JOURNAL OF VIROLOGY, Oct. 2004, p. 11187-11197
0022-538X/04/$08.00+0 DOI: 10.1128/JV1.78.20.11187-11197.2004

Vol. 78, No. 20

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Identification of Proteins Associated with Murine
Cytomegalovirus Virions

Lisa M. Kattenhorn,' Ryan Mills,”> Markus Wagner," Alexandre Lomsadze,’ Vsevolod Makeev,*
Mark Borodovsky,>** Hidde L. Ploegh,' and Benedikt M. Kessler'>*
Pathology Functional Proteomics Center’ and Department of Pathology," Harvard Medical School, Boston,

Massachusetts; State Scientific Center GosNII Genetika, Moscow, Russia*; and School of Biology® and
Department of Biomedical Engineering,® Georgia Institute of Technology, Atlanta, Georgia

Received 26 March 2004/Accepted 1 June 2004

Proteins associated with the murine cytomegalovirus (MCMYV) viral particle were identified by a combined
approach of proteomic and genomic methods. Purified MCMY virions were dissociated by complete denaturation
and subjected to either separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and in-gel digestion
or treated directly by in-solution tryptic digestion. Peptides were separated by nanoflow liquid chromatography and
analyzed by tandem mass spectrometry (LC-MS/MS). The MS/MS spectra obtained were searched against a
database of MCMY open reading frames (ORFs) predicted to be protein coding by an MCMYV-specific version of
the gene prediction algorithm GeneMarkS. We identified 38 proteins from the capsid, tegument, glycoprotein,
replication, and immunomodulatory protein families, as well as 20 genes of unknown function. Observed irregu-
larities in coding potential suggested possible sequence errors in the 3’-proximal ends of m20 and M31. These errors
were experimentally confirmed by sequencing analysis. The MS data further indicated the presence of peptides
derived from the unannotated ORFs ORF 5,544 226805 (M166.5) and ORF, 5935 106072- Immunoblot experiments

confirmed expression of m166.5 during viral infection.

Murine cytomegalovirus (MCMV), a member of the beta-
herpesvirus family, shares 45.2% sequence identity with human
CMV (HCMV) and is currently the most commonly used
animal model for the study of CMV-induced disease. The
MCMV genome has a size of 230 kbp and was originally
estimated to encode 170 proteins (45). The MCMYV virion
consists of double-stranded viral DNA surrounded by an ico-
sahedral capsid, a complex proteinaceous tegument, and a lipid
membrane (34). Although the composition of HCMYV particles
has been addressed (3, 10), the protein composition of the
MCMYV virion has not been examined in detail.

The majority of MCMV genes have been annotated based
on their homologues in HCMV (45) and, consequently, many
open reading frames (ORFs), including genes encoding some
structural proteins, lack experimental confirmation. Analysis of
regions unique to MCMYV has been even more limited. There
is, therefore, a need for characterization of the composition of
MCMYV particles, as well as the confirmation of putative struc-
tural and functional homologues of HCMV gene products.

The traditional method of analyzing the protein composition
of a virus preparation consists of denaturation in sodium do-
decyl sulfate (SDS), separation of the constituent proteins
by electrophoresis, and identification either by immunolog-
ical methods or by sequencing of visible bands via Edman deg-
radation or mass spectrometry (MS). This approach has been
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used to analyze other herpesvirus family members, such as
HCMYV (3), murine gammaherpesvirus 68 (9), Epstein-Barr
virus (18), and Kaposi’s sarcoma-associated herpesvirus (36).
Direct digestion of viral particles and “shotgun” sequencing by
liquid chromatography-tandem MS (LC-MS/MS) was first ex-
plored with the much simpler adenovirus type 5 proteome (13).
Although adenovirus particles consist of only 11 well-documented
viral proteins, this analysis illustrated the sensitivity of LC-MS/MS
and its applicability to the study of viral proteomes.

The approach presented here consists of two separate yet
complementary strategies. In addition to resolution of MCMV
viral proteins by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) followed by tryptic digestion and MS/MS analysis, we
subjected purified MCMYV particles to direct in-solution diges-
tion. Digestion of virus particles in situ produces a complex
mixture of tryptic fragments which can be separated by nano-
flow LC followed by MS/MS. Omission of a gel separation step
enhances recovery of peptides derived from proteins prone to
aggregation, hydrophobic peptides, or proteins of low abun-
dance. The drawback of this approach is that information on
the molecular weight of the polypeptide source of the tryptic
fragment in question is lost.

Analysis on the protein level must be supported by an accu-
rate analysis on the genomic level. Statistical gene prediction
programs have been used previously for viral genome annota-
tion. The GeneMark program (7a), for example, has been used
to identify genes in the genomes of bovine herpesvirus 4 (65)
as well as other viruses (19, 32, 51, 53). More recent studies
have used information from newly sequenced, closely related
CMYV genomes (17), as well as tools which derive amino acid
positional patterns from protein databases to predict protein
coding regions in viruses (2, 35).

A particular feature of MCMYV is the heterogeneity of
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the nucleotide composition of its genome. This heterogene-
ity makes the statistical models for gene prediction, trained
from the genomic sequence as a whole, not sufficiently accu-
rate in the regions in which the composition deviates from the
average. To eliminate these effects, a Bayesian segmentation
method (43) was used to segment the genome into regions of
uniform nucleotide composition. These regions were then an-
alyzed independently using a virus-specific version of the self-
training gene-finding program GeneMarkS (5).

