular proteins (M6PR, 

RAB1A, RAB9A and PGRMC1) (Figure 4D, red) remain unchanged during 

poliovirus infection. However the interaction between TIP47 and SEPT7, SNX2, 

CLIC1, VPS35 and GSTP1 (Figure 4D, green) is lost during infection. 

Interestingly the interactions between TIP47 and ACBD3, ACATN, PV 3A, FBRS 

and CES57L (Figure 4D, pink) are only identified in the presence of viral 

infection. Since TIP47 interacts with ACBD3, a protein already shown to play a 

role in replication complex formation, it is likely that TIP47 also functions in this 

viral process.  
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Manipulation of Host Lipids Reduces PV Titer   

 

The protein interaction profile of TIP47 changes drastically during infection 

(Figure 4D). Therefore, the cellular location of TIP47 during PV infection was 

observed to identify if the changes in protein-protein interactions lead to changes 

in cellular localization of TIP47. Endogenous TIP47 and PV 3A in A172 cells 

were stained with protein specific antibodies at 4 hours post infection. As in 

uninfected cells, TIP47 was found to localize on the surface of lipid droplets 

(Figure 5A, i). PV 3A was mostly found dispersed in the cytoplasm (Figure 5A, ii). 

Interestingly, there were regions of perfectly colocolized points between the two 

proteins (Figure 5A, iii, iv). Colocalization analysis using Image J software 

showed that TIP47 and 3A had a Pearson’s coefficient of 0.817, which indicates 

a 67% chance of colocalization in an infected cell. Taken together, the AP-MS, 

reciprocal AP, and Immunofluorescence results provide compelling evidence that 

PV 3A and TIP47 interact during viral infection and lipid droplets may play a role 

in this interaction. 
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Figure 5: Manipulation of Host Lipids Reduces PV Titer. TIP47 and 3A are 
found to localize near lipid droplets. (A) Colocalization of endogenous TIP47-555 
(i), WT PV 3A-488 (ii) and merge (iii) 6 hours post infection in A172 cells. 
Colocalized points (iv) were quantified using Image J Software. Viral titers in 
A172 cells following host lipid manipulation (B) Control and TIP47 depleted cell 
lines +/- Triacsin C treatment or (C) +/- Oleic Acid treatment 24 hours post 
infection. Viral titers were quantified by TCID50.  
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Lipid droplets (LDs) are composed of a neutral lipid core, predominantly 

triacylglycerides and cholesterol esters, that is surrounded by a phospholipid 

monolayer and lipid droplet associated proteins [18,20-23]. TIP47 is one of the 

major proteins on the surface of LDs [26]. To determine if the components of LDs 

are essential in PV replication, TIP47 depleted and control cells were treated with 

Triacsin C (TC). TC is an inhibitor of long-chain acyl synthase (ACS) and has 

been shown to disrupt LD formation [42]. Following treatment with TC cells were 

infected with WT PV and viral titers assayed. When comparing control and TIP47 

depleted cells without treatment at 24 hours post infection (Figure 5B, white and 

orange bars), the phenotype described in Figure 3B is masked because the 

control cells are completely lysed and consequently no longer able to support 

active replication. However, the TIP47 depleted cells are still healthy and actively 

producing virus. At earlier time points the expected different is observed (Figure 

3B). Treatment of cells with TC has an effect on viral replication, reducing titers 

by 0.6 log (Figure 6B, white and grey bars). Interestingly, TIP47 depleted cells 

treated with TC produce 1.8 log less infectious virus than untreated control cells 

(Figure 6B, white and light orange bars). Thus, we conclude that TIP47 as well 

as additional components of LDs are essential to PV replication. 

 

To further understand the role of LDs during PV infection, we treated cells with 

Oleic Acid (OA). Cells treated with OA have been shown to artificially boost the 

amount and size of lipid droplets [42], by increasing the amount of 

monounsaturated omega-9 fatty acids, therefore altering the standard 
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composition of the lipid droplet core by diluting the endogenous lipids such as 

cholesterol. Treatment of cells with OA reduces viral titers by 1.2 log (Figure 5C, 

white and grey bars). While TIP47 depleted cells treated with OA produce 2.3 log 

less infectious virus than untreated control cells (Figure 5C, white and light 

orange bars). Both TC and OA treatments manipulate host lipid composition and 

decrease RNA replication. Hence these results suggest that there may be 

specific lipids within the LDs that are essential for PV replication. We conclude 

that TIP47 and specific lipids within the LDs, perhaps cholesterol, are necessary 

for successful PV replication. 

 

WT PV Rapidly Adapts to TIP47 Depleted Cells with Manipulated Lipid 

Composition 

 

Depletion of TIP47 and manipulation of host cell lipids has a drastic effect on viral 

replication (Figure 5B and Figure 5C). To determine whether WT PV could adapt 

to the pressure of TIP47 depletion and lipid manipulation, TIP47 depleted and TC 

or OA treated cells were infected with WT PV and serial passaged 6 times. To 

identify any adaptive mutations that arose the final population (P6) was Sanger 

sequenced. As expected, no mutations were seen following passaging of the 

untreated control cells (Figure 6A). Likewise, mutations were not found in TIP47 

depleted cells, control cell treated with TC or OA and TIP47 depleted cells 

treated with TC. However, two adaptive mutations were found in TIP47 depleted 

cells treated with OA (Figure 6A). The first point mutation was a Cytosine to 
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Thymine modification located at position 3942 during passage 3. The mutation 

resulted in a Threonine to Isoleucine change at position 37 in the non-structural 

protein PV 2B (Figure 6B). By P4 the WT base (T) was not present in the 

sequencing traces (Figure 6B). The second point mutation was a Thymine to 

Cytosine change located at position 6003 during P4. The point mutation led to a 

Methionine to Threonine modification at position 6 within the viral RNA 

dependent RNA polymerase, PV 3D (Figure 6C). At P6, the WT (T) and mutant 

base (C) were at nearly equal ratios. However, in this case, the mutant base 

does not completely take over the population similar to the T37I-2B mutant. 

