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ABSTRACT

The mechanisms that lead to the tegumentation of herpesviral particles are only poorly defined. The phosphoprotein 65 (pp65)
is the most abundant constituent of the virion tegument of human cytomegalovirus (HCMYV). It is, however, nonessential for
virion formation. This seeming discrepancy has not met with a satisfactory explanation regarding the role of pp65 in HCMV par-
ticle morphogenesis. Here, we addressed the question of how the overall tegument composition of the HCMYV virion depended
on pp65 and how the lack of pp65 influenced the packaging of particular tegument proteins. To investigate this, we analyzed the
proteomes of pp65-positive (pp65pos) and pp65-negative (pp65neg) virions by label-free quantitative mass spectrometry and
determined the relative abundances of tegument proteins. Surprisingly, only pUL35 was elevated in pp65neg virions. As the
abundance of pUL35 in the HCMV tegument is low, it is unlikely that it replaced pp65 as a structural component in pp65neg viri-
ons. A subset of proteins, including the third most abundant tegument protein, pUL25, as well as pUL43, pUL45, and pUL71,
were reduced in pp65neg or pp65low virions, indicating that the packaging of these proteins was related to pp65. The levels of
tegument components, like pp28 and the capsid-associated tegument proteins pp150, pUL48, and pUL47, were unaffected by the
lack of pp65. Our analyses demonstrate that deletion of pp65 is not compensated for by other viral proteins in the process of vi-
rion tegumentation. The results are concordant with a model of pp65 serving as an optional scaffold protein that facilitates pro-

tein upload into the outer tegument of HCMYV particles.

IMPORTANCE

The assembly of the tegument of herpesviruses is only poorly understood. Particular proteins, like HCMV pp65, are abundant
tegument constituents. pp65 is thus considered to play a major role in tegument assembly in the process of virion morphogene-
sis. We show here that deletion of the pp65 gene leads to reduced packaging of a subset of viral proteins, indicating that pp65 acts
as an optional scaffold protein mediating protein upload into the tegument.

he virion of human cytomegalovirus (HCMV), a member of

the family Betaherpesvirinae, is composed of a capsid contain-
ing the DNA genome, a tegument layer, and an envelope. HCMV
virion assembly is an orchestrated process that is initiated with
capsid formation and DNA packaging in the nucleus (1, 2). At this
stage, a first layer of tegument proteins is attached to the capsid
(3). Following translocation through the nuclear membrane by a
process of envelopment and de-envelopment, capsids are targeted
to specialized sites in the cytosol, termed cytoplasmic viral assem-
bly compartments (4—6). Most of the tegumentation and subse-
quent envelopment appears to proceed in these structures, which
contain components of both the trans-Golgi network and the
endoplasmic reticulum (ER)-Golgi intermediate compart-
ments (7). Subsequent to as yet poorly defined processes that
lead to HCMYV virion envelopment, particles are transported to
the cell surface by cellular transport systems. ESCRT (endo-
somal sorting complexes required for transport) proteins, as
well as SNARE (soluble N-ethylmaleimide-sensitive-factor at-
tachment protein receptor complex) proteins, may be involved
in HCMV virion transport (1, 8, 9).

Viral proteins contained in the HCMV tegument serve at least
three distinct functions. Proteins that are closely attached to the
capsid structure may be necessary for the structural integrity of the
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particle (10, 11). Besides a putative structural function, some of
the tegument proteins, mostly located in the outer tegument lay-
ers, are also functionally important. These proteins may be essen-
tial for the initiation of viral gene expression, for sensing of the
cellular environment, or for counteracting innate cellular defense
mechanisms (12-16). Finally, tegument interaction with mem-
brane-associated viral glycoproteins is likely to direct final en-
velopment, as evidenced by the envelopment of subviral dense
bodies (DBs) that almost exclusively consist of tegument pro-
teins (17, 18).

The phosphoprotein 65 (pp65) is the major tegument compo-
nent of HCMV virions (17, 19). It interacts with the cellular pro-
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tein IFI16, thereby blocking its DNA-sensing function (15, 20).
Furthermore, pp65 has been reported to interfere with innate and
adaptive immunity, though the discovery of deregulation of pp71
expression in pp65 deletion mutants may lead to a reevaluation of
some of these results (21-24). The function of pp65 as a structural
component of the viral particle is unknown. Although pp65 may
contribute up to 15% of the total virion mass (17), it is dispensable
for growth in human fibroblasts (25). Remarkably, the intracellu-
lar virion morphology of a mutant lacking pp65 is comparable to
that of pp65-competent strains (25, 26). This is surprising, as mor-
phological changes would have been expected with the most
abundant constituent of the virus particle lacking. One likely ex-
planation is that a single protein fills the gap in the tegument,
thereby complementing a putative structural function of pp65.
Alternatively, lack of pp65 could lead to a general increase in the
recruitment of other viral proteins into the tegument. We have
recently presented preliminary data showing that the overall com-
position of HCMV virions is not substantially altered in pp65-
negative (pp65neg) strains (27). In this communication, we ex-
tend these analyses and describe a proteomics approach to address
the question about the compensation of the loss of pp65 with
regard to individual viral and cellular proteins. The data show that
the upload of some tegument proteins is impaired in pp65neg
strains, indicating that pp65 serves as an optional tegument scaf-
fold. The loss of pp65 was not compensated for by one or more
other viral or cellular proteins, suggesting that the tegument struc-
ture in HCMYV virions tolerates gross reduction in protein content
without abrogating virion infectivity.

MATERIALS AND METHODS

Cells and viruses. Primary human foreskin fibroblasts (HFF) were cultured
as described previously (28). The viruses used in this study were all descen-
dants, as bacterial artificial chromosome (BAC) clones, of the AD169 labora-
tory strain of HCMV. The RV-HB5 strain was originally cloned by inserting a
BAC vector into the US2-US6 gene region of the AD169 strain (29). The
deletion of US2 to US6 was repaired to generate RV-HB15 by cre-lox recom-
bination, leaving a single loxp site in the genome (30). The RV-BADwt strain
represents a full-length version of the AD169 strain with one loxP site between
the US28 and US29 open reading frames (ORFs) (31). RV-Hd65 was con-
structed by replacing the UL83 (pp65) open reading frame of AD169-BAC
with a neomycin resistance cassette (28). AD169-BAC is the BAC clone of
RV-HBI15. The neomycin resistance gene was excised by using FLP recombi-
nase-mediated excision in Escherichia coli, and the BAC vector was re-
moved by cre-lox recombination at virus reconstitution. The pp65neg
strain RV-KB14 was generated by inserting a tetracycline resistance cas-
sette into the UL83 (pp65) ORF of pAD/cre (the BAC clone used for
reconstitution of RV-BADwt), thereby deleting the pp65-coding region
except for 152 5’ base pairs of the ORF (32). The mutants RV-SB2 and
RV-VM1 were generated by inserting the nonapeptide TMYGGISLL from
the immediate-early 1 (IE1) protein of HCMYV at position S101 or R387,
respectively, of pp65, using galK-mediated recombination on the BAC-
mid pHB5 (33, 34). All viruses were characterized previously with respect
to their genomic structures and biological properties. Viral stocks were
prepared as described previously (35).

