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Abstract 

 

Viruses have long been noted to be composed simply of nucleic acid and 

protein.  This thesis describes this confluence of science of viruses at the interface of 

genomics and proteomics.  Chapter 2 describes the discovery of klassevirus, a new 

picornavirus in pediatric diarrhea.  Chapter 3 shows that klassevirus is likely a human 

pathogen given the seroconversion of klassevirus-positive individuals against a 

klassevirus non-structural protein that is not present in the picornavirus virion.  

Subsequent work failed to obtain a culturable virus from klassevirus-positive stool 

samples, enabling the transition to culture-independent methods of characterizing 

picornavirus-host protein interactions.  Chapter 4 describes the use of affinity 

purification mass spectrometry to discovery a novel picornavirus 3A-ACBD3-PI4KB 

complex that promotes viral replication in the enteroviruses and kobuviruses.  

Chapter 5 extends upon the methodology to describe a novel host protein interactor of 

ACBD3 (TBC1D22A/B), whose interaction is altered specifically by the kobuvirus 

3A protein. This complex also demonstrates significant interaction with the 

klassevirus 3A protein, suggesting that the AP-MS work may inform the biology of 

the uncultured virus.   Finally, chapter 6 describes future directions that are opened up 

by this work. 
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Chapter 1: Introduction – The Genomics and Proteomics of Viruses 

 

The aughts were a decade for pathogen discovery.  In the public eye, Nobel 

Prizes were awarded for the discovery of H. pylori, HIV, and HPV, and the rapid 

detection of the SARS coronavirus and H1N1 swine influenza were newsworthy 

events. Rapid advances in sequencing technology and assembly analysis brought an 

incredible growth in the availability and number of new pathogen genomes by culture-

independent discovery.  The NIAID estimates that the genomes of almost 5,000 

microorganisms and invertebrate vectors, as well as over 15,000 viruses have been 

sequenced (1). Perhaps nowhere has this trend been greater than in sequencing of RNA 

viruses.  The Influenza Genome Sequencing Project brought the number of influenza 

sequences alone in Genbank from to over 10,000 (2, 3). Where approximately one 

month was required for the sequencing of the genome of a cultured SARS coronavirus 

in 2004, a novel (arenavirus) was sequenced within <72 hours of receiving the clinical 

sample (4).  Remarkably, the Picornaviridae family have essentially doubled at both the 

genus and species level, increasing from 19 to 37 species and 8 to 17 genera (5). 

The discovery of new viruses directly impacts patient care and public health 

through the availability of rapid diagnostics such as PCR, and yields tangible 

information for basic scientists attempting to understand selective pressures on viral 

phylogenetics (6).  However, the availability of so many viral genomes has not changed 

the dearth of clinical options for treating viral infections. Only two or three new 

antiviral drugs, excluding antiretrovirals (HIV), have been brought to market in the last 

decade (entecavir, telivudine, and tenofovir) (7). This paucity of new non-HIV 
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antivirals and the constant battle against developing resistance, coupled with a growing 

number of discovered viruses, precludes the adoption of a one-virus-one-drug approach 

for anti-viral development, and underscores a need for pan-viral therapeutics. 

Antiviral drug targeting of viral proteins, such as reverse transcriptase, surface 

glycoprotein, viral DNA polymerase, neuraminidase, proteases, helicases, or RNA 

polymerases, leads to the development of resistance under selection conditions (8, 9). 

However, a new perspective in antiviral drug development is now considering targeting 

host pathways that are essential to viral processes such as entry, replication, assembly 

or escape (10, 11).  The need for new pan-viral therapeutics necessitates the adoption of 

systematic, yet unbiased approaches for understanding the biochemical function of viral 

genes and discovering the host genes upon which these obligate intracellular parasites 

depend, which may illuminate the underlying molecular causes of varying clinical 

phenotypes of viral infection (12). Novel targets include cyclophilin A and PI4KA for 

HCV (13), the p85β subunit of phosphatidylinositol-3 (PI3) kinase for influenza virus 

(14), a microRNA that targets cyclin G(1) called miR122 for HBV/HCV (15), and 

surface receptors such as CD81 and EGFR (11). Unbiased screening through 

biochemical approaches may be especially useful for those viruses that have remained 

recalcitrant to growth in culture, whether they be novel unclassified viruses 

(klassevirus, enterovirus 109) or an old foe like the Norwalk viruses (16–20). 

While the growth in our understanding of viral gene function has not paced that 

of genomics, the availability of unbiased techniques to probe viral-host interactions has 

grown considerably.  Unbiased genetic techniques such as yeast two-hybrid and RNAi 

have been used in the discovery of pathogen-host interactions and have been reviewed 
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elsewhere (21–26).  Haploid genetic screens and large shRNA libraries represent an 

additional genetic approach in the elucidation of viral-host interactions and will likely 

yield targets in the coming years (27–29).  Nonetheless, every genetic approach 

requires some biochemical validation.  What’s more, the increasing availability of mass 

spectrometry has enabled a biochemical screening approach for the discovery of viral-

host interactions at the protein-protein interaction level for subsequent genetic follow-

up. 

 

Viruses have long been noted to be composed simply of nucleic acid and 

protein.  This thesis describes this confluence of science of viruses at the interface of 

genomics and proteomics.  Chapter 2 describes the discovery of klassevirus, a new 

picornavirus in pediatric diarrhea.  Chapter 3 shows that klassevirus is likely a human 

pathogen given the seroconversion of klassevirus-positive individuals against a 

klassevirus non-structural protein that is not present in the picornavirus virion.  

Subsequent work failed to obtain a culturable virus from klassevirus-positive stool 

samples, enabling the transition to culture-independent methods of characterizing 

picornavirus-host protein interactions.  Chapter 4 describes the use of affinity 

purification mass spectrometry to discovery a novel picornavirus 3A-ACBD3-PI4KB 

complex that promotes viral replication in the enteroviruses and kobuviruses.  Chapter 

5 extends upon the methodology to describe a novel host protein interactor of ACBD3 

(TBC1D22A/B), whose interaction is altered specifically by the kobuvirus 3A protein. 

This complex also demonstrates significant interaction with the klassevirus 3A protein, 
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suggesting that the AP-MS work may inform the biology of the uncultured virus.   

Finally, chapter 6 describes future directions that are opened up by this work. 
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Chapter 2: The complete genome of klassevirus - a novel picornavirus in pediatric 

stool 

Abstract  

Background 

Diarrhea kills 2 million children worldwide each year, yet an etiological agent is 

not found in approximately 30-50% of cases. Picornaviral genera such as enterovirus, 

kobuvirus, cosavirus, parechovirus, hepatovirus, teschovirus, and cardiovirus have all 

been found in human and animal diarrhea.  Modern technologies, especially deep 

sequencing, allow rapid, high-throughput screening of clinical such as stool for new 

infectious agents associated with human disease. 

Results 

A pool of 141 pediatric gastroenteritis samples that were previously found to be 

negative for known diarrheal viruses was subjected to pyrosequencing. From a total of 

937,935 sequence reads, a collection of 849 reads distantly related to Aichi virus were 

assembled and found to comprise 75% of a novel picornavirus genome. The complete 

genome was subsequently cloned and found to share 52.3% nucleotide pairwise identity 

and 38.9% amino acid identity to Aichi virus. The low level of sequence identity 

suggests a novel picornavirus genus which we have designated klassevirus.  Blinded 

screening of 751 stool specimens from both symptomatic and asymptomatic individuals 

revealed a second positive case of klassevirus infection, which was subsequently found 

to be from the index case’s 11-month old twin. 
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Conclusions 

We report the discovery of human klassevirus 1, a member of a novel 

picornavirus genus, in stool from two infants from Northern California. Further 

characterization and epidemiological studies will be required to establish whether 

klasseviruses are significant causes of human infection. 

 

Background  

Picornaviruses are positive-sense ssRNA viruses consisting of eight classical 

genera and six new proposed genera.  They share a common genomic organization with 

a long 5´ untranslated region (UTR) (500-800 nt) containing an internal ribosome entry 

site (IRES), a single ORF encoding a polyprotein that is proteolytically processed, and 

a short 3´ UTR followed by a polyA tail [1].  Major differences among picornaviruses, 

among others, include the secondary structure of the 5´UTR and IRES and a VP0 

capsid protein that is either cleaved into VP4 and VP2 or remains intact. 

Kobuvirus is a genus in the family Picornavirus.  There are three known 

kobuviruses: Aichi virus, bovine kobuvirus, and porcine kobuvirus [2-4].  All three 

have been discovered in stool specimens, with Aichi virus associated with non-bacterial 

human gastroenteritis, typically associated with oyster consumption [5].  Though 

originally isolated in Japan, Aichi virus has been found over a broad geographical range 

covering Asia, the Americas, and Europe [5-6].  All kobuviruses share the typical 

picornavirus genomic organization with genome sizes ranging from 8210-8374 nt.  In 

addition to having a uncleaved VP0 capsid protein, kobuviruses have highly conserved 



 12 

3 conserved stem-loop structures in the first 120 nt of their 5´ UTR which have been 

shown to be required for viral replication and encapsidation in Aichi virus [7-8]. 

Recently, pyrosequencing of stool samples from patients with acute flaccid 

paralysis from Pakistan was recently used to identify cosavirus, a new proposed 

picornaviral genus [9]. In this study, we report the discovery of a novel human 

picornavirus genus in two twins through pyrosequencing.  We also report whole 

genome recovery and initial PCR screening for the novel picornavirus. 

Results  

Pyrosequencing of genome of novel picornavirus genus 

As part of an ongoing investigation of pediatric gastroenteritis from Northern 

California, we identified 141 stool samples that were negative for viral detection by 

specific PCR for 7 stool viruses (adenovirus, astrovirus, calicivirus, rotavirus, 

enterovirus, cardiovirus, parechovirus) and Virochip, a pan-viral microarray. 141 

samples were negative by array and PCR and were subjected to two sequencing runs on 

a Genome Sequencer FLX without molecular bar-coding.   The two sequencing runs 

gave 937,935 filter pass reads with an average length of 241.7 bp, ranging from 32-503 

bp.  Of these, 849 reads had an E-value of less than 1e-6 against the Aichi virus genome 

by TBLASTX. Reads that aligned to Aichi virus assembled into approximately 75% of 

an expected ~8kb genome (Figure 1).  To identify the origin of the Aichi virus-like 

reads, reads were used to design primers (454A1F/454A2R) to screen amplified cDNA 

libraries of the original 141 samples.  One sample (02394-01) was found to be positive 

with a 342 bp amplicon that matched the sequence recovered by pyrosequencing.  
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Given gaps in sequencing coverage and small picornavirus genome size, the 

pyrosequencing reads were used to design primers for subsequent amplification of the 

genome from sample 02394-01 total RNA.  RT-PCR was used to generate overlapping 

amplicons, which were cloned and subjected to Sanger sequencing.  The 3´ end of the 

genome was recovered by 3´ RACE, while the 5´ end of the genome was recovered by 

multiple iterations of 5´ RACE using MLV and TTH reverse transcriptase from the 

most 5´ pyrosequencing read that aligned to Aichi virus, approximately 250 nucleotides 

from the 5´ end of the genome. 
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Figure 1 – A. Genome organization of human klassevirus 1. Conserved picornaviral 

domains present in klassevirus are noted.  Pyrosequencing contigs that align to Aichi 

virus by TBLASTX with an E-value of less than 10-6 covered more than 75% of the 

genome (light purple).  Pyrosequncing contigs that align to the human klassevirus 1 

genome by BLASTN with an E-value of less than 10-6 covered more than 95% of the 

full genome. B. Scanning nucleotide pairwise identity using a 100-bp window is 

depicted for Aichi virus, bovine kobuvirus, and porcine kobuvirus.  C. Scanning amino 

acid pairwise identity using a 100-bp window versus Aichi virus.  

Genome of novel picornavirus 

The complete genome of the novel picornavirus is 7989 nt, excluding the poly-

A tail. A large ORF of 7113 nucleotides, encoding a 2371 amino acid potential 

polyprotein precursor, is flanked by a 5´UTR of 718 nt and a 3´UTR of 158 nt and 

poly(A) tail.  The base composition of the coding region is 17.8% A, 36.0% C, 20.7% 

G, and 25.5% U. The genome shares 52.3%, 49.9%, and 49.8% pairwise nucleotide 

identity with Aichi virus, bovine kobuvirus, and porcine kobuvirus (Figure 1).  The P1, 

P2, and P3 coding region has 38.0%, 34.8%, and 43.3% pairwise amino acid identity 

versus Aichi virus, suggesting it qualifies as a new picornavirus genus.  We are 

provisionally naming this viral genus Klassevirus for kobu-like viruses associated with 

stool and sewage. 

 

5´ UTR 
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The 5´ UTR of human klassevirus 1 is approximately the same length as that of 

Aichi virus (718 vs 745 nucleotides, respectively).  The latter two-thirds of the UTR 

comprising the IRES aligns with 68% identity to Aichi virus, the highest identity of any 

area of the genome.  However, the first 250 nucleotides of human klassevirus 1 have 

only 52% pairwise identity to Aichi virus and do not align to any sequence in GenBank.  

The first 120 nucleotides of Aichi virus comprising stem-loops A, B, and C (SL-A/B/C) 

have been shown to be critical for viral replication and encapsidation and the first 50 

nucleotides of all previously identified kobuvirus genomes are very highly conserved.  

To rule out aberrant or chimeric amplification products during the recovery of 

the 5´ UTR, RNAse protection was used to demonstrate that the initial 250 nt of the 5´ 

UTR is on the same strand as the subsequent 500 nt that aligns to Aichi virus (Figure 

2C).  Secondary structure analysis of the first 140 nt of human klassevirus 1 

demonstrated some structural homology to Aichi virus 5´UTR secondary structure.  

Specifically, several stem-loop and pseudoknot structures are apparent in the first 100 

bp, and no enterovirus/rhinovirus-like cloverleaf structures are recognized.  However, 

no SL-A structure was found and the sequence context of the SL-B and SL-C structures 

are divergent with respect to Aichi virus (Figure 2A/B).  
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Figure 2 – A. Predicted RNA secondary structure of first 143 bp of 5´ UTR of 

klassevirus using pknotsRG from Bielefeld University.  B. Predicted RNA secondary 

structure of first 120 bp of 5´ UTR of Aichi virus using pknotsRG.  The first 100 bp of 

Aichi virus, bovine kobuvirus, and porcine kobuvirus 5´ UTRs are very conserved and 

have been shown to be critical for viral replication and encapsidation.  C. RNAse 

protection experiment to show divergent klassevirus 5´ UTR is contiguous.  A 920-bp 
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radiolabeled probe consisting of 760 bp of human kobuvirus 2 5´ UTR flanked on each 

side by 80 bp of bacterial vector sequence was hybridized to stool total RNA, (-)-

stranded kobuvirus, or nonsensical yeast tRNA, and digested by RNAse A/T1. 

 

Figure 3 – Phylogenetic tree of klassevirus genome versus strains of other picornavirus 

genomes from genera based on coding region amino acid identity using clustalw. 

 

5´ RACE products ending at the UUUCGACC sequence shown in Figure 2 

were preceded by a poly-dT tract from terminal transferase and two cytosines, which 
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to amplify sequence related to the 5´ end of a possible SL-A from human klassevirus 1 

were unsuccessful. 

The klassevirus IRES is considered to be a type II IRES based on the 68% 

similarity of this region to Aichi virus, however detailed secondary structure analysis 

did not show a similar IRES structure to that of cardiovirus/aphthovirus [10].  The 

5´UTR ends with two in-frame AUG initiation codons at nt 719/722 which are 

preceded by a 12 nt polypyrimidine tract, with only a 4 nt spacer.  The pyrimidine 

content in this area of the genome was greater than that of Aichi virus or bovine 

kobuvirus and the spacer region was noticeably shorter than that of other kobuviruses. 

 

Coding region 

The L protein is remarkably short at 111 aa, compared to 170 aa in Aichi virus. 

Two L protein motifs that have been suggested to be conserved among kobuviruses 

(PEDxLxDS and LPG) were not present in klassevirus.  The 2A protein does not 

include any H-box/NC protein domains as is apparent in all other kobuviruses as well 

as some other picornaviruses and does not tblastx with significant similarity to any 

known sequence [11]. 

The highest level of sequence identity in the coding region to other 

picornaviruses (Aichi virus) was found in the 2C, 3D, and VP3 genes.  Cleavage sites 

2A-2B, 2B-2C, 2C-3A, 3A-3B, 3B-3C, and 3C-3D were all Q-G except 3C-3D which 

was Q-S.  The most conserved region between klassevirus and Aichi virus was in the 

putative nucleotide binding domain of the 2C helicase 
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(VVYLYGPPGTGKSLLASLLA). A conserved tyrosine was identified in the third 

position of the 3B-VPg.    The conserved 3C protease active site motif that is GXCGG 

in the enterovirus genus was present but changed to GLCGS, the same as in Aichi 

virus.  The conserved KDELR, YGDD, and FLKR motifs were present in the 3D 

polymerase [4]. No tandem repeats and no recombination with other picornaviruses 

were detected in klassevirus.   

PCR screening 

Previously described universal kobuvirus primers failed to detect klassevirus in 

our collection of 751 stool samples (data not shown).  New 32-fold degenerate pan-

kobuvirus/klassevirus primers were designed to amplify a 200 bp amplicon from the 3D 

gene and used for RT-PCR screening of 751 stool specimens from symptomatic and 

asymptomatic individuals from Northern California under code.  One additional human 

klassevirus 1 was detected with screening (2/751, 0.2%).  After screening, samples 

origins were decoded.  As it happens, the positive sample was collected from a member 

of the family that yielded the original sample from which klassevirus was identified.  

Both children were 11-month old males.  Sequence recovered from the 3D gene and 5´ 

UTR was >99% identical between the two samples.  No additional kobuviruses or 

picornaviruses were recovered from the PCR screening using these primers, so it is not 

known whether these primers are, in fact, pan-kobuvirus/klassevirus primers.  The 

Virochip (v4), a pan-viral microarray designed to detect all known viruses as well as 

novel viruses on the basis of sequence homology, was unable to detect the novel 

picornavirus genus.  Quantitative PCR from samples 02394-01 and 02394-03 indicated 
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that approximately 5x107 and 1x107 viral genomic copies were present per 1 mL of 

stool, respectively. 

Discussion 

This study presents the discovery and characterization of a novel picornavirus, 

human klassevirus 1.  Klassevirus has a typical picornavirus organization with a ~700-

800 bp 5´ UTR, long open reading frame and, ~100 bp 3´ UTR [1].  The phylogenetic 

relationship of the new genus to other picornaviruses by amino amino acid sequence is 

shown in Figure 3.  Given that the klassevirus genome possesses <40% amino acid 

identity in the P1 and P2 regions and <50% amino acid in the P3 region to the nearest 

picornavirus, this strain qualifies for designation as a new picornavirus genus, as per 

ICTV standards [12]. 

Similar to cosavirus, this virus was identified through deep sequencing of stool, 

a strategy to identify novel viruses that are too divergent to be identified by other 

methods.  Without filtering or selecting for viral particles, we were able to obtain 

sequence for 75% of the klassevirus genome based on TBLASTX against Aichi virus.   

Aligning all the pyrosequencing reads to the complete recovered genome of klassevirus 

indicated that 95% of the viral genome could be identified from the deep sequencing 

run (Figure 1).  This indicates that deep sequencing is a feasible strategy for rapidly 

identifying entire genomes of novel viruses. 

Unlike previously identified kobuviruses, the first 140 nt of human klassevirus 1 

is highly divergent.  Published studies of Aichi virus suggests the first three stem-loop 

structures are required for positive and negative strand replication as well as 
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encapsidation [7-8].  The three known kobuviruses share a very high degree of 

homology in the first 50 bp and all have the three stem-loop structures with pseudoknot 

originally described in Aichi virus [4].  Multiple attempts were made using 5´ RACE to 

detect the conserved elements at the 5´ end of known kobuvirus genomes and all failed.  

Similar sequence was recovered from both cases of human klassevirus 1 infection and 

RNAse protection demonstrated that the divergent 5´ UTR sequence was part of the 

klassevirus genome and not an artifact of PCR amplification.  We cannot rule out the 

existence of further 5´ nucleotides beyond our current 5´ end. 

