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Human cytomegalovirus (HCMV), a member of the herpesvirus family, is a large complex enveloped virus
composed of both viral and cellular gene products. While the sequence of the HCMV genome has been known
for over a decade, the full set of viral and cellular proteins that compose the HCMV virion are unknown. To
approach this problem we have utilized gel-free two-dimensional capillary liquid chromatography-tandem
mass spectrometry (MS/MS) and Fourier transform ion cyclotron resonance MS to identify and determine the
relative abundances of viral and cellular proteins in purified HCMV AD169 virions and dense bodies. Analysis
of the proteins from purified HCMV virion preparations has indicated that the particle contains significantly
more viral proteins than previously known. In this study, we identified 71 HCMV-encoded proteins that
included 12 proteins encoded by known viral open reading frames (ORFs) previously not associated with
virions and 12 proteins from novel viral ORFs. Analysis of the relative abundance of HCMV proteins indicated
that the predominant virion protein was the pp65 tegument protein and that gM rather than gB was the most
abundant glycoprotein. We have also identified over 70 host cellular proteins in HCMV virions, which include
cellular structural proteins, enzymes, and chaperones. In addition, analysis of HCMV dense bodies indicated
that these viral particles are composed of 29 viral proteins with a reduced quantity of cellular proteins in
comparison to HCMV virions. This study provides the first comprehensive quantitative analysis of the viral
and cellular proteins that compose infectious particles of a large complex virus.

Human herpesviruses are large complex enveloped viruses
that constitute some of the most important human pathogens.
Human cytomegalovirus (HCMV) is a prototypic herpesvirus
that encodes over 200 predicted open reading frames (ORFs)
(8, 11, 12, 32, 43). The HCMV virion is composed of an
icosahedral capsid that contains a linear 230-kbp double-
stranded DNA genome with attached proteins and an outer
layer of proteins called tegument, surrounded by a cellular
lipid layer containing viral glycoproteins (31). Viral and cellu-
lar proteins that constitute the infectious HCMV virion have
been identified by biochemical and immunological approaches
(3, 16). While these studies have yielded information regarding
the proteins that compose the capsid, tegument, and envelope,
the complete protein composition of the HCMV virion is un-
known.

HCMV infection of cells in culture generates three different
types of particles, including infectious mature virions described
above, noninfectious enveloped particles (NIEPs), and dense

bodies. NIEPs are composed of the same viral proteins as
infectious virions but lack viral DNA (31). Dense bodies are
uniquely characteristic of HCMV infection and are nonrepli-
cating enveloped particles composed primarily of the tegument
protein pp65 (UL83). The quantities of these different HCMV
particles are dependent on the viral strain and the multiplicity
of infection.

The icosahedral capsid of both NIEPs and infectious virions
is assembled in the nucleus from five viral proteins encoded by
the ORFs UL86, UL85, UL80, UL48-49, and UL46. The cap-
sid is surrounded by the tegument, which is acquired in both
the nucleus and cytoplasm of the infected cell. Approximately
20 to 25 known virion-associated tegument proteins have been
identified in virion preparations, and many of these proteins
are phosphorylated and have unknown functions (31). Cyto-
plasmic viral capsids containing tegument are enveloped by
budding into the trans-Golgi network or a closely apposed
cellular compartment, and this acquired lipid bilayer contains
nine virally encoded glycoproteins, including gB (UL55), gM
(UL100), gH (UL75), gL (UL115), gO (UL74), gN (UL73),
gp48 (UL4), gpTRL10, and UL33 (31). Previous studies have
determined that there are about 30 to 35 viral proteins that
compose HCMV virions (3, 16). In addition to virally encod-
ed structural proteins, a small number of cellular proteins, in-
cluding CD13 (aminopeptidase N), �2-microglobulin, protein
phosphatase I, annexin II, and actin-related protein 2/3 (Arp2/

* Corresponding author. Mailing address: Department of Molecular
Microbiology and Immunology, Oregon Health Sciences University,
Portland, OR 97201. Phone: (503) 418-4038. Fax: (503) 418-2719.
E-mail: streblow@ohsu.edu.