Virion preparation. Virions were purified from late-stage-infected
HFF, using glycerol tartrate gradient ultracentrifugation, similar to the
method described by Irmiere and Gibson (18). For this, 1.8 X 10° fibro-
blasts were initially seeded in one 175-cm? culture flask and grown for 1
day. After that, the cells were infected with 1 ml of a frozen stock in such a
way that all the cells showed a cytopathic effect (CPE) at 1 day of infection.
At a time when the culture showed the CPE of late HCMV infection
(usually at day 7 postinfection [p.i.]), the supernatant of the flask was
collected and 1 ml was used to infect each of 10 to 20 175-cm? flasks of
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HEFF that were seeded 1 day before. After another 7 days of infection, the
culture supernatants of these flasks were collected and centrifuged for 10
min at 1,900 X g to remove cells and debris. After that, the supernatant
was collected and centrifuged at 95,000 X g (70 min; 10°C) in a SW32Ti
rotor in a Beckman Optima L-90K ultracentrifuge. The pellets were resus-
pended with 2 ml of 1X phosphate-buffered saline (PBS). Na-tartrate
gradients were prepared immediately before use. For this, 4 ml of a 35%
Na-tartrate solution in 0.04 M Na-phosphate buffer, pH 7.4, was applied
to one column, and 5 ml of a 15% Na-tartrate-30% glycerol solution in
0.04 M Na-phosphate buffer, pH 7.4, was applied to the second column of
a gradient mixer. The gradients were prepared by slowly dropping the
solutions into Beckman Ultra-clear centrifuge tubes (14 by 89 mm), po-
sitioned at an angle of 45°. One milliliter of the viral particles was then
carefully layered on top of the gradients. Ultracentrifugation was per-
formed without braking in a Beckman SW41 swing-out rotor for 60 min
at 90,000 X gand 10°C. The particles were illuminated by light scattering
and were collected from the gradient by penetrating the centrifuge tube
with a hollow needle below the band. Samples were carefully drawn from
the tube with a syringe. The particles for the initial analysis of RV-HB5,
RV-SB2, and RV-VM1 virions, using a QTOF Premier mass spectrometer
(Waters, Manchester, UK), were washed with 1X PBS and pelleted in an
SW41 swing-out rotor for 90 min at 100,000 X gand 10°C. This procedure
was repeated once. The particles for the later analyses (RV-HB5, RV-
HBI15, RV-BADwt, RV-Hd65, and RV-KB14) were washed and pelleted
only once. After the last centrifugation step, the pellets were resuspended
in 120 to 150 wl 1 X PBS. The protein concentration of the purified virions
was determined with the Pierce BCA Protein Assay Kit (Thermo Scien-
tific, Bonn, Germany). Again, 20 g virions were pelleted by ultracentrif-
ugation for 60 min at 100,000 X gat 10°C and stored at —80°C for analysis
by mass spectrometry (MS).

Polyacrylamide gel electrophoresis, silver staining, and immunoblot
analysis. SDS-PAGE was performed with 10% polyacrylamide gels contain-
ing 0.1% SDS. Proteins in the gel were stained using a silver-staining kit (Roti-
Black P-Siberfarbungskit fiir Proteine; Carl Roth GmbH & Co. KG,
Karlsruhe, Germany). Immunoblotting was carried out as described previ-
ously (25). Monoclonal antibodies (MAbs) directed against pp65 (65-33),
against glycoprotein B (gB; 27-287) (36) (both kindly provided by W. Britt,
University of Alabama, Birmingham, AL, USA), and against pUL35 (kindly
provided by B. Biegalke, Ohio University, Athens, OH, USA) (37) were used
for detection by the Amersham ECL Plus Western Blotting Reagents (GE
Healthcare Europe GmbH, Freiburg, Germany).

Determination of the genome-to-infectivity ratio by TagMan anal-
ysis. Fibroblasts were infected with 100 genomes per cell of the respective
viral supernatant. To remove attached viruses, the cells were washed 2
times for 30 s with PBS. The number of genomes in infected cells was
measured at 0 h p.i. and 6 h p.i. by TagMan PCR analysis, as described
previously (35). The significance of the values was analyzed with a bidi-
rectional ¢ test.

Negative-staining electron microscopy. Freshly prepared virions and
DBs from glycerol-tartrate gradients were washed once with 1X PBS
and centrifuged in an SW41 swing-out rotor for 90 min at 100,000 X gand
10°C. The pellets were resuspended in 100 to 500 .l PBS, and the suspen-
sion was used for determination of the protein concentration. Negative
staining, using 5% (wt/vol) ammonium-heptamolybdate (pH 7.0), was
performed by the single-droplet procedure, as described previously (38,
39). Transmission electron microscopy (TEM) was done with an FEI Tec-
nai 12 transmission electron microscope at an accelerating voltage of 120
kV and imaged with a TemCam F416.

Quantitative proteomics analysis. (i) Sample preparation and pro-
tein digestion. Sample preparation and protein digestion of RV-HBI15,
RV-Hd65, RV-BADwt, RV-KB14, and RV-HBS5 virions were performed
as described in reference 32. In an independent experiment, purified RV-
HB5, RV-SB2, and RV-VM1 virions were digested in the presence of 0.1%
RapiGest (Waters) as described in reference 40.
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(ii) Ultrahigh-performance LC (UPLC)-MS configuration. Nano-
scale liquid chromatography (LC) separation of tryptic peptides was per-
formed with a nanoAcquity system (Waters) equipped with a BEH C,
1.7-pm, 75-pm by 150-mm analytical reversed-phase column (Waters)
in direct-injection mode, as described previously (41). Mobile phases,
gradients, and flow rates were chosen as described in reference 32. For
RV-HBI15, RV-Hd65, RV-BADwt, RV-KB14, and RV-HBS5 virions, 0.2 .l
of sample (50 ng of total protein) was injected per technical replicate. For
RV-HB5, RV-SB2, and RV-VML1 virions, 2 pl of sample (500 ng of total
protein) was injected per technical replicate. The running conditions were
as described in reference 32.

(iii) Mass spectrometry analysis. Mass spectrometric analysis of tryp-
tic peptides from RV-HB15, RV-Hd65, RV-BADwt, RV-KB14, and RV-
HB5 virions was performed in quintuplicate using a Synapt G2-S mass
spectrometer (Waters) with a typical resolution of at least 25,000 full
width half maximum (FWHM), as described previously (32). Mass spec-
trometric analysis of tryptic peptides from two independent preparations
of RV-HB5, RV-SB2, and RV-VM!1 virions was performed in quadrupli-
cate using a QTOF Premier mass spectrometer (Waters) with a typical
resolution of at least 10,000 FWHM, as described previously (41). All
analyses were performed in positive-mode electrospray ionization (ESI)
using instrument settings and nanoLockspray calibration, as described
previously (32).

(iv) Data processing and protein identification. Continuum LC-MS
data were processed and searched using ProteinLynxGlobalSERVER
(PLGS) version 2.5.2 (Waters). Protein identifications were obtained by
searching a custom-compiled database containing sequences of human
and HCMV proteins from the UniProt database. Alternatively, a custom-
compiled database containing all translated ORFs derived from a ribo-
some profiling and transcript analysis of HCMV (42) was searched. Se-
quence information for enolase 1 (Saccharomyces cerevisiae) and bovine
trypsin was added to the databases to normalize the data sets or to conduct
absolute quantification, as described previously (43). A database search
was performed, allowing a 3-ppm precursor and 10-ppm product ion
tolerance (for Synapt G2-S data) and a maximal mass deviation of 15 ppm
for precursor ions and 30 ppm for fragment ions (for QTOF Premier
data), with one missed cleavage allowed and fixed carbamidomethylcys-
teine and variable methionine oxidation set as the modifications. For valid
protein identification, the following criteria had to be met: at least two
peptides detected, together having at least seven fragments. The false-
positive rate for protein identification was set to 1%, based on a search of
a triple-randomized database. Guideline identification criteria were ap-
plied for all searches.