Despite the sequence divergence at the 5´ end of its genome compared to known 

kobuviruses, human klassevirus 1 contains two stem-loops and a pseudoknot structure 

within the first 140 bp of its genome.  Human klassevirus 1 also shares a high degree of 

sequence identity with Aichi virus throughout the remainder of the 5´ UTR, indicating 

that IRES structure and function is likely preserved between the two viruses.  This is 

especially interesting when compared to porcine kobuvirus which shares the conserved 

first 50 bp to the kobuvirus 5´ UTR but has a hepacivirus/pestivirus-like type IV IRES 

[4]. Though the exact secondary structure of the Aichi virus and bovine kobuvirus 

IRES are not known, it has been suggested that they contain type II IRES based on the 

position of the initial start codon of the polyprotein relative to the upstream 

polypyrimidine tract [2, 10]. The sequence of human klassevirus 1 3´ UTR 

demonstrated almost no homology to other kobuvirus 3´ UTR sequences or any other 

sequence in GenBank.   

 Although it remains to be determined whether human klassevirus 1 causes bona 

fide human infection, the data are suggestive. Screening using a newly developed PCR 
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primer pair designed to amplify any klassevirus or kobuvirus found klassevirus only in 

two young children from the same family.  The virus was present in relatively high 

copy number in both samples, suggesting that replication occurs in the gut and that 

human klassevirus 1 is not merely a passenger virus.  However, both infants were 

asymptomatic at the time virus was present in their stool.   The low prevalence rate is 

akin to that of Aichi virus, which is a rare known cause human gastroenteritis.  Bovine 

and porcine kobuvirus, on the other hand, have both been found in healthy stool and 

bovine kobuvirus has been found in the serum of infected cattle [13].  It remains to be 

determined whether klasseviruses are present in other human tissues or animal hosts. 

 Future studies to determine a possible link to disease in humans and any unique 

characteristics of the viral life cycle will be required.  Viral culture on human cell lines, 

especially those from the gastrointestinal tract, could be suggestive that the virus is 

competent to replicate in human cells and that humans could be a bona fide host of 

klassevirus.  Culture would also help elucidate the importance of different secondary 

structures in the divergent 5´ UTR as well as determine cleavage sites of the 

polyprotein.  Further epidemiological screening and serological assays will be 

necessary to understand the diversity within this possible genus, the prevalence of 

klassevirus, and the average age of those infected.  Notably, both of the cases in this 

study were 11 months old, which is approximately the age at which maternal antibodies 

decline. 
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Conclusions  

 We have detected a new picornavirus genus in stool specimens from two twins 

and sequenced the viral genome.  Further characterization will be required to determine 

the full extent to which this agent is implicated in human disease, and the spectrum of 

illnesses to which it may be linked. 

Methods 

Cohort 

The cohort has been described previously [14]. 

Stool specimen extraction, cDNA amplification, and RT-PCR for genome recovery 

Stool suspensions were created by mixing 2 mL of PBS with stool (100-300 

mg).  100 uL of stool/PBS mixtures were further diluted in 900 uL of PBS and 

extracted using the PureLink Viral RNA/DNA 96-well kit (Invitrogen, Carlsbad, CA).  

Total RNA/DNA was randomly amplified using the round A/B protocol with 25 cycles 

of PCR before 454 pyrosequencing [15]. 

Specific RT-PCR was done with Qiagen One-Step RT-PCR kit using 4uL H2O, 

2.5 uL 5X Buffer, 2.5uL Q solution, 0.5 uL dNTP, 0.5uL RT/Taq solution, 0.75uL of 

F/R 10uM primer, and 1uL of stool total RNA.  Conditions were 50C for 30 min, 95C 

for 15 min; 40 cycles of 95C for 30 sec, 50C for 30 sec, 72C for 1 min/kb; and final 

extension at 72C for 7 min.  Degenerate pan-kobuvirus primers targeting the 3D region 

used for screening were kvF 5´- GYT TTG AYG CYA CCM TYC C-3´ and kvR 5´- 

SGT GTT GAK GAT GGA RGT SSC-3´. 
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3´ RACE was done with an adapter-linked oligo-dT primer.  Due to problems 

with secondary structure, 5´ RACE was done with a combination of a 5´RACE kit 

(Invitrogen) and by using the reverse transcriptase activity of Tth polymerase 

(Promega) at 70C, TdT with 0.2mM dATP (NEB) for 10 minutes at 37C, and the same 

adapter-linked oligo-dT primer. 

 

454 Pyrosequencing 

A total of 141 amplified cDNA libraries that were negative by array and PCR 

were cleaned via Ampure beads (Agencourt) and quantitated on the Nanodrop 

spectrophotometer.  Aliquots of 200ng from each sample were combined and 

sequenced on the Genome Sequencer FLX (Roche) using the Shotgun Sequencing 

protocol.  Sequence analysis of Genome Sequencer FLX data was filtered against 

human and bacterial sequences using BLAT before unbiased BLASTn  and tBLASTx 

(W3) searches against the BLAST nr database. 

 

RNAse protection 

 Total RNA from sample 2394-03 was amplified using 40 cycles of RT-PCR 

with primers kv1F 5´-CCC TTT CGA CCG CCT TAT-3´ and kv761R 5´- CAG CCA 

ACG AAC TCG AAA AT-3´.  The 761bp amplicon was gel purified and cloned using 

TOPO TA cloning kit (Invitrogen).  TOPO TA plasmid containing the 761 bp insert 

was sequenced to ensure the correct sequence and insert direction.  1ug of plasmid was 
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linearized with HindIII and linearly amplified for 10 minutes using MaxiScript 

(Ambion) kit with 825nM alpha-P32-UTP and 15uM unlabeled UTP such that 80bp of 

vector sequence flanked both side of the 5´ UTR insert.  The 920-bp radiolabeled probe 

was gel-purified on a denaturing 4% polyacrylamide gel following the RPA III kit 

(Ambion) protocol and quantified using scintillation counting.  80,000 cpm of probe 

were hybridized with ~50ng of stool total nucleic acid or aRNA and 5ug of yeast tRNA 

and digested with RNase A/T1 using the streamlined protocol from the RPA III kit.  

The entire sample was run on a denaturing 4% polyacrylamide gel and visualized using 

a phosphoimager. 

 

Quantitative PCR 

In order to ascertain whether klassevirus underwent replication in the gut or was 

merely a passenger virus, quantitative PCR was used to determine viral titer in stool.  A 

134-bp amplicon was generated by RT-PCR using the same conditions above for 

screening PCR using primers kv3918F/kv4041R and used for standard curve generation 

(109 – 100 copies per reaction).  Quantitative PCR was performed on a Mx3005P 

(Stratagene) under the same RT-PCR conditions listed above for screening PCR, with 

the exception of Tm 50C for 45 sec, extension at 72C for 45 sec, addition of 1X Sybr 

Green, and addition of melt curve analysis. 
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Chapter 3: Serological evidence of human klassevirus infection 

Abstract 

Klassevirus is a proposed new genus of picornavirus that has been associated 

with pediatric diarrhea. In this study, we used recombinant klassevirus 3C protease as 

the capture antigen for an indirect serological ELISA.  Four of six klassevirus RT-PCR-

positive individuals demonstrated seroconversion against the 3C protease, suggesting 

that klassevirus infection and replication occur in humans.  Additional screening of 353 

samples from an age-banded serological cohort from two St. Louis hospitals indicated a 

seroprevalence of 6.8%. 

 

Introduction 

 Klassevirus is the prototype member of a new picornavirus genus that has 

recently been discovered in human stool (3, 4, 7).  Phylogenetic analysis shows 

klassevirus is most closely related to Aichi virus, a known cause of oyster-associated 

gastroenteritis in humans.  Molecular detection studies have found klassevirus in 

pediatric stool and municipal sewage from the United States, Spain, Australia, Tunisia, 

and Nigeria (3, 4, 7).  A small case-control study found a statistically significant 

association between klassevirus and pediatric diarrhea (7).  Furthermore, klassevirus 

RNA has been detected in high titer in pediatric stool (3).  However, klassevirus has not 

yet been detected in any sterile sites in the human body, and thus it is still not clear 

whether the presence of the virus in stool represents a bona fide human infection. 
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In this study, we established a serological assay for klassevirus infection using 

recombinant klassevirus 3C protease to demonstrate seroconversion and human 

infection and to test for seroprevalence in an age-banded pediatric cohort from hospitals 

in the St. Louis area. Klassevirus 3C protease shares only 38% amino acid identity and 

only one potential 7-mer epitope with its closest relative, the 3C protease of Aichi 

virus.  Previous studies of hepatitis A virus, a prototypic picornavirus, indicate that 

antibodies are made against the picornaviral 3C protease during bona fide picornavirus 

replication and thus can distinguish between vaccinated and actively infected 

chimpanzees, humans, and tamarins (5, 9). 

 

Materials and Methods 

Expression and purification of 3C protease 

The klassevirus 3C protease gene (nt 5825-6409 from 2394-01 strain, 

NC_012986.1) flanked with NdeI and XhoI restriction sites was amplified from stool 

total RNA by RT-PCR with the following primers: klasse3C-NdeI, 5′- 

CATATGGGTTTCGACCCTGCCGTCATGAAG-3′ and klasse3C-XhoI, 5′-

CTCGAGTCATCACTGAGGTGTGGCCAGGTTAGAGA-3′ (restriction sites 

italicized, stop codons underlined).  The resulting product was sequence-confirmed, 

digested with NdeI and XhoI and subcloned into NdeI/XhoI-digested pET15b 

(Novagen), which contains a 6xHis tag on the N-terminus (His6).  The sequence-

confirmed pET15b vector containing the klasse 3C gene was transformed into pRIL+ 

BL21(DE3)LysS E. coli and recombinant His6-3C protein expression was induced with 
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1mM IPTG at 37°C for 5 hours. Cells were lysed in 150mM NaCl, 25mM Tris pH 8.0, 

5mM Imidazole, 2mM beta-mercaptoethanol, 5% Glycerol with 0.5 mg/mL lysozyme 

for 30 min in ice and 3 minutes of sonication (Branson Sonifier 250) at 60% power. 

His6-klasse3C protein was purified from cell lysates via Ni-NTA column 

chromatography.  The resulting eluate was then concentrated using a 10kDa Amicon 

Ultra (Millipore, Billerica, MA) and loaded on a 120mL Superdex200 gel filtration 

column (GE LifeSciences; Piscataway,NJ).  Elution fractions were quantitated using a 

280nm absorbance on a Nanodrop and fraction 91 mL was used for ELISA 

experiments.   SDS-PAGE was performed using 4-12% Bis-Tris NuPage gels 

(Invitrogen; Carlsbad, CA) and silver stain was performed using SilverXpress 

(Invitrogen).  2 mg of purified His6-klasse3C was used for polyclonal antibody 

generation in rabbits (Pacific Immunology; Ramona, CA). 

 

RT-PCR screening of Indian samples 

Community and hosptial based samples (n=416) collected in Vellore, India 

from 2005-2006 were screened for klassevirus.   The community-based samples were 

from a birth cohort followed for three years.  In this cohort stool samples were collected 

every two weeks and with every episode of diarrhea.  Additionally, serum samples were 

obtained every three months during the first two years and every six months during the 

third year of the study (8).  The hospital-based samples were from a single point 

collection of diarrheal stool for surveillance of children under the age of 5 years 

hospitalized for acute gastroenteritis (6).   
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RNA was extracted from 200 ul of a ~20% fecal suspension using the Boom 

method and eluted in 40ul of water (1).  Qiagen OneStep RT-PCR kit (Qiagen, 

Valencia, CA) was used to screen 3 µL of extracted material from each sample using 

primers LG0098: 5'-CGTCAGGGTGTTCGTGATTA-3' and LG0093: 5'-

AGAGAGAGCTGTGGAGTAATTAGTA-3').  These primers target the 2C region of 

klassevirus 1 and are expected to generate a 345 bp amplicon.  RT-PCR reactions were 

performed using Qiagen one-step kit under the following conditions: 30 min RT step, 

94°C hold for 10 min, followed by 40 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C 

for 60 s.  Some amplicons were cloned into pCR4 (Invitrogen) and sequenced using 

standard Sanger sequencing technology (GenBank Accession No. GU992865-

GU992870). 

St. Louis serum cohort 

We analyzed 353 de-identified serum samples from patients 1 day to 79 years of 

age collected from St. Louis Children's Hospital and Barnes-Jewish Hospital in St. 

Louis, Missouri, USA, from November 2007 through October 2008 for antibodies 

against the 3C protease from klassevirus. Serum samples were kindly provided by Greg 

Storch (St. Louis Children's Hospital) and Mitchell Scott (Barnes-Jewish Hospital). The 

patients were age stratified, and 30 samples were used for each pediatric age group, 

except for the groups 6 months–1 year and 6 -9 years for which 29 samples were 

available.  For the adult age groups, 7 samples were available for age group 20-34 

years; 15 samples for 35-49 years; 20 samples for 50-64 years; and 13 samples for 65-

79 years of age. Collection of samples and clinical data were approved by the Human 

Research Protection Office of Washington University in St. Louis, School of Medicine. 
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ELISA 

Purified klasse3C protein (0.15 ug/well) was coated overnight at 4C in 50uL 

PBS in Maxisorp 96-well microtiter plates (Nunc, Naperville, IL).  Wells were washed 

twice with PBST (PBS containing 0.05% Tween-20) and blocked with blocking buffer 

(PBST containing 1% bovine serum albumin) for 2 hours at room temperature.  Wells 

were washed twice again with PBST and incubated with serum samples diluted 1:100 

in blocking buffer in triplicate overnight at 4C.  Serum samples for competition 

experiments were diluted 1:100 in blocking buffer and preincubated with 0.6ug protein 

overnight at 4C.  Plates were washed 4x with PBST and incubated with HRP-

conjugated anti-human IgG antibody (Invitrogen) diluted 1:10,000 in 50uL blocking 

buffer for 2 hours at room temperature.  Plates were then washed 4x with PBST and 

incubated with 50uL Ultra-TMB (Sigma; St. Louis, MO) for 30 minutes at room 

temperature.  Equal volume of 2M H2SO4 was added to stop the reaction and end-point 

OD450nm were read immediately on a SpectraMax M2 plate reader.  Statistical tests 

were done using a two-sample T-test. 

Western confirmation was performed for two matched serum samples from 

India by running 5ug of purified klassevirus 3C protease on 4-12% Bis-Tris NuPage 

gels, transferring using the XCell II Blot Module, and staining overnight at 4 C using 

5uL of human serum diluted 1:200 into 1 mL of 5% milk in PBST, and developing with 

Western Lightning enhanced luminal reagent. Western blots were scanned on an Epson 

Perfection V350 Photo scanner and quantitated using Licor Odyssey 2.1 software. 
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Results 

Purification of klassevirus 3C protease 

Klassevirus 3C protease was expressed as an N-terminal 6xHis-tagged fusion proteins 

and purified using NiNTA affinity chromatography and followed by gel filtration 

FPLC.  SDS-PAGE analysis with Coommassie stain and silver stain was used to 

confirm the purity of products at each stage (Figure 1).  The inclusion of reducing 

agents (at least 5mM BME) was the most important factor in increasing the solubility 

of the product purified off the NiNTA column.  The inclusion of 20% glycerol, 10mM 

PMSF, 1X Roche proteinase inhibitor, or 1% Triton-X did not prevent the elution from 

precipitating, as determined by visual inspection.  The purified His6-klasse3C protein 

was used as a capture antigen for an indirect ELISA for serological analysis of 

klassevirus infection. 
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Figure 1 - Purification of klassevirus 3C protease.  N-terminal His-tagged 

klassevirus 3C protease was expressed in E. coli and purified by NiNTA 

chromatography (A, B).  NiNTA eluates were further purified by gel filtration 

chromatography using a Superdex 200 column (C).  Fraction 91mL was tested via 

silver stain to confirm purity of klassevirus 3C protease (D). 

 

Detection of Klassevirus positive stool samples in an Indian cohort 

16 of the 203 community based stool samples and 9 of the 213 hospital based 

stool samples were positive by RT-PCR screening.  Sequence was recovered from 4 of 

the community-based positive samples and 2 of the hospital-based positive samples.  
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Serological analysis of positive control samples and St. Louis cohort 

Matched pre-infection and convalescent human sera from klassevirus-positive 

Indian children who had PCR-positive klassevirus detected in stool were available for 

serological testing.  A statistically significant  (p<0.005) increase in OD450 could be 

demonstrated in four of the six matched samples for as long as 11 months after 

klassevirus was detected in stool (Figure 2A).  Western blot analysis confirmed 

seroconversion between matched pre-infection and post-infection serum samples 2246-

5672 and 3516-5475, the only samples for which enough serum remained to attempt 

Western confirmation (Figure 2B).  
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Figure 2 – Klassevirus 3C ELISA for matched serum samples from klassevirus 

PCR-positive children from India.  Endpoint OD450 for matched pre-infection serum 

samples (1:100 dilution, white) and post-infection serum samples (1:100 dilution, 

shaded) are grouped together, along with polyclonal rabbit antisera generated against 

klassevirus 3C and blocking buffer (A).  Dotted line indicates OD450 cut-off value of 

0.30 that separates pre- and post-infection OD450 values.  Asterisks indicate significant 

increases in OD450 (p<0.005).  Remaining serum was available from two matched 
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serum samples (2246 and 3516) for Western confirmation, which showed a 4-fold and 

8-fold increase in signal between pre- and post-klassevirus infection serum samples at a 

dilution of 1:200, respectively (B).  

 

We next screened 353 age-banded serum samples from two St. Louis hospitals 

(Figure 3).  To control for plate-to-plate variation, a single control serum sample from a 

healthy donor was analyzed on every ELISA plate.  The coefficient of variance for this 

sample was 8.8% across the twelve plates, indicating a high level of consistency for the 

assay.  Incubation of the single control serum sample with recombinant Taq polymease  

as the capture reagent resulted in a comparable OD450 with no plated antigen 

(OD450<0.10).  The mean OD450 of this serum sample in the St. Louis cohort was 

equivalent to its average OD450 when run with the matched Indian serum samples (CV 

= 3%).  The median OD450 for the St. Louis children’s hospital samples was 0.114, 

while the mean OD450 for the 0-6 month samples was 0.093 (stdev = 0.023).  Twenty-

six (8.7%) of the pediatric St. Louis samples and twelve (21.8%) of the adult serum 

samples had an average OD450 that was greater than the highest OD450 for a pre-

infection Indian serum sample.  Using a specific OD450 cut-off of 0.300 (a value that 

separates pre-infection and post-infection OD450 in the seroconverting Indian samples) 

yielded 16 (5.3%) seropositives in the pediatric St. Louis cohort and eight (14.5%) 

seropositives in the adult cohort.  There was no significant association between 

klassevirus seropositivity and sex in either the pediatric or adult cohort. 
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Figure 3 – Klassevirus 3C ELISA for 353 age-banded samples from St. Louis 

Children’s Hospital and Barnes-Jewish Hospital.  Approximately 30 samples for 

each age-band were included.  A specific OD450 cut-off value of 0.30 based on the 

matched India serum in Figure 2 suggested 24 (6.8%) of the serum samples were 

seropositive for klassevirus. 

 

 

 

Discussion 

The data in this study indicate that IgG antibodies are generated against the 3C 

protease after klassevirus infection.  This represents the first demonstration of a human 
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antibody response to a klassevirus antigen and suggests that bona fide human infection 

by klassevirus occurs.  Based on the available convalescent serum samples, IgG 

antibodies could be detected in some instances as long as 7 months after infection.  It is 

unclear how long the antibody response to klassevirus 3C persists and more extensive 

studies, using longitudinal serum samples are needed to address this issue.   

 Screening of an age-banded cohort of 353 serum samples from St. Louis Children’s 

Hospital yielded only a handful of positive samples using a cut-off value defined by the 

average of the pre-infection samples from India.  This observation suggests either that 

klassevirus infection rate in the United States is quite low or that anti-klassevirus 3C 

antibodies may not be long lived. To assess this further, a larger sample size and/or 

serial samples taken from individuals with klassevirus confirmed stool samples would 

be required.  

To date, klassevirus has only been detected via PCR of stool and sewage 

samples (3, 4, 7).  Importantly, 3C protease is not present in picornaviral virions and 

studies of hepatitis A experimental infections in chimpanzee indicate that anti-3C 

antibodies are only generated in actively infected individual (5).  Thus, our data are 

consistent with the notion that klassevirus replicates in humans and is not merely a 

virus of some human foodstuff.  