† Supplemental material for this article may be found at http://jvi
.asm.org/.

‡ S.M.V. and D.N.S. contributed equally to this work.

10960



3), have been shown to associate with the HCMV virion (3, 17,
18, 30, 38, 42). The number of viral and cellular proteins that
compose an infectious virion will always be controversial and
dependent on the stringency of the isolation procedures. Un-
fortunately, as virions are purified, the particles tend to lose
infectivity. This situation makes identification of essential
virion proteins difficult to assess except by abundance.

Mass spectrometry (MS)-based proteomic approaches have
been applied to analyze the proteomes of a number of organ-
isms, including Deinococcus radiodurans, Plasmodium falci-
parum, yeast, and adenovirus (9, 14, 24, 28, 41). One MS
approach exploits high-accuracy mass measurements with en-
hanced dynamic range using liquid chromatography Fourier
transform ion cyclotron resonance (LC-FTICR) MS to vali-
date peptide assignments for an organism, from potential mass
tags identified using LC-tandem MS (LC-MS/MS). This two-
stage approach provides greater confidence in the identifica-
tions as well as the basis for subsequent higher sensitivity and
throughput measurements without the need for routine MS/
MS (35, 36). We have applied the high mass measurement
accuracy of LC-FTICR to analyze the proteome of HCMV
virions and dense bodies. Additionally, a comparison of the
peptide ion intensities was used to evaluate relative abun-
dances of proteins isolated from virion and dense body parti-
cles. These analyses resulted in the identification of both new
and unknown HCMV ORFs that encode peptides in the virion
and demonstrate the utility of this approach.

MATERIALS AND METHODS

Cells, viruses, and reagents. Normal human dermal fibroblasts (Clonetics)
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and penicillin–streptomycin–L-glutamine. The HCMV strain
AD169 was obtained from the American Type Culture Collection (Rockville,
Md.).

HCMV particle purification procedures. HCMV AD169 particles were puri-
fied from the culture medium of infected normal human dermal fibroblasts when
the cells displayed maximal cytopathic effect. The cellular supernatants were first
clarified by centrifugation at 12,000 � g for 15 min. The clarified medium was
layered over a sorbitol cushion (20% D-sorbitol, 50 mM Tris [pH 7.4], 1 mM
MgCl2), and virus was pelleted by centrifugation at 64,000 � g for 1 h at 4°C in
a Beckman SW28 rotor. The virus pellet was resuspended in TNE buffer (50 mM
Tris [pH 7.4], 100 mM NaCl, and 10 mM EDTA). The virus particles were
further purified by layering them over a continuous 10-to-50% Nycodenz (Sigma)
gradient in TNE buffer and centrifuged at 110,000 � g for 2 h at 4°C in a
Beckman SW40.1 rotor. The gradients were fractionated, and the protein com-
position of each fraction was analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Gradient fractions, containing dense bodies, and virions were
diluted in TNE buffer and pelleted by centrifugation at 110,000 � g for 2 h at 4°C
and resuspended in TNE buffer. Purity was confirmed by electron microscopy of
negatively stained HCMV preparations. In order to assess the protein content of
the purified virus and dense bodies, denatured protein preparations were sepa-
rated on NuPAGE morpholinepropanesulfonic acid (MOPS) gradient gels (In-
vitrogen, Carlsbad, Calif.) and visualized by Coomassie brilliant blue staining.

Tryptic digestion of HCMV particles. HCMV particles were denatured by the
addition of urea to 8 M and heating to 37°C for 30 min. The sample was then
diluted fourfold with 100 mM ammonium bicarbonate (AB), and CaCl2 was
added to 1 mM. Methylated, sequencing-grade porcine trypsin (Promega, Mad-
ison, Wis.) was added at a substrate-to-enzyme ratio of 20:1 (mass/mass) and
incubated at 37°C for 15 h. The digested peptides were dialyzed against a large
volume of 100 mM AB.