In order to analyze the proteomic data, GeneMark was used
to generate a database of putative MCMV ORFs. This data-
base contains viral ORFs previously annotated (45), as well as
MCMYV genes newly predicted by GeneMark. Searching this
bioinformatic database with the obtained MS proteomic data
confirmed a number of annotated MCMV-derived gene prod-
ucts and led to the detection of peptides attributed to novel
MCMYV genes. In addition, it allowed the detection of sequenc-
ing errors in two MCMYV virion-associated proteins.

MATERIALS AND METHODS

Cells and viruses. Mouse embryonic fibroblasts (MEFs) of C57BL/6 mice were
grown in Dulbecco’s minimal essential medium supplemented with 10% fetal calf
serum, penicillin, streptomycin, and 2 mM glutamine. NIH 3T3 cells (ATCC
CRL1658) and 10.1 cells (22) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 5% newborn calf serum, penicillin, streptomycin,
and 2 mM glutamine. The MCMYV wild-type viruses used in this study were either
MCMYV strain Smith or the bacterial artificial chromosome (BAC)-derived wild-
type recombinant MW97.01 (56).

Purification and isolation of MCMYV. Virus was produced in 10.1 cells or
low-passage primary C57BL/6 MEFs infected at a low multiplicity of infection
with MCMV strain Smith (ATCC VR-1399). Cell supernatants were harvested
24 h after 100% cytopathic effect and cleared by centrifugation in a Sorval GSA
rotor (3,500 rpm, 30 min, 4°C). Extracellular virus was then pelleted at 11,500
rpm for 2 h at 4°C. Pelleted material was resuspended in 2 ml of phosphate-
buffered saline (PBS) and homogenized four times using a tight-fitting 1-ml
Dounce homogenizer. Residual debris was removed by microcentrifugation in an
Eppendorf centrifuge (2,000 rpm, 10 min, 4°C). Supernatants containing viral
particles were loaded onto a 5-t0-30% continuous dextran gradient in SW28
centrifugation tubes and subjected to ultracentrifugation (76,000 X g, 1 h, 4°C).
Purified virus was visible as an opalescent white band located at a concentration
of 15 to 20% dextran. The virus-containing band was removed using a 21-gauge
needle, diluted 1:1 in PBS, layered onto a 10-t0o-30% dextran gradient, and
centrifuged at 76,000 X g for 1 h at 4°C. Banded material was isolated, diluted in
10 ml of PBS, and pelleted in an SW55Ti rotor at 31,000 rpm for 1.5 h at 4°C.
Pelleted material was resuspended in a minimal amount of PBS and snap-frozen
at —80°C. Purity was confirmed by electron microscopy of negatively stained
preparations.

Protein gel electrophoresis. Viral preparations were denatured, boiled in re-
ducing sample buffer, and then separated on a 10% acrylamide SDS-PAGE gel.
Proteins were visualized by Coomassie blue staining.

Tryptic digestion of gel fragments and analysis by electrospray MS/MS (LC-
MS/MS). In-gel tryptic digestion was performed essentially as described previ-
ously (26). The samples were applied to a nanoflow LC system (Waters CapLC,
Medford, Mass.) equipped with a Picofrit column (75-pwm inner diameter, 9.8 cm;
NewObjective, Woburn, Mass.) at a flow rate of approximately 150 nl/min using
a Nanotee (Waters) 16/1 split (initial flow rate, 5.5 wl/min). The LC system was
directly coupled to a QTOF micro tandem mass spectrometer (Waters). Analysis
was performed in survey scan mode, and parent ions with intensities greater than
7 were sequenced in MS/MS mode using the MassLynx 4.0 software (Micromass).

Proteomic analysis of MCMYV-derived peptides and database generation. In-
dividual MS/MS spectra were submitted to MASCOT version 1.8 (Matrix-
science) (41) and searched against the NCBI nonredundant database (NCBInr)
or against a custom-made database consisting of MCMV gene products pre-
dicted using a virus-specific version of GeneMarkS. In addition, two new data-
bases were generated. One contained protein translations of all possible ORFs
greater than 20 amino acids. The other included protein translations of all
sequences between two consecutive stop codons. Spectra obtained from the MS
analysis were searched against all three databases. These databases allowed for
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the identification of novel MCMV genes by an exhaustive search among all
possible virus-derived protein sequences. Proteins were scored using a probabil-
ity-based MOWSE algorithm, and the scores were reported in the form of
—10 - log(P), where P is the probability that the observed match is a random
event (41). Matches with scores indicating a less-than-5% probability of being a
random match were judged as significant. In all searches, oxidation of methio-
nine, carbamidomethylation of cysteine residues, acetylation of N termini, and
sodiated glutamic acid and aspartic acid were considered possible modifications.
Individual peptide interpretations were ranked as significant if they had a
MASCOT MOWSE score of greater than 20 and a minimum of four consecutive
b ory ions present in MS/MS spectra. At least two peptides were found for each
identified ORF except for ORF(5935_106072-

MCMYV DNA analysis. The sequences of the Smith strain of MCMV and
Maastricht strain of rat CMV (RCMV) were obtained from RefSeq (NC_004065
and NC_002512). The analysis of the MCMYV genome was performed essentially
as described elsewhere (33), with the following modifications. The MCMV ge-
nome was divided into several regions by using the Bayesian segmentation
method (43), modified to keep the number and the minimal size of segments
suitable for subsequent model training. The borders between segments were then
adjusted to not interrupt any ORF larger than 300 bp.