(v) Absolute-quantification approach. For the absolute quantifica-
tion of virion proteins, we employed a well-established label-free quanti-
tative-proteomics workflow that we have previously used both for the
quantification of nanoparticle protein coronas (41) and for higher-com-
plexity samples, such as myelin (43). Label-free quantification using the
TOP3 approach allows both the relative and absolute quantification of
proteins. Briefly, the average intensity of the three best ionizing peptides
can be regarded as a measure of the absolute molar amount of each of the
parent proteins present in the sample (44), using the quantification value
of spiked yeast enolase 1 as a reference. Values were normalized across
technical replicates and samples using ISOQuant (45). To facilitate the
comparison of different virion proteomes, all values obtained were nor-
malized to MCP.

RESULTS

Purification of HCMYV virions for proteomic analysis. The initial
purpose of our study was to analyze how the availability of pp65
for packaging influenced the tegument composition of HCMV
virions. For this purpose, several BAC-derived variants of the
Ad169 strain were selected for proteomic analysis (Fig. 1A). They
included three wild-type (wt) controls, RV-HB5 (29), RV-HB15
(30), and RV-BADwt (31); the two pp65neg strains RV-Hd65 and
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FIG 1 SDS-polyacrylamide gel electrophoresis of purified virions. (A) Schematic
representation of the viral mutants used for analysis. The genomic structure of the
AD169 strain of HCMV is shown at the top. The location of the genomic region
encoding pp65, including the neighboring reading frames UL82 and UL84, is
enlarged below. The wt or mutated configuration of pp65 in each strain is shown
by the shaded boxes. wt, genomic structure of the wild-type strains RV-HB5,
RV-HBI5, and BADwt. TetR, tetracycline resistance gene; FRT, recognition site
for the Flp recombinase. (B) SDS-polyacrylamide gel electrophoresis of purified
virions of the indicated strains. Following electrophoresis, the gel was stained with
silver nitrate. The molecular masses of proteins used as a standard are indicated.
The locations of abundant viral proteins are tentatively indicated. pp65 in the gel is
indicated by circles. The lower electrophoretic mobility of pp65 in lanes RV-VM1
and RV-SB2 is caused by the insertion of a nonapeptide sequence into the primary
structure of the tegument protein in these viral mutants. Two micrograms of
purified virions were loaded on each lane.
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RV-KB14 (28, 32), which fail to produce subviral DBs; and addi-
tionally, two viral mutants, RV-SB2 and RV-VM], in which pp65
was modified by insertion of a nonapeptide sequence at positions
S101 and R387, respectively (33, 34). DB formation is also abro-
gated in HFF infected with RV-SB2 and RV-VM1 (33, 34). RV-
VMI-infected HFF display wt pp65 steady-state protein levels
(33), whereas RV-SB2 (a pp65low strain)-infected cells show a
marked reduction in pp65 levels in relation to other virion pro-
teins (Fig. 1B). Virions of all strains were purified by glycerol tar-
trate gradient centrifugation and subjected to SDS-PAGE (Fig.
1B). The protein patterns were comparable among the pp65-pos-
itive (pp65pos) strains and among the pp65neg strains with re-
spect to the most abundant virion constituents. Subtle differences
in the pattern were seen, especially with regard to less abundant
proteins. A pronounced difference was found for the mutant RV-
SB2. This virus grows to low titers in HFF culture. A larger volume
of culture supernatant had to be used for purification to provide
sufficient amounts of the material, likely enhancing the contami-
nation with cellular proteins. For this reason, the virus was in-
cluded only in the proteomic analysis of viral proteins but was
excluded from the analyses of the cellular proteins in the virion
preparations.

Alteration of virion morphology and genome delivery in the
absence of pp65. To control for the efficiency of the virion puri-
fication procedure, TEM was performed. Virion preparations of
the wt strain RV-HB5 contained numerous particles correspond-
ing in shape and size to HCMYV virions (Fig. 2A). These particles
were characterized by an electron-dense core, corresponding to
the capsid; by a brighter halo, representing the tegument; and by
an envelope (Fig. 2A, higher magnifications). There were also par-
ticles detectable in the preparations of RV-HB5 virions that
showed a homogeneous central structure with an outer envelope
attached (Fig. 2B). These particles were the size of virions, approx-
imately 180 nm. Depending on the micrograph inspected, 0 to
10% of the particles showed such a bright internal structure. They
were clearly distinct from the RV-HB5 DBs that were separated
from the virions by the centrifugation protocol (Fig. 2C). These
DBs were evenly spherical with a diameter of approximately 400 to
450 nm and a sharply defined outer edge. Preparations of RV-
Hd65 also contained particles displaying the typical morphology
of virions (Fig. 2D). However, in two independent biological rep-
licates, the virion preparations of this pp65neg virus also con-
tained particles that presented with single handle-like blebs (Fig.
2D and E). Although the nature of these structures is unknown,
they likely represent disrupted viral envelopes. Similar structures
were also found in virions of the parental strain, but at an overall
frequency of roughly 5% (Fig. 2A). The samples shown in Fig. 2A
and E were prepared in parallel, thus rendering artificial altera-
tions due to different handling conditions of the specimens un-
likely. Strikingly, the cores of these particles showed a bright ap-
pearance upon TEM (Fig. 2A, D, and E, higher magnifications).
This indicates that the appearance of the blebs corresponded to
changes in the staining of the particles by molybdate.

To further address whether the differences in the morphologies
of pp65pos and pp65neg virion preparations had an impact on the
efficiency of infection, the capacities of the different strains for
genome delivery were tested. Note that the quantification of cells
expressing viral IE proteins could not be applied here as a measure
for infection, as the strains differed in the virion content of the
transactivator pp71 (32), which increases IE gene expression lev-
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els. Cells were infected with doses of the different viruses that were
normalized to DNA copy numbers. Intracellular viral DNA was
measured at 0 and 6 h p.i., using quantitative PCR. In accordance
with the morphological changes seen in electron microscopy, both
pp65neg strains showed a significant reduction in the capacity to
translocate their genomes into fibroblasts (Fig. 2F). These results
indicate that the lack of pp65 reduced the infectivity of the virions.

Mass spectrometry provides a reliable measure of individual
HCMYV virion proteins. Using label-free quantitative mass spec-
trometry, a data set representing the proteomes of the purified
virions of the different strains was generated. All proteins were
quantified using the TOP3 quantification approach (44). The ma-
jor capsid protein (MCP) was used for reference. This protein
should be present in equimolar amounts in each virion particle.
We therefore normalized all values to MCP in each sample (i.e.,
referring to the MCP values as 1) and used these data for subse-
quent comparative proteomic analysis.