  

Passage 6 viral populations from the TIP47 depleted cells treated with OA were 

plaque purified using a limited series dilution and individual viral genomes were 

Sanger sequenced. 43-percent of the sequenced viruses contained the T37I-2B 

mutation alone while 57-percent of the viruses contained both the T37I-2B and 

M6T-3D mutations within the same genome. The M6T-3D mutation was not 

found alone within the viral population (Figure 6D).  
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Figure 6: Examination of Adaptation Mutant Viruses. Adaptation of WT PV to 
TIP47 depleted cells treated with Oleic Acid. WT PV was serially passaged 6 
times then Sanger sequenced for the presence of adaptive mutations (A) 
Summary of treatment conditions and adaptive mutations that arose. (B) T ! I 
mutation at position 37 within the non-structural protein 2B was found during 
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passage 3 and stayed fixed in the population through passage 6. (C) M ! T 
mutation at position 6 within the RNA-dependent RNA polymerase, 3D, was 
found during passage 4 and remained in the population at a 1:1 ratio through P6. 
Passage 6 viral populations of TIP47 depleted cells treated with Oleic Acid were 
purified using a limited series dilution. (D) Twenty-five viral populations were 
Sanger sequenced to determine if the population of viruses contained the 2B 
(T!I), 3D (M!T) or both mutations within a single genome. 43-percent of the 
viruses contained the single T37I-2B mutation while 57 percent of the viruses 
contained the double T37I-2B-M6T-3D mutation. The single M6T-3D mutation 
was not found alone in the viral populations. 
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Next generation sequencing of genetically and chemically manipulated viral 

populations identifies adaptive mutations 

 

The resolution of mutations one can visualize using traditional Sanger 

sequencing is low. Mutations identified by Sanger sequencing must be at a high 

frequency in the population in order to detect. Next generation sequencing (NGS) 

was used to identify additional mutations that were present in passage 1-6 of the 

Control cells, Control cells treated with oleic acid, TIP47 depleted cells and TIP47 

depleted cells treated with oleic acid but were at too low of a frequency to detect 

using standard sequencing methodology. NGS technologies generate data 

sufficient depth to characterize virus populations but are limited in their function 

because most mutants are present at very low frequencies and are thus 

indistinguishable from NGS errors. 

 

To overcome the limitations of NGS error, we utilized a specialized method, 

circular sequencing (CirSeq) [37]. Here, circularized genomic RNA fragments are 

used to generate tandem repeats that then serve as substrates for NGS. The 

linkage of the repeats is generated by ‘rolling circle’ reverse transcription of the 

circular RNA template. This yields sequence redundancy for a genomic fragment 

derived from a single individual within the virus population. Mutations that were 

originally present in the viral RNA will be shared by all the repeats. Differences 

within the linked repeats must therefore originate from enzymatic or sequencing 

errors and can be excluded from the analysis computationally. A consensus 
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sequence can be generated from the tandem three-repeat DNAs that reduces 

the theoretical minimum error probability associated with current sequencing 

platforms. This accuracy improvement reduces sequencing error to far below the 

estimated mutation rates of RNA viruses allowing capture of a near-complete 

distribution of mutant frequencies within RNA virus populations 

 

Identified mutations from CirSeq and NGS are summarized in Table 1 and 2. 

Untreated control cells and control cells treated with oleic acid were compared to 

identify the effect of oleic acid in control cells. 15 non-synonymous mutations that 

were advantageous in one condition as opposed to the other were identified in 

seven viral proteins, VP4, VP1, 2B, 2C, 3A, 3C and 3D (See Chapter 1). 

Mutations that were beneficial in both conditions were not shown. The delta 

fitness values for each mutation are shown (Table 1). Negative values indicate 

greater fitness in OA treated cells while positive values represent greater fitness 

in untreated cells. Within viral protein 2C there are significant two mutations, 

A4190G and G4406T, which have delta fitness values of -1.96 and 2.03 

respectively. The A4190G mutation is favored in the presence of OA while the 

G4406T mutation is beneficial in untreated cells. G5618A mutation within the 

viral protein 3C has a delta fitness value of -2.45 indicating a higher fitness in the 

presence of OA treatment. Interestingly, the RNA dependent RNA polymerase, 

3D, contains two mutations, T6096C and T6186C, which have delta fitness 

values of -2.81 and -4.19 respectively indicating significantly greater fitness in 
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cells treated with OA. Contrastingly, the non-synonymous mutation at position 

A6564G within 3D has a greater fitness in the absence of OA treatment, 1.56. 

