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Abstract

Orthopoxviruses are among the largest and most complex of the animal viruses. In response to the
recent emergence of monkeypox in Africa and the threat of smallpox bioterrorism, two
orthopoxviruses with different pathogenic potentials, human monkeypox virus and vaccinia virus,
were proteomically compared with the goal of identifying proteins required for pathogenesis.
Orthopoxviruses were grown in HelLa cells to two different viral forms (intracellular mature virus
and extracellular enveloped virus), purified by sucrose gradient ultracentrifugation, denatured using
RapiGest™ surfactant, and digested with trypsin. Unfractionated samples and strong cation exchange
HPLC fractions were analyzed by high-resolution reversed-phase nano-LC-MS/MS, and analyses of
the MS/MS spectra using SEQUEST® and X! Tandem resulted in the confident identification of
hundreds of monkeypox, vaccinia, and copurified host-cell proteins. The unfractionated samples
were additionally analyzed by LC-MS on an LTQ-Orbitrap™, and the accurate mass and elution
time tag approach was used to perform quantitative comparisons. Possible pathophysiological roles
of differentially abundant Orthopoxvirus proteins are discussed. Data, processed results, and
protocols are available at http://www.proteomicsresource.org/.
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INTRODUCTION

The recent emergence of monkeypox, a lethal zoonosis endemic to regions of Africa, is the
most serious threat by an Orthopoxvirus since the eradication of smallpox in 1977 1-3 Atthe
genetic level, monkeypox virus (MPV) is 85% identical to Variola major4'6, the causative
agent of smallpox, and the clinical manifestations of monkeypox and smallpox are essentially
indistinguishable. As a result, MPV has been classified as a Category A select bioterrorism
agent by the Centers for Disease Control and Prevention. Fortunately, the human-to-human
transmissibility of monkeypox appears to be poor 7 Nevertheless, there are currently no
treatments for monkeypox that have been robustly demonstrated to be effective, and global
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eradication of MPV is infeasible because, unlike variola, MPV is maintained within a reservoir
of wild animals. In addition, while vaccination with vaccinia virus (VV) is broadly effective
against orthopoxviruses, using mass vaccination to prevent sporadic outbreaks is impractical
due to the resulting mortality and morbidity (estimated to be 1 death and 20 serious
complications per million vaccinations 8, 9), because of the financial costs, and because some
people are unable to be safely vaccinated (e.g., immunocompromised individuals) 10,
Therefore, because of the threat posed by monkeypox (e.g., the U.S. outbreak in 2003 1), and
because orthopoxviruses could be used as bioterrorism agents, there is a need to develop
therapeutics against orthopoxviruses.

MPV, VV, and variola are all members of the genus Orthopoxvirus, which itself is a member
of the family Poxviridae of double-stranded DNA viruses. Orthopoxvirus genomes are
~200,000 base pairs in length and encode ~200 proteins. At ~200 nm in diameter and ~300
nm in length (almost the size of a small bacterium), orthopoxviruses are among the largest and
most complex of the animal viruses. Orthopoxvirus assembly involves the acquisition and
shedding of multiple lipid bilayers, and during this complex process, four distinct forms of
virions are produced 11 intracellular mature virus (IMV), intracellular enveloped virus (IEV),
cell-associated enveloped virus (CEV), and extracellular enveloped virus (EEV). Importantly,
each form has unique infectivity, immune evasion, and weaponization properties.

The morphogenesis of VV, a prototypical Orthopoxvirus, has been studied extensively 12,
Vaccinia IMV form within specific regions of the host-cell called “virus factories”, and are the
most abundant form of infectious virus. Some IMV become wrapped in a double layer of lipid
bilayers (most likely derived from the trans-Golgi network or from endosomes) and form IEV.
IEV are subsequently localized to the host-cell plasma membrane where fusion results in the
loss of one of the two aforementioned lipid bilayers, forming CEV. CEV are, by definition,
attached to the outer host-cell surface; if they detach from the cell surface, they are called EEV.
Thus, the major structural difference between IMV and EEV is that IMV lack the outermost
EEV membrane. Because this membrane is known to be fragile 13 Imv particles are thought
to be the form responsible for inter-host viral transmission. In contrast, EEV are known to be
important for intra-host viral dissemination 14,