To initially verify the accuracy of the method, we analyzed the
data set for the relative amounts of the capsid constituents. At this
point, it should be mentioned that the relative TOP3 signal inten-
sity obtained by mass spectrometry of a given polypeptide de-
pends on a number of parameters, such as the efficiency of tryptic
digestion or the ionization efficiency of the peptides that can be
measured. These parameters determine the ratio of the measured
TOP3 intensity and the protein amount present in the sample (i.e.,
the relative instrument response, which is typically constant and
specific for each individual protein). This allows direct compari-
son of the amounts measured for each individual protein in dif-
ferent samples (e.g., the minor capsid protein [mCP] in sample A
against mCP in sample B). Accordingly, the mCP (pUL85), the
minor capsid protein binding protein (mC-BP; pUL46), and
the smallest capsid protein (SCP; pUL48A), as well as UL80 and
the portal protein pUL104, were all found in amounts that were
comparable between the different strains (Fig. 3). The detectabil-
ity of the portal protein, pUL104, which is included in only 12
copies in the capsid, demonstrated the high level of sensitivity of
our approach. The low variation in the relative frequencies of
capsid proteins in individual samples and the high degree of tech-
nical reproducibility between individual LC-MS results under-
scored the accuracy of the method in comparing the relative
amounts of individual proteins between strains (see Fig. S1 in the
supplemental material). Overall, TOP3 quantification is consid-
ered to be directly proportional to protein abundance over the full
quantification range and therefore is the preferred method in the
absence of reference protein measurements (46).

In contrast to calculations based on cryoelectron microscopy
(11),a comparison of the content of one protein to that of another
(e.g., the MCP to the mCP) in a given preparation proved to be less
reliable in the mass spectrometry analysis performed in this study.
This was likely due to protein-specific efficiencies of the tryptic
digest, i.e., the number of peptides generated from an individual
protein, and to different ionization efficiencies of individual pep-
tides. Consequently, the theoretical relative values of the proteins
in a capsid (i.e., 955 copies of the MCP, 640 copies of the mCP, 320
copies of the mC-BP, and 900 copies of the SCP [47, 48]) and the
number of molecules calculated from the data set showed striking
discrepancies (Fig. 3). This was seen, for instance, in the number
of MCP and the SCP molecules, which should roughly match in
one capsid (955 versus 900 copies). In contrast, the number of SCP
molecules was measured to be less than 20% of the number of
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FIG 2 TEM and infectivity of purified particles. (A and B) TEM micrographs of purified virions of RV-HB5. (C) TEM micrographs of purified DBs of RV-HB5
used for comparison. Higher magnifications of selected forms of particles, indicated by arrows in the lower-magnification micrographs, are presented on the right
(A) or as insets (B and C). (D and E) TEM micrographs of two independent preparations of virions of RV-Hd65. Higher magnifications of selected forms of
particles, indicated by arrows in the lower-magnification micrographs, are shown on the right. (F) Genome delivery into HFF by different viruses. Viral genomes
in cells infected with the indicated viruses at 100 genomes per cell were calculated by TagMan PCR at zero h p.i. and 6 h p.i. Two independent DNA preparations
for each sample were performed and analyzed in triplicate. Significance was analyzed with a bidirectional ¢ test, ***, highly significant results (two-tailed P value,
<0.0001 for RV-HB15 and RV-Hd65 and <0.0002 for RV-BADwt and RV-KB14). The error bars indicate standard deviations.
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molecules found for MCP (Fig. 3). A closer inspection of the data
set revealed that there was only one SCP peptide (of 4 peptides in
total) that could reliably be detected in mass spectrometry, leading
to a clear underestimation of the SCP content in the sample rela-
tive to MCP, which was identified by 86 peptides (Table 1). Taken
together, our label-free quantitative-MS approach allowed an ac-
curate comparison of the relative representation of a single pro-
tein in different virion preparations but was less reliable in com-
paring absolute amounts of different proteins within a single
preparation.

Deletion of pp65 has limited impact on the packaging of the
tegument proteins pp150, pUL48, pUL47, and pp28. To address
the question of whether one or more of the HCMV tegument
proteins were complementing a putative structural function of
pp65 in the virion, the amounts of all tegument proteins were
pairwise evaluated and calculated relative to that of MCP. The

TABLE 1 Capsid and tegument proteins detected by nanoscale UPLC-MS in virions from pp65pos and pp65neg strains®

No. of Copy no.” Relative copy no. ratio®
Molecular Maximum reported

ORF Synonym wt score” peptides® BADwt KB14 HBI15 Hde65 KB14/BADwt Hd65/HB15

Capsid proteins
UL86 MCP 155,298 73,485 84 1.000 1.000 1.000 1.000 1.00 1.00
UL85 mCP 34,937 3,632 21 0.430 0.402 0.452 0.444 0.94 0.98
UL46 mCP-BP 33,426 70,542 19 0.157 0.132 0.159 0.159 0.84 1.00
UL48A SCP 8,538 69,236 4 0.119 0.085 0.143 0.122 0.71 0.85
UL93 cve2 68,919 3,521 25 0.056 0.039 0.069 0.061 0.70 0.88
UL77 CVCl1 71,643 12,522 27 0.019 0.013 0.024 0.019 0.68 0.79
UL80 PR 74,365 114,690 13 0.011 0.013 0.011 0.015 1.18 1.36
UL104 PORT 79,148 3,688 33 0.008 0.007 0.009 0.008 0.86 0.88
UL52 75,661 738 8 0.004 0.005 0.005 0.006 1.25 1.20

Tegument proteins
UL83 pp65 63,468 116,877 34 5.373 0.036 4.353 0.024 0.01 0.01
UL82 pp71 62,233 96,626 26 1.596 1.456 0.906 1.759 0.91 1.94
UL32 pp150 113,087 95,639 63 0.877 0.793 0.866 0.815 0.90 0.94
UL9%4 39,864 42,351 13 0.629 0.445 0.557 0.478 0.51 0.86
UL25 74,281 46,163 37 0.499 0.026 0.304 0.031 0.05 0.10
UL43 48,445 16,921 29 0.310 0.003 0.313 0.004 0.01 0.01
UL45 RR1 103,665 45,242 59 0.242 0.056 0.120 0.024 0.23 0.20
UL48 HMW-P 254,877 30,652 106 0.187 0.147 0.229 0.151 0.79 0.66
UL99 pp28 21,208 39,446 8 0.156 0.095 0.188 0.123 0.61 0.65
UL47 HMW-BP 110,662 43,659 53 0.144 0.115 0.159 0.111 0.80 0.70
UL88 48,260 35,928 26 0.134 0.109 0.163 0.107 0.81 0.66
UL26 25,038 55,753 16 0.083 0.008 0.053 0.011 0.10 0.21
UL71 40,399 10,927 18 0.066 0.015 0.059 0.016 0.23 0.27
UL35 73,043 29,556 34 0.047 0.080 0.032 0.072 1.70 2.25
TRS1 84,723 11,451 29 0.045 0.040 0.012 0.013 0.88 1.08
UL97 79,944 12,626 31 0.037 0.016 0.029 0.015 0.43 0.52
IRS1 91,847 10,492 31 0.034 0.023 0.106 0.007 0.68 0.07
UL24 34,816 6,300 15 0.013 0.004 0.030 0.005 0.31 0.17
UL103 29,092 6,979 9 0.011 0.004 0.011 0.006 0.36 0.55
US22 656,057 3,265 20 0.010 0.005 0.009 0.004 0.50 0.44
UL69 83,477 1,247 11 0.006 0.001 0.004 0.001 0.16 0.25
UL50 43,757 380 5 0.002 0.001 0.002 0.001 0.50 0.50

“ Classification according to reference 52.