No culture system for klassevirus has been described to date.  Thus, 

recombinant viral proteins are the only currently viable capture reagents for 

determining seroprevalence. Attempts to use capsid VP1 protein for serological 

analysis, as has been used for other picornaviruses, were hindered by an inability to 
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refold the purified denatured protein.  Our experience with purification of VP1 is not 

atypical.  Previous attempts have required purification from inclusion bodies and 

subsequent refolding on gel filtration columns (2, 10).  Use of previous published 

protocols for the purification of VP1 were not successful, although this does not 

preclude future optimization to recover correctly-folded protein (2, 10).  Non-structural 

proteins, such as 3C, have also been used to determine seroprevalence of picornaviruses 

(5).  From a technical perspective, non-structural proteins are more likely to be soluble 

than structural proteins and are easier to assay for activity and correct folding.  

Furthermore, detection of an immune response mediated against non-structural proteins 

that are not present in the virion is suggestive of viral replication in vivo.  Previous 

studies on HAV infection also suggested the severity of infection is correlated with the 

development of anti-3C antibodies (5, 9).  However, these studies also suggest that 

there is heterogeneity in the development of anti-3C and anti-structural protein 

antibodies.  Not every infected individual will develop anti-3C antibodies, even though 

anti-structural protein antibodies and evidence of clinical infection may develop.  In 

this study, we note that two of six klassevirus-infected individuals showed no increase 

in anti-3C antibody levels. 

Unambiguously ascertaining the seroprevalence of new agents such as 

klassevirus in a population is complicated by the lack of true positive and negative 

controls.  For example, the infection history of the “pre-infection” Indian serum 

samples and the 0-6 month olds in the St. Louis cohort is not known.  In this study, we 

made the assumption that the “pre-infection” Indian serum samples represent 

seronegative individuals to create a specific cut-off value for seropositivity.  Using 
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these criteria, a seroprevalence of 6.8% was found in 353 serum samples from St. 

Louis.  This seroprevalence is fairly low for a virus that has, to date, only been found in 

young children.  This may be indicative of highly sporadic infection in St. Louis of 

klassevirus or may be suggestive of a short-lived antibody response to the 3C protease, 

as indicated by an inconsistent increase in seroprevalence with increasing age (Figure 

3).  An alternative way to analyze the seroprevalence would be to assume that the 0-6 

month samples are negative based on their low OD450 values and extremely young age 

and to create a common ELISA seropositivity cut-off of 2- or 3-standard deviations 

above the mean 0-6 month OD450.  The number of seropositive samples using this 

method would be 121 (34.3%) or 85 (24%) samples, respectively.  However, using the 

2-standard deviation seropositive cut-off would count 5 of the 6 pre-infection matched 

India serum samples as seropositive. This may be a reasonable conclusion given the 

higher detection of klassevirus by RT-PCR in stool from Indian children than has been 

reported in the US (3, 4, 7).  However, maternal antibodies would be unlikely to 

account for any seropositivity in the pre-infection samples, as 4 of the 6 children were 

more than a year of age at the date of serum collection. 

In this study, a small number of longitudinal serum samples (up to a year 

following the acute positive stool sample) from klassevirus-infected individuals were 

tested, demonstrating that high titers persist for at least 6 months.  Ideally, a much 

longer longitudinal cohort should be examined to define the lifetime of an anti-

klassevirus 3C response in a given individual.  Studies on anti-3C antibodies from 

HAV suggest that anti-3C antibodies remain detectable in serum for up to 15 months 

after infection (5).  The possibility of short-lived anti-3C antibody may explain why we 
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fail to observe a clear upward trend in seropositivity across different age bands, though 

sample sizes for each age band were small and the adult population seemed to have a 

higher seroprevalence than the pediatric population. We also failed to observe 

seropositivity in children <6 months old, indicating a lack of maternally transmitted 

anti-3C antibodies in this population. 

 Future studies will be required to ascertain seroprevalence across different 

populations, environments, and age-bands.  Neutralization tests or virus-like particle-

based ELISAs could provide an orthogonal test for klassevirus serology.  We would 

also like to know how often klassevirus can infect an individual and whether 

neutralizing antibodies are generated.  Of special interest is the use of klassevirus 

serology to determine potential associations with clinical disease in humans aside from 

diarrhea.   
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Chapter 4 – The 3A protein from multiple picornaviruses utilizes the Golgi 

Adaptor Protein ACBD3 to Recruit PI4KB 

 

Abstract 

The activity of phosphatidylinositol 4-kinase class III beta (PI4KIIIb) has been 

shown to be required for the replication of multiple picornaviruses, however it is 

unclear whether a physical association between PI4KIIIb and the viral replication 

machinery exists and if it does, whether association is necessary.  We examined the 

ability of the 3A protein from 18 different picornaviruses to form a complex with 

PI4KIIIb by affinity purification of Strep-tagged transiently transfected constructs 

followed by mass spectrometry and western blotting for putative interacting targets. We 

found that the 3A proteins of Aichi virus, bovine kobuvirus, poliovirus, Coxsackievirus 

B3, and human rhinovirus 14 all copurify with PI4KIIIb.  Furthermore we found that 

multiple picornavirus 3A proteins copurify with with the Golgi adaptor protein acyl-

CoA binding domain protein 3 (ACBD3/GPC60), including those from Aichi virus, 

bovine kobuvirus, human rhinovirus 14, poliovirus, coxsackievirus B2, B3, and B5.  

Affinity purification of ACBD3 confirmed interaction with multiple picornaviral 3As 

and revealed the ability to bind PI4KIIIb in the absence of 3A.  Mass spectrometric 

analysis of transiently expressed Aichi virus, bovine kobuvirus, and human klassevirus 

3A proteins demonstrated that the N-terminal glycines of these 3A proteins are 

myristoylated. Alanine scanning mutagenesis along the entire length of Aichi 3A 

followed by transient expression and affinity purification revealed that copurification of 
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PI4KIIIb could be eliminated by mutation of specific residues, with little or no effect on 

recruitment of ACBD3.  One mutation at the N-terminus, I5A, significantly reduced 

copurification of both ACBD3 and PI4KIIIb.  The dependence of Aichi virus 

replication on the activity of PI4KIIIb was confirmed by both chemical and genetic 

inhibition.  Knockdown of ACBD3 by siRNA also prevented replication of both Aichi 

virus and poliovirus. Point mutations in 3A that abrogate PI4KIIIb association 

sensitized Aichi virus to PIK93, suggesting that disruption of the 3A/ACBD3/PI4KIIIb 

complex may represent a novel therapeutic intervention target that would be 

complementary to the inhibition of the kinase activity itself.  

 

Introduction  

Reorganization of cellular membranes has been recognized as a critical aspect 

of positive-stranded RNA viral replication (30).  Positive-stranded RNA viruses use 

membranes from distinct cellular organelles to concentrate and protect RNA replication 

machinery from cellular defenses.  Among the picornaviruses, poliovirus and other 

enteroviruses devote their 3A and 2BC genes to reorganizing cellular membranes 

associated with the Golgi apparatus (38).  Consistent with reorganization of the Golgi, 

the 3A proteins from multiple enteroviruses are also responsible for the shutdown in 

cellular secretion associated with enteroviral infection (8). Recent work has suggested 

that the binding of the protein Golgi-specific brefeldin A-resistance guanine nucleotide 

exchange factor 1 (GBF1) by enteroviral 3A is required for the secretion phenotype and 

viral replication (2, 22). 
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Recent work has also demonstrated the importance of the phosphatidylinositol 

4-phosphate (PI4P) composition of membranes associated with positive-stranded RNA 

replication (18).  This model suggests that GBF1 binding of poliovirus 3As is important 

vis-à-vis recruitment of phosphatidylinositol 4-kinase class III, catalytic subunit β 

(PI4KIIIb) to replication complex membranes.  In this model, the change in 

phosphoinositol membrane lipid composition resulting from PI4 kinase activity is 

expected to directly recruit the viral RNA dependent RNA polymerase via its PI4P-

binding domain.  The requirement for PI4 kinase activity has also been demonstrated in 

enterovirus 71 (1).  Furthermore, two known anti-enteroviral drugs have been shown to 

have anti-PI4K activity, supporting the notion that PI4KIIIb inhibitors may have 

promise as broad-spectrum picornavirus therapeutics.  However, the Picornaviridae 

family is highly diverse, and the relationship between other members of this family and 

PI4KIIIb is unclear.   

Among the most divergent animal picornaviruses are those that belong to the 

kobuvirus genus, including Aichi virus (33, 39).  Originally isolated in Japan from 

patients with oyster-associated gastroenteritis in 1991, Aichi virus has a worldwide 

reach with a relatively high seroprevalence (33, 39).  Several other kobuviruses including 

bovine, porcine, sheep, canine, murine, and chiroptera (bat) strains have been 

discovered from stool in the past decade, as well as a kobu-like agent of a closely-

related Picornaviridae genus, klassevirus/salivirus (13, 15, 19, 23, 24, 31, 32, 40).   

In this study, we characterized associations between the picornavirus 

nonstructural protein 3A and host factors using a mass spectrometry-based proteomic 

approach.  We found that transiently expressed strep-tagged 3A protein from Aichi 
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virus and bovine kobuvirus both copurified PI4KIIIb and a Golgi adaptor protein, acyl-

CoA binding domain protein 3 (ACBD3 or GCP60), under stringent capture and wash 

conditions.  In the process, we found that Aichi virus 3A is myristoylated at its N-

terminal glycine, despite the fact that it lacks a recognizable N-myristoyl-transferase 

(NMT) motif.  By Western blot detection, we found ACBD3 to be stably associated 

with several picornaviruses, including poliovirus, Aichi virus, bovine kobuvirus, 

porcine kobuvirus, human rhinovirus 14, and Coxsackie B viruses.  We also found that 

the association with PI4KIIIb and 3A proteins was more stable with Aichi virus and 

bovine kobuvirus 3A proteins than with other picornaviral 3A proteins.  Affinity 

purification of ACBD3 in the absence of 3A revealed association with PI4KIIIb, and 

consistent with this, all picornaviral 3A proteins that could recruit PI4KIIIb also 

copurified with ACBD3.  By alanine-scanning mutagenesis of Aichi virus 3A, we 

subsequently identified residues within the protein necessary for interaction with 

PI4KIIIb or ACBD3.  We further demonstrated the necessity of PI4KIIIb activity and 

association for Aichi virus replication through chemical and genetic means.  Overall, 

our data suggest that multiple picornaviral 3As utilize ACBD3 to recruit PI4KIIIb. 
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Methods 

Virus, cells, plasmid, cloning 

The complete Aichi virus genome (8280nt) was synthetically constructed (Bio 

Basic Inc., Canada) and inserted into a plasmid-based expression construct (pAV-

UCSF, GenBank accession JQ281544), based on pAV-FL (Genbank AB040749) (35), 

and is freely available upon request. 293T and HeLa cells were maintained in DMEM-

H21 media supplemented with 10% FBS and penicillin/streptomycin.  All genes for 

transient transfections were cloned into a modified pcDNA4/TO vector with a C-

terminal 2xStrep-tag (27) or Flag-tag as noted in the results. 

 Cloning of viral 3A genes was performed using the InFusion Advantage kit 

(Clontech) and sequence-confirmed using the BigDye system on an Applied 

Biosystems 3130xl sequencer.  Mutagenesis of single or multiple sites in Aichi 3A was 

performed as published previously, respectively (10, 14). 

 

Affinity purifications 

 Affinity purifications were executed as previously described (17).  Briefly, 10 mg 

of plasmid was transfected with FuGeneHD (Roche, Switzerland) into a 15 cm plate of 

log-phase 293T cells at 50% confluency.  Cells were harvested 48-72 hours later in 10 

mM EDTA/PBS on ice, centrifuged for 5 min at 140 rcf in a Eppendorf 5410 centrifuge 

at 4 °C, and lysed with 1 hour of nutation at 4 °C in 2 ml of capture buffer: 50 mM Tris 

pH 7.4, 150 mM NaCl, 1 mM EDTA buffer containing 0.5% NP-40.  DNA was 
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pelleted for 15 min at max speed in an Eppendorf 5415D centrifuge at 4 °C.  Lysate 

was precleared by rotation for 1 hour at 4 °C with 50 ml of Protein G Sepharose 4 

FastFlow (Amersham) resuspended 1:1 in the capture buffer above without added 

detergent.  Preclarification beads were pelleted for 2 min at 2000 rpm and lysate was 

affinity purified by inversion mixing overnight at 4 °C with 45 ml of Strep-Tactin 

Sepharose resuspended 1:1 in detergent-free capture buffer.  Beads were washed 3x in 

capture buffer containing 0.1% NP-40, with a final wash in detergent-free capture 

buffer for a total wash time of 20-30 minutes.  Captured proteins were eluted with 1X 

D-desthiobiotin dissolved in 40 µl capture buffer by inversion mixing for 30 minutes at 

room temperature (IBA Technology, Germany).  For magnetic bead affinity 

purifications, no preclearing was performed and 2 mL cell lysates were incubated with 

40 µl of StrepTactin magnetic bead slurry (Qiagen) for 2 hours and then washed 3x in 

capture buffer containing 0.1% NP-40, with a final wash in detergent-free capture 

buffer for a total wash time of approximately 5-8 minutes.  Proteins were eluted as 

above. 

For Western blot analysis, 10 µl of eluate was run on a 4-12% Bis-Tris SDS-

PAGE gel (Invitrogen; Carlsbad, CA), transferred to nitrocellulose membrane using the 

XCell Blot II system, and blotted with 1:300 PI4KIIIb A-2 antibody (sc-166822, Santa 

Cruz), 1:250 ACBD3 518 antibody (sc-101277, Santa Cruz), 1:300 GBF1 25 antibody 

(sc-136240, Santa Cruz), 1:1000 anti-Strep-tag antibody (Qiagen), or 1:1000 anti-Flag 

tag antibody (Qiagen).  Blots were stained in 1:10,000 Alexa680 anti-mouse secondary 

antibody (Invitrogen) and imaged on a Licor Odyssey and quantitated using Licor 

Odyssey 2.1 software. 
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Protein Identification by Mass Spectrometry 

Protein identification from affinity-purified samples was performed using 

peptide sequencing by mass spectrometry.  Affinity purified samples containing 

approximately 10-20 µg total protein were denatured with urea, reduced and alkylated 

with DTT and iodoacetamide, and subjected to in-solution digestion using sequencing 

grade porcine trypsin (Promega). For targeted post-translational modification analysis, 

alternate digests were additionally performed using GluC or AspN (Roche).  The 

resulting peptide samples were desalted using C18 zip tips (Millipore).  Secondary 

validation of ACBD3 and PI4KIIIb proteins in affinity purified samples was obtained 

by in gel digestion of selected protein bands in silver stained SDS-PAGE gels using 

standard protocols (in gel digestion protocol, UCSF), and LC-MS/MS peptide 

sequencing. 

Two systems were used for LC-MS/MS analysis; the first was an LTQ-FT mass 

spectrometer (Thermo) equipped with a 10,000 psi system nanoACUITY (Waters) 

UPLC for reversed phase chromatography with a C18 column (BEH130, 1.7 µm bead 

size, 100 µm x 100 mm).  The second system was a linear ion trap LTQ instrument 

(Thermo) equipped with an Ultimate HPLC and Famos autoinjector (LC Packings), and 

a self-packed C18 column (New Objective Inc., 5 µm bead size, 100 µm x 150 mm).  

The two LC systems were operated at either 600 or 300 nL/min flow rates respectively, 

and peptides were separated using a linear gradient over 42 min from 2% B to 30% B, 

with solvent A: 0.1% formic acid in water and solvent B: 0.1% formic acid in 

acetonitrile.  On the LTQ-FT instrument, survey scans were recorded over 310-1600 



 53 

m/z range, and MS/MS was performed in data dependent acquisition mode with CID 

fragmentation on the six most intense precursor ions, measured in the ion trap.  On the 

LTQ instrument, survey scans were taken over 320-1500 m/z, and the top three ions in 

the survey scan were subjected to a high resolution MS scan of the precursor and then a 

CID fragmentation MS/MS scan. 

Mass spectrometry peak lists were generated using in-house software called 

PAVA, and data were searched using Protein Prospector software v. 5.8.0 (26, 6).  

Database searches were performed against the Homo sapiens plus Picornaviridae 

subset of the NCBInr Refseq database (January 14, 2011), to which were added virus 

clone sequences missing from the public database, totaling 37,526 entries.  This 

database was concatenated with a fully randomized set of 37,526 entries for estimation 

of false discovery rate (11).  Data were searched with a parent mass tolerance of 20 ppm 

on the LTQ-FT or 0.8 Da on the LTQ, and fragment mass tolerances of 0.8 Da for both 

instruments. 

For database searching, peptide sequences were matched as tryptic peptides 

with no missed cleavages, and carbamidomethylated cysteines as a fixed modification.  

Variable modifications included oxidation of methionine, N-terminal pyroglutamate 

from glutamine, loss of methionine and N-terminal acetylation.  For reporting of 

protein identifications from this database search, score thresholds were selected that 

resulted in a protein false discovery rate of 1.1%.  The specific Protein Prospector 

parameters were: minimum protein score of 22, minimum peptide score of 15, and 

maximum expectation values of 0.02 for protein and 0.05 for peptide matches. Protein 

identification results from specific affinity purification experiments are reported with a 
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spectral count as an approximation of protein abundance, along with percent sequence 

coverage and an expectation value for the probability of the protein identification (9, 25). 

To address non-specificity of background interacting proteins in the affinity 

purifications, multiple capture experiments were performed for 91 unrelated 

picornavirus protein constructs selected from 21 subspecies and 11 different genes, 

totaling 293 control datasets.  The control proteins included both structural (VP0, VP1, 

VP2, VP3, VP4) and non-structural genes (L, 2A, 2C, 2D, 3C, 3D) from Aichi virus, 

poliovirus, theiloviruses, enterovirus, and klassevirus.  These control experiments were 

used as a background model for defining interaction specificity of copurifying proteins 

for a given prey 3A protein.  Using peptide counts as an approximation of protein 

abundance, Z-scores were calculated for all copurified proteins to represent their 

interaction specificity to the bait.  For each interacting protein in a replicate, a 

population of peptide counts consisting of the observed counts in the replicate together 

with the observed counts in all each of the control experiments was used to derive a 

per-replicate protein Z-score by calculating the number of standard deviations that the 

protein’s peptide counts in the replicate were above or below the population mean.  Per-

replicate protein Z-scores were then averaged to obtain a final Z-score for each prey 

protein. Z-scores for proteins interacting with Aichi 3A were calculated using four 

replicate analyses of the viral protein affinity purification results together with a 

background model of 293 control, non-3A datasets.  

For mapping of potential post-translational modifications (PTMs) on the 3A bait 

proteins themselves, alternate digests using AspN or GluC instead of trypsin were 

analyzed using targeted analysis.  In these searches, additional post-translational 
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modifications were allowed, including N-myristoylation, phosphorylation of serine, 

threonine or tyrosine, and GlyGly as a signature of ubiquitinylation on Lys.  Non-

specific (one) and missed cleavages (increased to two) were also allowed, as would be 

consistent with GluC and AspN reaction conditions.  The peptide expectation value 

threshold was increased to 0.001 and spectra matches were manually validated to 

eliminate false positive identifications.  The most significant biological PTMs were 

found to be myristoylation and acetylation of the N-terminal glycine.  All identified 

myriostoylated peptides in kobuvirus 3A proteins were manually verified, with example 

spectra provided in Figure 1.  

 

Viral luciferase replicon assay 

 Renilla luciferase replicons were created using the synthetic virus plasmid pAV-

UCSF or XpA by replacing the capsid region of each virus with Renilla luciferase gene 

using InFusion Advantage cloning (Clontech, Takara Bio).  Two micrograms of 

plasmid were cleaved for 1-3 hours at 37 °C using HindIII-HF for Aichi virus replicon 

and MluI for XpA replicon (New England BioLabs), and then purified over a Zymo 

DNA-5 column (Zymo Research).  One microgram of cut plasmid was T7 amplified for 

4 hours, Turbo DNAse cleaved for 15 min, and purified over a Zymo RNA-25 column 

(Zymo Research).   