TIP47 depleted cells and TIP47 depleted cells treated with oleic acid were 

compared to identify the effect of oleic acid in cells depleted of TIP47. 12 non-

synonymous mutations that were advantageous in one condition were identified 

in seven viral proteins, VP2, VP3, VP1, 2C, 3A, 3B and 3D (See Chapter 1). 

Mutations that were beneficial in both conditions were not shown. The delta 

fitness values for each mutation are shown (Table 1). Negative values indicate 

greater fitness in OA treated cells while positive values represent greater fitness 

in untreated cells. Interestingly, in the absence of TIP47 all of the delta fitness 

values for the identified mutations are negative indicating they are beneficial in 

the presence of OA. Within viral protein 2C there is a mutation at A4440G, which 

has a delta fitness value of -2.11. Excitingly, there are two positions within the 

viral protein 3A that has a higher fitness in the presence of oleic acid, G5258A 

and A5291 with delta fitness values of -1.82 and -1.53 respectively. The A5394G 

mutation within the viral protein 3B confers a fitness advantage in the presence 

of oleic acid with a delta fitness score of -1.78. Lastly, the RNA dependent RNA 

polymerase, 3D, contains a mutation at G6020A, which has delta fitness value of 

-2.10 indicating significantly greater fitness in cells treated with OA.  

 

Untreated control and TIP47 depleted cells were compared to identify the effect 

of TIP47 depletion on viral fitness. Three non-synonymous mutations that were 

advantageous in one condition were identified in three viral proteins, VP1, 2C 
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and 3D (See Chapter 1). Mutations that were beneficial in both conditions were 

not shown. The delta fitness values for each mutation are shown (Table 2). 

Negative values indicate greater fitness in TIP47 depleted cells while positive 

values represent greater fitness in Control cells. Within viral protein 2C there is a 

mutation at G4406T that has a delta fitness value of 2.00, indicating a greater 

fitness in control cells. The RNA dependent RNA polymerase, 3D, contains a 

mutation at T6476A, which has a very significant delta fitness value of -7.48 

indicating a greater fitness in cells treated with OA.  

 

Control cells treated with OA and TIP47 depleted cells treated with OA were 

compared to identify the effect of TIP47 depletion on viral fitness. 23 non-

synonymous mutations were identified in nine viral proteins, VP4, VP2, VP1, 2A, 

2B, 2C, 3A, 3C and 3D (See Chapter 1). Mutations that were beneficial in both 

conditions were not shown. The delta fitness values for each mutation are shown 

(Table 2). Negative values indicate greater fitness in TIP47 depleted cells while 

positive values represent greater fitness in Control cells. A single mutation was 

identified within the viral capsid protein VP2 at position A1140T that contained a 

significant delta fitness value of -3.12 indicating better fitness in cells depleted of 

TIP47. Within viral protein 2C there were two mutations at A4440G and T4875A, 

which have delta fitness values of -1.76 and 1.96 respectively. The mutation at 

A4440G has a greater fitness in cells depleted of TIP47 while the mutation at 

T4875A has a greater fitness in control cells that contain endogenous levels of 

TIP47. A single mutation within the viral protein 3C, G5618A, was identified and 
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has a delta fitness of 2.42 and has a greater fitness in control cells. Interestingly 

there are five mutations within the RNA dependent RNA polymerase, 3D. Three 

of the mutations are beneficial in cells depleted of TIP47, T6003C, G6004A and 

G6020A with delta fitness values of -5.16, -1.90 and -2.15 respectively. The 

T6003C mutation is exciting to identify because it was originally discovered within 

the TIP47 OA treated viral populations using Sanger sequencing. Using NGS 

additional information was generated, specifically that this mutation has higher 

fitness in the absence of TIP47 regardless of the presence of OA. The final two 

mutations within 3D are T6096C and T6186C, which have greater fitness in 

control cells, delta fitness values of 2.97 and 4.39 respectively. The listed 

mutations in Table 1 and Table 2 should further studies to gain insight into the 

role of each mutation in the viral life cycle. 
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Table 1: Effects of Oleic Acid Treatment on Control and TIP47 Depleted 
Cells. Negative values indicate greater fitness in OA treated cells while positive 
values represent greater fitness in untreated cells. Only variants with fitnesses ± 
2 standard deviations were beneficial in one condition and detrimental in the 
other are shown. Non-synonymous mutations were omitted from analysis. 
 

Compared Treatment Conditions  Viral Protein Position Delta Fitness 
(NT-OA) 

Control No Treatment vs  
Control OA Treated 

VP4 A768G -0.27 

VP1 A2982G 1.37 
T3104C -0.81 

2B T4113C 0.75 

2C 

A4190G -1.96 
G4406T 2.03 
A4881G -0.91 
A5048G 0.91 

3A T5247C 1.09 
3C G5618A -2.45 

3D 

T6096C -2.81 
T6186C -4.19 
A6564G 1.56 
A6779G 1.13 
A6951G -0.63 

TIP47 depleted No Treatment vs  
TIP47deplted OA Treated 

VP2 G1380A -1.24 
VP3 A1895T -1.25 
VP1 A3248G -0.94 

2C A4191G -1.07 
A4440G -2.11 

3A G5258A -1.82 
A5291T -1.53 

3B A5394G -1.78 

3D 

G6020A -2.10 
T6288C -1.17 
A6480G -0.80 
A7214T -1.55 
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Table 2: Effects of TIP47 Depletion on Untreated and Oleic Acid Treated 
Cells. Negative values indicate greater fitness in TIP47 depleted cells while 
positive values represent greater fitness in Control cells. Only variants with 
fitnesses ± 2 standard deviations were beneficial in one condition and detrimental 
in the other are shown. Non-synonymous mutations were omitted from analysis. 
Highlighted cell represents M6T mutation identified by Sanger sequencing. 
 