Cation exchange separation of peptides. A 250-�g virion particle sample was
dialyzed against 100 mM AB, lyophilized to dryness, and trypsin digested as
described above. Strong cation exchange chromatography was performed on the
peptide sample as previously described (39).

MS/MS analysis of peptides. Peptide samples were analyzed by high-resolu-
tion, reversed-phase capillary LC coupled directly to an electrospray ionization

interface with a tandem mass spectrometer as described previously (39). All
MS/MS analyses were performed on a Finnigan LCQ ion trap mass spectrometer
(Thermo Finnigan, San Jose, Calif.) that was run and operated as described
elsewhere (2, 39).

FTICR MS. For FTICR analysis, unfractionated or fractionated tryptic pep-
tides were resuspended in mobile phase A (0.1% trifluoroacetic acid) and ana-
lyzed using reversed-phase capillary LC coupled to an electrospray ionization
interface with a FTICR mass spectrometer as previously described (36). In this
high-throughput application, a modified and enhanced 9.4T Bruker Apex III
FTICR MS instrument was employed for the high mass measurement accuracy
peptide measurements (4) coupled with a PAL autosampler (Leap Technolo-
gies) and a constant pressure LC system, assembled in-house.

Analysis and quantitation of FTICR results. The SEQUEST algorithm (13)
was used to make preliminary peptide identifications by matching the MS/MS
fragmentation spectra with peptides from a combined database comprised of the
HCMV.fasta and the human.fasta from the National Center for Biotechnology
Information. The human database was modified with the removal of viral pro-
teins and redundant protein entries in the database. An HCMV stop-to-stop
(StoS) database was designed to identify peptides from all possible ORFs of 20
amino acids (aa) or longer from HCMV. A peptide was considered tentatively
identified with a conservative criteria set developed by Yates (27, 41). Briefly, all
accepted SEQUEST results had a �Cn of 0.1 or greater. Peptides with a �1
charge state were accepted if they were fully tryptic and had a cross-correlation
(Xcorr) of at least 1.9. Peptides with a �2 charge state were accepted if they were
fully tryptic or partially tryptic and had an Xcorr of at least 2.2. Peptides with �2
or �3 charge states with an Xcorr of at least 3.0 or 3.75, respectively, were
accepted regardless of their tryptic state. When a protein was identified by two
or fewer unique peptides that met the SEQUEST criteria above, the SEQUEST
spectra alignment was manually validated using criteria described elsewhere (27).
Analysis of the LC-FTICR experiments was performed using ICR-2LS (25).
Each experiment was performed in triplicate, and for identification purposes
peptides had to be present in at least two of the triplicate FTICR measurements
and/or in multiple experiments.

To generate relative abundances for the proteins, single preparations of virion
and dense body particles were analyzed by FTICR in triplicate. Peptides had to
be present in at least two of the triplicate FTICR measurements. Abundances of
the individual peptides were computed by summing the intensity of the ions from
a single scan or multiple scans that matched each peptide, similar to an approach
reported by Wang et al. (40). However, because tryptic peptides for a protein do
not all have the same FTICR peak abundances, only the most abundant peptides
from each protein were used to compute the average abundance for that protein.
For this study, peptides from each protein that were in the top 66% in peak
abundance were used for analysis. In general the integrated, averaged peptide
intensities should correlate with the relative protein mass. Additionally, all pep-
tides used to derive protein abundances were fully tryptic, except for one UL88
peptide.

RESULTS AND DISCUSSION

Identification of HCMV virion proteins. To determine the
protein composition of the HCMV virion, viral particles were
purified from the supernatant culture fluids of human fibro-
blast cells infected with HCMV strain AD169. This HCMV
strain was selected because of the availability of the complete
sequence of the viral genome (8). AD169-infected superna-
tants were subjected to sequential sedimentation and density
ultracentrifugation gradients such that the purity of the prep-
arations was �96% virions as determined by electron micros-
copy (333 virions, 13 dense bodies, 0 NIEPs, and undetectable
cellular organelles counted in 15 individual fields). Examples
of the HCMV virion and dense body purified particles used for
MS analysis examined by electron microscopy are shown in
Fig. 1A, and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis analysis of the same preparations is shown in Fig.
1B.