For replicon assays, 20,000 293T or HeLa cells were plated the night before in 100 µl 

complete media per well in an opaque, white 96-well plate (Grenier America, catalog 

655075).  Cells were transfected with 100 ng of T7-amplified RNA using TransIT 
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mRNA Transfection kit (Mirus Bio) in 75 µL complete media mixed with 1X EnduRen 

live cell imaging substrate (Promega).  Cells were maintained in an incubator and 

analyzed for Renilla activity hourly on a Veritas Microplate Luminometer.  After viral 

replication had peaked, total cell count was determined by CellTiterGlo assay 

(Promega), and luminometer readings were normalized to cell count. 

shRNA knockdown 

Previously published shRNA oligos against PI4KIIIb and GFP were ligated and 

cloned into a modified pSicoR lentivirus packaging vector (4).  The sequence-confirmed 

shRNA-expressing pSicoR plasmids were cotransfected with pRSV and pVSG 

plasmids into 293T cells, and lentivirus was harvested 72 hours after transfection.  

Lentivirus was used to infect 293T cells and shRNA-expressing clones were selected 

for with 1 µg/ml puromycin and expression was confirmed by mCherry expression.  

Target gene knockdown was confirmed by Western blotting and qRT-PCR.  For qRT-

PCR, 2 µg of total RNA from 293T cells was reverse transcribed using SuperScript III 

reverse transcriptase (Invitrogen) and oligo(dT)(20), and qRT-PCR was performed 

using the 480 DNA SYBR Green I Master mix (Roche) on a LightCycler (Roche). 

siRNA knockdown 

Control, PI4KIIIb, GBF1, and ACBD3 ON-TARGETplus siRNAs were 

purchased commercially (Dharmacon).  In a 96-well plate, 3,000 log-phase HeLa cells 

were reverse wet-transfected in 50nM siRNA with 0.15 µl of Dharmafect 1 transfection 

reagent and 125µl total media per well.  At the same time, 60,000 log-phase HeLa cells 

were reverse wet-transfected in 50nM siRNA with 3 µl of Dharmafect 1 transfection 
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reagent and 2.5mL total media per well in a six-well plate to assay for gene 

knockdown.  After 72 hours, cells in the 96-well plate were transfected with viral 

replicon RNA and measured for Renilla luciferase per above.  After the viral replicon 

assay was finished (~12 hours), total cell count was normalized using CellTiterGlo to 

adjust for differences in growth among different siRNAs.  All measurements are an 

average of six wells per viral RNA-siRNA pair and adjusted to subtract background 

Renilla signal from the first time point (t=50 min) due to higher Renilla luciferase 

background in HeLa cells. 

 

Results 

Aichi virus, bovine kobuvirus, and klassevirus 3A proteins are myristoylated.  

To identify proteins that interact with the main membrane reorganizing 3A 

protein of picornaviruses, we undertook an unbiased screen using single-step affinity 

purification of C-terminally strep-tagged 3A proteins in 293T cells followed by mass 

spectrometric peptide sequencing analysis of in solution trypsin digests.  Careful 

inspection of the mass spectrometry data identified a myrisotoylation on the N-terminal 

glycine of Aichi 3A, bovine kobuvirus 3A, and klassevirus 3A (Figures 1A-E).  The 

activity of N-myristoyltransferase (NMT) enzymes is strongly dependent on the first 

five residues, with an N-terminal glycine being absolutely required (28).  The N-terminal 

sequence of Aichi virus 3A is GNRVIDAE.  Although algorithms such as NMT-The 

Myr Predictor (http://mendel.imp.ac.at/myristate/SUPLpredictor.htm) and ExPASy 

Myristoylator do not predict the N-terminus of any of the kobuviruses to be NMT 
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substrates, in vitro experiments using human NMT1 have shown synthetic octapeptides 

such as GNRAAARR to be valid substrates with kinetics comparable to other known 

substrates (3, 34). 

Table 1. Highest Specificy Picornavirus 3A-Human protein-protein interactions, ranked by Z-score.   

Bait 3A Prey Acc# Prey Protein 
mean z-

score 

replicate 

counts 

Aichi 311771621 phosphatidylinositol 4-kinase beta isoform 2 17.12 5|14|9|16 

Aichi 15826852 Golgi resident protein GCP60 17.06 33|23|10|25 

Aichi 4504341 histone acetyltransferase type B catalytic subunit 12.84 7|0|3|1 

Hrv14 15826852 Golgi resident protein GCP60 16.29 2|15|15|30 

Hrv14 296317339 voltage-dependent anion-selective channel protein 2 isoform 2 11.91 0|6|7|13 

Polio 313747582 

Golgi-specific brefeldin A-resistance guanine nucleotide 

exchange factor 1 isoform 2 17.12 30|19|15|14 

Polio 21361794 cullin-associated NEDD8-dissociated protein 1 17.12 2|1|4|2 

Polio 15826852 Golgi resident protein GCP60 17.03 34|30|13|9 

klasse 82659109 E3 ubiquitin-protein ligase UBR4 16.55 6|15|3|12 

klasse 5453998 importin-7 14.09 2|1|1|6 

klasse 16445419 secretory carrier-associated membrane protein 3 isoform 1 13.16 6|2|1|9 

klasse 6912734 transportin-3 isoform 1 12.84 3|2|0|7 

klasse 229577398 basic leucine zipper and W2 domain-containing protein 2 12.84 2|1|0|6 

klasse 21361794 cullin-associated NEDD8-dissociated protein 1 12.84 1|2|0|5 

Porc kobu 94721252 

vesicle-associated membrane protein-associated protein A 

isoform 2 17.12 12|13|19|22 

Porc kobu 4504341 histone acetyltransferase type B catalytic subunit 17.12 3|1|7|6 

Porc kobu 19923919 receptor expression-enhancing protein 6 17.12 2|1|2|3 

Porc kobu 82659109 E3 ubiquitin-protein ligase UBR4 17.11 67|44|97|94 
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Porc kobu 15826852 Golgi resident protein GCP60 17.11 42|46|39|46 

Porc kobu 6005794 PRA1 family protein 2 14.72 2|2|3|3 

Bov kobu 311771621 phosphatidylinositol 4-kinase beta isoform 2 17.12 17|17|14|19 

Bov kobu 19923919 receptor expression-enhancing protein 6 17.12 5|6|5|7 

Bov kobu 164519076 transmembrane 9 superfamily member 4 precursor 17.12 4|5|7|12 

Bov kobu 115430112 receptor expression-enhancing protein 5 17.12 4|1|6|8 

Bov kobu 82659109 E3 ubiquitin-protein ligase UBR4 17.12 

88|72|110|17

1 

Bov kobu 15826852 Golgi resident protein GCP60 17.11 49|52|51|57 

Table 1 - Interacting proteins were identified using in-solution digestion of eluted 

proteins followed by mass spectrometry.  Hits were weighted by the Z-score of the 

peptide counts of captured proteins from four biological replicate experiments against a 

control database of picornavirus protein affinity purifications that did not include 3A 

tagged proteins (Methods).  Based on the Z-score of the peptide count, PI4KIIIb and 

ACBD3 were the top two interacting proteins with Aichi 3A. 
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Figure 1. The N-terminus of Aichi 3A, klassevirus and bovine kobuvirus 3A is 

myristoylated. Strep-tagged kobuvirus3A proteins were transiently transfected into 

293T cells and affinity purified using the Strep-tag system then subjected to mass 

spectrometric peptide sequencing..  Mass spectra from LC-MS/MS analysis show 

myristoylation of Aichi 3A (A), Klassevirus 3A (B), bovine kobuvirus 3A (C), and I5A 
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mutant Aichi 3A (D); however only the acetylated form was observed for R3A mutant 

Aichi 3A (E). 

 

To explore the functional effects of myristoylation, N-terminal mutations of the 

Aichi virus 3A protein were analyzed.  Mutation of Aichi virus G1A abolishes 

myristoylation, as does N2A and R3A, while V4A, I5A, D6A, and E8A mutants retain 

N-terminal myristoylation as measured by mass spectrometry analysis of the affinity-

purified protein.  Mass spectra for the I5A and R3A mutations of Aichi virus 3A are 

shown in Figure 1D and E.  Targeted analysis of MS spectra for affinity purifications of 

3A proteins derived from Coxsackieviruses B2, B3, and B5, enterovirus 71, poliovirus 

1, and human rhinovirus 14 did not reveal evidence of N-terminal myristoylation 

despite recovering significant peptide counts for unmodified or acetylated N-termini.  

The cardioviruses, theilovirus strains TMDA, BeAn, and TMGDVII, and Saffold 

viruses UC6 or Saf2 have serine as their start residues and thus cannot be substrates for 

NMTs.  For all 3A affinity purification experiments, additional searches were 

performed for other post-translational modifications, including phosphorylations, 

GlyGly signatures for ubiquitination, as well as broad mass range modifications of up 

to 500 atomic mass units. With the exception of N-terminal acetylation, cysteine 

carbamidomethylation, pyroglutamylation of glutamine, and oxidation, no other 

modifications were detected in these experiments.  

The 3A protein was also frequently observed to run as a doublet at 15 and 17 

kDa by SDS-PAGE (for example, see Figure 2A) with detection by silver stain or by 
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anti-Strep-tag antibody in Western blot format.  In the case of Aichi 3A, mass 

spectrometric analysis confirmed that both bands contained full-length 3A protein, the 

lower band co-migrating with streptavidin.  Despite extensive searches, no post-

translational modifications, including myristoylation, could be found that explain a 

mass shift in these bands, suggesting that these may be conformationally resolved 

forms of the protein. 

 

Method for determining specific interactions from mass spectrometry data 

 To identify proteins that specifically interact with picornavirus 3A within the set 

of proteins identified by mass spectrometry, we first attempted to use a strep-tagged 

GFP as a negative control for non-specific interactions.  The combined protein 

identifications across four replicate experiments for Aichi 3A and GFP, resulted in 

approximately 70 and 40 putative interacting proteins respectively.  Based on these 

results, we determined that strep-GFP did not adequately sample the spectrum of non-

specific interactions in this experimental system, consistent with observations by other 

groups (7, 17). 

Therefore, we chose instead to perform a comprehensive analysis of background 

proteins assessing their ability to interact with multiple unrelated viral proteins, 

consisting of 91 unique non-3A picornaviral bait proteins assayed in 293 individual 

experiments (Methods).  The set of background interacting proteins was then used to 

derive the specificity for virus bait-host protein interactions, ranked using Z-scores.  To 

minimize false positives, we report interactions that pass a highly conservative Z-score 
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threshold of 10 and whose preys are represented by a minimum of 2 peptides in at least 

two biological replicates.  To further strengthen confidence in the analysis, Aichi 3A 

affinity purifications were compared against those of 3A proteins from across 15 

diverse picornaviruses.  The most specific protein interaction partners for each 3A 

protein were ranked using the Z-score metric, and resulted in a refined list of candidate 

interactions (Table 1).  This methodology for scoring interactions was in part confirmed 

by the top ranking of GBF1 for poliovirus and Coxsackievirus 3A proteins.  Prior to 

this study, GBF1 was the only confirmed protein to copurify with any picornaviral 3A. 

 

AP-MS of C-terminally Strep-tagged Picornaviral 3A proteins copurify PI4KIIIb 

and ACBD3. 

The top-ranked protein identified in affinity purifications with both Aichi virus 

3A and bovine kobuvirus 3A was PI4KIIIb (Table 1). PI4KIIIb interaction with Aichi 

virus 3A and bovine kobuvirus 3A was confirmed by Western blot (Figure 2A).  

Intriguingly, one peptide to PI4KIIIb was found in one replicate of Coxsackievirus B5 

affinity purification by MS, and a weak positive result by Western blot (Figure 2A) was 

also observed. To investigate whether other 3A proteins such as poliovirus 3A might 

still interact with PI4KIIIb more transiently, affinity purifications for selected 

enteroviral 3As were repeated under more rapid kinetic conditions, using short binding 

and washing steps and capture on magnetic StrepTactin beads (7).  Using this more 

rapid procedure, PI4KIIIb was detected by affinity purification with 3As from 

poliovirus, human rhinovirus 14, and Coxsackievirus B3 (Figure 2B).  We note that the 
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3A protein from rhinovirus 14 also captured GBF1, consistent with HRV sensitivity to 

Brefeldin-A (16). 

 The second-ranking protein identified in the Aichi 3A affinity purifications was 

acyl-CoA binding domain protein 3 (ACBD3), also known as Golgi complex-

associated protein GCP60 (Table 1).  This protein was also affinity purified specifically 

by the 3A proteins of multiple picornaviruses, including poliovirus, Aichi virus, bovine 

kobuvirus, porcine kobuvirus, human rhinovirus 14, and Coxsackie B viruses.  

Although the 3A protein of EV71 did not copurify ACBD3 these conditions, we note 

that it did copurify with a different acyl-CoA binding protein, ACAD9.  Although it 

was not detectable by Western blot (Figure 2A), a single peptide for ACBD3 was 

detected in an EV71 3A protein AP-MS experiment using rapid capture and wash steps 

on StrepTactin sepharose beads (data not shown), thus we cannot exclude interaction of 

EV71 with ACBD3.  ACBD3 is a Golgi resident protein that has been implicated in 

multiple cell signaling systems, including Golgi complex maintenance, steroidogenesis, 

and apoptosis (12).  Interaction between ACBD3 and picornaviral 3As was confirmed by 

Western blot (Figure 2A).  Furthermore, Aichi 3A and PI4KIIIb were both 

immunoprecipitated by anti-ACBD3 antibody in Aichi 3A transfected 293T cells as 

detected by mass spectrometry.  However, in the absence of Aichi 3A, endogenous 

PI4KIIIb and ACBD3 did not co-precipitate with each other, suggesting that 3A 

specifically stabilizes the complex containing both of these proteins. 
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Figure 2. Picornaviral 3A proteins interact differentially with PI4KIIIb and 

ACBD3. A) Strep-tagged 3A proteins across the picornavirus family were affinity 

captured under fully equilibrated binding conditions, then blotted with anti-ACBD3, 

anti-PI4KIIIb, and anti-StrepTag antibodies, revealing stable interactions between 

kobuvirus and enterovirus 3A proteins and ACBD3. B) When the affinity capture 

conditions were changed to rapid capture and wash conditions (described in Methods), 

transient interactions were also observed for the enterovirus 3A proteins with PI4KIIIb.  

 

To test whether ACBD3 and PI4KIIIb have direct interactions in the absence of 

Aichi virus 3A, C-terminally Strep-tagged ACBD3 was transiently transfected and 

affinity purified using the rapid binding and washing protocol with and without a series 

of 3A proteins from entero and kobuviruses. In the absence of any transfected 3A 

proteins, PI4KIIIb was found to co-purify with ACBD3 (empty vector lane, Figure 3) 

indicating that the interaction between ACBD3 and PI4KIIIb does not require 3A. 

Affinity purification of ACBD3 in the presence of 3A proteins captured 3A from 
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poliovirus, CVB3, human rhinovirus 14, Aichi virus, and bovine kobuvirus. The only 

exception was EV71, consistent with the reciprocal affinity purification experiments 

discussed above.  Surprisingly, a band consistent with a complex containing ACBD3-

strep and Aichi-3A-Flag was observed (Figure 3A, marked by a black triangle, Aichi 

3A lane) despite standard denaturing gel running conditions. Taken together, this 

reciprocal affinity capture experiment implies direct interaction between ACBD3, 

PI4KIIIb, and multiple picornaviruses.  

Alignment of all Aichi 3A sequences in Genbank indicated >90% amino acid identity 

among the five sequences available, including 100% conservation in the N-terminal 

half of the protein. 
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Figure 3. Affinity purification of strep-tagged ACBD3. Strep-tagged ACBD3 and 

FLAG-tagged enterovirus and kobuvirus 3A proteins were transiently co-transfected 

into 293T cells, and ACBD3 complexes were affinity captured under rapid kinetic 

conditions. Samples were then serially Western blotted for PI4KIIIb, strep-tag, and 

Flag tag. ACBD3 co-purifies with PI4KIIIb in the absence or presence of picornavirus 

3A. In the presence of 3A, ACBD3 co-purifies with 3A proteins from multiple entero 

and kobuviruses, with the exception of EV71. In the presence of Aichi virus 3A, an 

SDS resistant complex consistent with ACBD3 bound to 3A is visible (black triangle). 

A separate Western blot of the input samples was serially blotted for GAPDH and Flag-

tag is shown in the lower panel to control for expression and loading levels. 

 

Site-directed mutagenesis of Aichi 3A identifies residues required for interaction 

with PI4KIIIb and ACBD3. 

To identify the critical residues for the interaction between Aichi 3A, PI4KIIIb, 

and ACBD3, we employed alanine scanning of the 95 amino acid Aichi 3A protein. In 

total, all 87 non-alanine residues were converted to alanine with a focus on single site 

mutants on the N-terminal half, where all Aichi 3A sequences in GenBank are 100% 

conserved, in addition to multi-site mutants on the C-terminus (Figure 3A).  Of 87 

positions mutated (grey squares, Figure 4B), approximately 20 residues (black squares, 

Figure 4B), clustered at the N-terminus, severely reduced or abolished copurification of 

PI4KIIIb (<10% of wild type, normalized to expression of the 3A protein in each 

experiment).  In particular, mutation of R3A, I5A, NR2AA, NRV2AAA, and 
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NRVI2AAAA abolished or reduced the amount of PI4KIIIb and ACBD3 interaction by 

more than 90%.  Although the R3A mutation, along with G1A, both eliminate the N-

terminal myristoylation of Aichi virus 3A, the lack of myristoylation does not account 

for the loss of PI4KIIIb and ACBD3 interaction, since N2A, which also eliminates the 

N-terminal myristoylation, has no effect on copurification of either of these proteins 

(Figure 3A).  While 21 mutations could abrogate PI4KIIIb association without affecting 

association of ACBD3 with Aichi virus 3A, all mutations that had a negative impact on 

ACBD3 association also severely reduced or eliminated PI4KIIIb association.  These 

results support the hypothesis that PI4KIIIb association with Aichi virus 3A requires 

ACBD3 and also implies that 3A association with ACBD3 either enhances or stabilizes 

the interaction with PI4KIIIb. 
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Figure 4. Site-directed mutagenesis of Aichi 3A identifies residues required for 

interaction with PI4KIIIb and ACBD3.  Alanine scanning of individual and multiple 

residues in Aichi 3A was performed.  Mutated Aichi 3A was transiently transfected into 

293T cells and affinity purified using the Strep-tag system.  Eluate was blotted with 

anti-PI4KIIIb and anti-ACBD3 and anti-Strep-tag to normalize for bait expression. B) 

Map of contributing residues to Aichi 3A and ACBD3 and PI4KIIIb interaction.  

Residues labeled in red abolished myristoylation when converted to alanine.  The 
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predicted transmembrane region is highlighted in purple and predicted alpha-helices are 

highlighted in teal.  Black boxes indicate residues that reduce binding to ACBD3 or 

PI4KIIIb by >90% when converted to alanine.  Grey boxes indicate residues that do not 

change binding by >90% and white boxes indicate residues for which no information is 

available. 

 

Chemical and genetic inhibition of PI4KIIIb blocks Aichi virus replication 

 To assess whether the interaction between Aichi virus 3A and PI4KIIIb was of 

functional importance for viral replication, we measured a Renilla luciferase replicon 

Aichi virus construct in the presence of chemical and genetic inhibition of PI4KIIIB.  

PIK93 is a small molecule inhibitor of PI4KA and PI4KIIIb (20).  It has previously been 

shown to block the replication of poliovirus and hepatitis C virus replication with an 

EC50 of 0.14 and 1.9 mM, respectively (1).  The addition of 0.5 mM and 1.0 mM PIK93 

demonstrated a dose-dependent inhibition of Aichi virus replication similar to the dose-

dependent decrease observed with poliovirus (Figure 5A&B).  

Stable shRNAs were used to reduce or nearly eliminate PI4KIIIb expression in 293T 

cells, using previously published shRNAs (Figure 5C&D) (5).  PI4KIIIb mRNA 

transcript abundance was reduced by up to 98% as normalized to the expression of the 

ribosome gene RPL19 (Figure 5E).  The shRNA-dependent knockdown PI4KIIIb 

protein expression was also confirmed by Western (Figure 5F).  Only the most potent 

shRNA construct inhibited Aichi virus and poliovirus replication, while incomplete 



 71 

knockdown of PI4KIIIb did not significantly impact Aichi virus or poliovirus 

replication (Figure 5C&D).   