? Maximum PLGS identification score; Tandem MS Search Algorithm (Waters).
¢ Number of peptides detected for each protein.

 Calculated copy numbers of molecules per MCP molecule.

¢ Ratios of the relative copy numbers of individual proteins (pp65neg versus pp65pos strains). The proteins are listed according to decreasing frequencies in virions of RV-BADwt.

Ratios of more than 2.0 and less than 0.5 are indicated by boldface.
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TABLE 2 Glycoproteins and proteins without virion assignment detected by nanoscale UPLC-MS in virions from pp65pos and pp65neg strains”

No. of

Molecular ~ Maximum  reported Copy no.* Relative copy no. ratio®
ORF Synonym  wt score” peptides  BADwt  KB14  HBI5 Hd65  HBI5/Hd65  BADwt/KB14
Glycoproteins
UL55 gB 102,004 66,727 55 0.450 0.311 0.429 0.436 1.02 0.69
UL100 gM 42,861 13,786 8 0.301 0.197 0.291 0.216 0.74 0.66
UL73 gN 15,096 6,470 2 0.170 0.085 0.170 0.110 1.55 2.00
RL10 19,033 26,157 9 0.166 0.138 0.143 0.095 0.66 0.83
UL75 gH 84,452 24,272 25 0.131 0.086 0.098 0.095 0.97 0.66
Us27 41,994 18,769 10 0.051 0.037 0.060 0.032 0.53 0.73
UL132 29,972 16,423 12 0.046 0.018 0.062 0.023 0.37 0.39
UL115 gL 30,831 17,991 11 0.039 0.025 0.029 0.029 1.00 0.64
UL119/118 38,709 2,862 6 0.025 0.017 0.013 0.014 1.08 0.68
UL74 g0 54,577 4,629 14 0.023 0.013 0.014 0.016 0.88 1.77
UL41A 8,953 8,978 2 0.021 0.009 0.024 0.010 0.42 0.43
UL33 46,295 7,163 8 0.020 0.014 0.044 0.030 0.68 0.70
UL116 34,139 3,132 4 0.015 0.009 0.017 0.013 0.77 0.60
IR11 26,660 448 2 0.001 0.001 0.002 0.001 0.50 1.00
Proteins without virion
assignment
UL44 46,233 9,752 19 0.012 0.020 0.031 0.017 0.55 1.66
UL122 62,852 878 11 0.003 0.003 0.006 0.003 0.50 1.00
UL84 65,428 753 16 0.003 0.004 0.003 0.003 1.00 1.33
UL98 65,204 1,298 11 0.002 0.002 0.003 0.001 0.33 1.00
UL112 70,112 398 4 0.002 0.002 0.002 0.001 0.50 1.00
UL114 28,369 567 2 0.000 0.000 0.001 0.001 1.00

@ Classification according to reference 52.

¥ Maximum PLGS identification score; Tandem MS Search Algorithm (Waters).
¢ Number of peptides detected for each protein.

 Calculated copy numbers of molecules per MCP molecule.

¢ Ratios of the relative copy numbers of individual proteins (pp65neg versus pp65pos strains). The proteins are listed according to decreasing frequencies in virions of RV-BADwt.

Ratios of more than 2.0 and less than 0.5 are indicated by boldface.

amounts of individual tegument proteins were found to be either
unaffected, increased, or decreased, depending on pp65 (Table 2).

When the data obtained from the wt strains RV-HB15 and
RV-BADwt were compared with those of their respective pp65
deletion mutants, the amounts of pp28 (pUL99) and the inner
tegument proteins pp150, pUL47, and pUL48 were comparable
(Fig. 4A). This suggested that packaging of these proteins was
independent of pp65. There were, however, slightly smaller rela-
tive amounts of each tegument protein found in the strains with
pp65 deleted versus the parental strains. To determine if this was
truly an effect of the pp65 loss or due to contamination with DBs,
HCMYV strains RV-SB2 and RV-VM1 were analyzed. Both strains
fail to produce DBs (33, 34). RV-SB2 is also deficient in pp65
packaging into virions, whereas RV-VM!1 virions contain normal
amounts of the tegument protein (Fig. 4B). The levels of pp150,
pUL47, pUL48, and pp28 were comparable between RV-SB2 and
RV-VM1 virions (Fig. 4C). These results indicated that the four
proteins were neither complementing the pp65 loss nor were they
dependent on pp65 for their inclusion during assembly.

Several proteins, including pUL43, pUL45, and pUL71, are
significantly reduced in the tegument of pp65-negative viruses.
Next, the data were evaluated to identify proteins with loss of
packaging in pp65neg or pp65low virions. The packaging of
pUL25 was found to be dependent on pp65 (Fig. 4D), as had been
reported by others using immunoblot analyses (26). This con-
firmed the accuracy of our analysis. Striking reductions were also
found for pUL43, pUL45, and pUL71, suggesting that inclusion of
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these proteins was impaired in the absence of pp65 (Fig. 4D and
5). The results were confirmed by analyzing the data sets from
RV-SB2 and RV-VM1 (Fig. 4E), although pUL43 was found at
much lower levels in this experiment.

Besides these four proteins, other tegument proteins were also
found to be reduced. Some of these, like pUL88 or pUL94, were
found in considerable amounts in virions, but the rate of reduc-
tion was moderate (Table 1). Others were found in only small
amounts, like pUL24 or pUL26, yet pp65-dependent reduction of
these proteins appeared to be severalfold. Taken together, our data
suggest that the loss of pp65 leads to impairment of the packaging
of several of the known tegument-associated proteins, indicating
that their association with virions was supported by pp65.

Only pUL35 is preferentially packaged into pp65neg and
pp65low virions. The data set was next analyzed for proteins that
were increased in pp65neg virions. pUL35 was found at roughly
2-fold-higher frequencies in the pp65neg virions of RV-Hd65 and
RV-KB14 than in virions of the parental strains (Fig. 5A). An
immunoblot analysis was used to corroborate these findings (Fig.
5B). The increased packaging of pUL35 was independent of the
steady-state levels of pUL35 in infected cells, which were compa-
rable between the strains (Fig. 5C). In addition to pUL35, pp71
(pUL82) was found at an elevated level, but only in the virions of
RV-Hd65 and not in those from RV-KB14 (Table 1). In a recent
publication, we were able to show that enhanced packaging of
pp71 into virions was due to pp71 overexpression in RV-Hd65-
infected cells (32). Thus, it appears that pUL35 is the only virion
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FIG 4 Mass spectrometry of tegument proteins contained in purified virions. The strains used for analyses are indicated. The virus strains RV-HB15, RV-Hd65,
RV-BADwt, and RV-KB14 were analyzed in quintuplicate on a Synapt G2-S mass spectrometer. Each of the virus strains RV-HB5, RV-SB2, and RV-VM1 was
independently prepared twice and analyzed in quadruplicate on a QTOF Premier mass spectrometer. Proteins were calculated in molar ratio relative to MCP (set
as 1). The error bars represent deviations of the mean. (A) Inner tegument proteins contained in pp65neg and pp65pos strains. (B) pp65 contained in virions of
a pp65pos strain and pp65low strains. (C) Inner tegument proteins contained in pp65low and pp65pos strains. (D) Outer tegument proteins contained in
pp65pos and pp65neg strains. (E) Outer tegument proteins contained in pp65pos and pp65low strains.

protein that is more efficiently packaged into pp65neg virions.
However, the increase in pUL35 appeared unsuitable to replace
any structural function of pp65 in HCMYV virions. Single pp65neg
virions contain roughly 40 molecules of pUL35 in excess com-
pared to pp65pos virions, leading to a gain in mass of 0.03 MDa
(Table 1). A single virion of a pp65pos strain, however, contains a
calculated number of 4,500 to 5,000 pp65 molecules (Table 1).
The lack of pp65 consequently results in a loss of protein mass of an
individual virion of roughly 286 to 317 MDa. Thus, the gain in pUL35
mass by no means matches the pp65 loss. However, replacement of a
putative regulatory function of pp65 by pUL35 cannot be formally
excluded. Taken together the data suggest that neither a single viral
protein nor a set of viral proteins replaces pp65 as a structural com-
ponent of HCMV virions in pp65neg strains.