Compared Treatment Conditions  Viral Protein Position Delta Fitness 
(Control-TIP47) 

Control No Treatment vs  
TIP47 depleted No Treatment 

VP1 A2982G 1.26 
2C G4406T 2.00 
3D T6476A -7.48 

Control OA Treated vs  
TIP47 depleted OA Treated 

VP4 A911G -0.93 
VP2 A1140T -3.12 

VP1 T3140A -1.11 
A3248G -0.80 

2A T3809C 0.56 

2B 

C3898A -0.91 
A3908G -0.76 
A3948G -1.08 
A3992G -0.69 

2C 
A4190G 1.45 
A4440G -1.76 
T4875A 1.96 

3A A5237G 1.44 
3C G5618A 2.42 

3D 

T6003C -5.16 
G6004A -1.90 
G6020A -2.15 
T6096C 2.97 
T6186C 4.39 
A6384G 1.31 
A6480G -0.57 
A6951G 0.55 
A7079G -0.67 
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A substantial amount of variants are present at error frequencies of less than 

10%, a resolution that is impossible to obtain with traditional sequencing 

methods, in the control and TIP47 depleted cells treated with OA (Figure 7). The 

majority of the variants exist at equal frequency in the TIP47+OA and 

Control+OA treatments (10-3 to 10-4). However, two mutations in non-structural 

proteins 2B and 3D are present at high frequencies. The mutation in the viral 

RNA dependent RNA polymerase, 3D, exists at high frequency in TIP47 depleted 

cells treated with OA but not in the Control cells treated with OA, indicating the 

variant is likely due to the lack TIP47 in the infected cells. The mutation within 2B 

is at high frequency in both control and TIP47 depleted cells treated with OA, 

indicating that this mutation is due to the pressure of both the absence of TIP47 

and lipid manipulation. 
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Figure 7: Variant Frequencies of Oleic Acid Treated Control and TIP47 
Depleted Cells. Correlation of non-synonymous variant frequencies in control 
and TIP47 depleted treated with Oleic acid. Variants shown are those with 10% 
or less error in their measured frequencies. The center dashed line represents 
perfect correlation, while the outer dashed lines represent 10 fold deviation in 
variant frequencies. Red circles indicate T37I-2B and M6T-3D mutants. 
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Determination of T37I-2B; M6T-3D and T37I-2B/M6T-3D Viral Fitness  

 

In order to determine if the identified adaptive mutations (Figure 6A) conferred a 

fitness advantages over WT PV, the T37I-2B, M6T-3D and T37I-2B/M6T-3D 

mutant viruses were competed against WT. The M6T-3D mutant virus was 

further examined although it was not found in the purified viral populations 

(Figure 6D). Control and TIP47 depleted A172 cells were treated with mock or 

Oleic Acid (OA) for 40 hours then infected with the mixed viruses (WT/T37I-2B; 

WT/M6T-3D; WT/T37I-2B/M6T-3D). Eight hours post-infection, passage 1 (P1) 

was used to re-infect the subsequent passage. This continued for six passages. 

RNA was extracted from each passage followed by RT-PCR and sequencing.  

 

In the T37I-2B/WT virus competition, position 3942 in the viral genome was 

sequenced to observe if the WT (C) or mutant (T) base was present. At P0, the 

base at position 3942 in both 2B-T37I and WT viruses were at equal ratios 

(Figure 8A and Figure 8B). However, when examining the non-treated control 

and TIP47 depleted cells, the mutant base increases in the population over the 

multiple passages. Nevertheless, there is still WT base (C) present in the 

population at approximately 2:1 ratio. The WT base is not completely cleared 

from the population within the six passages.  

 

Interestingly, the mutant base (T) completely takes over the population at P3 in 

control cells treated with OA (Figure 8B). The WT base (C) is completely 
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removed from the population by P6. This indicates that in the presence of OA 

treatment the mutant T37I-2B virus was most fit. In the TIP47 depleted cells 

treated with OA, the WT base (C) is in abundance in the population by P1. 

However, the mutant base (T) begins to increase in the population at P4 and P5. 

Quality data was not generated from P6 and is therefore not shown. These 

results indicate that the T37I-2B mutant virus has a fitness advantages in OA 

treated cells over non-treated cells and may have more of a fitness advantage in 

control cells compared to cells depleted of TIP47. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



! 212 

 
 
Figure 8: Sequencing Traces of T37I-2B and WT Competition. (A) Passage 1 
-6 traces of base 3942 in non-treated Control and TIP47 depleted A172 cells. (B) 
Passage 1-6 traces of base 3942 in Oleic Acid (OA) treated Control and TIP47 
depleted A172 cells. Untreated or OA treated A172 cells were infected with a 1:1 
mixture of T37I-2B and WT PV. 8 hours post infection samples were processed 
then sequenced. The WT base at position 3942 is shown in blue (Cytosine) while 
the mutant base is shown in red (Thymine). 
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In the M6T-3D/WT virus competition, position 6003 in the viral genome was 

sequenced to observe if the WT (T) or mutant (C) base was present. The initial 

P0 population of virus was at a 2:1 ratio. Although the competed viruses did not 

begin at an equal ratio, the amount of M6T-3D to WT virus did not change 

significantly in the non-treated control and TIP47 depleted cells over six 

passages (Figure 9A). This indicates that there is not a fitness advantage to the 

M6T-3D mutation. This is not surprising because the M6T-3D mutation alone was 

not identified in the purified virus populations (Figure 6D).  