 

Figure 5.  Chemical and genetic inhibition of PI4KIIIb decrease Aichi virus 

replication.  PIK93, an inhibitor of PI4KIIIb, demonstrates a dose-dependent block 

in poliovirus  (A) and Aichi virus replication (B).  Genetic inhibition of PI4KIIIb by 

stable shRNA blocks poliovirus (C) and Aichi virus replication (D) only when 

PI4KIIIb levels are strongly reduced.  qRT-PCR (E)  and Western (F) of shRNA 
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constructs demonstrates 10%, 90%, and 99% knockdown of PI4KIIIb transcript levels 

and 0%, 60%, and 98% knockdown of PI4KIIIb protein levels. 

 

While siRNA knockdown of PI4KIIIb completely abolished Aichi virus and 

poliovirus replication, knockdown of ACBD3 demonstrated significantly reduced 

replication in both viruses (Figure 6A,B). Although Aichi virus replication has been 

reported to be insensitive to Brefeldin-A (36), an inhibitor of GBF1/Arf1, we were 

surprised to find that siRNA knockdown of GBF1 also abolishes Aichi virus replication 

(Figure 6B). 

Interestingly, the siRNA knockdown of GBF1 resulted in a loss of PI4KIIIb 

similar to what was achieved with a directed siRNA knockdown of PI4KIIIb (Figure 

6C). While these results demonstrate a requirement for GBF1, it is possible that the 

replication defect is actually due to a loss of PI4KIIIb indirectly caused by a loss of 

GBF1.  These results support the hypothesis that the presence and activity of PI4KIIIb 

is essential for Aichi virus replication, similar to what has been shown previously for 

poliovirus(18).  These data also support the hypothesis that ACBD3 is functionally 

important for picornavirus replication presumably by facilitating the interaction with 

PI4KIIIb. 



 73 

 

Figure 6 – Genetic inhibition of physically interacting genes reduces viral 

replication.  siRNA knockdown of GBF1, PI4KIIIb, and ACBD3 reduce poliovirus 

(A) and Aichi virus (B) replicon growth in HeLa cells relative to control siRNA.  C) 

Western blot of GBF1, PI4KIIIb, ACBD3, and GAPDH in siRNA knockdown and 

control knockdown HeLa cells. 
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Reduced recruitment of PI4KIIIβ correlates with delayed or altered replication 

kinetics of Aichi virus replicons 

 To further assess the requirement of the association between Aichi virus 3A and 

PI4KIIIb for viral replication, we tested viral replication after replacing the wild-type 

3A sequence with a series of point mutants based on our affinity purification results.  

No replication above background was measureable in the context of the Aichi virus 

replicon with the E11A mutation, which significantly disrupted copurification with 

PI4KIIIb, and reduced, but did not eliminate ACBD3 association (Figure 7A).  Aichi 

virus with the G1A mutation also demonstrated no replication, though this is likely due 

to disruption of the P2-P3 3C proteolytic cleavage site. Myristoylation had a minimal 

impact on replication as the N2A mutant had near wild-type levels of replication, while 

the R3A mutant was slightly delayed (Figure 7B).  Delayed replication was observed in 

the NR2AA, NRV2AAA, NRVI2AAAA, I5A, I12A, L20A, L21A, M24A, and 

HH26AA mutations, which significantly reduced copurification of PI4KIIIb by >90%, 

though several of the mutations retained the same maximal level of replication as the 

wild-type Aichi virus replicon (Figure 7C-F).  The E22A mutation that retained wild-

type PI4KIIIb binding demonstrated replication kinetics slightly delayed but 

comparable with wild-type virus (Figure 7G).  The P59A mutation that appeared to 

stimulate PI4KIIIb copurification (Figure 4A) demonstrated a significant delay in 

replication yet continued to produce luciferase signal over 10 hours post-transfection 

(Figure 7G). 
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Figure 7 – Reduced recruitment of PIKIIIβ correlates with delayed replication 

kinetics of Aichi virus replicons  3A mutants were cloned into Aichi virus replicon 

and examined for replication efficiency.  A) Aichi 3A E11A mutant is unable to 
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replicate. B) Aichi 3A N2A and R3A replicate, suggesting myristoylation of Aichi 3A 

is not required for replication.  C-F) Aichi 3A mutations that reduce PI4KIIIb binding 

by >90% are still are capable of replicating albeit with slower kinetics.  G) Aichi 3A 

E22A mutation that maintains PI4KIIIb and ACBD3 binding demonstrates similar 

replication kinetics as wild-type while P59A mutation demonstrates significantly 

delayed and reduced replication kinetics. 

 

To ascertain whether the delayed replication in viruses with mutations in 3A 

that inhibited PI4KIIIb association was due to the reduced PI4KIIIb association, we 

examined the EC50 of PIK93 in these mutant viruses compared to wild-type virus.  

PIK93 had an EC50 of 0.60 µM at 330 minutes post-transfection in the wild-type Aichi 

viral replicon.  Interestingly, lower concentrations of PIK93 did not reduce the total 

amount of viral replication but only delayed viral replication in a dose-dependent 

fashion (Figure 8A).  However, the EC50 of PIK93 was reduced more than 2-fold to 

0.24 µM in the I5A mutant and by almost 20-fold to 0.03 µM in the NRVI2AAAA 

mutant (Figure 8B).  These results support the notion that physical association of 

PI4KIIIb with Aichi virus 3A via ACBD3, is required for replication. 
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Figure 8 – Aichi virus replicons with 3A mutants with reduced ability to recruit 

PI4KIIIb are sensitized to PIK93 inhibition.  A) The EC50 for PIK93 against wild-

type Aichi virus replicon was 0.60 µM at 330 minutes post-transfection. PIK93 

inhibition of Aichi virus replication can be overcome at lower concentrations given a 

longer replication window.  While 1 µM and 0.5 µM PIK93 significantly reduce and 

delay Aichi virus replication, lower concentrations of PIK93 merely delay replication 

of wild-type Aichi virus, though the virus eventually reaches the same level of 

replication.  B) Mutations in 3A that significantly reduce binding of PI4KIIIb are 

sensitized to PIK93 inhibition, reducing the EC50 to 0.24 µM in the I5A mutant and to 

0.03 µM in the NRVI2AAAA mutant. 
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identified a Rap1A as a possible interaction in the case of cardioviruses, and ACAD9 in 

the case of EV71. Previous studies have shown PI4KIIIb is required for picornaviral 

replication and have created models of indirect recruitment of PI4KIIIb by 3A (18).  

Through genetic and chemical inhibition, we have demonstrated a requirement for 

PI4KIIIb for Aichi virus replication, and we further defined the molecular determinants 

in Aichi virus 3A that are required for its physical association with ACBD3 and 

PI4KIIIb.   

 ACBD3 is localized in the Golgi apparatus and contains an acyl-CoA binding 

domain, a putative nuclear localization signal, and a GOLD lipid trafficking domain (12).  

Mutation and over expression of ACBD3 can cause disruption of the Golgi, implicating 

it in the maintenance of Golgi structure and function (37).  It has also been implicated in 

a wide variety of cell signaling processing from lipid transport to apoptosis.  Though a 

genetic interaction with acyl-CoA binding protein and bromovirus replication has been 

demonstrated in yeast, our study is the first to demonstrate a physical interaction 

between a picornavirus and a host protein involved in acyl-CoA binding (21).  The 3A 

protein of EV71, the one enteroviral 3A that did not strongly copurify ACBD3, instead 

copurified with another acyl-CoA binding protein, acyl-CoA dehydrogenase family 

member 9 (ACAD9).  These interactions suggest a potential mechanism for the 

localization of viral replication complexes to the ER-Golgi.  It further suggests a role 

for lipid signaling and trafficking for the replication of picornaviruses.  It is notable that 

despite alanine scanning almost the entirety of the Aichi virus 3A protein, only two 

mutations, R3A and I5A, could significantly disrupt association with ACBD3.  In 

addition, affinity purification of ACBD3 in the presence of Aichi 3A revealed the 
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presence of an SDS- and DTT-resistant Aichi 3A-ACBD3 complex suggesting a highly 

stable interaction. Given the known roles of ACBD3 in Golgi structure and function, 

we hypothesize that this protein, in association with 3A, serves as a scaffold for the 

generation of viral replication complexes and membrane remodeling. 

 The discovery of a myristoylation on Aichi virus, bovine kobuvirus, and 

klassevirus 3A is the first demonstration of myristoylation on a non-structural 

picornavirus protein.  The 3A protein is myristoylated despite the presence of a non-

canonical N-terminal sequence.  Many viral proteins have previously been shown to be 

myristoylated, including retrovirus gag protein, HIV nef protein, hepadnavirus L 

protein, arterivirus E protein, as well as the VP4 capsid protein of poliovirus and foot-

and-mouth disease virus (29).  The myristoylation on at least two different picornaviral 

proteins is significant as it suggests a potential contributing mechanism for membrane 

association and reorganization, as well as a potential mechanism for concentrating 

picornaviral proteins and associating RNA replication with encapsidation.  Nonetheless, 

we found that while myristoylation of 3A contributed somewhat to the binding of 

PI4KIIIb, this post-translational modification was not a determinant for binding of 

ACBD3.  Interestingly, the binding of the cellular protein NCS-1 to PI4KIIIb has been 

shown to be dependent on myristoylation of NCS-1 (18).  It is plausible that 

myristoylation may serve as an enhancer of PI4KIIIb activity or recruitment, but its 

precise role remains to be determined. 

Our results also suggest that while inhibition of PI4KIIIb may delay viral 

replication, even a very low affinity interaction between 3A, ACBD3, and PI4KIIIb or 

partial activity of the enzyme may be sufficient to support viral replication.  Indeed, 
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mutants such as L20A or M34A, which do not affinity purify with PI4KIIIb but retain 

their association with ACBD3, show only modest reductions in replication. Even more 

striking is the NRVI2AAAA mutant, which fails to recruit both PI4KIIIb and ACBD3 

and lacks the N-terminal myristoylation, and yet this mutant is still supports replication. 

Nevertheless, we have shown that the NRVI2AAAA mutant results in a 20-fold greater 

sensitivity to chemical inhibition of PI4KIIIb. This is similar to the effect observed in 

poliovirus, where the 3A-2 mutant, which has reduced ability to bind GBF1, replicates 

at near wild-type levels, and displays enhanced sensitivity to the GBF1 inhibitor 

brefeldin A (2). Furthermore, the ability to isolate 3A mutants that do not copurify with 

PI4KIIIb suggests that 3A may influence ACBD3’s ability to recruit PI4KIIIb and is 

not merely limited to recruitment of a native ACBD3-PI4KIIIb complex. From a 

therapeutic standpoint, our results suggest that chemical inhibitors that block 

association of PI4KIIIb and viral 3A, or ACBD3 and viral 3A, would represent a 

complementary approach to simple inhibition of the kinase activity of PI4KIIIb itself. 

While this paper was under review, Sasaki et al. published a paper on the interaction of 

Aichi 3A with ACBD3 and PI4KIIIb (36).  The results of Sasaki et al., and our own are 

highly complementary and the overall conclusions are consistent, with respect to Aichi 

virus, despite using different experimental approaches.  

The investigation of multiple picornaviruses in our work demonstrates the broad 

importance of a common strategy for enterovirus and kobuvirus replication. Despite 

differences in their associations, such as enterovirus 3A binding of GBF1, these two 

genera ultimately operate through a common platform, the Golgi adaptor ACBD3, to 

recruit PI4KIIIb.  



 81 

 



 82 

Chapter 4 References 

1.  Arita, M., H. Kojima, T. Nagano, T. Okabe, T. Wakita, and H. Shimizu. 

2011. Phosphatidylinositol 4-kinase III beta is a target of enviroxime-like compounds 

for antipoliovirus activity. J. Virol. 85:2364-2372. 

2.  Belov, G. A., Q. Feng, K. Nikovics, C. L. Jackson, and E. Ehrenfeld. 2008. 

A critical role of a cellular membrane traffic protein in poliovirus RNA replication. 

PLoS Pathog 4:e1000216. 

3.  Bologna, G., C. Yvon, S. Duvaud, and A.-L. Veuthey. 2004. N-Terminal 

myristoylation predictions by ensembles of neural networks. Proteomics 4:1626-1632. 

4.  Borawski, J., P. Troke, X. Puyang, V. Gibaja, S. Zhao, C. Mickanin, J. 

Leighton-Davies, C. J. Wilson, V. Myer, I. Cornellataracido, J. Baryza, J. 

Tallarico, G. Joberty, M. Bantscheff, M. Schirle, T. Bouwmeester, J. E. Mathy, K. 

Lin, T. Compton, M. Labow, B. Wiedmann, and L. A. Gaither. 2009. Class III 

phosphatidylinositol 4-kinase alpha and beta are novel host factor regulators of hepatitis 

C virus replication. J. Virol 83:10058-10074. 

5.  Borawski, J., P. Troke, X. Puyang, V. Gibaja, S. Zhao, C. Mickanin, J. 

Leighton-Davies, C. J. Wilson, V. Myer, I. CornellaTaracido, J. Baryza, J. 

Tallarico, G. Joberty, M. Bantscheff, M. Schirle, T. Bouwmeester, J. E. Mathy, K. 

Lin, T. Compton, M. Labow, B. Wiedmann, and L. A. Gaither. 2009. Class III 

Phosphatidylinositol 4-Kinase Alpha and Beta Are Novel Host Factor Regulators of 

Hepatitis C Virus Replication. J Virol 83:10058-10074. 



 83 

6.  Chalkley, R. J., P. R. Baker, K. F. Medzihradszky, A. J. Lynn, and A. L. 

Burlingame. 2008. In-depth analysis of tandem mass spectrometry data from disparate 

instrument types. Mol. Cell Proteomics 7:2386-2398. 

7.  Chen, G. I., and A.-C. Gingras. 2007. Affinity-purification mass spectrometry 

(AP-MS) of serine/threonine phosphatases. Methods 42:298-305. 

8.  Choe, S. S., D. A. Dodd, and K. Kirkegaard. 2005. Inhibition of cellular 

protein secretion by picornaviral 3A proteins. Virology 337:18-29. 

9.  Choi, H., D. Fermin, and A. I. Nesvizhskii. 2008. Significance Analysis of 

Spectral Count Data in Label-free Shotgun Proteomics. Molecular & Cellular 

Proteomics 7:2373 -2385. 

10.  Edelheit, O., A. Hanukoglu, and I. Hanukoglu. Simple and efficient site-

directed mutagenesis using two single-primer reactions in parallel to generate mutants 

for protein structure-function studies. BMC Biotechnol 9:61-61. 

11.  Elias, J. E., and S. P. Gygi. 2007. Target-decoy search strategy for increased 

confidence in large-scale protein identifications by mass spectrometry. Nat Meth 4:207-

214. 

12.  Fan, J., J. Liu, M. Culty, and V. Papadopoulos. 2010. Acyl-coenzyme A 

binding domain containing 3 (ACBD3; PAP7; GCP60): an emerging signaling 

molecule. Prog. Lipid Res. 49:218-234. 

13.  Greninger, A. L., C. Runckel, C. Y. Chiu, T. Haggerty, J. Parsonnet, D. 

Ganem, and J. L. DeRisi. 2009. The complete genome of klassevirus - a novel 

picornavirus in pediatric stool. Virol. J 6:82. 



 84 

14.  Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease. 1989. 

Site-directed mutagenesis by overlap extension using the polymerase chain reaction. 

Gene 77:51-59. 

15.  Holtz, L. R., S. R. Finkbeiner, G. Zhao, C. D. Kirkwood, R. Girones, J. M. 

Pipas, and D. Wang. 2009. Klassevirus 1, a previously undescribed member of the 

family Picornaviridae, is globally widespread. Virol. J 6:86. 

16.  Irurzun, A., L. Perez, and L. Carrasco. 1992. Involvement of membrane 

traffic in the replication of poliovirus genomes: effects of brefeldin A. Virology 

191:166-175. 

17.  Jäger, S., N. Gulbahce, P. Cimermancic, J. Kane, N. He, S. Chou, I. 

D’Orso, J. Fernandes, G. Jang, A. D. Frankel, T. Alber, Q. Zhou, and N. J. 

Krogan. 2011. Purification and characterization of HIV-human protein complexes. 

Methods 53:13-19. 

18.  Jeromin, A., D. Muralidhar, M. N. Parameswaran, J. Roder, T. Fairwell, S. 

Scarlata, L. Dowal, S. M. Mustafi, K. V. R. Chary, and Y. Sharma. 2004. N-

terminal Myristoylation Regulates Calcium-induced Conformational Changes in 

Neuronal Calcium Sensor-1. Journal of Biological Chemistry 279:27158 -27167. 

19.  Kapoor, A., P. Simmonds, E. J. Dubovi, N. Qaisar, J. A. Henriquez, J. 

Medina, S. Shields, and W. I. Lipkin. 2011. Characterization of a canine homolog of 

human aichivirus. J. Virol. 85:11520-11525. 

20.  Knight, Z. A., B. Gonzalez, M. E. Feldman, E. R. Zunder, D. D. 

Goldenberg, O. Williams, R. Loewith, D. Stokoe, A. Balla, B. Toth, T. Balla, W. A. 



 85 

Weiss, R. L. Williams, and K. M. Shokat. 2006. A pharmacological map of the PI3-K 

family defines a role for p110alpha in insulin signaling. Cell 125:733-747. 

21.  Kushner, D. B., B. D. Lindenbach, V. Z. Grdzelishvili, A. O. Noueiry, S. M. 

Paul, and P. Ahlquist. 2003. Systematic, genome-wide identification of host genes 

affecting replication of a positive-strand RNA virus. Proc. Natl. Acad. Sci. U.S.A. 

100:15764-15769. 

22.  Lanke, K. H. W., H. M. van der Schaar, G. A. Belov, Q. Feng, D. Duijsings, 

C. L. Jackson, E. Ehrenfeld, and F. J. M. van Kuppeveld. 2009. GBF1, a guanine 

nucleotide exchange factor for Arf, is crucial for coxsackievirus B3 RNA replication. J. 

Virol 83:11940-11949. 

23.  Li, L., P. A. Pesavento, T. Shan, C. M. Leutenegger, C. Wang, and E. 

Delwart. 2011. Viruses in diarrhoeic dogs include novel kobuviruses and sapoviruses. 

J. Gen. Virol. 92:2534-2541. 

24.  Li, L., J. Victoria, A. Kapoor, O. Blinkova, C. Wang, F. Babrzadeh, C. J. 

Mason, P. Pandey, H. Triki, O. Bahri, B. S. Oderinde, M. M. Baba, D. N. Bukbuk, 

J. M. Besser, J. M. Bartkus, and E. L. Delwart. 2009. A novel picornavirus 

associated with gastroenteritis. J. Virol. 83:12002-12006. 

25.  Liu, H., R. G. Sadygov, and J. R. Yates 3rd. 2004. A model for random 

sampling and estimation of relative protein abundance in shotgun proteomics. Anal. 

Chem. 76:4193-4201. 

26.  Lynn, A.J., Chalkley, R. J., Baker PR, Medzhiradszky KF, Guan, S, and 

Burlingame, A. L. 2008. The effect of peaklist generation software on database search 

results56th ASMS Conference. Santa Fe, NM. 



 86 

27.  Maier, T., N. Drapal, M. Thanbichler, and A. Böck. 1998. Strep-tag II 

affinity purification: an approach to study intermediates of metalloenzyme biosynthesis. 

Anal. Biochem. 259:68-73. 

28.  Maurer-Stroh, S., B. Eisenhaber, and F. Eisenhaber. 2002. N-terminal N-

myristoylation of proteins: prediction of substrate proteins from amino acid sequence. J. 

Mol. Biol 317:541-557. 

29.  Maurer-Stroh, S., and F. Eisenhaber. 2004. Myristoylation of viral and 

bacterial proteins. Trends Microbiol. 12:178-185. 

30.  Miller, S., and J. Krijnse-Locker. 2008. Modification of intracellular 

membrane structures for virus replication. Nat. Rev. Microbiol. 6:363-374. 