Viral envelope glycoproteins and proteins without assign-
ment to virions. Although this study did not particularly focus on
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analyzing viral glycoproteins, some findings nevertheless merit
mention. All major viral envelope glycoproteins that had been
reported previously as components of the HCMV virion were also
detectable in this analysis (49). Furthermore, only limited varia-
tions were seen in the different preparations regarding gB, gH, gL,
g0, and gM, indicating that pp65 was not essential for the incor-
poration of any of these glycoproteins into virions. Contrary to a
previous report (17), gM was consistently found in smaller
amounts than gB in all virion preparations. An analysis optimized
for the detection of membrane-associated proteins is warranted to
resolve the discrepancy between our results and those of Varnum
and colleagues (17). Finally, gO was consistently found in these
preparations, confirming that the protein is an integral constitu-
ent of extracellular HCMV particles (50, 51). Taken together,
these results suggest that pp65 has no dramatic impact on the
incorporation of viral glycoproteins into particles.

Journal of Virology


http://jvi.asm.org

A
0.14
0.124
é [l rv-HB1s
3 0101
% 0.08 - | [ rRv-Haes
°
= 0.061
o [] Rv-BADwt
8 0.04-
2
0.024 [ ] rv-kB14
T uLss
C
O & oL o &
P X o
4%&/ A%él A%le
& & &
95 kDa—
72 kDA—. | — —
55 kDa —
43 kDa— ]
34 kDA—

anti-pp65 anti-pUL35 amti-actin

HCMV pp65 Optimizes Tegument Upload

%)
B Q)b L 0@ %\V
RO
& & /N
100 kDa —
70 kDa —
55 kDa —
anti-pUL35
f
70 kDa
55 kDa
40 kDa —
anti-gB
100 kDa —
70 kDa —. ‘
55 kDa —
anti-pp65

FIG 5 Analysis of pUL35 packaging, (A) Mass spectrometry of purified virions from pp65pos and pp65neg strains. The strains used for analyses are indicated.
The virus strains were analyzed in quintuplicate on a Synapt G2-S mass spectrometer. pUL35 was calculated in molar ratio relative to MCP (set as 1). The error
bars represent deviations of the mean. (B) Enhanced chemiluminescence (ECL) immunoblot analysis of purified virions from pp65pos and pp65neg HCMV
strains. The antibodies used for detection are indicated. The exposure times for X-ray films were 3 s for pp65 and for gB and 1 min for pUL35. (C) ECL
immunoblot analyses of fibroblasts at 4 days after infection with RV-HB15 or RV-Hd65 (multiplicity of infection [MOI], 1). A total of 10 infected cells were

applied to each lane. The antibodies used for detection are indicated.

A few proteins without assignment to virions (52) were also
found in the virion preparations (Table 2). Except for UL98 and
UL114, these proteins were also found in a previous proteomic
analysis by Varnum and colleagues, using different methodologies
(17). This argues in favor of a regular association of these proteins
with HCMV virions. UL98 and UL114 were found at low frequen-
cies, and further analyses must be performed with respect to the
significance of their association with HCMYV virions.

Deletion of pp65 leads to a preferential reduction of cytoskel-
etal proteins and heat shock proteins in virion preparations.
Cellular proteins have been found to be associated with purified
HCMYV virions (17, 49). We consequently evaluated how pp65
deletion would alter the pattern of virion-associated cell proteins.
The fraction of cellular proteins in the total protein mass of the
samples was roughly 20%, except for RV-HB15, where host cell-
derived proteins added up to 30% (Fig. 6A). The likely explana-
tion for this discrepancy is a higher degree of contaminating host
cell proteins in RV-HBI15 virion preparations. This was consid-
ered in the subsequent analyses of the data, where RV-HB5, the
parental strain of both RV-Hd65 and RV-HBI15, was used as a
reference for RV-Hd65 instead of RV-HB15 (Table 3). Again, for
comparison of the different virion preparations, the number of
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MCP molecules was normalized to 1 and the relative abundances
of cellular proteins were determined, using this capsid protein as
reference. The differences between pp65pos and pp65neg strains
were calculated and are provided in Table 3.

Looking at the 50 most abundant cellular proteins, a group that
appeared to be consistently elevated in preparations of pp65neg
viruses consisted of different isoforms of the 14-3-3 protein family
(53) (Table 3 and Fig. 6B). The difference between wt virions and
pp65neg virions was insufficient to render these proteins candi-
dates that would compensate for a putative structural function of
pp65. More than 2-fold-elevated levels were also found for the 26S
protease regulatory subunit 6A (PSMC3), for glyceraldehyde 3
phosphate dehydrogenase, for peripherin (PRPH), and for the
probable phosphoglycerate mutase 4 (PGAM4). However, differ-
ences for these proteins were found for only one of the two virus
pairs tested, thus challenging the biological significance of these
results with respect to pp65 deletion.

Surprisingly, a number of cellular proteins were found to be
reduced in frequency in pp65neg virions (Table 3). Most strik-
ingly, a number of cytoskeleton proteins and heat shock proteins
were found at lower levels when pp65 was absent. Other proteins
that were consistently found at lower frequencies in both pp65neg
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strains were the Ras-related protein RAB43, the E3 SUMO protein
ligase RanBP2 (RANBP2), and the cell division control protein 42
homolog (CDC42). In contrast, many of the cellular proteins were
found at similar frequencies in virion preparations of pp65pos
and pp65neg viruses, and most of them had been reported in
previous analyses (17, 49, 54-56). A few novel proteins, including
phosphatidylinositol 4 phosphate kinase (PIK3), however, were
found in both pp65pos and pp65neg strains. In conclusion, these
results indicated that only a subset of the HCMYV virion-associated
cellular proteins were influenced by pp65 loss, and most of those
were found at reduced molar ratios in the preparations (for a
comprehensive representation of the complete data set, see Tables
S1 to S4 in the supplemental material).

ORFL86W is detectable in HCMYV virions. Using ribosome
profiling and transcript analysis, Stern-Ginossar and colleagues
recently identified hundreds of novel HCMV ORFs (42). To test if
proteins encoded by these ORFs were included in HCMYV virions,
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we reanalyzed the data sets from our proteomic analysis by search-
ing against a database that was generated based on the data from
their publication. Interestingly, we were able to significantly iden-
tify peptides from the translation product of only one of these
ORFs, ORFL86W. ORFL86W is positioned in the genomic region
between UL30 and UL31 of HCMV and codes for a putative pro-
tein of 159 amino acids. In our analysis, we identified three tryptic
peptides from ORFL86W, which were present in only relatively
small amounts. These peptides were, however, detectable in all wt
strains and the two pp65neg strains, arguing in favor of a specific
association of the proteins with HCMV virions.