Recently, the results of three bottom-up proteomic studies of vaccinia IMV were reported
15-17_ Al three investigations employed liquid chromatography coupled with (tandem) mass
spectrometry (LC-MS(/MS)). Bottom-up proteomics has greatly benefited from recent
advances in high-throughput LC-MS(/MS), and comparative proteomics has been used to
tentatively identify proteins required for virulence in studies of a variety of closely-related yet
differentially pathogenic microorganisms 18-20, Key to such investigations is the identification
of protein abundances that correlate with pathogenicity. Putative virulence factors identified
by comparative proteomics require validation by orthogonal experimentation (e.g.,
pathogenicity assays of mutants). A discovery of a novel virulence factor can aid in the
identification of pathogenic mechanisms, diagnostic markers, and therapeutic targets. For
g)iarggle, some immunomodulatory orthopoxvirus proteins are potential novel biotherapeutics

Inthis study, LC-MS(/MS) was used to compare purified MPV to VV. VV was selected because
it is potentially differentially pathogenic, because it has been extensively studied, and because
it is used as a smallpox vaccine. We additionally compared the proteomes of IMV and EEV
particles. Asaresult, hundreds of virion-associated proteins (i.e., proteins bound to or contained
within virions) were identified and quantified, and possible pathophysiological roles of
differentially abundant Orthopoxvirus proteins are discussed.

J Proteome Res. Author manuscript; available in PMC 2009 March 1.
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MATERIALS AND METHODS

Reagents

Water was purified using a NANOpure® system (> 18 MQxcm, Barnstead International,
Dubugque, 1A). Reagents were obtained from Sigma Aldrich (St. Louis, MO) unless otherwise
specified, and included acetic acid, acetonitrile (Fisher Scientific, Pittsburgh, PA), ammonium
bicarbonate, RapiGest™ surfactant (Waters Corp., Milford, MA), sequencing grade modified
trypsin (Promega Corp., Madison WI), and trifluoroacetic acid. Protein and peptide
concentrations were determined using bicinchoninic acid (BCA) protein assay reagents (Pierce,
Rockford, IL).

Virion Preparation

Human MPV (Zaire strain v95-1-005) was kindly provided by Dr. Inger Damon (Centers for
Disease Control and Prevention, Atlanta, GA). This strain was originally isolated from a human
victim who died of monkeypox. VV (Western Reserve strain) was acquired from the American
Type Culture Collection (catalog number VR-1354 (a plaque purified VV isolate), ATCC,
Manassas, VA).

Monkeypox and vaccinia IMV and EEV particles were grown in HelLa cells and purified by
sucrose gradient ultracentrifugation using a protocol similar to one reported previously 23 (see
Supplemental Methods for details). Orthopoxvirus are capable of infecting many different
types of cells, and the composition of their proteomes may be influenced by the host-cell type.
HeLa cells were selected to be the host-cells used in this investigation so that the resulting
virions could be used as base models of Orthopoxviruses from human infections. Plaque assays
were performed using BSC4g (monkey kidney) cells (ATCC, Manassas, VA) to titer the viral
preparations. Protein masses were determined by BCA assays. To assess purity of each
preparation, 100 viral particles were sectioned, photographed by transmission electron
microscopy, and determined to be IMV or EEV (see Supplemental Methods for details), and
the preparations were found to be > 98% pure. Note that some of the viral purification attempts
failed because of the complexity of the purification protocol (e.g., the initial VV EEV
preparation had a negligible protein mass). Also, refinements of the protocol were made over
the course of the study to increase the purity and yield of the samples (e.g., some of the
preparations were scaled-up versions of earlier ones).

Aliquots of purified virions were analyzed by sodium dodecyl sulfate - polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analyses. Representative IMV and EEV pairs
of virion preparations were mixed with SDS-PAGE loading buffer, incubated at 100°C for 10
min, run on 10% polyacrylamide gels, and silver stained or electrotransferred to nitrocellulose
membranes. The membranes were then probed with a polyclonal antibody generated against
a vaccinia EEV-specific envelope glycoprotein known to be absent from IMV 12 (anti-vv
(Western Reserve strain) A33R, cat# NR-628, BEI Resources, http://www.beiresources.org/,
Manassas, VA). The sequence of VV A33R was found to be 96.11% identical to that of MPV
A35R using a sequence homology analysis (described below). Protein bands were detected by
chemiluminescence generated by horseradish peroxidase.