31.  Reuter, G., A. Boldizsár, I. Kiss, and P. Pankovics. 2008. Candidate new 

species of Kobuvirus in porcine hosts. Emerging Infect. Dis 14:1968-1970. 

32.  Reuter, G., A. Boros, and P. Pankovics. 2011. Kobuviruses - a comprehensive 

review. Rev. Med. Virol. 21:32-41. 

33.  Ribes, J. M., R. Montava, C. J. Téllez-Castillo, M. Fernández-Jiménez, and 

J. Buesa. 2010. Seroprevalence of Aichi virus in a Spanish population from 2007 to 

2008. Clin. Vaccine Immunol. 17:545-549. 

34.  Rocque, W. J., C. A. McWherter, D. C. Wood, and J. I. Gordon. 1993. A 

comparative analysis of the kinetic mechanism and peptide substrate specificity of 

human and Saccharomyces cerevisiae myristoyl-CoA:protein N-myristoyltransferase. J. 

Biol. Chem 268:9964-9971. 

35.  Sasaki, J., Y. Kusuhara, Y. Maeno, N. Kobayashi, T. Yamashita, K. Sakae, 

N. Takeda, and K. Taniguchi. 2001. Construction of an infectious cDNA clone of 



 87 

Aichi virus (a new member of the family Picornaviridae) and mutational analysis of a 

stem-loop structure at the 5’ end of the genome. J. Virol 75:8021-8030. 

36.  Sasaki, J., K. Ishikawa, M. Arita, and K. Taniguchi. 2011. ACBD3-mediated 

recruitment of PI4KB to picornavirus RNA replication sites. EMBO J. 

37.  Sohda, M., Y. Misumi, A. Yamamoto, A. Yano, N. Nakamura, and Y. 

Ikehara. 2001. Identification and characterization of a novel Golgi protein, GCP60, 

that interacts with the integral membrane protein giantin. J. Biol. Chem. 276:45298-

45306. 

38.  Whitton, J. L., C. T. Cornell, and R. Feuer. 2005. Host and virus 

determinants of picornavirus pathogenesis and tropism. Nat. Rev. Microbiol. 3:765-

776. 

39.  Yamashita, T., S. Kobayashi, K. Sakae, S. Nakata, S. Chiba, Y. Ishihara, 

and S. Isomura. 1991. Isolation of cytopathic small round viruses with BS-C-1 cells 

from patients with gastroenteritis. J. Infect. Dis 164:954-957. 

40.  Yamashita, T., M. Ito, Y. Kabashima, H. Tsuzuki, A. Fujiura, and K. 

Sakae. 2003. Isolation and characterization of a new species of kobuvirus associated 

with cattle. J. Gen. Virol 84:3069-3077. 

  

 



 88 

Chapter 5 – ACBD3 interaction with TBC1 domain 22 protein is differentially 

affected by enteroviral and kobuviral 3A protein binding 

Abstract 

Despite wide sequence divergence, multiple picornaviruses use the Golgi 

adaptor acyl-CoA binding domain protein 3 (ACBD3/GCP60) to recruit 

phosphatidylinositol 4-kinase class III beta (PI4KIIIβ/PI4KB), a factor required for 

viral replication.  The molecular basis of this convergent interaction and the cellular 

function of ACBD3 are not fully understood.  Using affinity purification mass 

spectrometry we identified the putative Rab33 GTPase activating proteins TBC1D22A 

and TBC1D22B as ACBD3 interacting factors. Fine-scale mapping of binding 

determinants within ACBD3 revealed that the interaction domain for TBC1D22A/B 

and PI4KB are identical. Affinity purification confirmed that PI4KB and TBC1D22A/B 

interaction with ACBD3 is mutually exclusive, suggesting a possible regulatory 

mechanism for recruitment of PI4KB. The C-terminal GOLD domain of ACBD3 has 

been previously shown to bind the 3A replication protein from Aichi virus. We find that 

the 3A protein from several additional picornaviruses, including hepatitis A virus, 

human parechovirus 1, and human klassevirus, demonstrate an interaction with ACBD3 

by mammalian two-hybrid; however, we also find that the enterovirus and kobuvirus 

3A interactions with ACBD3 are functionally distinct with respect to TBC1D22A/B 

and PI4KB recruitment. These data reinforce the notion that ACBD3 organizes 

numerous cellular functionalities and that RNA virus replication proteins likely 

modulate these interactions by more than one mechanism.  
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Introduction 

Picornaviruses are single-stranded positive-sense RNA viruses that replicate on 

intracellular membranes (1).  Previous work has indicated that the 3A protein is 

responsible for the reorganization of Golgi membranes to create viral replication 

organelles (2, 3).  The molecular basis of this reorganization has only recently become 

apparent through the dual discoveries that enteroviral 3As directly interact with Golgi-

specific brefeldin A resistance guanine nucleotide change factor 1 (GBF1) and that 

many RNA viruses require the activity of phosphatidylinositol 4-kinase class III beta 

(PI4KB) for viral replication (2, 3).  However, many questions remain as not all 

picornaviruses that require PI4KB activity interact with GBF1, and the portion of GBF1 

required for viral replication appears independent of its known Arf1 guanine exchange 

activity (4). 

Two protein-protein interaction screens recently demonstrated that the 3A 

proteins of enteroviruses and kobuviruses both interact with the host Golgi adaptor 

protein acyl-CoA binding domain protein 3 (ACBD3/GCP60) to recruit PI4KB to viral 

replication organelles (5, 6).  ACBD3 is a highly conserved Golgi-localized 60kDa 

protein among metazoans that contains a remarkably long N-terminal acyl-CoA binding 

domain, a coiled-coil domain composed of a charged amino acid region (CAR) and 

glutamine-rich region (Q-rich), and a highly conserved C-terminal Golgi dynamics 

domain (GOLD) that interacts with the Golgi resident protein giantin/GOLGB1 (7).  

The level of expression of ACBD3 has been shown to be important for the maintenance 

of the Golgi structure (7).  The picornavirus 3A-ACBD3 interaction is required for 

replication, as knockdown of ACBD3 significantly reduces poliovirus and Aichi virus 
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replication (5, 6). Furthermore, mutations that reduce binding of Aichi virus 3A to 

ACBD3 sensitize virus to PI4KB inhibitors suggesting that recruitment of PI4KB is 

mediated by the 3A-ACBD3 interaction (5).  Intriguingly, a recent yeast two-hybrid 

screen of hantavirus non-structural proteins also demonstrated a physical interaction 

with ACBD3, suggesting that this protein may be broadly required for viral replication 

due to its native association with PI4KB (8).  Further study of the cellular function of 

ACBD3 is warranted to better understand its role in viral replication and its potential as 

a target for therapeutic intervention. 

In this study, we used affinity-purification mass spectrometry (AP-MS) to 

identify new protein-protein interactions of ACBD3. We discovered a new interaction 

with the putative Rab33 GTPase activating protein TBC1D22A/B (9).  Detailed 

mapping of the ACBD3 interactome revealed a mutually exclusive interaction between 

PI4KB and TBC1D22A/B for a highly conserved region in the coiled-coil domain of 

ACBD3.   While picornaviral 3A proteins bind to the C-terminal GOLD domain on 

ACBD3, we also find that the enterovirus and kobuvirus 3A proteins interact with 

ACBD3 in a functionally distinct manner based on differential displacement of 

TBC1D22A/B, isolation of an ACBD3 mutant that displays differential binding 

between the 3A proteins, and different ACBD3 binding sites on the 3A proteins. 

Materials and Methods  

Cells, plasmids, cloning 

 293T cells were maintained in DMEM-H21 media supplemented with 10% FBS 

and penicillin/streptomycin.  All genes for transient transfections were cloned into a 
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modified pCDNA4-TO vector containing a N-terminal or C-terminal 2xStrep tag as 

described previously using primers from Table SI.1 (10).  Accession numbers used for 

genes were as follows (ACBD3 – NM_0022735, PI4KB – NM_002651, TBC1D22A – 

NM_014346, TBC1D22B – NM_017772, Rab11B).  The human C10orf76 gene was 

synthesized commercially (BioBasic Inc, Canada). 

 Transient transfections were performed in 15cm plate of 293T cells at 50-60% 

confluency using 10µg of total plasmid and 3:1 ratio of Transit-LT1 transfection 

reagent to plasmid (Mirus Bio).  Protein lysates were prepared in 0.5% NP-40 in a 

background buffer of either 50mM Tris-HCl pH 8.0, 150mM NaCl, 1 mM EDTA or 

50mM Hepes-KOH pH 6.8, 150mM KOAc, 2mM MgOAc, 1mM CaCl2, 15% glycerol, 

1X Roche EDTA-Free protease inhibitor cocktail.  Affinity purifications and Westerns 

were otherwise performed as described previously (5, 10). 

 For the ACBD3 binding competition assay, transient transfections of ACBD3-

Strep, TBC1D22A-Flag, and PI4KB-V5 in individual 15cm plates of 293T cells were 

performed as described above.  Lysates from each plate were prepared in 2mL of 

EDTA-containing buffer.  PI4KB-V5 and ACBD3-Strep lysate were pre-mixed in a 

15mL falcon tube for 4h at 4°C.  The lysate was then divided into 7 aliquots of 500µL 

each and 0, 3, 10, 30, 100, 300, and 1000µL of lysate from the TBC1D22A-Flag 

transfected plate or an untransfected plate were added to the aliquots along with 35 µL 

of StrepTactin resin (IBA Life Sciences) and incubated overnight at 4°C.  ACBD3-

Strep was affinity purified and copurified TBC1D22A-Flag and PI4KB-V5 were 

detected by Western staining using anti-Flag and anti-V5 antibodies (Sigma).  For the 

3A-TBC1D22A cotransfection experiments, 2.5µg of TBC1D22A-Strep and 7.5µg of 
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picornavirus 3A-Flag were cotransfected using Mirus Transit-LT1 transfection reagent 

as described above. 

Mammalian two-hybrid 

 Interaction mapping was performed by mammalian two-hybrid using the 

Checkmate system (Promega, Madison, WI).  Bait proteins were cloned into the pAct 

and pBind plasmids using the KpnI and EcoRV restriction sites and primers as 

described in Table SI.1.  33ng of each pAct, pBind, and pG5Luc plasmids were 

transfected into 15,000 293T cells plated 24 hours prior in each well of a 96-well plate.  

Firefly and Renilla luciferase levels were measured using the Dual-Luciferase Assay kit 

40-48 hours after transfection (Promega).  The level of binding is expressed as firefly 

luciferase values as a percentage of transfection control Renilla luciferase values, 

measured on a Veritas microplate luminometer. 

qRT-PCR 

For qRT-PCR, 1µg of Aichi 3A-Flag or poliovirus 3A-Flag was transfected into 

a 6-well plate of HEK293T cells in log-phase and harvested 48 hours later.  Total RNA 

was extracted using the RNEasy kit (Qiagen).  2µg of total RNA from HEK293T cells 

was reverse transcribed using SuperScript III reverse transcriptase and oligo(dT)-20, 

and qRT-PCR was performed using the 480 DNA Sybr Greek I Master Mix (Roche) on 

a Lightcycler (Roche).   Primers used were the TBC1D22A-CDS4 and hRPL19 set at a 

Tm of 50°C and extension of 1 min at 72°C (Table SI.1). 

Protein Identification by Mass Spectrometry 
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Protein identification from affinity-purified samples was performed using 

peptide sequencing by mass spectrometry as previously reported (5).  Affinity purified 

samples were reduced and alkylated with DTT and iodoacetamide respectively, then 

subjected to trypsin digestion either in-solution or in excised SDS-PAGE gel bands. 

Peptide sequencing was performed using LTQ-FT, LTQ-Orbitrap XL, or LTQ-Velos 

(Thermo) mass spectrometers, each equipped with 10,000 psi system nanoACUITY 

(Waters) UPLC instruments for reversed phase C18 chromatography, and using the 

same data acquisition and processing methods as previously reported (5). 

Database searches were performed against the Homo sapiens plus Virus subset 

of the NCBInr Refseq database (January 14, 2012), to which were added virus clone 

sequences missing from the public database, totaling 131,457 entries.  This database 

was concatenated with a fully randomized set of 131,457 entries for estimation of false 

discovery rate (11).  Data were searched with a parent mass tolerance of 20 ppm and 

fragment mass tolerances of 0.6 Da. 

Using peptide counts as an approximation of protein abundance, Z-scores were 

calculated to represent prey-bait specificity as reported previously (5). Z-scores for 

proteins interacting with individual virus or human bait proteins were calculated using a 

minimum of five replicate experiments together with a background model of 550 

control, non-human bait datasets.  These non-human datasets were compiled from the 

genes from 12 different picornaviruses, excluding the 3A gene itself (VP0/VP2-4, VP1, 

VP3, L, 2A, 2B, 2C, 3C, 3D), which serve as an unbiased set of proteins that should be 

orthogonal to the human protein-protein interactions in this network. The non-specific 

interacting proteins most commonly identified in this background set, analogous to 
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“frequent fliers” reported as common contaminants in FLAG-AP-MS experiments are 

reported in Table SI.2 (12). 

 

Results 

Affinity Purification Mass Spectometry (AP-MS) of Strep-tagged ACBD3 reveals 

interaction with TBC1D22A/B 

Based on its identification as a specific protein interaction partner for picornavirus 3A 

proteins, the multi-functional protein ACBD3 was hypothesized to be used by 3A as an 

organizing-scaffold protein at the Golgi interface.  To identify potential novel 

interactions of ACBD3 relevant to the 3A system in host cells, we transiently 

overexpressed and affinity purified N- and C-terminally Strep-tagged ACBD3 in 293T 

cells and identified interacting proteins by mass spectrometry (Tables 1, S3A and S4). 

Non-specific interacting proteins were defined as highest frequency proteins identified 

in a background model of 550 AP-MS datasets compiled from the structural and non-

structural genes from 12 different picornaviruses, excluding the 3A protein itself (Table 

SI.2).  

Experiment Gene Id Description Z-score 
Replicate count 

sum 

Background 

Avg count 

ACBD3 N-Strep EDTA ACBD3 Golgi resident protein GCP60 23.5 699 0.03 

ACBD3 N-Strep EDTA TBC1D22A TBC1 domain family member 22A 23.6 13 0.00 

ACBD3 N-Strep EDTA TMEM55B transmembrane protein 55B isoform 2 19.6 11 0.00 

ACBD3 N-Strep EDTA PI4KB phosphatidylinositol 4-kinase beta isoform 2 15.7 5 0.00 

ACBD3 C-Strep EDTA ACBD3 Golgi resident protein GCP60 23.5 587 0.03 

ACBD3 C-Strep EDTA TMEM55B transmembrane protein 55B isoform 2 19.6 6 0.00 
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ACBD3 C-Strep EDTA PPM1H protein phosphatase 1H 15.7 14 0.00 

ACBD3 C-Strep EDTA TBC1D22A TBC1 domain family member 22A 11.8 12 0.00 

ACBD3 C-Strep EDTA PI4KB phosphatidylinositol 4-kinase beta isoform 2 7.9 6 0.00 

ACBD3 N-Strep Ca2+ ACBD3 Golgi resident protein GCP60 23.5 701 0.03 

ACBD3 N-Strep Ca2+ GOLGB1 Golgin subfamily B member 1 23.6 62 0.00 

ACBD3 N-Strep Ca2+ CPVL probable serine carboxypeptidase CPVL precursor 23.6 21 0.00 

ACBD3 N-Strep Ca2+ TMEM55B transmembrane protein 55B isoform 2 23.6 17 0.00 

ACBD3 N-Strep Ca2+ BCKDHA 
2-oxoisovalerate dehydrogenase subunit alpha, 

mitochondrial isoform 1 precursor 
15.7 27 0.00 

ACBD3 N-Strep Ca2+ BCKDHB 
2-oxoisovalerate dehydrogenase subunit beta, 

mitochondrial precursor 
15.7 13 0.00 

ACBD3 N-Strep Ca2+ ALG6 
dolichyl pyrophosphate Man9GlcNAc2 alpha-1,3-

glucosyltransferase precursor 
15.7 12 0.00 

ACBD3 N-Strep Ca2+ DLST 

dihydrolipoyllysine-residue succinyltransferase 

component of 2-oxoglutarate dehydrogenase 

complex, mitochondrial isoform 1 precursor 

15.7 8 0.00 

ACBD3 N-Strep Ca2+ DBT 

lipoamide acyltransferase component of branched-

chain alpha-keto acid dehydrogenase complex, 

mitochondrial precursor 

15.4 40 0.00 

ACBD3 N-Strep Ca2+ CKMT1B creatine kinase U-type, mitochondrial precursor 12.6 6 0.00 

ACBD3 N-Strep Ca2+ PA2G4 proliferation-associated protein 2G4 11.8 7 0.00 

ACBD3 N-Strep Ca2+ PDCD6 programmed cell death protein 6 11.8 7 0.00 

ACBD3 N-Strep Ca2+ PI4KB phosphatidylinositol 4-kinase beta isoform 2 11.8 6 0.00 

ACBD3 N-Strep Ca2+ PEF1 peflin 11.8 6 0.00 

ACBD3 N-Strep Ca2+ RPS21 40S ribosomal protein S21 10.0 16 0.02 

ACBD3 N-Strep Ca2+ RPS28 40S ribosomal protein S28 9.3 9 0.01 

ACBD3 N-Strep Ca2+ GNB2L1 
guanine nucleotide-binding protein subunit beta-2-

like 1 
9.3 21 0.03 

ACBD3 N-Strep Ca2+ SET protein SET isoform 2 9.0 6 0.00 

ACBD3 N-Strep Ca2+ KIDINS220 kinase D-interacting substrate of 220 kDa 7.9 4 0.00 

ACBD3 C-Strep Ca2+ ACBD3 Golgi resident protein GCP60 23.5 842 0.03 

ACBD3 C-Strep Ca2+ CPVL probable serine carboxypeptidase CPVL precursor 23.6 24 0.00 

ACBD3 C-Strep Ca2+ PPM1H protein phosphatase 1H 23.6 16 0.00 

ACBD3 C-Strep Ca2+ PI4KB phosphatidylinositol 4-kinase beta isoform 2 19.6 18 0.00 

ACBD3 C-Strep Ca2+ TMEM55B transmembrane protein 55B isoform 2 19.6 11 0.00 
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ACBD3 C-Strep Ca2+ PICALM 
phosphatidylinositol-binding clathrin assembly 

protein isoform 3 
19.6 5 0.00 

ACBD3 C-Strep Ca2+ STEAP3 metalloreductase STEAP3 isoform b 15.7 14 0.00 

ACBD3 C-Strep Ca2+ BLZF1 Golgin-45 15.7 10 0.00 

ACBD3 C-Strep Ca2+ ALG6 
dolichyl pyrophosphate Man9GlcNAc2 alpha-1,3-

glucosyltransferase precursor 
11.8 12 0.00 

ACBD3 C-Strep Ca2+ TBC1D22A TBC1 domain family member 22A 11.8 7 0.00 

ACBD3 C-Strep Ca2+ DLST 

dihydrolipoyllysine-residue succinyltransferase 

component of 2-oxoglutarate dehydrogenase 

complex, mitochondrial isoform 1 precursor 

7.9 9 0.00 

ACBD3 C-Strep Ca2+ BCKDHB 
2-oxoisovalerate dehydrogenase subunit beta, 

mitochondrial precursor 
7.9 6 0.00 

TBC1D22A TBC1D22A TBC1 domain family member 22A 23.6 538 0.00 

TBC1D22A ACBD3 Golgi resident protein GCP60 14.7 42 0.03 

TBC1D22A YWHAE 14-3-3 protein epsilon 12.5 52 0.05 

TBC1D22A RPA1 replication protein A 70 kDa DNA-binding subunit 11.8 36 0.00 

TBC1D22A RPA3 replication protein A 14 kDa subunit 11.8 14 0.00 

TBC1D22A RPA2 replication protein A 32 kDa subunit 11.8 6 0.00 

TBC1D22A VPS35 vacuolar protein sorting-associated protein 35 7.9 10 0.00 

TBC1D22A PA2G4 proliferation-associated protein 2G4 7.9 8 0.00 

TBC1D22A DPY30 protein dpy-30 homolog 7.9 6 0.00 

TBC1D22B TBC1D22B TBC1 domain family member 22B 23.6 1575 0.00 

TBC1D22B ACBD3 Golgi resident protein GCP60 18.3 117 0.03 

TBC1D22B HSPA4 heat shock 70 kDa protein 4 8.5 45 0.06 

TBC1D22B PYCRL pyrroline-5-carboxylate reductase 3 6.7 5 0.00 

TBC1D22B MAD2L1 
mitotic spindle assembly checkpoint protein 

MAD2A 
6.7 5 0.00 

TBC1D22B USP7 ubiquitin carboxyl-terminal hydrolase 7 6.7 4 0.00 

TBC1D22B ARFGEF1 
brefeldin A-inhibited guanine nucleotide-exchange 

protein 1 
6.7 4 0.00 

PI4KB PI4KB phosphatidylinositol 4-kinase beta isoform 2 23.6 1686 0.00 

PI4KB DNAJC10 dnaJ homolog subfamily C member 10 precursor 23.3 84 0.01 

PI4KB YWHAE 14-3-3 protein epsilon 19.5 138 0.05 

PI4KB GBA glucosylceramidase isoform 2 18.8 23 0.00 
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PI4KB PPP2R2A 
serine/threonine-protein phosphatase 2A 55 kDa 

regulatory subunit B alpha isoform isoform 2 
14.1 7 0.00 

PI4KB MTA2 metastasis-associated protein MTA2 14.1 6 0.00 

PI4KB PPP2R1A 
serine/threonine-protein phosphatase 2A 65 kDa 

regulatory subunit A alpha isoform 
12.9 16 0.02 

PI4KB ACBD3 Golgi resident protein GCP60 12.8 35 0.03 

PI4KB RBBP7 histone-binding protein RBBP7 isoform 2 12.6 19 0.01 

PI4KB STUB1 E3 ubiquitin-protein ligase CHIP 11.0 16 0.02 

PI4KB ADRM1 proteasomal ubiquitin receptor ADRM1 precursor 10.9 4 0.00 

PI4KB C10orf76 UPF0668 protein C10orf76 9.4 17 0.00 

Table 1. Interacting proteins identified by AP-MS for ACBD3, TBC1D22A, 

TBC1D22B and PI4KIIIb were weighted by Z-score of the peptide counts. Proteins are 

listed here with replicate Z-scores and peptide counts in the experimental set with a 

minimum of N=5 biological replicates, and were scored against a background set of 

550 unrelated picornaviral protein AP-MS experiments, excluding the 3A protein itself 

(Methods). Shown here are the top scoring proteins that appeared in at least two 

replicate experiments and >1 count in at least one experiment. The major interacting 

proteins for ACBD3 included TBC1D22A, PI4KB, as well as PPM1H, TMEM55B 

isoform 2, CPVL and GOLGB1. Reciprocal AP-MS experiments with TBC1D22A, its 

closely related isoform TBC1D22B, and PI4KB confirmed interaction with ACBD3. 