Purified virion preparations were digested to yield a complex
mixture of polypeptides that was analyzed by a two-stage MS
approach. The first stage employed both one-dimensional and
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two-dimensional LC (multidimensional protein identifica-
tion technology) coupled to MS/MS (2, 27). The results from
the LC-MS/MS analysis were verified and extended by employ-
ing high-accuracy mass measurements with LC-FTICR com-
bined with chromatographic elution time information. Using
this approach, we identified 59 proteins, including 12 proteins
encoded by known HCMV ORFs that were not previously
shown to reside in virions (Table 1). The known virion proteins
identified included 5 capsid proteins (UL46, UL48-49, UL80,
UL85, and UL86), 14 tegument proteins (UL24, UL25, UL26,
UL32, UL43, UL47, UL48, UL82, UL83, UL94, UL99, US22,
US23, and US24), 11 glycoproteins (TRL10, UL22A, UL41A,
UL55, UL73, UL74, UL75, UL77, UL100, UL115, and
UL119), 12 proteins involved in DNA replication and tran-
scription (IRS1, TRS1, UL44, UL45, UL54, UL57, UL69,
UL72, UL84, UL89, UL97, and UL122), and 2 G-protein-
coupled proteins (UL33 and US27) (Table 1). This analysis
also identified 12 HCMV-encoded polypeptides not previously
associated with the virion, including UL5, UL38, UL50, UL71,
UL79, UL93, UL96, UL103, UL132, US23, US24, and TRL14.
Nine of these HCMV-encoded polypeptides (UL38, UL50,
UL71, UL79, UL93, UL96, UL102, US23, and US24) are re-
quired for efficient virus growth in cultured fibroblasts (12, 43).
UL4, UL23, UL53, UL56, UL98a, and US28 have previously
been reported to be associated with HCMV particles (1, 6, 7,

10, 37). Although peptides corresponding to these viral pro-
teins were detected in our study, the peptides failed to meet
the criteria, as outlined in Materials and Methods, for inclu-
sion in our database.

In order to evaluate the presence of small polypeptides in
the virion not represented by ORFs in the annotated HCMV
genome, we constructed a database of StoS protein coding
regions from all reading frames of the HCMV genome that
were 20 aa or longer in length. The MS/MS spectra were
analyzed against the predicted peptides from this StoS data-
base, and polypeptides corresponding to 12 short ORFs were
identified that have not been previously characterized (Fig. 2).
Six of these short polypeptides either have very high confi-
dence identifications or were identified from multiple different
peptides and are presumably more abundant. None of these
new peptides identified corresponded to the candidate ORFs
described by Murphy et al. (32), in part because the referenced
analysis considered ORFs of �50 aa. BLAST analysis revealed
that all of the identified StoS sequences were present in the
HCMV strains TR, PH, FIX, Merlin, Toledo, and Towne and
were between 97 and 100% identical at the DNA level (data
not shown). The shortest of the small peptides detected in this
study was 22 aa (StoS-1-0779; 66 bp), and the longest detected
was 190 aa (StoS-1-0415, 570 bp) in length, overlapping but out
of frame with UL31. What is unclear from these studies is
whether the proteins encoded by the small ORFs are unique or
part of larger proteins.

Relative quantitation of virion proteins. The intensities of
the FTICR spectra of the most abundant peptides for each
protein were averaged to determine the relative quantities of
viral proteins in preparations of HCMV particles. The relative
abundance of each HCMV protein is shown in Table 2 as a
percentage of the sum of all the virion proteins. These analyses
indicated that the virion is comprised of 50% tegument pro-
teins, 30% capsid proteins, 13% envelope proteins, and 7%
undefined proteins. The most abundant protein in the virion
was the pp65 tegument protein UL83, which was present in a
molar ratio of �2:1 with UL86 (major capsid protein). These
findings are similar to previous observations using different
quantitative techniques (3, 21, 23, 34). Similarly, we observed
that UL85 (minor capsid protein) was present in a 2:1 molar
ratio with UL46 (minor capsid protein-binding protein) and
that UL82 (pp71) and UL86 (major capsid protein) were in
approximately equimolar amounts. Both of these observations
are also consistent with previous reports (21).