DISCUSSION

Roughly 15% of the total HCMV virion mass is contributed by
pp65 (17). Deletion of UL83 in pp65neg strains, however, has little
impact on the replication of the mutants in fibroblasts or on the
morphology of intracellular virions (25). Here, we provide the
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TABLE 3 Fifty most abundant cellular proteins detected by nanoscale UPLC-MS in virion preparations from pp65pos and pp65neg strains

No. of Copy no.* Relative copy no. ratio”
Maximum reported
Description score” peptides” BADwt KB14 HB5 Hde65 Hd65/HB5 KB14/BADwt
Keratin type II cytoskeletal 2 epidermal (KRT2) 33,702 38 0.1717 0.0095 0.0052 0.0033 0.64 0.06
Myosin 9 (MYH9) 1,605 59 0.1505 0.1121 0.1075 0.1485 1.38 0.75
Keratin type I cytoskeletal 10 (KRT10) 38,102 30 0.1501 0.0191 0.0066 0.0057 0.86 0.13
Actin cytoplasmic 1 (ACTB) 48,610 23 0.0933 0.2005 0.1176 0.0719 0.61 2.15
Heat shock cognate 71-kDa protein (HSPAS) 31,490 35 0.0861 0.0591 0.0574 0.0394 0.69 0.69
Keratin type II cytoskeletal 1 (KRT1) 23,636 35 0.0702 0.0310 0.0247 0.0097 0.39 0.44
Elongation factor 1 alpha 1 (EEF1A1) 17,000 20 0.0662 0.0975 0.0576 0.0460 0.80 1.47
Serum albumin (ALB) 7,336 21 0.0532 0.0411 0.0500 0.0288 0.58 0.77
Glyceraldehyde 3 phosphate dehydrogenase 33,212 21 0.0526 0.1042 0.0741 0.0385 0.52 1.98
(GAPDH)
Keratin type I cytoskeletal 17 (KRT17) 3,539 20 0.0482 0.0298 0.0345 0.0530 1.54 1.44
Peptidyl prolyl cis trans isomerase A (PPIA) 30,655 12 0.0454 0.0338 0.0258 0.0344 1.33 0.75
26S protease regulatory subunit 6A (PSMC30) 1,023 5 0.0392 0.0249 0.0191 0.0742 3.89 0.64
Ras-related protein Rab 43 (RAB43) 2,637 4 0.0356 0.0076 0.0262 0.0096 0.37 0.21
Thioredoxin (TXN) 30,652 6 0.0304 0.0257 0.0195 0.0253 1.30 0.85
Annexin A2 (ANXA2) 18,059 29 0.0289 0.0270 0.0266 0.0205 0.77 0.93
Putative heat shock protein HSP 90 beta 4 2,807 8 0.0239 0.0002 0.0094 0.0003 0.03 0.008
(HSP90AB4P)
Keratin type II cytoskeletal 1b (KRT77) 3,266 14 0.0235 0.0067 0.0132 0.0115 0.87 0.29
Profilin 1 (PFN1) 24,876 8 0.0234 0.0260 0.0212 0.0174 0.82 1.11
Actin gamma enteric smooth muscle (ACTG2) 22,060 16 0.0227 0.0232 0.0138 0.0149 1.08 1.02
Phosphatidylinositol 4 phosphate 3 kinase C2 796 48 0.0194 0.0173 0.0154 0.0228 1.48 0.89
domain-containing subunit alpha (PIK3)
E3 ubiquitin protein ligase TRIM63 (TRIM63) 889 5 0.0193 0.0174 0.0146 0.0152 1.04 0.90
Keratin type I cytoskeletal 19 (KRT19) 4,111 12 0.0193 0.0055 0.0171 0.0091 0.53 0.29
Peripherin (PRPH) 938 7 0.0176 0.0133 0.0120 0.0316 2.63 0.76
E3 SUMO protein ligase RanBP2 (RANBP2) 969 51 0.0175 0.0031 0.0187 0.0055 0.24 0.18
14-3-3 protein epsilon (YWHAE) 28,144 20 0.0173 0.0273 0.0109 0.0293 2.69 1.58
Heat shock 70-kDa protein 1A 1B (HSPA1A) 13,281 31 0.0171 0.0116 0.0113 0.0091 0.80 0.68
14-3-3 protein zeta delta (YWHAZ) 23,199 17 0.0166 0.0201 0.0113 0.0232 2.05 1.20
Galectin 1 (LGALS1) 32,764 9 0.0160 0.0248 0.0178 0.0131 0.74 1.55
Alpha enolase (ENO1) 13,422 24 0.0155 0.0182 0.0150 0.0086 0.57 1.17
Cofilin 1 (CFL1) 19,199 13 0.0149 0.0181 0.0155 0.0089 0.57 1.22
Tubulin beta chain (TUBB) 25,232 22 0.0145 0.0250 0.0125 0.0098 0.78 1.74
Keratin type I cuticular Ha6 (KRT36) 1,115 9 0.0145 0.0009 0.0068 0.0011 0.16 0.06
Complement decay-accelerating factor (CD55) 3,887 15 0.0143 0.0084 0.0123 0.0103 0.84 0.59
Keratin type I cytoskeletal 28 (KRT28) 2,847 13 0.0140 0.0012 0.0119 0.0028 0.24 0.09
ADP ribosylation factor 1 (ARF1) 17,453 11 0.0140 0.0082 0.0139 0.0098 0.71 0.59
Pyruvate kinase isozymes M1 M2 (PKM2) 14,429 32 0.0132 0.0214 0.0182 0.0099 0.54 1.60
CD81 antigen (CD81) 5,301 4 0.0121 0.0088 0.0095 0.0119 1.25 0.72
Cell division control protein 42 homolog 4,853 6 0.0119 0.0035 0.0084 0.0032 0.38 0.29
(CDC42)
Tubulin beta 8 chain B OS Homo sapiens 1,482 8 0.0118 0.0003 0.0071 0.0002 0.03 0.03
14 3 3 protein theta (YWHAQ) 17,722 16 0.0118 0.0183 0.0087 0.0210 2.97 1.55
Elongation factor 2 (EEF2) 7,846 38 0.0117 0.0129 0.0126 0.0075 0.59 1.10
Staphylococcal nuclease domain-containing 934 31 0.0116 0.0040 0.0050 0.0029 0.58 0.35
protein 1 (SND1)
Tubulin alpha 1A chain (TUBA1A) 19,169 24 0.0116 0.0213 0.0141 0.0094 0.66 1.84
Tubulin alpha 1C chain (TUBA1C) 19,614 23 0.0115 0.0272 0.0110 0.0074 0.67 2.37
Tryptophanyl tRNA synthetase cytoplasmic 453 7 0.0111 0.0108 0.0123 0.0090 0.73 0.97
(WARS)
Lactadherin (MFGES) 6,952 21 0.0108 0.0064 0.0071 0.0079 1.11 0.59
Probable phosphoglycerate mutase 4 (PGAM4) 1,867 4 0.0106 0.0126 0.0031 0.0112 3.61 1.19
Keratin type II cytoskeletal 5 (KRT5) 8,085 24 0.0105 0.0041 0.0044 0.0078 1.77 0.39
Keratin type II cytoskeletal 2 oral (KRT76) 7,435 9 0.0103 0.0009 0.0011 0.0003 0.27 0.09
Protein S100 A6 (S100A6) 3,706 3 0.0101 0.0101 0.0103 0.0073 0.71 1.00

“ Maximum PLGS identification score; Tandem MS Search Algorithm (Waters).