The individual segments were analyzed with the GeneMarkS program, using
either heuristic models defined in the first iteration (for segments shorter than 17
kbp) or models defined at a point of reaching convergence in the self-training
process. Since the GeneMark program (7a), developed prior to GeneMarksS (5),
has the ability to identify profiles of coding potential that visualize the predicted
genes in more detail than GeneMarkS, we also built models for the GeneMark
program. These models were built for each genomic segment by using protein-
coding and noncoding regions identified by GeneMarkS. GeneMark models were
constructed for each genomic segment by using the final noncoding and protein-
coding parse, and these models were used to generate the GeneMark graphical
outputs. The GeneMark outputs were used to detect irregularities in the protein-
coding potential in both previously annotated and newly predicted genes. Putative
frameshifts identified in this analysis were further studied through similarity searches
in protein databases.

Sequencing of m20 and M31. To sequence the regions of m20 and M31, PCR
fragments were generated using the plasmid pSLFRTKn as template DNA with
the primers 5'-m20 (5'-CTGATCCTGACCGCACGCCCG) and 3'-m20 (5'-TC
GTGCACGGATGTTCGGAATCG) for m20 and with the primers 5'-M31 (5'-
TACGATCTCTGCTTCAGAGAGG) and 3'-M31 (5'-AATTACACTACAGG
CATATACACAGC) for M31. PCR fragments were sequenced in both direc-
tions with the same primers by the Harvard Medical School Microbiology DNA
Sequencing Facility.

BAC mutagenesis and construction of recombinant MCMVs. Recombinant
MCMYV was generated from the MCMV BAC genome pSM3fr (56) by mutagen-
esis in Escherichia coli as described previously (55). For construction of an
MCMYV genome with a 3’-terminal addition of the hemagglutinin (HA) tag
sequence to the putative m166.5 ORF, a PCR fragment was generated using the
plasmid pSLFRTKn (1) as template DNA and the contiguous primers 5'-m166.5
(5'-AGGGCGGCGGTGGTGGTGGTTTTCTTCGGTTTGCTACAGTACAA
GGACGACGACGACAAGTAA) and 3'-m166.5-HA (5'TCTGGTGTCTCGC
GTGGCTCGTCAGCCGCCCCGCGCTCGTACCCCTACGACGTCCCCGA
CTACGCCTGACGTCGTGGAATGCCTTCGAATTC) (the HA sequence is
underlined). For construction of an MCMV genome with a 3’-terminal addition
of the HA tag sequence to the m166 ORF, a PCR fragment was generated using
the plasmid pSLFRTKn-SBP-HA (unpublished data) as template DNA and the
contiguous primers 5'-m166 (5'-CAACGGTTTAATAATAGAAAAGGAAATCG
GGTCACAGTCCACAAGGACGACGACGACAAGTAA) and 3'-m166-HA (5'-
GGCGGACCGGCCTATGAGATACTCGTGAACGAGGAGACGGCGTCCT
CCGACGAGAAGACCACCGGCTGGAG). The PCR fragments were inserted
into pSM3fr by homologous recombination in E. coli, which led to deletion of the
native m166.5 and m166 stop codons, respectively, and the in-frame insertion of the
HA tag sequence. Correct mutagenesis was confirmed by restriction pattern analysis
and sequencing of the 3’-terminal part of the tagged genes. The recombinant viruses
MCMV-m166.5-HA and MCMV-m166-HA were generated from the respective
BACs by transfection of MEFs.

Immunoblot analysis. For detection of HA-tagged proteins m166 and m166.5,
NIH 3T3 cells were infected at a multiplicity of infection of 10, and total cell
lysates were harvested 5 and 24 h postinfection. Immunoblot analysis was per-
formed with anti-human influenza virus HA epitope-specific rat monoclonal
antibody 3F10 directly coupled to peroxidase (Roche). Proteins were visualized
using the ECL Plus chemiluminescence system (Amersham Biosciences).
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FIG. 1. Characterization of isolated MCMYV virions. (A) Electron microscopy picture of purified MCMYV particles. (B) Analysis of virus
particles isolated from supernatant of infected cells. Isolated protein was separated by SDS-10% PAGE, and individual polypeptides were excised
from the gel, digested with trypsin, and analyzed by MS/MS. MCMV-encoded polypeptides and host cell proteins are indicated. Contaminating
serum proteins (e.g., serum albumin) and unidentified polypeptides are marked with an asterisk and a caret, respectively.

RESULTS

MCMYV was purified from the supernatant of infected pri-
mary MEFs or 10.1 cells 24 h after 100% cytopathic effect. The
preparation was homogenized and passed over two consecutive
dextran sedimentation velocity gradients. Purified MCMYV was
examined by negative stain electron microscopy and found to
contain predominantly single-capsid virion particles with the
typical morphology described for MCMYV (14) (Fig. 1A). Virus
preparations attained maximum purity after passage through
two gradients. Additional gradient purifications resulted in a
uniform decrease in the total yield of viral material (data not
shown). To compare commonly used methods of herpesvirus
purification, positive density-negative viscosity glycerol tartrate
gradient centrifugation and sucrose gradient centrifugation
were carried out in parallel. As determined by SDS-PAGE
analysis and electron microscopy, the best purification was ob-
tained using dextran sedimentation velocity gradient centrifu-
gation.