Analysis of the virion preparations also indicated that 8% of
the total peptide content was composed of UL80. UL80 en-
codes a protein that is cleaved into the assembly protein (AP
UL80.5) at the carboxyl terminus (UL80, aa 336 to 708) and
the protease (assemblin, UL80A) at the amino terminus
(UL80, aa 1 to 256). The protease is subsequently autocata-
lytically cleaved into two more peptides (16, 31). Interestingly,
all of the UL80 peptides identified in the virion preparations
were from AP (UL80 regions aa 431 to 486 and 566 to 578)
(Fig. 3). The AP polypeptide is a major component of imma-
ture B capsids that lack viral DNA genome. The AP protein is
believed to be lost during the maturation of the HCMV B
capsid to the C capsid, which eventually develops into the
infectious virion. In contrast, some B capsids form NIEPs.
However, examination of the viral preparations by electron
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FIG. 1. Characterization of HCMV virion and dense body prepa-
rations. (A) Electron microscopy of negatively stained HCMV virion
and dense body preparations. Magnification, �8,400. (B) Analysis of
the proteins that constitute the purified HCMV particle preparations.
Proteins were separated using NuPAGE MOPS gradient gels and
visualized by Coomassie blue staining.
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microscopy indicated that 96% of the particles were mature
electron-dense virions and 4% were dense bodies and there
were undetectable amounts of NIEPs, suggesting that AP may
be a component of the infectious particle. Consistent with this
argument, if NIEPs were contributing to the presence of AP
then we would expect that peptides representing assemblin
would be present, and this protein was not detected in the
virion preparations.

The most abundant HCMV envelope glycoprotein was
UL100 (gM), which comprised 10% of the total virion protein.
This observation was surprising, since previous reports have
suggested that the most predominant envelope glycoprotein is
UL55 (gB), reported here to be 10-fold less or 1% of the total
virion protein content. The discrepancy in the observations can
be accounted for by the highly hydrophobic nature of gM,
which is glycoslylated and contains at least eight transmem-
brane domains, making this protein difficult to detect by gel
electrophoresis (26). Although gM complexes with UL73 (gN),
only 0.1% of the peptide content detected in our virion prep-
arations was gN. Lastly, UL75 (gH) and UL115 (gL), which
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FIG. 2. StoS ORF map. The genome of HCMV is represented by
the line. Newly identified StoS ORFs are indicated by solid arrows, and
ORFs that were recognized previously in AD169 are marked by open
arrows.

TABLE 1. HCMV proteins identified by LC-MS/MS and/or by FTICR from virions and dense bodies

Viral protein
group

HCMV
ORF

LC-MS/MS FTICR

% Cov-
erage

Viral protein
group

HCMV
ORF

LC-MS/MS FTICR

% Cov-
erage

No. of
different
peptides

Max
XCorr

No. of
different
peptides

No. of
different
peptides

Max
XCorr

No. of
different
peptides

Virion proteins
Capsid UL46 20 5.30 14 44.8

UL48-49 8 6.52 5 54.7
UL80 37 6.36 30 35.6
UL85 21 6.73 22 63.1
UL86 149 3.97 123 71.0

Tegument UL24 8 5.06 9 38.3
UL25 60 7.04 59 59.2
UL26 9 4.77 10 53.7
UL32 135 3.01 100 70.5
UL43 7 5.50 10 28.1
UL47 53 6.10 64 57.5
UL48 111 4.29 109 56.8
UL82 70 6.39 47 69.3
UL83 123 5.44 86 92.0
UL94 10 5.08 12 26.4
UL99 8 5.87 9 64.7
US22 2 3.16 2 5.4
US23 1 2.61 1 4.6
US24 1 4.83 2 7.0