® Number of peptides detected for each protein.

¢ Calculated copy numbers of molecules per MCP molecule.

4 Ratios of the relative copy numbers of individual proteins (pp65neg versus pp65pos strains). The proteins are listed according to decreasing frequencies in virions of RV-BADwt.
Ratios of more than 2.0 and less than 0.5 are indicated by boldface.
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first quantitative proteomic analysis to address how the availabil-
ity of pp65 for virion assembly affects the morphologies and the
protein compositions of extracellular HCMYV virions.

Impact of pp65 deletion on virion morphology and struc-
tural integrity. Roughly 50% of all RV-Hd65 virions presented
with handle-like blebs upon TEM. These structures were not
unique to the strain, as they were also apparent, at low frequency,
in virion preparations of the p65pos parental strain. Although no
formal proof is available, these blebs may represent virion enve-
lopes that partially detached from the tegument layer. The higher
magnification of an RV-Hd65 virion in Fig. 2E may support this
notion. The virions with blebs showed bright staining of the core.
This indicates that alteration of the virion structure, likely with
regard to membrane continuity, leads to changes in the staining of
particles with ammonium-heptamolybdate in the process of pre-
paring samples for TEM. We cannot exclude the possibility, how-
ever, that the bright appearance of the cores was also influenced by
the different protein contents in the virions of the two strains.

The pp65neg virions were also impaired in genome delivery
into cells. This suggests that pp65 deficiency alters virion morpho-
genesis in such a way that tegument-envelope interaction is dis-
turbed, leading to reduced infectivity. Interestingly, however, the
extracellular stability of the particles was not compromised when
pp65 was lacking (data not shown). Further analyses are required
to investigate if pp65 is involved in the interaction of the tegument
layer with the viral envelope.

Malouli and colleagues recently reported on a proteomic anal-
ysis of virions from a mutant of the rhesus CMV (RhCMV). The
virus had the two genes that share homology with HCMV pp65
(pp65ab) deleted (57). Concordant with our results, little impact
of the pp65ab deletion on the overall protein composition of viri-
ons was found. A slight decrease in all tegument proteins was
detected, confirming the trend that was seen in HCMV virions
(Fig. 4 and Table 1). However, in contrast, our analysis revealed
that pp65neg HCMYV virions display substantial loss of a selected
set of tegument proteins. This indicates that pp65 of HCMV and
pp65ab of RhCMYV differ in their interactions with other tegu-
ment proteins. Given a level of conservation between these pro-
teins of 35 to 40%, it may be that only some functions of HCMV
pp65 are represented in pp65ab of RhRCMYV, and other proteins of
that virus may selectively interfere with tegument assembly.

Incorporation of cellular proteins. Roughly 420 different cel-
lular proteins were found in HCMYV virions (listed in Table 3 and
Tables S1 to S4 in the supplemental material). Those that were
consistently elevated in virions of both pp65neg strains were 14-
3-3 family members. Individual molecules from that family had
been described before as constituents of virion preparations from
other herpesviruses (17, 58-61). These proteins are known to be
involved in the regulation of signal transduction pathways by
modulating the activities of client proteins via interaction with
phosphoserine or phosphothreonine. Interestingly, Stegen and
colleagues recently showed in a small interfering RNA (siRNA)
screen that one of the 14-3-3 family members, 14-3-3 zeta, con-
tained in virions, significantly supported HSV-1 production in
cell culture (62). It remains to be determined if 14-3-3 proteins
also influence HCMYV infection.

A number of cell proteins were consistently underrepresented
in pp65neg virions. Cytoskeletal proteins and heat shock proteins
were most prominent in this respect. Both have been found in
virion preparations of a number of other herpesviruses (58-61,
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63—65). The possibility that these proteins represent cellular con-
taminants of the particle preparations cannot be formally ex-
cluded at this point. However, the differences seen between the
pp65neg and pp65pos strains argue in favor of pp65-dependent
specific inclusion of these proteins in the process of particle mor-
phogenesis.

The majority of the cellular proteins found in the different
virion preparations have been described previously as associated
with HCMV or murine CMV (MCMYV) virions (17, 66) or with
the virions of other herpesviruses (reviewed in reference 65).
Among those that were not previously identified were the alpha
subunit of the phosphatidylinositol 4 phosphate 3-kinase (PI3K)
and Rab43. PI3K signaling pathways are induced by HCMYV infec-
tion and interfere with the host cell stress response (reviewed in
reference 67). Rab43 is a member of the family of Rab GTPases
that are important effectors in the control of vesicle trafficking and
virus assembly (68-70). Interestingly, a number of Rabs, but not
Rab43, were found to be associated with virions of other herpes-
viruses (58, 60,61, 63). We found Rab43 in the virion preparations
of both pp65neg and pp65pos strains, but in reduced amounts
when pp65 was absent. It is intriguing to speculate that Rab43 is
involved in secondary envelopment by interacting with one of the
outer tegument proteins. Concordant with this idea, reduction of
Rab43 in pp65neg strains would be in agreement with a phenotype
of disturbed membrane-tegument interaction, as suggested from
the EM data (Fig. 2). This, however, has to be addressed in future
analyses.

Dependence of tegument assembly on pp65. One obvious ex-
planation for the unaltered morphology of intact RV-Hd65 viri-
ons was that one or more viral proteins would replace pp65 during
morphogenesis. Among all the viral proteins, only pUL35 was
found to be roughly 2-fold elevated in both pp65neg strains. How-
ever, that amount of protein was far too little to be regarded as
compensation for any structural function of pp65. At this point, it
remains unclear if pUL35 could replace a regulatory function of
pp65; e.g., its interaction with IFI16 (15). As about 40 molecules of
pUL35 would have to replace 5,000 pp65 molecules in single viri-
ons, however, it is more likely that pp65 loss in virions is not
compensated for at all by any other protein.

The tegument proteins, like pp150 or HMWP, that are consid-
ered to be associated with the capsid structure (11) appeared to be
unaffected by pp65 loss. Several of the outer tegument proteins,
however, were depleted in the absence of pp65. pp65-related re-
duction had been reported previously for pUL25, pUL69, and
pUL97 (26). We could confirm this and extend these findings to
show that a number of additional tegument and tegument-asso-
ciated viral proteins are packaged in a pp65-dependent manner
(Table 1 and Fig. 4). Among them were pUL45, pUL24, pUL26,
and pUL71. The most striking effects, however, were seen for
pUL43 and pUL25, which were found in considerable amounts in
pp65pos virions but were virtually absent in pp65neg virions. It
has been suggested that pUL25 represents a hub for tegument
assembly (71). pUL25, together with pUL43, is an abundant virion
constituent and a distinct interaction partner of pp65 (71, 72).
Our results are in agreement with a network model of interacting
viral proteins consisting of pUL25, pUL43, and pp65 that is as-
sembled in the outer HCMV tegument to form a scaffold structure
for further tegument assembly. Through the presence of pp65, this
network may gain stability, thereby reinforcing the virion struc-
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ture. In the absence of pp65, such a scaffold may be impaired,
compromising viral and cellular protein upload.
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