Trypsin Digestion, SCX HPLC, and nano-LC-MS(/MS)

Sucrose-gradient purified IMV and EEV preparations were centrifuged to pellet the virus at
20,000 rpm (avg. RCF = 18,000 x g) for 20 min at 4°C in an Optima™ TL ultracentrifuge
using a TLA 55 rotor. The supernatants were discarded, and the pellets were dissolved in 300
uL of 100 mM NH4HCO3 pH 8.4 by sonication for 30 sec. The samples were centrifuged to
pellet the virus a second time at 20,000 rpm (avg. RCF = 18,000 x g) for 20 min at 4°C in an
Optima™ TL ultracentrifuge using a TLA 55 rotor. The supernatants were discarded and the
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pellets were dissolved in 300 pL of 200 mM NH4HCO3 pH 8.4, 0.1% (w/v) RapiGest™
surfactant using repeated pipetting. The sample tubes were placed in boiling water for 5 min
and then cooled on ice. Protein concentrations were determined using BCA protein assays,
trypsin was added to the samples at a ratio of 1 pg trypsin to 50 ug sample protein, and the
samples were digested for 60 min at 37°C. Each sample was then acidified by adding 1 uL of
2% trifluoroacetic acid, checking the resulting pH, and repeating this process until the sample
was approximately pH 2. The samples were incubated at 37°C for 60 min to hydrolyze the
RapiGest™ surfactant and cause its hydrophilic head-group and its hydrophobic tail-group to
disassociate. The samples were frozen in liquid nitrogen and then thawed at room temperature
to assist the precipitation of the RapiGest™ tail-group. The samples were microcentrifuged at
13,000 rpm (16,000 x g) for 10 min to pellet the RapiGest™ tail-group, the supernatants were
transferred to fresh microcentrifuge tubes, and the pellets were discarded. Each sample was
neutralized by adding 1 pL of 20% ammonium hydroxide, checking the resulting pH, and
repeating this process until the sample was approximately pH 7. Peptide masses were
determined by BCA assays. Some of the samples were concentrated in a SpeedVac (Thermo
Electron Corp., Waltham, MA), but none were allowed to concentrate to dryness. Plaque assays
using BSC4g (monkey kidney) cells (ATCC, Manassas, VA) were used to confirm that the
samples were no longer infectious. The samples were stored at -80°C.

Portions of the peptide samples were fractionated by strong cation exchange (SCX) HPLC as
described previously 24 Unfractionated and SCX fractionated samples were then analyzed by
reversed-phase nanocapillary HPLC - nanoelectrospray ionization - LTQ™ ion trap tandem
mass spectrometry as described previously 24 Separate LTQ-Orbitrap™ nano-LC-MS
analyses of the unfractionated samples were performed in parallel (see Supplemental Methods
for details). Groups of Orthopoxvirus samples were analyzed by LC-MS as they became
available (four groups over a period of seven months).

MS/MS Data Analysis

MS/MS spectra were analyzed by using both SEQUEST® (TurboSEQSUEST® (cluster) v.27
(rev. 12), Thermo Electron Corp.) and X! Tandem (v. 2006.09.15.1) 25 0 search the spectra
against two dual-organism (MPV-human and VVV-human) concatenated protein FASTA data
files. The MPV (Zaire strain) and VV (Western Reserve strain) FASTA data files of proteins
translated from genetic code contained 191 and 218 protein sequences, respectively, and were
provided by the Poxvirus Bioinformatics Resource Center (http://www.poxvirus.org/, July 4,
2005, University of Alabama at Birmingham) 26 The original MPV and VV genomic
sequences are available at the National Center for Biotechnology Information (Bethesda, MD,
http://www.ncbi.nlm.nih.gov/) as accession numbers NC_003310 and NC_006998,
respectively. MPV and VV protein homologues were identified using BLAST (Basic Local
Alignment Search Tool) 27 and were required to have > 50% sequence identity. The human
FASTA data file of proteins translated from genetic code was provided by the International
Protein Index (49,161 protein sequences, http://www.ebi.ac.uk/IP1/, April 4, 2005, European
Bioinformatics Institute, Cambridge, UK) 28 The SEQUEST® analyses used a standard
parameter file with peptide_mass_tolerance = 3, fragment_ion_tolerance = 0, and no amino
acid modifications. Also, these analyses searched for all possible peptide termini (i.e., not
limited to only tryptic termini). The X! Tandem analyses used the default settings with the
exception that the second round of searching included four potential (dynamic) modifications
(Met oxidation, amino-terminal acetylation, GIn NHs loss, and Glu H,O loss).