 

Examination of the OA treated control and TIP47 depleted cells (Figure 9B) 

shows that the WT base (T) is in excess at position 6003 in the viral genome in 

all passages. The mutant base (C) is decreasing in the population however; 

additional replicates and sequencing would be needed to verify the effect is not 

caused by experimental drift. Here we can conclude the M6T-3D mutant alone 

does not confer a fitness advantage in the treated and non-treated control and 

TIP47 depleted cells. 
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Figure 9: Sequencing Traces of M6T-3D and WT Competition. (A) Passage 1 
-6 traces of base 6003 in untreated treated Control and TIP47 depleted A172 
cells. (B) Passage 1-6 traces of base 6003 in Oleic Acid (OA) treated Control and 
TIP47 depleted A172 cells. Mock or OA treated A172 cells were infected with a 
2:1 mixture of M6T-3D and WT PV. 8 hours post infection samples were 
processed then sequenced. The WT base at position 6003 is shown in red 
(Thymine) while the mutant base is shown in blue (Cytosine). 
 
 
 
 

Control Cells TIP47 Depleted Cells

No Treatment

Control Cells TIP47 Depleted Cells
Oleic Acid Treatment

A

B
P1 P2 P3 P4 P5 P6P0

P1 P2 P3 P4 P5 P6P0

P1 P2 P3 P4 P5 P6P0

P1 P2 P3 P4 P5 P6P0



! 215 

The T37I-2B/M6T-3D double mutant virus was found in 57-percent of the purified 

viral populations (Figure 6D). Excitingly, the competition between T37I-2B/M6T-

3D and WT virus yielded interesting results. In non-treated control and TIP47 

depleted cells, the T37I-2B/M6T-3D double mutant virus does not have a fitness 

advantage over WT. The viruses began with a 3:1 ratio and remains in the same 

proportion throughout the six passages. This is true at both the 2B mutation site, 

3942, and the 3D mutation site, 6003 (Figure 10A).  

 

In OA treated cells, however, drastic changes occur (Figure 10B). Control cells 

begin with 3:1 ratio and by P2 they are at a 1:1 ratio. The mutant bases 

completely take over by P4 at both 3942 and 6003 sites. The mutant bases seem 

to increase in the population faster in TIP47 depleted cells treated with OA 

compared to untreated TIP47 depleted cells. The viruses begin at a 3:1 ratio and 

are at a 1:1 ratio by P1. At P2 the mutant bases completely take over at both the 

2B mutations site, 3942, and the 3D mutation site, 6003. Furthermore, WT bases 

are not found in the sequencing traces after P2. Taken together, we can 

conclude that the T37I-2B/M6T-3D mutant has a fitness advantage over WT virus 

especially in TIP47 depleted cells treated with OA. This result is not unexpected 

because the adaptive mutants were originally identified in TIP47 depleted cells 

treated with OA. Therefore we show that these adaptive mutations benefit the 

virus under restricted conditions and are not simply random. 
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Figure 10: Sequencing Traces of T37I-2B/M6T-3D and WT Competition. 
(A) Passage 1 -6 traces of bases 3942 and 6003 in untreated Control and TIP47 
depleted A172 cells. (C) Passage 1-6 traces of bases 3942 and 6003 in Oleic 
Acid (OA) treated Control and TIP47 depleted A172 cells. Untreated or OA 
treated A172 cells were infected with a 1:1 mixture of T37I-2B and WT PV. 8 
hours post infection samples were processed then sequenced. The WT base at 
position 3942 is shown in blue (Cytosine) while the mutant base is shown in red 
(Thymine). The WT base at position 3942 is shown in red (Thymine) while the 
mutant base is shown in blue (Cytosine). 
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The sequencing traces for each virus (Figure 8-10) are summarized in a 

quantitative graphic, Figure 11. When summarizing the results of the T37I-2B 

and WT virus competition, the Control cells, Control cells treated with Oleic Acid 

(OA) and TIP47 depleted cells generally had a larger ratio of mutant virus in the 

population compared to WT virus (Figure 11A). The ratio of mutant to WT base 

was stabilized by P4 and did not continue to increase in the population. There 

was a larger proportion of mutant virus in the Control OA (98% mutant virus), 

Control (78% mutant virus) and TIP47 (72% mutant virus) samples respectively 

(Figure 11A, blue, red and green lines) when the ratios stabilized between 

passage 4 and 6. Contrastingly, in the TIP47 depleted cells treated with Oleic 

Acid (TIP OA), WT virus was present in the majority of the population at P2 (95% 

WT virus) but then beings to decrease in the population throughout the six 

passages. The mutant virus consequently increases in the population at P4 and 

P5 (34% mutant virus).  

