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ABSTRACT The glycoprotein O (gO) is betaherpesvirus specific. Together with the
viral glycoproteins H and L, gO forms a covalent trimeric complex that is part of the
viral envelope. This trimer is crucial for cell-free infectivity of human cytomegalovirus
(HCMV) but dispensable for cell-associated spread. We hypothesized that the amino
acids that are conserved among gOs of different cytomegaloviruses are important
for the formation of the trimeric complex and hence for efficient virus spread. In a
mutational approach, nine peptide sites, containing all 13 highly conserved amino
acids, were analyzed in the context of HCMV strain TB40-BAC4 with regard to infec-
tion efficiency and formation of the gH/gL/gO complex. Mutation of amino acids
(aa) 181 to 186 or aa 193 to 198 resulted in the loss of the trimer and a complete
small-plaque phenotype, whereas mutation of aa 108 or aa 249 to 254 caused an in-
termediate phenotype. While individual mutations of the five conserved cysteines
had little impact, their relevance was revealed in a combined mutation, which abro-
gated both complex formation and cell-free infectivity. C343 was unique, as it was
sufficient and necessary for covalent binding of gO to gH/gL. Remarkably, however,
C218 together with C167 rescued infectivity in the absence of detectable covalent
complex formation. We conclude that all highly conserved amino acids contribute to
the function of gO to some extent but that aa 181 to 198 and cysteines 343, 218,
and 167 are particularly relevant. Surprisingly, covalent binding of gO to gH/gL is re-
quired neither for its incorporation into virions nor for proper function in cell-free in-
fection.

IMPORTANCE Like all herpesviruses, the widespread human pathogen HCMV de-
pends on glycoproteins gB, gH, and gL for entry into target cells. Additionally, gH
and gL have to bind gO in a trimeric complex for efficient cell-free infection. Ho-
mologs of gO are shared by all cytomegaloviruses, with 13 amino acids being highly
conserved. In a mutational approach we analyzed these amino acids to elucidate
their role in the function of gO. All conserved amino acids contributed either to for-
mation of the trimeric complex or to cell-free infection. Notably, these two pheno-
types were not inevitably linked as the mutation of a charged cluster in the center
of gO abrogated cell-free infection while trimeric complexes were still being formed.
Cysteine 343 was essential for covalent binding of gO to gH/gL; however, noncova-
lent complex formation in the absence of cysteine 343 also allowed for cell-free in-
fectivity.

KEYWORDS cell tropism, cytomegalovirus, glycoprotein O, glycoproteins, mutational
studies

Congenital human cytomegalovirus (HCMV) infection is the leading cause of senso-
rineural hearing loss and infectious brain damage in newborns (1–3). Furthermore,

HCMV is a threatening complication for transplant recipients (4, 5). Development of an
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efficient vaccine relies greatly on understanding the role of the viral envelope proteins
(6). Three of the viral glycoproteins are essential for fusion of herpesvirus envelopes
with host cell membranes: the fusion protein gB and the glycoproteins gH and gL,
presumably functioning as a trigger of gB fusion activity (7–9). In support of this model,
Varnarsdall et al. demonstrated recently that HCMV gH/gL and gB interact within the
virus envelope (10). In contrast to gH/gL of herpes simplex virus (HSV) or Kaposi’s
sarcoma-associated herpesvirus (KSHV), HCMV gH/gL is stably bound to accessory
proteins which are crucial for infection of different host cells. Two alternative complexes
are formed and incorporated into the virion envelope: the pentameric gH/gL complex
with pUL128, pUL130, and pUL131A (11–13) and the trimeric gH/gL complex with
pUL74 (gO) (14–16). The pentameric complex is indispensable for efficient infection of
endothelial cells and epithelial cells but dispensable for infection of fibroblasts (13,
17–19), whereas the trimeric complex is necessary for efficient infection of fibroblasts,
endothelial cells, and epithelial cells (20, 21). Deletion of gO in various HCMV strains
severely reduced the infectivity of free virions, resulting in a small-plaque phenotype
(20, 22–25). In the context of viruses containing both the pentamer and the trimer, dual
deletion of the UL128 locus and gO was found to be lethal for HCMV (24, 26).