For each SEQUEST® analysis of an MS/MS spectrum (at a given parent ion charge state),
only the peptide identification with the highest XCorr value (i.e., the “top ranked hit”) was
retained. In addition, the SEQUEST® peptide identifications were required to satisfy

Washburn-Yates criteria 29, Specifically, ACn > 0.1 was required and, for each parent ion
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charge state, XCorr was required to be > 1.9 (+1), 2.2 (+2), 3.75 (> +3). For the X! Tandem
peptide identifications, the expectation values were required to be < 0.01. For each peptide
identification, a discriminant score was calculated from the SEQUEST® or X! Tandem scores,
from the difference between the predicted 30 and observed 31 normalized elution time (NET)
values, and from other factors 32 In addition to the above data filters, all of the peptide
identifications were required to have a discriminant score of > 0.7. Additionally, peptide
identifications that corresponded to both a viral and a host-cell protein were discarded, as were
peptide identifications that corresponded to two different MPV proteins or to two different VV
proteins (with the exception of proteins encoded within the inverted terminal repetitions of the
MPYV and VV genomes). The estimated percentage of false-positive peptide identifications was
determined using the scrambled protein database approach 33 and was < 1% for both the
SEQUEST® and X! Tandem data. Filter-passing peptide identifications of > 2 different (i.e.,
chemically distinct) peptides were required for each protein identification. The data were
additionally analyzed using ProteinProphet 34 primarily to organize host-cell protein splice
isoforms into protein groups. The estimated percentage of false-positive protein identifications
(determined using the scrambled search results) was < 1%. Spectrum counting (i.e., tallying
of filter-passing peptide identifications) was used as a rough measure of protein abundance

5 The Proteomics Research Information Storage and Management system 36 was used to run
SEQUEST® and X! Tandem in an automated fashion, to run software that calculated predicted
and observed NET values, and to manage the proteomics data in general.

LC-MS Data Analysis

RESULTS

Orbitrap™ spectra were analyzed using the accurate mass and elution time (AMT) tag approach
18-20 Briefly, the theoretical mass and the observed NET of each peptide identified by LC-
MS/MS were used to construct a reference database of AMT tags. Features from the LC-MS
analyses (i.e., m/z peaks deconvolved of isotopic and charge state effects and then correlated
by mass and NET) were matched to AMT tags to identify peptides 37 LC-MS mass 38 and
NET 39 recalibration was performed using algorithms described previously. A peptide
identification probability score was calculated for each match of an LC-MS feature to an AMT
tag 40, and the percentage of false-positive peptide identifications was estimated to be 1.4%
using an approach described previously 41 The LC-MS peptide peak area (NET vs. peak
height) was used as a measure of peptide abundance. Protein abundances values were calculated
by averaging the corresponding peptide abundances, and were subjected to hierarchical cluster
analyses using Genesis v1.7.2 42 with average linkage correlations determined by Kendall’s
Tau function.

Identification of MPV and VV Proteins by LC-MS/MS

Ten virion samples were prepared from cultured HeLa cells: four monkeypox IMV, three
monkeypox EEV, two vaccinia IMV, and one vaccinia EEV. The HeLa cell pellets contained
“cell associated virions” (i.e., primarily IMV, but also some IEV and CEV), and the cell culture
supernatants contained “extracellular virions” (i.e., primarily EEV, but also some IMV from
HeLa cell breakage), and the IMV and EEV were enriched using multiple rounds of sucrose
gradient ultracentrifugation. To confirm that the IMV and EEV purifications were successful,
Western blot analyses of representative preparations were performed using a polyclonal
antibody against an EEV-specific envelope glycoprotein (Figure 1). In addition, representative
virion preparations were imaged by transmission electron microscopy (Figure 2).