Glycoproteins RL10 5 2.36 4 22.8
TRL14 *a 1 7.5
UL5 * 1 5.4
UL22A 1 5.04 1 19.4
UL33 4 6.11 4 14.1
UL38 * 1 5.7
UL41A 2 5.72 2 25.6
UL50 1 2.82 4 10.6
UL55 21 6.16 23 24.8
UL73 2 3.47 2 6.5
UL74 4 5.07 4 13.5
UL75 21 6.15 22 35.7
UL77 14 5.65 12 31.2
UL93 15 5.35 14 31.7
UL100 13 5.24 7 15.9
UL115 11 4.73 9 47.1
UL119 2 2.23 1 4.6
UL132 8 5.89 8 47.0
US27 4 4.25 2 7.7

a Asterisks indicate proteins whose LC-MS/MS SEQUEST scores were lower than our cutoff values; however, the proteins were identified with the more sensitive
FTICR.

Transcription-repli-
cation machinery

IRS1 15 6.01 17 25.8
TRS1 10 6.92 23 34.7
UL44 1 4.32 9 31.0
UL45 43 5.85 52 52.2
UL54 * 1 1.6
UL57 * 1 0.4
UL69 6 4.17 7 19.0
UL72 * 1 4.6
UL84 1 2.50 3 12.8
UL89 * 1 3.1
UL97 13 5.95 9 32.1
UL122 2 4.26 4 11.7

Uncharacterized UL35 42 6.27 40 56.1
UL51 * 1 3.2
UL71 12 6.32 11 40.4
UL79 * 1 10.9
UL88 14 6.8 17 33.6
UL96 1 4.46 1 19.7
UL103 8 5.18 8 37.0
UL104 9 4.68 9 23.0
UL112 1 3.30 4 4.7

Dense body proteins
Capsid UL46 1 3.6 6

UL48-49 2 5.8 1
UL80 1 6.1 2
UL85 4 5.0 4
UL86 22 5.0 19

Tegument UL25 17 6.3 13
UL26 3 3.6 3
UL32 11 5.4 15
UL35 5 5.6 9
UL47 2 4.3 6
UL48 7 5.4 12
UL82 9 5.1 6
UL83 40 6.3 14
UL75 4 5.6 2

Transcription-repli-
cation machinery

UL45 2 4.3 6
IRS1 3 5.6 2
TRS1 1 4.7 5
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exist as a glycoprotein complex (19, 22), were detected at an
equal molar ratio. However, UL74 (gO), which is also a mem-
ber of this complex, was detected at lower levels (�0.1% of the
total peptides detected). The unexpected lower levels of gN
and gO in virions detected by FTICR may be due to the highly
glycosylated state of these molecules, which might prevent
complete trypsinization, or due to factors affecting the MS
detection (20, 29).

HCMV virion host proteins. The host protein content of
isolated HCMV particles was determined by searching for pep-
tides detected by comparison with peptides predicted from a
human-Fasta database. A total of 71 host cell proteins associ-
ated with HCMV virions were identified with high confidence,
significantly increasing the number of previously identified
virion proteins (Table 3; see also Table S1 in the supplemental

material) (3, 17, 18, 30, 31, 38, 42). HCMV cellular virion
proteins include cytoskeletal proteins, such as 	- and �-actin,
tubulin, several annexins, 	-actinin, and vimentin, as well as
cellular proteins involved in translational control, including
initiation and elongation factors. Other cellular proteins iden-
tified in HCMV virion preparations include clathrin and ADP-
ribosylation factor 4. These proteins are involved in vesicular
trafficking in the endoplasmic reticulum and Golgi, suggesting
a role for these proteins in viral envelopment and/or egress. In
addition to the above cellular virion proteins, four isoforms of
the signal transduction protein 14-3-3 were also identified in
HCMV preparations, together with other signaling proteins
such as RasGAP, casein kinase 2, and �2-GTO-binding regu-
latory protein. The cellular protein �2-microglobulin was pre-
viously reported to be a component of the HCMV virion (18,
38). However, this cellular protein was present in low amounts
in virion preparations and was eliminated from the cellular
protein list, based on the conservative criteria employed in this
study. The latter observation, as well as the absence of other
cellular proteins in HCMV purified virion preparations, sug-
gests that the cellular proteins identified in this study are part
of the infectious virion. The presence of these cellular proteins
in virion preparations may be attributed to copurification of
cellular components in virion preparations, purified virions
sticking to cellular proteins, or that the cellular proteins are
constituents of the viral particles. However, we believe that the
majority of the cellular proteins in virion preparations are
integral parts of the particle, since some of these cellular pro-
teins have already been identified in virion preparations and
examination of the viral preparations by electron microscropy
indicated undetectable amounts of cellular organelles and de-
bris.