 

The M6T-3D virus showed no fitness advantage over WT in Control, Control OA, 

TIP47 and TIP47 OA treated cells (Figure 11B). The mutant to WT ratios were 

below the threshold of 1 indicating the WT virus was more advantageous over 

the mutant virus. The ratio of mutant to WT base in the control condition did not 

change greatly during the passages, 71% WT virus (Figure 11B, blue line). In the 

Control OA, TIP47 and TIP47 OA the mutant base seemed to slowly decrease in 

the population over the passages, 33% to 12%%; 33% to 23%; 33% to 6% 

respectively (Figure 11B, red, green and purple lines). 
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The T37I-2B/M6T-3D double mutant virus yielded interesting results. Control 

cells ratio remained near 50:50 throughout the passages (Figure 11C, green and 

light blue lines) at both position 3942 and 6003. There was approximately 30% 

mutant base in the viral population. Similarly, in TIP47 depleted cells the ratio of 

WT to mutant remained equal throughout the time course at both position 3942 

and 6003 and contained approximately 16% mutant base throughout the time 

course (Figure 11C, purple and pink lines). In TIP47 depleted cells treated with 

OA, the T37I-2B/M6T-3D double mutant virus increases in the population at 

position 3942 and 6003 (Figure 11C, dark blue and blue lines). Interestingly by 

passage 3 the ratio of mutant to WT virus stabilizes within the population with 

approximately 98% mutant virus in the population at passage 6. Lastly, in Control 

cells treated with OA, the T37I-2B/M6T-3D double mutant virus also increases in 

the population at position 3942 and 6003 (Figure 11C, red and orange lines). By 

passage 4, the ratio of mutant to WT virus stabilizes within the population with 

approximately 97% mutant virus in the population at passage 6. The T37I-

2B/M6T-3D double mutant virus takes an additional passage to completely take 

over the WT virus in the control OA treated cells compared to the TIP47 treated 

cells, indicating the importance of TIP47 in the PV replication cycle. 
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Figure 11: Graphical Representation of Mutant Variants and WT PV 
Competition. Passage 1-6 sequencing peak height ratios (mutant base/ WT 
base) normalized to passage 0. Dotted line at 1 represents equal ratios of WT 
and mutant bases. (A) T37I-2B vs WT competition. Quantitative analysis of 
sequencing traces from control cells +/- oleic acid treatment and TIP47 depleted 
cells +/- oleic acid at position 3942 (B) M6T-3D vs WT competition. Quantitative 
analysis of sequencing traces from control cells +/- oleic acid treatment and 
TIP47 depleted cells +/- oleic acid at position 6003 (C) T37I-2B/M6T-3D vs WT 
competition. Quantitative analysis of sequencing traces from control cells +/- 
oleic acid treatment and TIP47 depleted cells +/- oleic acid at position 3942 and 
6003. 
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The growth kinetics of the T37I-2B and T37I-2B/M6T-3D adaptive mutations was 

studied to further examine the importance of the point mutants in PV replication 

(Figure 10). M6T-3D was not included in this analysis because it was not found 

within the purified viral populations and was not found to have a fitness 

advantage over WT. Control and TIP47 depleted A172 cells were untreated or 

treated with OA for 40 hours and then infected with a high MOI. Time points were 

taken every 2 hours and titers were calculated using TCID50 assay. WT, T37I-2B 

and T37I-2B/M6T-3D viruses replicate with identical replication kinetics in 

untreated control cells (Figure 10). Furthermore, the viruses contained similar 

endpoint titers, 2.92x108, 2.70x108 and 5.18x108 for WT, 2B-T37I and 2B-

T37I/3D-M6T, respectively. 

 

TIP47 depleted cells treated with OA yielded end point titers that were 1-2 logs 

less than untreated control cells (Figure 10). In TIP47 depleted cells treated with 

OA WT, T37I-2B and T37I-2B/M6T-3D viruses replicate with identical replication 

kinetics, however, WT PV is not able to produce high viral titers. Both mutant 

viruses T37I-2B and T37I-2B/M6T-3D produce approximately 10 fold more 

infectious particles compared to WT, 2.44x107 and 2.15x107 to 1.96x106 

respectively. This experiment supports the hypothesis that these mutations 

function to improve viral fitness in cells depleted of TIP47 with manipulated host 

lipids. This indicates the importance of TIP47 and LDs in the PV replication cycle. 
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Figure 12: Growth Kinetics of WT, T37I-2B and T37I-2B/M6T-3D Viruses. 
One-step growth curve of PV WT, T37I-2B and T37I-2B/M6T-3D viruses. Mock 
treated control and OA treated TIP47 depleted Al172 cells were infected with an 
MOI=5. Viral titers were determined by TCID50 assay. 
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Discussion 

 

Though the role of each protein should be addressed in the future to determine 

its specific role in the PV lifecycle, we focused on the cellular protein TIP47. We 

found that TIP47 co-purifies with previously described 3A interactor ACBD3 

during infection (Figure 5A). This implies that TIP47 is also localized to the 

replication complex along with ACBD3 and PV 3A. The role that TIP47 seems to 

play in viral replication may be ubiquitous to the Enterovirus family as TIP47 was 

also co-purified with the 3A protein of CVB3 and EV71 (Figure 1D). This 

suggests that the 3A protein interacts with TIP47 during a wide range of 

Enterovirus infections. Additionally, TIP47 has also been shown to have a role in 

the lifecycles of Retroviruses and Flaviviruses. In HIV, TIP47 was reported to 

acts a bridge between ENV and Gag proteins and aid in the formation of 

infectious particles [15-17], although, this function has recently been reevaluated 

[43]. In Dengue, TIP47 associates with the Capsid protein to promote viral 

assembly [13,44]. In HCV, TIP47 was shown to interact with the N-terminal 

region of NS5A [14]. This interaction is thought to make LD membranes 

accessible for HCV RNA replication. The function of TIP47 in the lifecycle of HCV 

is strikingly similar to what we hypothesize is occurring in Enteroviruses. 