Orthopoxvirus proteins were denatured with RapiGest™, digested with trypsin, and analyzed
by LC-MS/MS. Parallel SEQUEST® and X! Tandem analyses produced thousands of high-
confidence peptide identifications. Most of the SEQUEST® and X! Tandem peptide

J Proteome Res. Author manuscript; available in PMC 2009 March 1.
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identifications overlapped (Table 1), which is consistent with the results of a comprehensive
comparison of the two search engines 43, Overall, 164 viral and 2,975 host-cell proteins were
identified as virion-associated by LC-MS/MS. Selected viral protein (i.e., proteins encoded
within the viral genome) data were included in Table 2, and comprehensive datasets were
included as Supplemental Tables 2+ 3. However, due to the high sensitivity of the methodology,
many of these protein identifications were probably of low-abundance, virion-unassociated
contaminants. Because this investigation focused on MPV, more MPV samples than VV
samples were prepared and analyzed by LC-MS(/MS) (seven MPV vs. three VV), and this is
probably one of the reasons why more MPV peptides were identified than VV peptides (Table
1). Nevertheless, when the VV protein identifications were compared to those detected by three
prior investigations 5-17 there was only asingle previously detected VVV protein that was not
detected by this study. This protein (VV ORF 074) was detected by two of the three prior
investigations 151

Not surprisingly, the majority of the peptide identifications corresponded to the major viral
proteins. For example, MPV peptides derived from the major viral core proteins 4a and 4b
(MPV ORFs 121 and 114, respectively) were observed 4,500 and 4,316 times, respectively.
To identify non-annotated viral proteins, MS/MS spectra were searched against MPV and VV
protein FASTA files constructed from translations of DNA sequences that were flanked by
stop codons (i.e., stop-to-stop translations). Both the MPV and VYV stop-to-stop FASTA files
were supplemented with the human IPI protein sequences, and the searches were performed
using SEQUEST®. However, none of these searches resulted in a confident identification of
an unannotated Orthopoxvirus protein.

While the MPV and V'V proteomes overlapped significantly, 8 MPV-specific and 22 VVV-
specific viral proteins were identified (Figure 3). Some of the MPV-specific proteins were
fragmented in VV. While some of these proteins were unambiguously differentially detected
(e.g., MPV ORFs 010 and 182, and VV ORFs 163 and 165 (see Table 2 for more)), many of
the others were only marginally detected at all (i.e., from only two different peptides) and
therefore may have been virally-unassociated contaminants. The MPV-specific proteins
consisted of three structural proteins and five proteins having unknown functions, and some
of these may account in part for the more severe pathology of monkeypox.

Quantification of Virion-Associated Proteins by LC-MS

To perform quantitative comparisons, unfractionated MPV and V'V samples were analyzed by
LC-MS on an LTQ-Orbitrap™, and the resulting spectra were analyzed using the AMT tag
approach. The average mass error of the quantified peptides was 0.41 ppm, and the average
NET error was 0.56%, indicating that these were extremely high-confidence identifications.
Of the proteins identified by LC-MS/MS, 53% were quantified by LC-MS (Table 1). Therefore,
compared with the LC-LTQ-Orbitrap™-MS analyses of the unfractionated samples, an
improved depth of coverage was obtained from the LC-LTQ™-MS/MS analyses of the SCX
fractions.

It was noted that the vast majority of the quantified, unmodified peptides were originally
identified by both SEQUEST® and X! Tandem (Table 1), and therefore that these were high-
confidence identifications. Also, a significantly larger percentage of viral proteins were
quantified (77% or 126/164), which was expected because previous studies of the VV proteome
confirmed that they have relatively high abundances compared to incorporated host-cell
proteins 15-17 1n addition to using the LC-MS data to determine viral protein abundances,
these data were also used to tentatively distinguish virion-associated host-cell proteins from
low-abundance, host-cell protein contaminants, and highly abundant host-cell proteins were
further differentiated by their known physiological roles (Table 3).

J Proteome Res. Author manuscript; available in PMC 2009 March 1.
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To visualize the LC-MS results, the data were subjected to hierarchical cluster analyses and
displayed as protein expression maps (Figure 4). Clustering the columns (i.e., the experiments)
in addition to the rows (i.e., the proteins) showed that the LC-MS analyses were more
reproducible than the virion sample preparations (Supplemental Figure 1). In part, this finding
reflects the refinement of the virus purification protocol through the various preparations. For
example, the preliminary MPV preparation did not include the final 10% sucrose cushion step.
This additional step resulted in noticeably different viral and host-cell protein abundances.
Also, some of the preparations were scaled-up versions of earlier ones, and it’s possible that
more low-abundance proteins were detected in these as a result.