All betaherpesviruses express homologs of gO. In human herpesvirus 6 (HHV-6) and
HHV-7, the homologous protein also forms a complex with gH and gL (27, 28), but to
date no function has been assigned to this protein (29). Similarly to HCMV gO, murine
and guinea pig cytomegalovirus (CMV) gO binds to gH/gL, and its deletion leads to a
severely reduced cell-free infectivity (30, 31), indicating that the function of gO is
conserved among the various CMVs. An essential role of the gH/gL/gO complex for
pathogenesis of murine CMV (MCMV) was recently demonstrated in a mouse model: a
gO-deficient MCMV mutant was unable to establish infection in mice (32), indicating
that gO plays a pivotal role for host-to-host transmission of CMV. Immunization of mice
with gH/gL/gO leads to full protection from otherwise lethal MCMV infection (33). For
HCMV it was recently demonstrated that gH/gL/gO interacts with the cellular receptor
platelet-derived growth factor receptor alpha (PDGFR-�) (34). Taken together, these
findings highlight that gO is a promising target for future vaccination strategies.

In HCMV, gO is encoded by the open reading frame UL74. A thorough analysis of
various HCMV strains with a panel of antibodies clarified that all strains contain the
trimeric gH/gL/gO complex in the virion envelope (35). With most HCMV strains tested,
the majority of gH/gL is incorporated into the virion as part of the trimer rather than
the pentamer, and deletion of gO hence not only abrogates trimer formation but also
greatly reduces the overall incorporation of gH/gL into virions (20, 35). gO is one of the
most polymorphic HCMV proteins (36–38), and among gOs of different cytomegalovi-
ruses, we found only few peptide sites to be conserved. We hypothesized that those
parts of the protein that are conserved among all homologs contribute to the function
that is common for all of them: the formation and incorporation of the trimeric
complex. In silico alignment of gO sequences from different CMVs revealed 13 highly
conserved amino acids. In this study, we present a comprehensive mutational analysis
of all highly conserved sites within gO of HCMV in the context of a replicating virus. We
demonstrate that (i) a central domain of gO plays a key role for the infectivity of gO, (ii)
cysteine 343 of strain TB40-BAC4 is the site of covalent interaction with gH/gL, but (iii)
covalent binding of gO is not necessary for infectivity.

RESULTS
Generation of a UL74stop mutant as a control virus for mutational analyses of

pUL74. While TB40-BAC4 served as a negative control, we generated a UL74stop virus
as a positive control for the maximal effect of changes in UL74. We have previously
reported a pUL74 null mutant in the background of HCMV strain TB40-BAC4 that was
created by deletion of the N-terminal 37 amino acids (aa) of pUL74 (yielding ΔUL74nt1–
37) (24). Meanwhile, a comprehensive analysis of the HCMV transcriptome indicated
that this deletion might interfere with a transcript of the essential glycoprotein N (UL73)
for which a splice acceptor site is located adjacent to the UL74 ATG (39). Hence, we
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suspected that the phenotype of the ΔUL74nt1–37 mutant could partially be due to an
effect on this transcript of the neighboring gene. To avoid ambiguity and provide a
more reliable control for our mutational analysis of pUL74, we constructed a new pUL74
null mutant by introducing two stop codons at aa 7 and aa 12 (UL74stop) via seamless
mutagenesis of TB40-BAC4 (Table 1) (40, 41). For reconstitution of the gO stop mutant,
bacterial artificial chromosome (BAC) DNA was transfected into fibroblasts.