Identification of MCMYV virion-associated proteins. The
polypeptide composition of MCMV preparations was analyzed
by SDS-PAGE. After Coomassie blue staining, individual bands
were excised and remaining regions of the gel were divided into
sections of 1 cm in height. These gel slices were then subjected
to in-gel digestion with trypsin, followed by high-performance
LC and MS/MS as described previously (26).

Due to the incompleteness of current MCMV annotations in
commonly used protein databases, it was necessary to con-

struct a unique database of predicted MCMYV gene translations
against which to search the obtained peptide MS/MS spectra.
This new database was created based on the GeneMarkS pro-
gram predictions. In an attempt to prevent search bias due to
the small database size, searches were also conducted against a
merged database of SwissProt and the newly assembled MCMV
entries. The large size of the latter database, however, greatly
increased the MASCOT MOWSE cutoff score and decreased
the sensitivity of this approach. As no prominent MCMV pep-
tide also matched proteins in the SwissProt database, this step
was considered unnecessary for subsequent analysis. Using these
newly constructed databases, we identified 19 viral proteins by
in-gel digestion analysis (Fig. 1B).

In order to identify virion-associated components of lower
abundance, direct in-solution digestion of isolated virions was
carried out in parallel. This method eliminates peptide purifica-
tion steps and minimizes the loss of proteolytic fragments from
virion proteins present in low copy numbers. Furthermore,
virion-associated proteins with molecular masses of 10 kDa or
less are more likely to be resolved using this assay because of
the difficulties inherent in resolving low-molecular-weight pro-
teins by gel matrices. This approach revealed a total of 58 virus-
derived gene products associated with the virions (Table 1).

Analysis of MCMYV virion-associated proteins. (i) Capsid
proteins. All four annotated MCMYV capsid proteins, m48.2,
M85, M86, and M46, were found associated with MCMYV viri-
ons by the in-solution digestion approach. In contrast, only two



11190 KATTENHORN ET AL. J. VIROL.

TABLE 1. MCMV ORFs associated with MCMYV virions identified by MS/MS

Position Mass (kDa
ORF Strand ——  HCMV Comment (reference)” (b % ,C(:;_ <N0' (),fe
From To Predicted Observed erag spectra
m02 999 1979 Glycoprotein family m02 (36) 36.6 39 10
ml8 C 17071 20193 Highly antigenic early gene (23) 108.5 14 6
m20° C 20581 23044 89.4 6 2
M25 26015 28813  UL25 Tegument protein (60) 130, 105, 95 48 54 91
m25.2 C 30245 31657  US22 US22 homologue (30) 51.8 44 9
M28 C 34486 35778  UL28 473 15 4
M31¢ 37278 39068  UL31 66.1 18 5
M32 C 39280 41436  UL32 (HCMV: pp150) (25) 78.6 90 37 20
M35 47465 45909  UL35 UL25 family member, virulence factor (52) 58.1 58 41 8
m39 C 52484 53200 25.6 59 4
M43 C 55351 57144  ULA43 Immunoregulatory gene (49) 67.0 55 11
M44 C 57885 59120  UL44 DNA binding phosphoprotein (27) 44.6 22 3
M45 C 59515 63038  ULA4S Ribonucleotide reductase homolog, anti- 120 120 34 12
apoptotic (11)
M46 C 63040 63924  UL46 (HCMV: minor capsid binding protein) (20) 33.2 36 8
M47 63923 67045  UL47 (HCMV: tegument protein) (4) 118.1 115 9 3
M48 67042 73491  UL48 Large tegument protein (45) 238.5 22 18
m48.2 C 73571 73867  UL48.5  Smallest capsid protein (8) 9.8 87 9
Ms1 C 76515 77216  ULS1 25.1 27 2
M54 C 79701 82994  ULS54 DNA polymerase (45) 123.8 17 8
M55 C 83003 85816  ULS5S Glycoprotein B (44) 130, 105, 52 99, 52,18 41 20
M56 C 85716 88112  ULS56 (HCMV: terminase subunit, tegument 89.0 25 8
protein) (7)
M57 C 88319 91894  ULS7 (HCMV: Single-stranded DNA binding 1314 10 6
protein) (39)
M69 C 96193 98721  UL69 (HCMV: tegument protein) (58) 93.0 28 11
M70 C 99010 101904  UL70 (HCMV: helicase-primase subunit) (39) 109.8 11 5
M71 101903 102802  UL71 329 65 6
M72 C 103031 104236  UL72 dUTPase (31) 45.0 13 2
M74 C 104496 105812  UL74 49.1 27 6
M75 C 106110 108287  UL75 Glycoprotein H (61) 81.3 32 8
M77 108931 110817  UL77 (HCMV: pyruvoyl decarboxylase) (63) 68.6 5 2
MS80 113414 115507  UL80O Assembly protein-protease (28) 74 7 4
M82 C 115711 117507  ULS2 Upper matrix phosphoprotein, pp71 (16) 67.4 75 32 11
M83 C 117614 120043  ULS3 Lower matrix phosphoprotein, pp65 (16) 90.9 110 20 10
M85 C 122192 123124  ULSS Minor capsid protein (only found in gel) (3) 34.6 34,140 52 15
MS86 C 123199 127260  UL86 (HCMV: major capsid protein) (12) 151.4 150 42 41
M87 127383 130163  ULS7 102.4 21 6
MS8 130243 131523  ULS8 (HCMV: virion protein) (3) 473 21 4
m90 C 132920 133876 35.8 17 4
M94 136234 137271  ULY%4 (HCMV: virion-associated protein) (57) 37.7 >160, 35 55 23
M95 138282 139535  UL9S 45.8 20 5
M97 140141 142072 UL97 Phosphotransferase (46) 71.1 47 10
M98 142101 143769  UL9S8 (HCMV: alkaline nuclease) (48) 62.0 23 4
M99 143723 144061  UL99 Virion-associated phosphoprotein (15) 11.9 15-17 67 8
M100 C 144296 145411  UL100 Glycoprotein M (47) 423 >160 50 15
M102 145596 148034  UL102 (HCMV: helicase-primase subunit) (39) 91.0 24 8
M104 C 149113 151227  UL104 Structural protein (50) 80.6 31 12
M105 151028 153874  UL105 (HCMV: helicase-primase subunit) (39) 106.4 40 11
m107 161983 162678 24.6 29 4
M116 C 167205 169142  UL116 66.1 6 2
ml117.1 169541 170956 453 7 2
Mi21 C 175679 177775  ULI21 73.2 28 6
m147 C 206862 207299 16.9 32 6
m150 C 208789 207623 Member of MGP” family m145 (45) 42.8 28 5
ml51 C 208814 209983 Member of MGP family m145 (45) 424 28 3
m163 C 221875 222645 19.1 19 3
m165 C 223280 224278 35.8 10 2
m166.5¢ C 225441 226898 New gene 48 42,48 31 10