 

To determine the role TIP47 plays in the replication complex formation we first 

focused our attention on known endogenous TIP47 interactors (Figure 4B). 

However, we do not see significant changes in the levels of TIP47 interactors 
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M6PR, PGRMC1, Rab1A, Rab9A during the course of infection. Thus we 

investigated the role TIP47 plays in the ACBD3/3A complex. Similar to ACBD3 

[27,28], we show that depletion of TIP47 decreases PV replication and reduces 

overall titer (Figure 3B). Additionally we show that TIP47 and ACBD3 interact at 4 

hours post infection (Figure 4C). It is known that ACBD3 recruits PI4Kβ to the 

membranes of replication complexes to modify PI4K lipids; which aids in the 

recruitment of PV 3D [3,45] (see Chapter 1). Therefore we examined the effect 

lipid manipulation has on PV replication. 

 

Treatment of cells with Oleic Acid (OA) or Triacsin C (TC) manipulates the 

standard composition of host lipids. Both treatments reduce the amount of 

infectious viral particles produced during infection and this effect is greatly 

increased in cells depleted of TIP47 (Figure 5B and Figure 5C). It is possible that 

there are specific lipids required for RNA replication that are diluted following 

these treatments. Furthermore, the lipids that are present are not trafficked to the 

replication complexes because of the absence of TIP47. A recent publication 

showed that there is an increase in fatty acid import during PV infection and the 

imported fatty acids are directly used in the formation of the replication complex 

[46]. Furthermore, it was shown that cholesterol is essential for building fluid 

replication complexes and plays a role in RNA replication of Enterovirus [47,48]. 

One outstanding question not addressed by these studies is mechanism by 

which excess cholesterol stored in LDs is trafficked to replication complexes. We 

hypothesize that PV hijacks the free lipid trafficking function of TIP47 [18,20-23] 
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and facilitates the transfer of the imported neutral lipids and cholesterol from lipid 

droplets to the replication complex. 

 

When passaging WT PV in TIP47 depleted cells treated with OA two mutations 

arise (Figure 6), both mutations identified are in viral proteins that have known 

associations with lipids in the viral replication complex. PV 2B associates with 

host membranes and is essential for the formation of the viral replication 

complex. At passage 3 we found a point mutation that resulted in a Threonine to 

Isoleucine modification at position 37 (Figure 6B). It is possible that the adaptive 

mutation in PV 2B aids in the association with the manipulated host membranes. 

In addition, PV 3D has been shown to have affinity for PI4P lipids [49]. At 

passage 4 a point mutation was observed which led to a Methionine to Threonine 

change at position 6 within the viral RNA dependent RNA polymerase (Figure 

6C). We hypothesize that the adaptive mutation in PV 3D increases its affinity for 

OA manipulated lipid membranes within the replication complex. 

 

PV has developed complex mechanisms for interacting with host cells. The 

interplay between host proteins and lipids in PV replication complex formation will 

need to include real-time observation of the viral lifecycle under physiological 

conditions. An in-depth understanding of these interactions is critical for 

controlling viral pathogenesis and for developing effective antiviral strategies.  
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Non-structural PV polyprotein precursors as well as fully processed proteins have 

a combination of specialized functional roles in the PV lifecycle that are essential 

for successful replication [1-3]. We have created a unique tool to aid in the 

discovery of novel host factors required for PV replication. Our PV 2A.st, 3A.st, 

3B.st, 3C.st and 3D.st viruses (Chapter 3) can be used to probe PV-host protein 

interactions that occur under physiological conditions during infection. The 

creation of viable, infectious tagged viruses is helpful in studying aspects of the 

PV lifecycle under biologically relevant conditions. It is also useful for determining 

viral-host interactions at a range of time points during infection in contrast to a 

single time point. 

 

Using our tagged virus system we were able to identify previously described 

proteins known to play a critical role in PV replication, which will confirm the 

functionality of our method under biologically relevant conditions. Most 

importantly, we will be able to use our system to identify novel host proteins that 

play a role in the PV replication cycle (Chapter 4 and Chapter 5). 

 

We focused on the interaction between PV 3A and Tail-interacting protein, 47kDa 

(TIP47). TIP47 has been reported to have various roles in lipid metabolism, 

specifically trafficking and storage of neutral lipids during LD maturation [4-8]. 

Treatment of cells with Oleic Acid (OA) manipulates the standard composition of 

host lipids. OA treatment reduces the amount of infectious viral particles 

produced during infection and this effect is greatly increased in cells depleted of 
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TIP47 (Chapter 6). It is possible that there are certain lipids required for RNA 

replication that are diluted following these treatments. Furthermore, the lipids that 

are present are not trafficked to the replication complexes because of the 

absence of TIP47.  