Identification and relative quantitation of proteins associ-
ated with HCMV dense bodies. The LC-FTICR and LC-
MS/MS analyses of dense body preparations identified 31 viral
proteins that included 5 capsid proteins, 9 tegument proteins,
4 glycoproteins, and 4 proteins involved in virus transcription
and replication (Tables 1 and 2; see also Table S3 in the
supplemental material). Ten of these proteins, UL25, UL32,
UL35, UL45, UL47, UL48, UL82, UL83, UL86, and TRS1,
were all identified with more than five peptides from each
protein. UL83 (pp65) was the predominant protein present in
dense bodies, representing 60% of the relative protein, similar
to previous studies (3, 21). Likewise, UL25 has been found to
be more abundant in dense bodies than in virions (3). In this
study, UL25 represented 13% of the total protein in dense
bodies but only 2.2% of the total protein of the virion, a
roughly fivefold increase in relative abundance. Only one other
protein, UL26, was present at a significantly increased level in

UL80
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431-rhfadyvdph ypgwgrryep apslhpsypv ppppspayyr rrdspggmdeppsgwer- 486 566- ydelrdaihelkrdl - 578

I Site R Site M Site

FIG. 3. Abundant peptides identified as UL80-specific peptides by
LC-MS/MS and/or by FTICR associated with virions.

TABLE 2. Average abundances for HCMV proteins associated
with virions and dense bodies

HCMV
ORF

Virion abundancea Dense body abundancea

Avg
abundance

No. of
peptides

used
SD Avg

abundance

No. of
peptides

used
SD

UL83 15.4 5 5.3 60.2 2 36.6
UL48-49 12.6 1 �0.1 4.4 1 �0.1
UL100 9.2 1 �0.1 4.4 1 �0.1
UL32 9.1 7 4.2 2 1 �0.1
UL82 8.9 2 5.2 1.7 5 0.3
UL48 8.8 2 4.2 0.8 2 0.4
UL80 7.7 3 4.1 1.1 1 �0.1
UL86 6 11 2.4 1.5 6 0.6
UL45 4.7 1 �0.1 0.9 2 0.4
UL85 2.8 4 0.8 1 2 0.2
UL25 2.2 4 0.8 12.7 4 5.0
UL46 1.5 4 0.7 0.3 5 0.1
UL47 1.5 5 0.6 0.3 6 0.1
UL55 1.4 2 0.4 0.3 2 0.2
UL94 1.2 2 0.5 1 1 �0.1
IRS1 0.8 1 �0.1 0.3 1 �0.1
UL88 0.7 4 0.2 0.1 4 �0.1
UL77 0.6 1 �0.1 ND NA NA
TRS1 0.6 2 0.3 0.3 3 �0.1
UL75 0.6 5 0.3 0.6 3 0.3
UL35 0.5 5 0.2 1 1 �0.1
UL115 0.5 2 0.1 0.3 2 0.1
UL119 0.5 1 �0.1 ND NA NA
UL132 0.4 3 0.2 0.2 2 0.1
UL104 0.4 2 0.2 ND NA NA
US27 0.2 1 �0.1 ND NA NA
RL10 0.2 2 �0.1 �0.1 2 �0.1
UL72 0.2 1 �0.1 ND NA NA
UL22A 0.2 1 �0.1 ND NA NA
UL97 0.1 4 �0.1 0.5 3 0.1
UL71 0.1 3 �0.1 ND NA NA
UL26 0.1 2 �0.1 2.4 2 1.0
US22 0.1 2 �0.1 ND NA NA
UL103 0.1 5 �0.1 �0.1 5 �0.1
UL24 0.1 1 �0.1 0.5 1 �0.1
UL44 0.1 2 �0.1 0.4 1 �0.1
UL33 0.1 1 �0.1 ND NA NA
UL43 ND NA NA 0.2 3 �0.1
UL69 ND NA NA 0.1 3 �0.1
UL93 ND NA NA �0.1 1 �0.1
UL99 ND NA NA 0.5 2 0.2