“ Comments in parentheses preceded by “HCMV:” indicate a gene function annotated solely from the homologue in HCMV.
" Different 5’ extension based on a frameshift sequencing error at position 20958 in the original sequence.

¢ Extended C terminus based on insertion of a G at position 38803.

4 New gene located between m166 and m167.

¢ HCMYV homologue.

/Percent coverage of protein by polypeptides detected by MS.

& Number of polypeptides detected from this ORF by MS.

" MGP, potential membrane glycoprotein.
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capsid proteins, M85 and M86, were recovered from in-gel di-
gestion. M46 is the homologue of UL46, the minor capsid pro-
tein of HCMV. ULA46 aggregates upon heating and is unable to
enter the resolving gel during SDS-PAGE (20). This charac-
teristic of the protein appears to apply to M46 as well. m48.2
has a predicted molecular mass of only 9.8 kDa. Therefore, it was
not resolved by the 10% acrylamide matrix used in this study.

(ii) Glycoproteins. The MCMYV glycoproteins gB, gM, and
gH (M55, M100, and M75, respectively) were identified by the
in-solution digestion approach. In addition, m74, the positional
homologue of HCMV gO, was also identified. In-gel analysis
identified only M55 and M100. gL, previously identified as as-
sociated with purified virions (62), was not found by either in-
gel or in-solution analysis.

(iii) Tegument proteins. In-solution digestion identified nine
proteins homologous to HCMV tegument proteins: lower and
upper matrix phosphoproteins (M83 and M82), large tegument
protein (M48), pp150 (M32), M25, M47, M94, M99, and M51
(Table 1). In-gel analysis detected seven of these proteins (Fig.
1B). Although M78 has been reported to be an MCMV tegu-
ment protein (38), it was not detected by either in-solution
digestion analysis or in-gel digestion analysis.

(iv) Replication proteins. Eleven loci encoding trans-acting
factors have been identified as being required for transient
complementation of HCMV oriLyt-dependent DNA replica-
tion (39). Six of these proteins comprise the structure required
to initiate and perform DNA synthesis. Five of these homo-
logues in MCMV, DNA polymerase (M54), polymerase acces-
sory protein (M44), major DNA binding protein (M57), and
all proposed subunits of the helicase-primase complex (M70,
M102, and M105) were found with high degrees of confidence
by in-solution digestion of the virion preparations (Table 1).

(v) Immunomodulatory proteins. The virion preparation
contained a number of proteins suggested to interact with the
immune system, including M43, a protein thought to influence
T helper cell responses in vivo (49), and M45, a protein
thought to have multiple functions during viral infection (11,
40). In-gel digestion analysis identified one of these proteins.

(vi) Additional viral proteins. In addition to known tegu-
ment and capsid proteins, a number of other viral proteins were
identified in association with purified virions. The assembly
protein M80 and the DNA packaging protein M56 were both
detected. In addition M98, the viral exonuclease, and M97, the
viral protein kinase, were present. Lastly, M72, the dUTPase,
was found albeit with a slightly lower degree of confidence.
This suggests it may be present in low copy numbers per virion.