A monkeypox EEV “early time point” sample was prepared as a negative-control experiment
from the culture medium of MPV-infected HeLa cells recovered 10 h post-infection (i.e., prior
to significant EEV production). This sample was processed using the EEV preparation
protocol, and LC-MS analysis resulted in very few viral protein identifications, as expected.
In contrast, many host-cell proteins were identified. This finding was also anticipated because
this sample was concentrated in a SpeedVac to a peptide concentration suitable for LC-MS
(0.6 pg/uL determined by a BCA assay), and as a result peptides derived from host-cell protein
contaminants were enriched.

Comparison of IMV and EEV Particles

To compare different forms of infectious MPV and VV, IMV particles were isolated from
disrupted host-cells and EEV particles were isolated from the corresponding culture media.
These samples were digested with trypsin, analyzed by LC-MS, and the resulting data were
analyzed using hierarchical clustering (Figure 4). The preliminary monkeypox EEV
preparation more closely resembled the IMV preparations than the other EEV preparations
(Supplemental Figure 1). The three subsequent EEV samples (two MPV and one VVV) contained
significantly different viral protein compositions compared with the IMV samples. Eighty-five
viral proteins were common to a majority of the IMV samples, 48 were common to a majority
of the EEV samples (ignoring the unrepresentative initial monkeypox EEV sample), and 45
were common to a majority of both types of samples. While it is known that the intracellular
mechanisms that produce EEV from IMV significantly alter the viral protein composition of
these particles 12, it is likely that a combination of factors caused the observed protein
composition differences. For example, because the IMV particles were purified from host-cell
lysates, it is possible that these samples were contaminated with intracellular viral proteins that
were not really IMV-associated. In addition, the EEV preparations generally had lower viral
titers compared with the IMV samples, and it is possible that fewer EEV viral proteins were
detected as a result. Also, some of the proteins detected in the IMV samples may have been
posttranslationally modified in the EEV samples, and therefore not detected.

MPV ORFs 009, 039, and 145 were absent in a majority of the IMV samples, but present in a
majority of the EEV samples (ignoring the unrepresentative initial monkeypox EEV sample).
MPV ORF 009 encodes a homolog of a secreted, interleukin-18-binding protein from cowpox
virus 44. MPV ORF 039 (also known as MPV C13L, a homolog of VV (Copenhagen strain)
F7L) encodes a hypothetical 74 amino acid protein of unknown function (i.e., an investigation
of this protein or of a homolog has not been reported). VV A33R, an MPV ORF 145 homolog,
encodes a membrane phosphoglycoprotein involved in CEV-cell adherence and actin tail
formation and is known to be absent in vaccinia IMV and present in vaccinia EEV 12 (this was
the protein probed against in Figure 1). A number of MPV-specific and VVV-specific proteins
were also identified and are discussed below.

J Proteome Res. Author manuscript; available in PMC 2009 March 1.
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DISCUSSION

The primary objective of this investigation was to use qualitative and quantitative proteomics
to compare MPV to a potentially differentially pathogenic and well-characterized
Orthopoxvirus, VV. The other major objective was to proteomically compare IMV and EEV
particles.

The original source of VV is unknown, but among the multiple possibilities is that it might be
an attenuated variant of cowpox virus 43, 1t has been hypothesized that this attenuation resulted
from a small number of virulence genes (i.e., genes required for pathogenesis in animals, but
not for viral production in cultured cells) that were mutated, fragmented, deleted, or otherwise
made ineffective. Therefore, proteins present in MPV and absent in VVV are possible virulence
factors, and while many such proteins were tentatively identified by a comparative genomic
analysis = only protein-level studies can reveal which genes are actually expressed as proteins
and which are differentially abundant. Seven MPV proteins (MPV ORFs 010, 055, 130, 165,
169, 171, and 182) were absent or had relatively low abundances in VV. MPV ORF 182 encodes
a putative structural protein that was detected by both LC-MS and LC-MS/MS and has no
homologue in VV. Two others (ORFs 010 and 165) correspond to genes that are fragmented
in VV, and both of these are discussed further below. Of the four remaining genes, ORF 169
encodes a homolog of a tentative VVV protein that might be involved in virulence 46, and the
three others have unknown functions.