a Abundances are based upon a percentage of the total protein present derived
from integrated peptide MS peak intensities. ND, not detected; NA, not appli-
cable.
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dense bodies (2.4%) compared to virions (0.1%). UL26 was
previously reported as more abundant in dense bodies (3), but
in contrast it was not detected in virions in the earlier work.
Additionally, the tegument phosphoprotein UL32 (pp150) is
decreased in dense bodies compared to virions from 9.1% of
the virion protein mass to 2% of the dense body protein mass.
While the amount of UL32 in the virion was lower than pre-
viously estimated, our analysis indicated that pp150 is prefer-
entially incorporated into virions rather than dense bodies (5).
Only a small number of host cell proteins were identified
associated with dense bodies, including glyceraldehyde-3-phos-
phate dehydrogenase, annexin A2, �-actin, and the heat shock
70-kDa protein (see Table S2 in the supplemental material). A
possible explanation for this observation is that dense body
particles egress from the host cell in a fundamentally different
manner than virion particles.

Similar to the findings of Baldick and Shenk (3), the dense
body particles isolated here appeared more complex than pre-
viously indicated (21), with 21 viral proteins identified. Addi-
tionally, the presence of five nucleocapsid proteins, UL46,
UL48-9, UL80, UL85 and UL86, in the dense body prepara-
tions was perhaps surprising, given that dense bodies are re-
ported to lack a nucleocapsid (15, 33). However, at least two of
these proteins, UL85 and UL86, have previously been detected
in dense bodies (3). The five capsid proteins combined repre-
sent a relatively small portion of the total dense body protein
(�7.8%), whereas these same five proteins represent �24% of
the total protein isolated from virion particles.

According to our analysis, the glycoproteins encoded by
UL55, UL100, and UL132 were decreased in relative abun-
dance by four-, two-, and twofold, respectively, while UL75 and
UL115 were equivalent in comparison to the abundance of
these glycoproteins in virions. The total percentage of viral
glycoproteins in the dense body preparations was 5.2%, com-
pared to 13% in virion preparations. The discrepancy may
reflect the variation in size as well as high tegument composi-
tion (85.5%) of the dense bodies. The other glycoproteins
identified in virion preparations (TRL10, UL22A, UL33,
UL77, UL119, and US27) were not detected in the dense body
preparations. The fact that dense bodies are infectious suggests
that the full complement of virion glycoproteins necessary for
the particle to enter the cell is present in these particles. These
observations suggest that the other glycoproteins not detected
in dense preparations are either below our detection limits or
are not essential for dense body infectivity.

Conclusions. Using state-of-the art proteomic techniques,
we have identified the viral and cellular proteins associated
with purified preparations of HCMV particles and dense bod-
ies and we have determined their relative abundance. Previous
studies suggested that the HCMV virion contains about 30 to
40 proteins. The data presented here indicate a significantly
higher number of viral structural genes, 59, including polypep-
tides encoded by 12 small ORFs which were not previously
predicted to encode polypeptides. Additionally, a large num-
ber of host cellular genes were identified as associated with the
virion, indicating a greater role for cellular proteins in the
ontogeny of the virus. The function of these newly identified
virion proteins and their contribution to structure and infec-
tivity are unknown and the focus of future studies.
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