(vii) Annotated proteins with unknown function. Several
proteins of unknown function, not previously described to be
present in the virion, were identified by in-solution digestions.
These included m18, m25.2, M28, M31, M35, m39, M71, M87,
MS88, m90, M95, m107, M121, m150, m151, m163, and m165
(Table 1). These proteins were not detected by analysis of
in-gel fragments, indicating that they are probably present at
low copy numbers. Identification of these proteins as virion
associated may provide some direction to further in vivo and in
vitro characterizations of their function.

Evidence for a C-terminal m20 gene extension. MS analysis
identified two peptides with significant MOWSE-based prob-
ability scores originating from ORF,(s-9.51313 (Fig. 2A to C).
The peptides appeared to cluster in the beginning of the read-
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ing frame and terminate where m20 begins in reading frame 2.
GeneMarkS predicted a high coding potential for this region
(Fig. 2C). This suggested that the peptides identified were an
extension of m20, shifted to a different reading frame by a
sequencing error in the reported Smith sequence. Sequence
analysis of region 20600 to 21200 confirmed that the G at
position 20958 in the current annotation is incorrect (Fig. 2D).
This changes the ORF of the C-terminal end of m20, extending
the sequence from position 23045 to 20579 instead of the
originally predicted 20805.

Frameshift identified in the M31 gene. Similar to the case
for m20, a small ORF located C terminally to the M31 gene,
but in a different reading frame, was predicted to have high
coding potential (Fig. 3A). Resequencing of the M31 gene
region revealed an extra G at position 38803 (Fig. 3B). This
additional nucleotide shifts the reading frame of the second
half of M31 to encompass this newly identified coding region
and also restores full-length homology of M31 to the R31 pro-
tein of RCMV (Fig. 3C).

Novel MCMYV genes. MASCOT analysis of our MS data us-
ing a database of translations of all possible ORFs or all pos-
sible regions between stop codons of MCMYV led to the iden-
tification of peptides from two previously unannotated ORFs.
In-solution digestion analysis and SDS-PAGE analysis of virus
material identified peptides from MCMV ORF ;55441226505
This OREF is located between m166 and m167 on the comple-
mentary strand of MCMYV (Fig. 4) and specifies an ORF of 446
amino acids, hereafter referred to as m166.5 (Fig. 4B). It over-
laps significantly with m167 and was marginally predicted by
GeneMark (Fig. 4C). Analysis of virus material by SDS-PAGE
revealed a polypeptide migrating at 48 kDa that matched
m166.5. In-solution digestion and SDS-PAGE analysis identi-
fied 10 peptides from this region, resulting in 31% sequence
coverage (Fig. 4B and C). Peptides from m166.5 were detected
in two out of three in-solution virus preparations.

To confirm expression of the newly predicted m166.5 gene,
NIH 3T3 cells were infected with recombinant MCMV-
m166.5-HA possessing a C-terminal fusion of the HA tag to
the m166.5 ORF. As control, the recombinant virus MCMV-
m166-HA with an HA fusion to the m166 ORF was used. Total
cell lysates were harvested 5 and 24 h postinfection, and im-
munoblot analysis was performed. As shown in Fig. 4D, a
specific band for the HA-tagged m166.5 ORF with a size
slightly larger than 45 kDa could be detected at 5 and 24 h
postinfection. These data confirmed that a protein is expressed
from ORF m166.5 during MCMV infection.

A peptide with a significant MOWSE score was also identi-
fied from the region of ORF, 5035106072 DY in-solution digest
analysis. This ORF codes for a possible protein of 44 amino
acids in an unannotated region of the MCMV genome pre-
dicted to have high coding potential by GeneMark (Fig. 5).
The virus-derived peptide was also isolated from the 20- to
29-kDa range of our SDS-PAGE gel during in-gel analysis
(Fig. 1B).

Cellular proteins. Identification of peptides from a number
of cellular proteins was accomplished by conducting MASCOT
searches using the NCBInr database. The results from in-gel
analysis mirrored those obtained from in-solution digestion,
with the predominant cellular protein being actin. In addition,
annexin, cofilin, histone H2A, elongation factor la, glyceral-
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FIG. 2. Evidence for a 3’ extension of the MCMV m20 gene. (A) MS/MS spectrum of the 1,449.75 (M+H)>* precursor ion of the tryptic
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potential generated by GeneMark. (D) DNA sequencing analysis revealed an incorrect insertion (G) at position 20958 of the MCMV genome
(Smith strain NCBI 004065). Removal of this G extended the C terminus of m20 from position 20805 to position 20579.

dehyde-3-phosphate dehydrogenase, and rho GDP dissocia-
tion inhibitor were present and detectable by in-solution and

in-gel digestion (Fig. 1B and Table 2).