 

A recent publication showed that there is an increase in fatty acid import during 

PV infection. The imported fatty acids are directly used in the formation of the 

replication complex [9]. Furthermore, it was shown that cholesterol is essential 

for building fluid replication complexes and plays a role in RNA replication of 

Enterovirus [10,11]. One outstanding question not addressed by these studies is 

mechanism by which excess cholesterol stored in LDs is trafficked to replication 

complexes. We hypothesize that without the TIP47 and 3A interaction, LDs 

cannot bridge to the replication compartments and therefore there is a decrease 

in cholesterol at the replication compartments, which causes a decrease in viral 

RNA synthesis (Figure 1). 
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Figure 1: 3A-TI47 Interaction modulates the flux of cholesterol from LDs to 
replication complexes. Free cholesterol from the plasma membrane is taken up 
via clathrin-mediated endocytosis and distributed to cellular membranes. During 
enterovirus infection, these cholesterol containing cellular membranes from the 
endoplasmic reticulum (ER), endoplasmic reticulum golgi intermediate 
compartment (ERGIC) and the Golgi apparatus are remodeled into replication 
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compartments. Cholesterol has been shown to be essential for efficient viral 
replication. The interaction between 3A and GBF1/Arf1 disrupts COP-I 
recruitment and inhibits secretory pathway trafficking. 3A is thought to recruit 
ACBD3 to the replication complex, which aids in the recruitment of PI4KB. 
Recruitment of PI4KB results in PI4P enriched membranes, which may serve to 
recruit the viral RNA-dependent RNA polymerase, 3D, which has been shown to 
have affinity for PI4P lipids in vitro. Upon recruitment of the viral polymerase RNA 
synthesis can begin. We find that through its interaction with TIP47, viral protein 
3A recruits lipid droplets to the replication compartments and utilizes the 
cholesterol stores within the LDs to increase the efficiency of viral replication. 
The viral protein 2BC may also act to enhance cholesterol uptake from recycling 
endosomes.  
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Future Directions 

 

Identification of the mechanism of poly(A) tail extension in the 3’ UTR of PV 

proved to be a challenging quest. Our data indicates that the reiterative copying 

mechanism was not used by the virus to extend the poly(A) tail. However, the 

RNA dependent RNA polymerase could have used an alternate template, not 

mutated in our experiments, to create the poly(A) tail using the reiterative copying 

model. In order to address this caveat, additional mutants need to be generated 

that have mutations extended past the uracil track. It is also essential to ensure 

that these mutations do not affect PABP binding and therefore negative and 

positive strand synthesis. An in vitro assay demonstrating poly(A) polymerase 

can extend the poly(A) tail of the viral genome de novo can also add support to 

this mechanism. Furthermore, concrete identification of the host enzyme 

responsible for the poly(A) tail extension could help shed light on the mechanism. 

 

Our tagged virus analysis generated a great deal of information that can be used 

to further examine viral-host interactions from multiple steps in the discovery 

pipeline. Here, we were able to successfully generate tagged viruses from five of 

the seven non-structural viral proteins. Identifying insertion sites within PV 2B 

and PV 2C that would allow for function replication proved to be challenging. 

However, the creation of these viruses is essential for identification viral-host 

interactions under biological conditions. Structural analysis of 2B and 2C proteins 
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could yield insight into insertion sites that would not affect the tertiary structure of 

the viral protein and be tolerated by the virus. 

 

We were able to generate large datasets of viral-host interactions from 3A.st, 

3B.st, 3C.st and 3D.st viruses. The role of each cellular protein should be 

addressed in the future to determine its specific role in the PV lifecycle. Since the 

list of cellular protein candidates is so large performing reciprocal IP experiments 

for each protein could prove to be strenuous task and could potentially lead to a 

protein-protein interaction without functional importance in the viral replication 

cycle. Therefore a small-scale siRNA screen could be of benefit to further filter 

the list of cellular interactions. From the siRNA screen we could also gain insight 

into which viral process is being affected by the host protein. 

 

In addition to advancing the tagged viruses system, optimization of the 

recombinant 3B, 3C and 3D proteins as well as cloning of the P2 region proteins, 

2A, 2B and 2C, would be essential for comparisons of the three discovery 

methods; infection with tagged virus, overexpression of recombinant protein and 

overexpression of recombinant of protein in the presence of WT PV infection. 

Cellular proteins identified in all three screening methods would have greater 

confidence for their interaction with the viral protein. 

 

Surfeit locus protein 4 (SURF4) is a cellular protein that cycles between the 

endoplasmic reticulum and the Golgi [12,13]. It is thought to play a role in the 
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maintenance of the architecture of the endoplasmic reticulum-Golgi intermediate 

compartment (ERGIC) and of the Golgi [12]. SURF4 was originally identified in 

the three discovery methods with PV 3A and contained significant MiST scores in 

each method (Chapter 4 and Chapter 5). Furthermore, SURF4 is of great interest 

to investigate because of its close association with ERGIC. PV has been shown 

to form the viral replication complex within ERGIC [14-16]. Preliminary results 

from dual overexpression affinity-purification experiments indicate that SURF4 

and PV 3A interact (data not shown). Additional experiments are needed to 

identify the effect SURF4 depletion has on viral replication as well as its effect on 

the poliovirus lifecycle. 

 

PV has developed complex mechanisms for interacting with host cells. The 

interplay between host proteins and lipids in PV replication complex formation will 

need to include real-time observation of the viral lifecycle under physiological 

conditions. An in-depth understanding of these interactions is critical for 

controlling viral pathogenesis and for developing effective antiviral strategies.  
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