Orthopoxviruses are known to have many genes that are functional in some species but
fragmented in others 47, Fragmented genes represent > 15% of the total number of genes in
some Orthopoxvirus genomes, and they are especially difficult to annotate correctly. Our
BLAST comparison of the annotated proteomes of MPV and VVV revealed a single fragmented
MPV gene (corresponding to VV ORF 026), and seven fragmented V'V genes (corresponding
to MPV ORFs 002, 003, 008, 010, 031, 165, and 178), four of which were detected in MPV
in this study (ORFs 002, 003, 010, and 165). These genes have putative immunosuppressive
(ORF 002), structural (ORFs 003 and 010), and unknown (ORF 165) functions based on their
homology to other proteins. ORF 002 encodes a homolog of a secreted tumor necrosis factor
receptor (TNFR) from cowpox virus 48, ORFs 003 and 010 encode proteins that contain
ankyrin-like regions 49 and ankyrin repeats are known to form protein-binding domains in a
wide variety of proteins 50 Nevertheless, the functions of both of these proteins are unknown.

Putative immunoregulatory proteins found to be differentially abundant in the MPV and VV
samples could provide some of the most important insights as to which of the viral genes are
responsible for the pathogenic variance between these closely related viruses. As mentioned

above, the TNFR homolog MPV J2L (ORF 002) was detected, while the VV homolog (ORFs
002-004) is fragmented. Another VV TNFR homolog, A53R (ORF 179), was not detected in
the VV samples, and regardless, this ORF is truncated in VV (Western Reserve strain) and is
non-functional °1. These observations suggest a potential role of the MPV TNFR homolog in
the increased virulence of MPV compared to VV.

Another immunoregulatory protein that was differentially detected was the secreted viral
complement binding protein MPV D14L (ORF 017) and VV C3L (ORF 025). Complement is
an important aspect of the innate immune response to invading pathogens, including viruses,
and can result in virus inactivation via neutralization, opsonization, viral particle lysis, or
phagocytosis 52, Complement regulatory proteins have been found to be encoded by several
herpesviruses and poxviruses, and MPV D14L has been speculated to be a major factor in the
pathogenesis of Central African strains of MPV (e.g., some Zaire strains) because this gene is
completely absent from less virulent strains of MPV (e.g., some USA and West African strains)
7 Interestingly, our proteomic analysis revealed that this protein was not detected in any of
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the MPV samples, but that its VV homolog was (Table 2). Further, the VV complement binding
protein was more abundant in the EEV sample compared to the IMV samples (Supplemental
Table 4). Although the MPV complement binding protein probably does play some role in
MPV pathogenesis, its absence suggests that its ability to inhibit complement-mediated virus
neutralization might actually be hampered compared to VV or to other orthopoxviruses.

Investigating protein abundance variations between different forms of infectious
orthopoxviruses (e.g., IMV vs. EEV) could additionally help with the identification of factors
that are important to pathogenic properties of each type of virion. The IMV and EEV protein
abundance data revealed numerous proteins that were differentially abundant. For example,
numerous transcription-associated proteins (e.g., MPV ORFs 050, 094, and 098) were
identified as predominantly IMV-specific in both VV and MPV. Although these protein
abundance differences might be attributed to contamination (i.e., due to purification of IMV
from whole cell lysates versus EEV from cell culture supernatants), it might also indicate that
some of these proteins are somehow excluded from virions as they progress from IMV to EEV.
Variations in the abundances of proteins that may be involved in pathogenesis were also
observed. For example, MPV F3L (ORF 052) was more abundant in monkeypox IMV than
EEV. The VV homolog (E3L) is an inhibitor of protein kinase R, which is known to be activated
in response to viral infection 53, The higher abundance of F3L in monkeypox IMV suggests
a potential variation between IMV and EEV that affects the pathogenic properties of these
different forms of infectious virus.

CONCLUSION

Overall, nine MPV-specific and eight VV-specific proteins were identified including four MPV
proteins that correspond to fragmented VV ORFs (Table 2). Investigating the
pathophysiological roles of proteins observed to be differentially abundant within differentially
pathogenic orthopoxviruses increases our understanding of these viruses. Hopefully, this
additional knowledge will aid in the discovery of therapeutic targets and in the development
of more efficacious vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Western Blot Analysis of Monkeypox IMV and EEV for an EEV-specific Protein
Gradient purified monkeypox IMV and EEV particles were analyzed for the presence of MPV
A35R protein, a homolog of the vaccinia EEV-specific 12 envelope glycoprotein A33R (MPV
A35R shares 96.1% identity with VV A33R). Intact MPV particles were denatured in SDS-
PAGE loading buffer and run in duplicate on 10% polyacrylamide gels. One of the gels was
silver stained (left), and the replicate gel underwent Western blot analysis using a polyclonal
antibody that recognizes VV A33R (right). MPV A35R is predicted to encode a 20 kDa protein,
but was detected as a diffuse band at ~45 kDa possibly because it is a glycoprotein or because
it comigrated with other viral proteins 54 The numbers (left) indicate molecular masses in
kDa.
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Unsectioned Sectioned