DISCUSSION

Traditional analysis of the composition of herpesvirus viri-
ons consists of denaturation of a virus preparation in SDS,
separation of the constituent proteins by electrophoresis, and
identification of polypeptides by sequencing visible bands with
Edman degradation or MS. This approach has been used to
analyze HCMYV (3), murine gammaherpesvirus 68 (9), Epstein-
Barr virus (18), and Kaposi’s sarcoma-associated herpesvirus
(36). This method, however, is unlikely to be sufficiently sen-
sitive to detect low-abundance virion proteins. Recovery of
highly hydrophobic peptides or low-abundance components
excised from acrylamide gels is often poor. In addition, at least

one of the viral glycoproteins in the HCMYV particle cannot be
identified in this manner due to its tendency to aggregate upon
heating and its subsequent inability to enter the resolving gel
(20).
Here, both in-gel analysis and in-solution digestion are used
as complementary approaches to examine the protein content
of MCMYV particles. The complex nature of the MCMV viral
particle, and the relative scarcity of information regarding its
composition, warranted this approach for confirmation and
comparison purposes. Standard in-gel analysis allowed the res-
olution of various molecular weight forms of MCMYV virion
components, including novel proteolytic products of the M25
ORF. In-solution digestion of MCMYV particles afforded the
detection of proteins present in lower copy numbers, as well as
the identification of two putative novel gene products.

As expected, we identified the majority of CMV virion con-



VoL. 78, 2004

PROTEOMICS OF MCMV 11193

Direction of coding
A > B
s TG CCCG G CG
(10 M fﬁ'l ('—V—“W'"“Wr\(ﬂl Ilr“—~ 38798 38806
05 [|| I| || M31 \."r
A 1
N N S
‘13:3 37200 37600 38000 38400 38500 ~3e200
I
! lm
§< 05 |J 'l /l
B 1 L]
. i RN L5 O, | o T [ s | |
1'0 AT200 aTe00 38000 38400 38800 38200
h
L
|'|I [ J H
00—l ! R P, | N P sl |t ||
37200 a7e00 38000 38400 38800 39200

Nucleolide Position
s GenBank annotation

10 20 30 40 50

— GeneMark hmm prediclion

&0 70 B8O 80 100 110 120 130

HEGFORADRSDLRTELARGVLYIT

HSETOKHAPRSDEPGEI

4119845322 | el INE_UG
MCHV_FE 1
Consensus P T NGE

gil|9845322 | ref INP_0E
MCHY FE 1 :
Consensus  aGloGgia.

gLl19845322 | rel INP_D6 Wi
MCMV _FS 1

Consansus Mo

gil9845322 | ref |NP_06
MCHV_FS 1
Conaanal

TGPRERESGENHPGLGLI

RRATTOREDGPE ROKFSFOSLAS

FIG. 3. Identification of a frameshift in the MCMV M31 gene. (A) A region with high coding potential was detected at the C-terminal end of
the M31 gene in reading frame 3. The three reading frames of the direct sequence are displayed. (B) DNA sequencing analysis determined a
missing G at position 38803. (C) Insertion of Gsgg3 restored full-length homology of M31 to RCMV protein R31. The box indicates the amino

acid which corresponds to the corrected codon from the insertion.

stituents previously reported in the literature. Analysis of our
in-solution digestion confirmed the presence of all four capsid
proteins, M85, M86, m48.2, and M46. In addition, all but one
of the reported MCMYV tegument proteins were unambigu-
ously detected by this method. M78, a G-protein-coupled, sev-
en-transmembrane receptor, has previously been described as
a virion component (38). We only detected a single peptide
derived from M78 in one out of four virion preparations. It did
not, therefore, meet our threshold criteria to be considered
significant. The reason for this discrepancy is not clear, but the
transmembrane structure of this protein may account for its
inaccessibility to tryptic digestion.

In our viral preparations, the relative abundance of tegu-
ment protein M25 was striking. We identified 91 individual
peptides derived from M25. In contrast, the second-most-abun-
dantly detected protein, major capsid protein M86, yielded
only 41 peptides. As a result of our in-gel analysis, it is also
apparent that M25 exists in a number of proteolytic forms
within the virion. Previous reports have identified 130-, 105-,

and 95-kDa forms of this protein in infected cell lysates and
130-kDa forms of this protein in supernatant virions (60). Our
analysis identified not only the 130-kDa form but also several
other forms at 200, 52, and 48 kDa, as assessed by their posi-
tion of migration on SDS-PAGE. Mutagenesis of the M25
region by transposon insertion results in no loss of titer in NIH
3T3 cells or organs of infected BALB/c mice (64) and suggests
that this protein is dispensable for viral replication. The func-
tion of this abundant, yet apparently nonessential, virion pro-
tein warrants further investigation.

Contrary to expectation M115, a homologue of an HCMV
glycoprotein, was not detected. In HCMV, glycoprotein L
forms a trimer with glycoproteins M and O (24). This trimer is
an essential structure for HCMV entry into cells. Although
previous work by Xu and colleagues suggested that an MCMV
glycoprotein L homologue exists and is expressed during in-
fection (62), it was not detected in this study by either in-
solution digestion or in-gel digestion analysis. The small size
and heavy glycosylation of this protein may result in poor
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FIG. 4. Expression of m166.5 confirmed by MS and Western blot analysis. (A) MS/MS spectrum of precursor ion 715.26 (uppercase 2+) was
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recovery of tryptic fragments. In addition, glycoprotein L may
be differentially expressed during infection.

Similar to previous reports on HCMV (3), actin is also as-
sociated with MCMYV viral particles. Annexin II is known to
bind HCMV glycoprotein B (42). We found peptides derived
from annexin I and annexin V in our preparations, suggesting
that MCMV may interact with these proteins. Peptides were
also recovered from cofilin, histone H2A, elongation factor
la, glyceraldehyde-3-phosphate dehydrogenase, and cadherin
EGF LAG seven-pass G-type receptor 2 (Table 2). Bovine
immunoglobulin G and serum albumin were detected by both
in-gel digestion and in-solution digestion. This was presumably
due to the abundance of these proteins in tissue culture media.