 

Using this AP-MS approach combined with z-score ranking for interaction 

specificity, we found that ACBD3 interacted with TBC1 domain family, member 22A 

protein (TBC1D22A) in a highly specific manner, and at levels that were comparable to 

PI4KB (Table 1, and full Z-scores provided in S4).  Additional proteins such as trans-

membrane protein 55B isoform 2 (TMEM55B) and protein phosphatase 1H (PPM1H) 
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were also observed to be specific for ACBD3.  The known ACBD3-interacting Golgi 

protein giantin/GOLGB1 was identified in affinity purifications of N-terminally tagged 

ACBD3 only in a buffer that included potassium chloride and divalent cations (Table 1) 

(7). 

TBC1D22A is a 58kDa protein that is localized to the Golgi and involved in 

Golgi maintenance, along with its closely related isoform TBC1D22B (13).  Both 

contain a C-terminal TBC-domain that responsible for Rab GTPase activation with a 

putative preference for Rab33A/B (9).  Overexpression of TBC1D22B was shown to 

cause disruption of the ER-Golgi intermediate compartment (ERGIC), which was 

dependent on its GAP-activity (13).  Based on the localization of ACBD3 and 

picornavirus replication to ERGIC associated membranes, TBC1D22A/B merited 

further investigation. 

Affinity purification of TBC1D22A/B or PI4KB captures ACBD3 and 14-3-3 

proteins 

To confirm the ACBD3-TBC1D22A interaction, reciprocal affinity purification 

was undertaken with N- and C-terminal Strep-tagged TBC1D22A and TBC1D22B 

(Tables S3B and S3C).  The top ranking interacting protein for both TBC1D22A and 

TBC1D22B was ACBD3 (Table 1).  Multiple 14-3-3 isoforms were also found in high 

abundance in affinity purifications for both TBC1D22A and TBC1D22B (Table SI.5).  

14-3-3 proteins are 27kDa adaptor proteins that bind phosphoserine residues on a 

multitude of cellular proteins involved in diverse signaling pathways (14).  

TBC1D22A/B phosphopeptides are reported in Table SI.6 and include a putative 14-3-
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3 recognition site at serine 167 (TBC1D22A) or serine 154 (TBC1D22B).  No peptides 

to PI4KB were recovered in any AP-MS experiments of TBC1D22A or TBC1D22B 

suggesting that ACBD3-TBC122A/B containing complexes do not contain PI4KB. 

To further confirm the PI4KB-ACBD3 interaction, affinity purification of 

Strep-tagged PI4KB was performed.  The top ranking protein was ACBD3 while a 14-

3-3 isoform was ranked third (Tables 1 and S3D).  The 14-3-3 proteins have been 

shown to bind PRKD1-phosphorylated serine 294 of PI4KB and influence its catalytic 

activity (15).  This phosphorylated site and others were identified in our affinity 

purifications as well, as reported in Table SI.6.  Several additional proteins of unknown 

significance (C10orf76, GBA, MTA2) discovered in a recent Flag-tag AP-MS 

experiment of PI4KB also ranked highly in our screen (16).  Finally, as in the reciprocal 

case above, no peptides to TBC1D22A or TBC1D22B were recovered in any AP-MS 

experiments of PI4KB. 

ACBD3-TBC1D22A/B interaction maps to coiled-coil region and overlaps with 

PI4KB-interacting region of ACBD3 

To further query the hypothesis that TBC1D22A/B binding and PI4KB binding 

may represent distinct, potentially competitive, binding states of ACBD3, a mammalian 

two-hybrid reporter assay was used to map the sites of interaction on ACBD3 by 

deletion mutagenesis (Figure 1).  N-terminal truncations of the acyl-CoA binding 

domain, C-terminal truncations of the GOLD domain, and alanine scanning through the 

entirety of the CAR domain did not affect ACBD3 binding to TBC1D22A/B, while 

deletions and point mutations located in the conserved glutamine-rich coiled-coil region 
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between residues 246-321 significantly reduced TBC1D22A/B binding.  This region 

has previously been implicated in binding PI4KB (6).  Mapping of PI4KB on ACBD3 

revealed significant overlap with the region bound by TBC1D22A/B (Figure 1A).  

Three mutants in the glutamine-rich region (VQF255AAA, PGN267AAA, 

EQHY281AAAA) significantly reduced ACBD3 binding to both PI4KB and 

TBC1D22A/B (Figure 1B).  However, no mutant of ACBD3 could be isolated that 

retained wild-type levels of PI4KB binding while disrupting TBC1D22A/B binding, or 

vice versa, including mutation of a recovered phosphorylation site, SS344 (Table SI.6).  

Two single point mutants in the glutamine rich region (F258A and Y285A) did 

demonstrate a significant difference in PI4KB binding versus TBC1D22B and merit 

further investigation.  We also note that in no AP-MS experiment was TBC1D22A/B 

detected in a PI4KB affinity purification nor was PI4KB detected in any TBC1D22A/B 

AP-MS experiment (Tables S3B-S3D). Together, these data support to the notion that 

PI4KB and TBC1D22A/B participate in a mutually exclusive relationship with 

ACBD3. 
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Figure 1 – TBC1D22A/B interaction on ACBD3 is localized to the coiled-coil 

region and overlaps with PI4KB-interacting region.  A. Mapping of TBC1D22A/B 

and PI4KB binding localizes to the glutamine-rich (Q) region on ACBD3 by 

mammalian two-hybrid. All three proteins demonstrate similar binding values for all of 

the mutants tested, with a slight preference of TBC1D22A over TBC1D22B and 
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PI4KB.  B. Alanine mutants across the C-terminal half of ACBD3 demonstrate that 

TBC1D22A/B and PI4KB binding to ACBD3 is only disrupted by mutations in the 

glutamine-rich region and not by mutations in the C-terminal GOLD domain.  Binding 

values for the protein-protein interaction reporter (firefly luciferase) are plotted as a 

percentage of the transfection control values (Renilla luciferase)..  Graphical 

representation of each construct is colored based on binding value. Low binding is 

depicted in black while high binding depicted in red. The critical region defined by the 

collection of constructs is demarcated by the yellow box with dotted line. (ACBD – 

acyl-CoA binding domain, CAR – charged amino acid region, Q – glutamine-rich 

region, GOLD – Golgi dynamics domain). 

 

The N-terminus of TBC1D22A/B is required for ACBD3 interaction 

To understand whether the RabGAP domain or some other region of 

TBC1D22A/B was responsible for the interaction with ACBD3, both mammalian two-

hybrid mapping and AP-Western was performed on deletion mutants of TBC1D22A/B. 

By both of these methods, the ACBD3 interacting region was localized to a predicted 

alpha-helix between residues 90-105 of TBC1D22A, demonstrating that the TBC-

domain was not required for binding (Figure 2A).  Alanine scanning mutagenesis of 

this region revealed a valine-leucine residue pair that was required for ACBD3 binding 

along with a minor involvement of residues VVME93 (Figure 2B).   

TBC1D22A and TBC1D22B share 78% identity by amino acid in their 

respective RabGAP domains yet share <40% identity by amino acid outside of the 
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RabGAP domain.  Deletion mapping of TBC1D22B similarly localized the ACBD3 

interaction to a predicted alpha-helix with conserved sequence to TBC1D22A, 

including the valine-leucine pair (Figure 2C).  Alanine scanning of this region on 

TBC1D22B also revealed substantial defects (≥100-fold decrease) in binding, 

especially at VL100. (Figure 2D).  Mutation of phosphorylation sites on TBC1D22B 

discovered by mass spectrometry, all of which residue outside the identified interacting 

region, to glutamic acid as a phosphomimetic did not affect binding to ACBD3. 

Mammalian two-hybrid mapping on TBC1D22A/B was confirmed by AP-

Western and AP-MS.  Interestingly, six total AP-MS experiments with full-length 

TBC1D22A, TBC1D22B, and deletion mutants of TBC1D22A, all of which retained 

ACBD3-binding, copurified with ARFGEF1, a trans-Golgi localized Sec7-domain 

containing guanine exchange factor for Arf1 (17).  This interaction is highly specific, as 

peptides to ARFGEF1 were only been detected in a those six deletion and full-length 

TBC1D22A/B AP-MS experiments out of total of >2100 AP-MS runs in our lab. 
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Figure 2 – ACBD3 interaction localizes to the N-terminus on TBC1D22A and 

TBC1D22B and is disrupted by the same valine-leucine mutation.  A. Deletion 
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mutagenesis of TBC1D22A specifically localizes its interaction with ACBD3 by 

mammalian 2-hybrid to a predicted N-terminal helix near residues 90-105.  B.  Alanine 

scanning reveals a critical dependence on residues VL101 with contribution from 

VVME93.  C.  Deletion mutagenesis of TBC1D22B also localizes its interaction with 

ACBD3 to a predicted N-terminal helix, as in TBC1D22A, despite an amino acid 

identity of <40% outside of the RabGAP domain.  D.  Alanine scanning across the 

TBC1D22B helix demonstrates the ACBD3 interaction is significantly disrupted by the 

VL100AA mutation, as well as contribution from upstream residues LNS88.   

 

Deletion mapping, alanine mutagenesis, and AP-Western of TBC1D22A 

revealed a significant involvement of serines 165 and 167 for 14-3-3 protein 

recruitment.  This site matches the canonical type I 14-3-3 binding motif of R-[SFYW]-

X-pS-X-P, suggesting that serine 167 is the phosphorylated serine responsible for 14-3-

3 recruitment (18).  TBC1D22A deletion and point mutants that disrupted 14-3-3 

binding retained the ability to bind ACBD3, while the TBC1D22A VL101AA mutant 

that disrupted ACBD3 interaction was still able to bind 14-3-3 isoforms similar to wild-

type TBC1D22A (Figure 2A).  While the significance of TBC1D22A interaction with 

14-3-3 proteins remains unknown, these data suggest that TBC1D22A interaction with 

ACBD3 is not mediated by 14-3-3 isoforms or vice versa.  

PI4KB-ACBD3 interaction maps to N-terminus of PI4KB 

We employed both AP-Western and mammalian two-hybrid mapping in 

conjunction with deletion mutants to localize the region of PI4KB required for 
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interaction with ACBD3 (Figure 3).  By N-terminal and C-terminal deletion, a region of 

19 amino acids, extending from residues 53-70, of PI4KB were necessary for 

interaction with ACBD3 by both assays, indicating that the catalytic domain, the lipid 

kinase unique (LKU) region, and the Hom2 region of PI4KB were dispensable (19) 

(Figure 3A). Analogous to what was found in TBC1D22A/B, alanine scanning of this 

narrow region in PI4KB revealed that a valine-leucine pair (VL67) was required for 

ACBD3 interaction with additional contribution from upstream residues (Figure 3B), 

suggesting that both of these proteins bind ACBD3 via a similar motif.  These results 

were also confirmed by AP-Western.  Two mutants, VL67 and IDP55 were identified 

that retained the ability to bind alternative PI4KB partners, C10orf76 and Rab11B, 

suggesting that the ACBD3 binding deficit was specific (Figure 3B).  We note the 

QE65AA mutant demonstrated no ability to bind C10orf76 nor Rab11B but bound to 

ACBD3 at levels 6-fold greater than wild-type according to the mammalian two-hybrid 

reporter (Figure 3B), although it is not necessarily clear whether these differences in 

binding are due to increased binding to one factor or inability to bind another 

competing factor.  Finally, mutation of PI4KB phosphorylation sites discovered by 

mass spectrometry, all of which reside outside the critical interaction region, to 

glutamic acid did not affect binding to ACBD3, C10orf76, or Rab11B. 
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Figure 3 – ACBD3 interaction localizes to the N-terminus on PI4KB and is 

disrupted by the same valine-leucine mutation.  A. Deletion mapping of PI4KB 

localizes its interaction with ACBD3 to the far N-terminus on PI4KB by mammalian 2-

hybrid. B. Alanine scanning of the putative alpha-helix on PI4KB demonstrated a 

significant contribution of residues VL67 and IDP55 to its interaction with ACBD3.  

Binding of PI4KB-interactors Rab11B and C10orf76 was used to control for global 
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protein defects. Mutant QE65AA abrogated binding of PI4KB to C10orf76 and 

Rab11B but increased binding to ACBD3 by 6-fold. 

 

TBC1D22A/B competes with PI4KB for ACBD3 binding in vitro 

The combined AP-MS and fine scale mapping data for TBC1D22A/B and 

PI4KB suggest a mutually exclusive binding relationship with ACBD3. If this were the 

case, we would expect there to be a competitive binding relationship between these two 

proteins and ACBD3.   To qualitatively test this hypothesis in a competition 

experiment, increasing amounts of protein lysate from 293T cells expressing 

TBC1D22A-Flag was added to premixed 293 lysate from PI4KB-V5 and ACBD3-

Strep expressing cells (Figure 4A).  Affinity purification of ACBD3-Strep revealed 

decreasing amounts of copurified PI4KB-V5 as a function of increasing amounts of 

TBC1D22A-Flag. (Figure 4B).  This competition was independent of RabGAP activity 

as only the N-terminus of TBC1D22A was required (Figure 4C).  293T cell lysate that 

did not express TBC1D22A-Flag could not compete off PI4KB-V5 (Figure 4D). 

 

Figure 4 – N-terminus of TBC1D22A can compete with PI4KB for binding of 
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ACBD3.  A.  Experimental setup to test for binding competition.  V5-tagged PI4KB 

expressing 293T lysate was premixed with Strep-tagged ACBD3 expressing 293T 

lysate and divided seven ways.  Increasing amounts of Flag-tagged TBC1D22A 

expressing 293T lysate was added to each tube and lysates were affinity purified for 

Strep-tagged ACBD3 and assayed by Western with anti-V5, anti-Strep, and anti-Flag 

antibodies.  B.  Addition of increasing amounts of full-length TBC1D22A-Flag reduces 

the amount of PI4KB-V5 bound by ACBD3-Strep.  C.  A Flag-tagged N-terminal 

fragment (1-128) of TBC1D22A is sufficient to compete off PI4KB-V5 from ACBD3-

Strep.  D. Untransfected lysate is unable to compete PI4KB-V5 from ACBD3-Strep. 

 

3A-binding region of ACBD3 localizes to GOLD domain and associates with 

ACBD3 self-binding 

Previously we and others demonstrated that enteroviral and kobuviral 3A 

proteins interact with ACBD3 by AP-MS and AP-Western (5, 6). To test whether other 

picornavirus 3A proteins bound ACBD3 more transiently, we tested hepatovirus, 

klassevirus, parechovirus, cardiovirus, and aphthovirus 3A proteins in the mammalian 

two-hybrid assay.  In this assay, both kobuvirus and enterovirus 3A proteins bound 

strongest to ACBD3 while the 3A proteins of hepatovirus, klassevirus, and 

parechovirus all demonstrated a significant but lesser (approximately 10-fold) ability to 

bind ACBD3 (Figure 5A).  Cardiovirus and aphthovirus 3A proteins did not 

demonstrate binding to ACBD3 above background. 
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Aichi virus 3A interaction with ACBD3 was previously mapped to the GOLD domain 

of ACBD3 (6).  Given the broad range of picornavirus 3A proteins interacting with 

ACBD3, we used the mammalian two-hybrid reporter system to investigate whether 

these 3A proteins also interacted with the C-terminal GOLD domain. Both poliovirus 

and Aichi virus 3As mapped to the C-terminal half of ACBD3 (Figure 5B), consistent 

with deletion mapping by AP-Western.  To further refine the deletion mapping, we 

found that alanine mutations in the coiled-coil region of ACBD3 that did not bind 

TBC1D22A/B and PI4KB (VQF255AAA and EQHY281AAAA) retained picornavirus 

3A binding.  However, all alanine mutations in the GOLD domain disrupted binding of 

both picornaviral 3As (Figure 5C).  One mutation near the C-terminus (SYS511AAA or 

Y512A) demonstrated a slight difference in preference of poliovirus 3A over Aichi 

virus 3A, suggesting that the binding between the two proteins may only be subtly 

different (Figure 5C and S3B).    

Fine-scale mapping indicated that binding of the 3A proteins was critically 

dependent on the presence of Tyr residue 525, only three amino acids from the C-

terminus of wild-type ACBD3 (Figure 5D).  Mapping of the HAV and klassevirus 3A 

interactions with ACBD3 revealed a similar interaction profile as Aichi virus and 

poliovirus 3A suggesting that these diverse picornaviruses bind ACBD3 in an 

analogous manner despite their wide sequence divergence (20–22). 

The critical dependence of multiple GOLD-domain interacting proteins on the 

presence of Tyr-525 for binding to ACBD3 suggested a potential intramolecular 

ACBD3 interaction was required. We tested whether ACBD3 could bind itself in the 

context of the mammalian two-hybrid assay.  ACBD3 demonstrated an interaction with 
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itself that mapped to the GOLD-domain as well as the threshold effect at Tyr-525 

(Figure 5B-D).  Mutations in the GOLD-domain that disrupted interaction with ACBD3 

interacting partners similarly disrupted ACBD3 homomerization.   However, one 

mutant (SYL414AAA) specifically disrupted ACBD3 homomerization while only 

slightly decreasing binding to poliovirus 3A and Aichi virus 3A, demonstrating that 3A 

binding to ACBD3 is not dependent on ACBD3 homomerization, at least for these viral 

species, as klassevirus 3A and Hepatitis A virus 3A did not bind the ACBD3 

SYL414AAA mutant above background. While these results are suggestive of a 

possible interplay between ACBD3 homerization and binding by viral 3A proteins, 

additional biochemical characterization will be required to explore this dynamic. 
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Figure 5 – Picornaviral 3A proteins interact with the GOLD domain of ACBD3 

and demonstrate far C-terminus is critical for ACBD3 self-binding. A. Picornavirus 

3A proteins were tested for their ability to bind ACBD3 by mammalian two-hybrid.  In 

addition to kobuvirus and enterovirus, 3A proteins from hepatitis A virus, klassevirus, 

and human parechovirus 1, demonstrated an intermediate affinity for ACBD3. 