Figure 2. Electron Micrographs of Monkeypox IMV and EEV Particles

Viral particles from a representative monkeypox IMV and EEV pair of preparations were
imaged by transmission electron microscopy to confirm that both purifications were successful.
Unsectioned Virions: IMV and EEV particles displayed differential staining, possibly because
the stain could not traverse the outermost EEV membrane. Sectioned Virions: The outermost
EEV membrane was visible in the micrograph of the sectioned EEV virions, and was absent
in the corresponding IMV image. The arrows denote the outermost EEV membrane and the
next-to-outermost membrane (i.e., the internal “IMV membrane” of the EEV virion).
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Figure 3. Comparison of the Viral Proteomes in Context of the Two Genomes

Each viral protein was assigned one of eight functional annotations (Actin Tail Formation,
Immunosuppression, Morphogenesis, Nucleotide Synthesis, Other, Structural, Transcription,
or Unknown). Additionally, each protein was classified as being present or absent from each
viral genome and proteome (note that to be present in the proteome it had to be present in the
corresponding genome). A majority of the proteins (188/220) were encoded by both genomes
(i.e., were homologs between MPV and VV), but 32 were encoded by only one of the two
genomes (top pie chart) (the MPV and VV genomes encode 199 and 209 predicted proteins,
respectively). For each of the eight functional annotations (Actin Tail Formation,
Immunosuppression, etc.) and for all of the proteins combined, the percentage of each protein
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classification (i.e., absent or present in each genome and proteome) is displayed as a pie chart

(bottom nine pie charts). The total number of proteins assigned to each functional annotation
is indicated in parenthesis.
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Figure 4. Quantitative Comparison of Orthopoxvirus Particles by LC-MS

Monkeypox and vaccinia IMV particles were purified from host-cell lysates and EEV particles
from the corresponding culture media. Each sample was digested with trypsin and analyzed
by LC-MS intriplicate (or more), and the resulting data were analyzed using hierarchical cluster
analyses. Columns correspond to individual LC-MS analyses, rows correspond to individual
proteins, protein abundances are indicated by the grayscale bar (bottom), and missing protein
abundance values are colored white. Data from the two “Prelim.” (i.e., “preliminary”) MPV
preparations were not representative of the subsequent results, but were included in the figure
for completeness (these initial preparations were probably not purified as successfully as the
subsequent ones). The monkeypox EEV ETP (i.e., “early time point”) sample was prepared
from the culture medium of MPV-infected cells recovered 10 h post-infection (i.e., prior to
significant EEV production), and was processed using the EEV sample preparation protocol
to serve as a negative control.
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Manes et al.

Selected Host-Cell Proteins

Table 3

Putative Virion-Associated Proteins (Role)

Actin ( Structural)*

Putative Contaminants (Role)

Acyl-CoA Dehydrogenase (Metabolism)

Basigin (Structural)

Aldolase (Metabolism)

Cofilin (Structural)*

Enolase (Metabolism)

Drebrin (Structural)

Glyceraldehyde-3-P Pehvdroqenase (Metabolism)

Fascin (Structural)

Heat Shock Proteins (Stress Response)

Filamin (Structural)

Histone Proteins (Chromatin Structure)

Lamin (Structural)

Moesin (Structural)

Initiation, Elongation Factors (Translation)
Keratin (Structural)

Prohibitin (Signaling)”

L actate Dehydrogenase (Metabolism)

Radixin (Structural)

Peroxiredoxin (Antioxidation)*

Transgelin (Structural)*

Phosphoglycerate Kinase (Metabolism)*

Tubulin (Structural)*

Pyruvate Kinase ( Metabolism)*

Vimentin (Structural)

Ribosomal Proteins (Translation)*
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*

Detected previously in vaccinia IMVL7. Host-cell proteins were quantified by LC-MS (peak areas) and LC-MS/MS (spectrum counts), and then a
selection of abundant proteins were tentatively identified as virion-associated or as contaminants based on a number of criteria including their known
physiological roles, their overall abundances in the samples, their abundances across the virion preparation replicates, and their typical abundances in

mammalian cells.
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