The method of purification used in this paper does not
necessarily remove secreted viral proteins released into the
medium that could adsorb onto the surface of extracellular
virions. Furthermore, none of the currently used purification
methods can fully resolve virion particles from abundant serum
and host cell proteins, such as bovine serum albumin, bovine
immunoglobulin G, or actin. As seen by SDS-PAGE, the frac-
tion of nonspecific cellular protein contamination was modest
in relation to actual viral constituents (Fig. 1B), but further

biochemical analysis is warranted in investigating the role of
the individual gene products identified in this study.

The in-solution digestion approach has revealed the pres-
ence of MCMYV replication proteins associated with the virion.
Although the presence of these proteins might be attributed to
nonspecific contamination of virus preparations, there is evi-
dence to suggest the contrary. Shenk and colleagues have dem-
onstrated that HCMYV virions contain mRNA specific for im-
mediate-early genes (10). Given the importance for rapid
DNA replication, transcription, and translation during the viral
life cycle, it would not be surprising to find that particles enter
cells ready to copy their DNA as well as begin translation of
immediate-early gene products. Mar and colleagues reported
DNA polymerase activity associated with purified HCMV viri-
ons (29), supporting the notion that the replication complex
may also be incorporated into MCMYV virions. These proteins
may be present in only a few copies per virion, possibly explaining
why they escape detection with traditional, less-sensitive methods.

A common approach to herpesvirus genome annotation
is the identification as a protein coding region any ORF
longer than 300 bp with less than 60% overlap with an adjacent
ORF (45, 54). These rules can cause substantial overannota-
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tion, especially in genomes that have high G+C content, such
as MCMYV. The prediction algorithm used in this study, an
MCMYV-modified version of GeneMarkS, takes into account
particular characteristics of viruses, including their small size,
overlapping genes, repeated regions, circular genomes, and
translation start context.

Computer analysis of the MCMYV genome using GeneMarksS,
as described above, led to the discovery of 12 putative novel
genes (data not shown). Our complementary proteomic anal-
ysis suggested the existence of two of these genes as being
present in the virion. Expression of one of these genes, m166.5,
during viral infection was confirmed by generating recombi-
nant MCMYV expressing an HA-tagged form of this protein.
This recombinant virus will be useful to further explore the
biological function of this viral gene.

The second OREF identified, ORF 593, 106072, codes for a
possible translation product of 44 amino acids in an unanno-
tated region of the MCMV genome. BLAST search using the
NCBI server and the SwissProt database revealed sequence
identity to a fragment of a putative spliced M73 transcript

described as an unpublished finding by Dallas et al.
(gi:762817). This suggests that this fragment may be part of a
larger, spliced gene. Consistent with this hypothesis, the pep-
tide derived from this region was detected by SDS-PAGE
analysis in the range of 20 to 29 kDa. The full sequence of this
gene remains unknown, as peptides were not detected that
corresponded to the rest of the M73 putative spliced sequence.

Generation of graphical output based on GeneMark predic-
tions allowed visual examination of irregularities in the pro-
tein-coding potential of currently annotated genes. This exam-
ination led to the identification of sequencing errors in the m20
and M31 genes. Restoration of proper coding sequence led to
full-length homology of the M31 gene to its R31 counterpart in
RCMV (Fig. 30).

The inability to detect our other newly predicted genes may
be due to the fact that, even if these ORFs are expressed, the
products encoded may not be structural proteins, or they may
be of too low abundance to be detected. Further experiments
are required to address these possibilities.

Our combined analysis represents an improved strategy for

TABLE 2. Cellular proteins associated with MCMYV particles

. SwissProt Other Mass (kDa) Comment MS % Cov-

Cellular protein D tches” T — ; tra .
matches Predicted Observed (reference) spectra erage
y-Actin, cytoplasmic gi:6752954  B-actin, a-actin 1 42 45 Associated with HCMV preparations (3) 14 42
Annexin I (lipocortin I) gi:1351942  Annexin V 35.7 33 Associated with HCMV preparations (59) 3 11
Cofilin 2i:116849 18.5 18 Associated with HIV particles (38a) 2 16
EF-1 a (EF-Tu) 2i:1169475 50 5 22
Glyceraldehyde-3-phosphate £i:120702 35.7 1 6

dehydrogenase

Histone H2A gi: 121961 Histone H2B 14 14 6 20
Rho GDP dissociation inhibitor  gi:21759130 23.3 26 2 7

“ Other cellular proteins matching the same set of peptides.
® Number of polypeptides detected from this protein by MS.
¢ Percent coverage of protein by polypeptides detected by MS.
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determining the protein composition of virus particles. The
standard method of virion analysis by SDS-PAGE was com-
pared to in-solution digestion and MS/MS analysis of viral
proteins. In-solution digestion followed by MS/MS greatly im-
proved sensitivity, increasing the number of identified proteins
from 19 (in-gel analysis) to 58 (in-solution analysis). Although
the functional relevance of these newly identified proteins dur-
ing the viral life cycle is unclear, the data indicate that the
particle composition of MCMYV is more complex than previ-
ously thought.
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