Cardiovirus and aphthovirus showed no ability to bind ACBD3 above background.  B. 

Poliovirus and Aichi virus 3A proteins interact with the C-terminal GOLD domain of 

ACBD3.  C. Mutations in GOLD domain disrupt picornavirus 3A binding and ACBD3 

self-binding.  One ACBD3 mutant (SYS511AAA) demonstrated a subtle ability to 

distinguish between poliovirus and Aichi virus 3A proteins.  D.  Picornavirus 3A 

proteins and ACBD3 demonstrate a critical dependence on the presence of residue 525 

for binding to ACBD3. 

 

ACBD3-binding region on picornavirus 3As are distinct 

To further investigate the possibility of differential ACBD3 interactions with 

Aichi virus and poliovirus 3A proteins, we extended our deletion and mammalian two-

hybrid mapping of the ACBD3-interacting region for both of these proteins.  Deletion 

of the C-terminal half of poliovirus 3A reduced ACBD3 binding by 100-fold, while a 

comparable deletion in Aichi 3A retained ACBD3 binding (Figure 6A-B), consistent 

with previous results in which alanine scanning the entirety of Aichi 3A revealed only 

two point mutations that affected ACBD3 binding (5).  N-terminal deletions in the 

GBF1-binding domain of poliovirus 3A significantly increased ACBD3 binding 

relative to wild-type by more than 10-fold (Figure 6A).  Alanine scanning of much of 
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the N-terminal half of poliovirus 3A revealed several point mutants C-terminal to 

GBF1 binding site that were critical for binding ACBD3 by AP-Western (D29A, R34A, 

KKGW42-KGA, R54A).  These results implicate multiple portions of Aichi 3A for 

binding to ACBD3, while poliovirus 3A appears to contain a defined ACBD3-binding 

domain that is C-terminal to its GBF1-binding region and dimerization region (23).  
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Figure 6 –  Mapping of poliovirus and Aichi virus 3A interaction with ACBD3 

reveals a differences in 3A/ACBD3 interaction architecture.  A. Deletions of 

poliovirus 3A illustrate that a region C-terminal to the GBF1-binding region and N-

terminal of the predicted transmembrane region is required for binding ACBD3. B.  
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Deletions of Aichi virus 3A reveal the presence of multiple ACBD3-binding regions 

across the 3A protein with the bulk of ACBD3 binding mapping to the N-terminal half 

of Aichi virus 3A. 

 

Kobuviral 3A proteins prevent TBC1D22A binding to ACBD3 while enterovirus 

3A proteins do not 

Given that TBC1D22A/B appears to compete with PI4KB for ACBD3 binding 

and picornaviruses are dependent on PI4KB for activity, we hypothesized that 

picornavirus 3A interaction with ACBD3 could influence the outcome of this 

competition. We note that in the picornavirus 3A AP-MS data we have published 

previously(5), peptides to TBC1D22A/B were recovered in multiple enteroviral 3A AP-

MS experiments while no peptides to TBC1D22A/B were ever identified in kobuviral 

3A AP-MS experiments where a stable ACBD3-PI4KB complex was identified (Table 

SI.4) (5). To test this hypothesis, we examined whether the presence of different 3A 

proteins affected the TBC1D22A-ACBD3 interaction.  We co-expressed kobuvirus 3A 

and enterovirus 3A proteins together with TBC1D22A, and then assayed affinity 

purified TBC1D22A by western blot.  Whereas the expression of enterovirus 3A 

proteins did not affect the recovery of affinity purified TBC1D22A, we observed an 

apparent affect on the expression of TBC1D22A in the presence of kobuvirus 3A.  

We investigated whether the presence of Aichi 3A or poliovirus 3A could affect 

the endogenous level of TBC1D22A mRNA. Using HEK293T cells transfected with 

Aichi 3A-Flag or poliovirus 3A-Flag, we measured the level of TBC1D22A mRNA by 
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qRT-PCR. There was no significant difference in the level of TBC1D22A mRNA in the 

presence of poliovirus 3A, and only modest changes (< 14%) in the presence of 

TBC1D22A.   

To investigate the affect of picornavirus 3A protein interaction with respect to 

PI4KB and TBC1D22A interaction with ACBD3, and to avoid the apparent effect of 

co-expression differences in the presence of 3A proteins, we separated the expression 

of the proteins by independently transfecting Flag-tagged picornavirus 3A proteins and 

TBC1D22A-V5 into different plates of HEK293T cells.  We then immunoprecipitated 

TBC1D22A-V5 complexes onto beads and added exogenous HEK293T lysates 

containing overexpressed poliovirus 3A-Flag and Aichi virus 3A-Flag. Finally, the 

TBC1D22A-V5 beads were recovered and assayed for ACBD3 and 3A-Flag 

recruitment by Western blot (Figure 7A).  Poliovirus 3A-Flag could be readily detected 

in TBC1D22A-ACBD3-containing complexes, while Aichi virus 3A-Flag could not 

(Figure 7B).  Quantification of this difference demonstrated a >7-fold increase 

poliovirus 3A recovery from the TBC1D22A-V5 beads than Aichi virus 3A (Figure 

7C). Collectively, these results support a model whereby the kobuviral and enteroviral 

3A proteins may differentially modulate the interaction of PI4KB and TBC1D22A/B 

with ACBD3.   
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Figure 7 – Aichi virus 3A does not occupy same ACBD3 as TBC1D22A, while 

poliovirus 3A proteins can occupy the same ACBD3 as TBC1D22A.  A. 

Experimental setup to test the influence of 3A proteins on the interaction of 

TBC1D22A with ACBD3.  V5-tagged TBC1D22A, Flag-tagged Aichi virus 3A and 

Flag-tagged poliovirus 3A were each singly transfected into a 15cm plate of HEK293T 

cells.   TBC1D22A-V5 was immunoprecipitated with anti-V5 beads, washed 4 times, 

and left on the bead, to which Flag-tagged picornaviral 3A protein lysate was added and 

left to incubate overnight at 4°C.  This lysate was again centrifuged with the anti-V5 

beads, washed 4 times, and then captured proteins were boiled off the beads in SDS 

sample buffer to examine whether 3A-Flag could occupy the same ACBD3 as 

TBC1D22A by Western.  B.  Flag-tagged Aichi virus 3A does not copurify with 

TBC1D22A-V5 and bound ACBD3, while Flag-tagged poliovirus 3A copurifies with 

TBC1D22A-V5 and its captured ACBD3 by Western.  C. Quantification of bound 

poliovirus 3A-Flag relative to Aichi virus-Flag, adjusted for the amount of ACBD3 

pulled down, reveals a 7-fold difference in binding. 
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Discussion 

In this study we have identified TBC1D22A/B as a new interacting partner of 

ACBD3, a protein of central importance in Golgi organization and picornaviral 

replication.  TBC1D22A/B is a Golgi-localized putative Rab33 RabGAP (9).  Altered 

ER-Golgi morphology has been associated with overexpression of TBC1D22B and is 

dependent on the presence of TBC1D22B RabGAP activity (13).  We found the 

interaction between TBC1D22A/B and ACBD3 was dependent on a narrow region that 

maps to a predicted helix in the N-terminus of TBC1D22A/B.  This interaction may 

determine localization of these RabGAPs to the Golgi and their ability to affect Golgi 

morphology. TBC1D22A/B bound to the same region on ACBD3 as PI4KB, and we 

found that the same residues that were critical for TBC1D22A/B binding were also 

critical for PI4KB binding.  Together with our finding that TBC1D22A/B directly 

competed with PI4KB for ACBD3 binding, this suggests that, in addition to putatively 

regulating Rab33 GTP-binding in the Golgi, these RabGAPs may in part determine the 

Golgi localization of PI4KB thereby influencing cellular PI4P levels and Golgi 

morphology.  It is also of note that other RNA viruses and intracellular pathogens use 

TBC domain containing proteins and their binding partners to manipulate Rab 

dynamics at the ER-Golgi interface for their replication, including Hepatitis C virus, 

Legionella, Shigella, and pathogenic E. coli (24–27). 

 Given that both TBC1D22A/B and PI4KB share very similar binding sequences 

and no ACBD3 mutant could be found that discriminates between these two partners, it 

remains an open question whether direct regulation of either of these proteins produces 

modified binding to ACBD3.  Mutation of the main phosphorylation site on ACBD3 
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(SS344) to alanine or glutamic acid had no differential effect on TBC1D22A/B versus 

PI4KB binding.  Conversion of the identified phosphorylation sites on TBC1D22B and 

PI4KB to glutamic acid also did not disrupt interaction with ACBD3.  Both 

TBC1D22A/B and PI4KB are organized in a similar fashion, with an N-terminal 

ACBD3-binding domain, a 14-3-3 binding phosphorylation site in the middle, and a C-

terminal enzymatic domain.  Because 14-3-3 does not bind to phosphomimetic 

mutations, we were unable to test the effect of 14-3-3 binding on interaction with 

ACBD3 without phosphorylation (18).  At present, in the absence of three-dimension 

structure information for each of these proteins, it is not clear what regulates the 

binding of TBC1D22A/B versus PI4KB to the glutamine-rich region of ACBD3. 

The picornaviral 3A proteins may inform the cellular biology that regulates 

whether TBC1D22A/B or PI4KB is bound to ACBD3. An open question in 

picornavirus biology is why enteroviruses retain a specific GBF1 recruitment domain 

and are sensitive to brefeldin A while kobuviruses do not bind GBF1 and are 

insensitive to brefeldin A.    Given that multiple picornaviruses rely on ACBD3 and 

PI4KB, direct competition by TBC1D22A/B suggests that viruses have evolved a 

mechanism to subvert cellular regulation of these two proteins.  Our data show that the 

kobuviral 3A proteins appear to abrogate the binding of TBC1D22A/B to ACBD3, thus 

favoring a stable 3A-ACBD3-PI4KB complex to form that remains even after 25-30 

minutes of washing. This stable complex may obviate the need for GBF1 recruitment 

and activity and allow kobuviruses to directly influence PI4KB localization and activity 

with respect to viral replication in a manner similar, yet distinct from enterovirus 3A.  It 

is also remarkable that a protein that binds entirely to the GOLD domain can 
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manipulate the binding of proteins in other domains of ACBD3, suggesting a potential 

crosstalk between ACBD3’s various domains. 

It is not clear if or how enteroviruses manipulate the TBC1D22A/B-ACBD3 

interaction, given that enterovirus 3A and TBC1D22A/B appear to occupy the same 

ACBD3 in our affinity purifications.  The ACBD3-PI4KB-TBC1D22A/B system may 

provide a clue as to why enterovirus 3A proteins directly bind to and require GBF1 for 

replication.  Mapping of the ACBD3-interacting region on the poliovirus 3A protein 

demonstrated an ACBD3-binding domain C-terminal to the region responsible for 

binding GBF1, suggesting that poliovirus 3A’s recruitment of GBF1 to Golgi 

membranes might be for recruitment of GBF1 to ACBD3.  GBF1-Arf1 dynamics at the 

membrane may be responsible for recruiting another regulator that determines whether 

TBC1D22A/B or PI4KB is bound to ACBD3.  Our affinity purification conditions may 

not promote the formation of a 3A-GBF1-ACBD3-PI4KB complex, thus allowing 

TBC1D22A/B to compete off PI4KB from ACBD3. 

Future experiments with the PI4KB mutants isolated in this study will help 

illuminate whether different PI4KB mutants can rescue enterovirus replication after 

depletion of native PI4KB.  However, it is of note that enteroviruses selected for 

resistance to enviroxime family PI4KB inhibitors contain mutations in the ACBD3-

binding region of 3A (V45A and H57Y) (28).  How these mutants affect ACBD3 

binding by 3A is an important question for future work. 

In conclusion, multiple picornaviruses co-opt the same central ACBD3-PI4KB 

axis for replication but utilize different cellular mechanisms to manipulate the system.   
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The kobuviruses and enteroviruses may reflect convergent evolutionary strategies to 

manipulate this key lipid regulator.  The mutants obtained in this study will be useful 

tools to test whether PI4KB localization to ACBD3 is required for picornavirus 

replication, the effect of ACBD3, TBC1D22A/B, and GBF1 on PI4P levels in the cell, 

and to discover regulatory mechanisms that govern the ACBD3 interactome.
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Chapter 6 – Future Work 

 

In summary, this thesis describes the use of genomics to discover a novel 

picornavirus associated pediatric diarrhea and that entails productive human infection 

through the seroconversion of infected individuals.  When conventional methods to 

biochemically characterize the virus failed – including attempts to culture the virus in a 

variety of cell lines – t he use of culture-independent biochemical methods such as 

affinity purification mass spectrometry enabled the discovery of a new 3A-ACBD3-

PI4KB complex associated with the replication for a variety of picornaviruses.  

Different picornaviruses likely regulate the formation of the 3A-ACBD3-PI4KB 

through a variety of different mechanisms.  This complex is likely to be used for 

replication of klassevirus, based on the detection of interaction in two-hybrid studies, 

though confirmation of this hypothesis requires a cultured klassevirus.  This chapter 

describes future work for both klassevirus and the 3A-ACBD3-PI4KB complex as well 

as future proteomic approaches used to characterize viral-host interactions. 

 

Klassevirus Future 

 A number of interesting questions remain for future work in klassevirus.  Recent 

work has shown that klassevirus is associated with approximately 4% of pediatric 

diarrhea in South Korea and China (5, 11).  In South Korea, 29% of klassevirus-

infected individuals were associated with respiratory disease, though klassevirus was 

not detected in respiratory secretions by RT-PCR.  Nonetheless, it is not clear whether 

any clinical disease other than diarrhea is associated with klassevirus.  Certainly, 
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picornaviruses such as hepatitis A virus or foot-and-mouth disease virus can be found 

in the stool, but this does not depict the entire clinical story of the virus.  With further 

testing for klassevirus and review of clinical charts, perhaps further clinical disease can 

be associated with klassevirus.  The ability to detect seroconversion to klassevirus in 

humans, as described in chapter 3, broadens the ability to associate this virus with 

clinical disease.  

 Future work can also focus on obtaining a culturable isolate of klassevirus to 

further understand of its mechanism of replication.  Klassevirus is of course not the first 

diarrheal virus that has been recalcitrant to culture.  Noroviruses are notorious for not 

being culturable despite being discovered in 1967.  The inability to culture these viruses 

might be related to the dearth of stomach and small intestinal cell lines available.  The 

newfound ability to reprogram stem-cells and grow intestinal organoid cell culture 

system might promote the ability to replicate these RNA viruses (4, 13).  Cell culture 

growth of the virus would allow testing of the hypothesis that the ACBD3-PI4KB 

complex is required for klassevirus replication. 

 

ACBD3 Future 

 The discovery that a number of picornaviruses rely on the ACBD3-PI4KB 

complex for replication means that more basic and applied research is needed to 

understand this central Golgi hub.  Though the interactome is filling out, as shown in 

Chapter 5, there is still an opportunity to understand more about ACBD3 protein-

protein interactions.  Obviously a crystal structure of the entire ACBD3 protein would 

enable a greater comprehension of how the various domains communicate with each 
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other. The ACBD3-giantin interaction was found to be dependent on the type of buffer 

used affinity purification experiments, suggesting that conformation of one or both 

proteins changes with the addition of divalent cations or potassium or other buffer 

constituents.  Simple addition or subtraction experiments could determine what 

constituents are required for the correct conformation for a protein-protein interaction.  

The role of TMEM55B in the interactome is not fully understood as it was the second 

most specific interactor of ACBD3 and already has a biochemical role in regulating the 

phosphorylation status of phosphatidylinositol membranes (14).  As noted in Chapters 4 

and 5, much work will be required to understand what regulatory mechanisms rule the 

ACBD3 interactome, including the role of GBF1-ARFGEF1-Arf1 and how 

TBC1D22A/B and PI4KB binding to ACBD3 is governed. 

 Outside of protein-protein interactions, the lipid binding preference of the acyl-

CoA domain of ACBD3 remains an open question.  The ACBD for ACBD3 is 

unusually long for ACBD-containing proteins and contains an extra helix.  This may 

affect the binding preference of the acyl-CoA backbone of lipids and allow binding to 

phosphatidylinositols.  The lipid binding preference may inform whether ACBD3 

functions as a lipid cofactor of PI4KB.  Interestingly, our lab has detected a strong, 

specific interaction between ACBD6 and NMT1/2, suggesting that the ACBD family 

may serve as a lipid enzyme cofactor required for rapidly extracting lipids from 

membranes and delivering them to lipid modifying enzymes.  Also, the GOLD domain 

of ACBD3 may have a lipid binding ability or preference, as this domain is often found 

in Golgi-associated proteins with other lipid binding or lipid regulatory domains.  

Mutation of the YYTR residues at the very C-terminus strongly affected protein-protein 
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interactions with the GOLD domain and these residues have previously been implicated 

in cholesterol binding in other proteins (3).  Finally, the druggability of ACBD3-PI4KB 

complex requires further investigation.  Recent success with developing protein-protein 

interaction inhibitors suggests that inhibitors of the 3A-ACBD3 or 3A-GBF1 

interaction might enjoy more specificity and less toxicity than inhibiting PI4KB 

directly. 

 

Viral-Host Proteomics Future 

The ability to cheaply sequence the genome of any organism has opened up a 

purview of applied proteomics for any organism.  Improved access to high-resolution 

high-sensitivity mass spectrometry will enable more sensitive and quantitative detection 

of protein complex components. The addition of automated systems for 

cloning/tagging, expression, and affinity purification would greatly enhance the 

throughput of AP-MS analyses and allow biochemistry to keep pace with the growth in 

genomic sequencing (7). 

Protein complexes are currently analyzed in biophysical studies with highly 

purified, large quantity preparations for binding studies—if this preparation could be 

scaled down with higher sensitivity methods for detection, biophysical analysis would 

become more accessible on the ‘omic scale for simultaneous analysis of multiple 

complexes. New developments in mass spectrometry are able to perform native 

complex analysis on intact protein complexes, through the use of softer ionization 

methods and chemical crosslinking techniques for capturing relevant species.  For 

example, native complexes are now being analyzed in progressively more physiological 
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conditions with mass spectometry. This requires modifications to commercial 

instrumentation and has only recently become available in the form of a high-mass 

Orbitrap, which incorporates high-pressure desolvation for ionization of large proteins 

(10).  Chemical crosslinking techniques can enhance sensitive detection of transient or 

weak interactions (6, 12). 

 Crosslinking-MS could also inform in the now laborious mapping of 

interactions, as crosslinked peptides could localize interacting interfaces.  Instead of 

gene synthesis and alanine scanning, massive mutagenesis followed by 3-hybrid 

selection or cell sorting and deep sequencing could allow one to probe the entire 

sequence space of a protein and how its interactome is affected.  Knowledge of subtle 

changes in the interaction interface could inform the development of protein-protein 

interaction inhibitors, a novel drug class developing increasing interest.  These 

inhibitors could subsequently be used to validate the importance of the interaction in 

viral replication.  Novel technologies for the asymmetrically tagging of capsids would 

allow for the rapid identification of receptors by AP-MS, especially when coupled with 

complex analysis. 

 Finally, unbiased biochemical characterization of viral proteins would require 

understanding protein-RNA and protein-small molecule interactions, in addition to 

protein-protein interactions.  RIPSeq and ClipSeq are promising techniques for the 

rapid identification of RNA species and RNA-protein interaction mapping, for inferring 

regulation of mRNA expression. By nature, small molecule interactions with viral 

proteins, including enzyme substrates and allosteric regulation sites, represent drug-

targets that can be screened with high throughput screening methods such as tethering 
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or fragment based drug screening (1, 2). Lipids are used in control of membrane 

dynamics, essential to viral biology in forming replication sites or budding, thus 

increasing interest in lipidomic approaches for identifying lipid-interactions with viral 

proteins (9).  Lipid separations and detection methods are rapidly growing, coupled 

with high mass accuracy mass spectrometry for unequivocal identification of novel 

species (8, 15). 
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