The resulting HCMV-TB40-BAC4-UL74stop was analyzed regarding release of infec-
tious progeny and focal growth in human foreskin fibroblasts (HFFs) and human
endothelial cells (HECs). Both infection rates and focus size were determined by
immunofluorescence detection of viral immediate early (IE) antigens. Expectedly, the
UL74stop virus formed smaller foci than wild-type virus in HFFs. No change was
observed in HECs, in which both viruses formed small plaques (Fig. 1A). Cell-free
supernatants of the UL74stop virus were severely reduced in their infectivity both for
fibroblasts and endothelial cells (Fig. 1B), which is in agreement with the notion that the
cell-free route of infection depends on gO, irrespective of the cell type (20, 21). While
cell-free infection of fibroblasts was almost completely abrogated with the UL74stop
virus, a low level of infectivity in HECs was detectable. In order to further analyze this
residual infectivity, freshly harvested, 60-fold-concentrated UL74stop virus was used for
infection of HFFs and HECs. Using this approach, about 25% infection could be
achieved in HECs, whereas infection rates in HFFs remained below 4% in all experi-
ments. The difference between the 2,000-fold reduction of cell-free infectivity in HFFs

TABLE 1 Mutations of highly conserved peptide sites

Designation Wild-type sequencea Mutated sequence

Phenotypic profileb

Focus
size

Cell-free
infectivity

Complex
formation

UL74stop MRSISK7–12 *RSIS*c — — —
aa108 W108 A � � �
aa141 C141 A � � �
aa146–149 SMTC146–149 AMTA � � �
aa167–169 CGN167–169 AGA � � �
aa181–186 PRWNTK181–186 AAANTA — — —
aa193–198 KVNVDS193–197 AVNVAA — — —
aa218 C218 A � � �
aa249–254 RKLKRK249–254 AALAAA � — �
aa343–349 CKPDRNR343–349 AAPAAAA � � —
aBoldface highlights conservation among gO homologs. Subscript numbers indicate positions in the TB40-
BAC4 sequence.

bRelative to the wild type, as follows: —, severely reduced; �, moderately reduced; �, similar.
cAsterisks indicate the stop codons introduced to construct the mutant.

FIG 1 Growth characteristics of a novel TB40-BAC4-UL74stop mutant.(A) Focus formation was allowed for
5 days before infected cells were stained for viral IE antigens (magenta). Nuclei were stained with DAPI
(blue). (B) Cell-free infectivity of wild-type and UL74stop in endothelial cells (HECs) and fibroblasts (HFFs).
Supernatants of UL74stop were concentrated 60-fold (60�) by ultracentrifugation in order to analyze the
tropism of the UL74stop virus. Infection rates were determined by calculating the ratio of IE-positive nuclei
to the total number of nuclei.
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and the 200-fold reduction in HECs indicates that infection of endothelial cells is less
sensitive to disruption of gO.

As the detection of infectivity in cell-free supernatants suggested that mature
virions are actually released from TB40-BAC4-UL74stop, we used this null mutant to
revisit the effect of gO deletion on the secondary envelopment. The earlier UL74-
mutant, TB40-BAC4-ΔUL74nt1–37, was defective in secondary envelopment, whereas
an HCMV strain TR-based gO null mutant (TRΔgO) did not exhibit such a phenotype
when investigated by transmission electron microscopy (TEM) (20, 24). HFFs infected
with wild-type or UL74stop virus were cocultured with noninfected ones on carbon-
coated sapphire discs, and focus formation was monitored. Comparable infection rates
were reached on days 5 and 8 postcoculture for the wild-type and mutant cultures,
respectively. At these time points, the cells were high-pressure frozen and freeze
substituted. This technique allows observation of the ultrastructures closer to the living
state (26, 42). Furthermore, it enhances the visibility of biological membranes to a level
that the lipid bilayer leaflets are clearly distinguishable (43, 44). As an additional quality
criterion to ensure comparability between the results, only cells with a clearly visible
assembly complex and an accumulation of capsids in a kidney-shaped nucleus (45, 46)
were analyzed. TEM images of the wild-type virus-infected cells showed accumulations
of enveloped virus particles in the assembly complex (Fig. 2). The same phenotype with
regard to secondary envelopment was also observed in the UL74stop virus-infected

FIG 2 TEM images of TB40-BAC4. (A) An overview of an infected fibroblast showing both the nucleus and the
cytoplasm. The boxed rectangle in the cytoplasm marks an area in the perinuclear assembly compartment which
is magnified further in panel B, where various HCMV particles are visible. Panel C shows the boxed area of panel
B at still higher magnification. Virion particles undergoing envelopment as well as completely enveloped particles
in vesicles are visible.
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cells (Fig. 3). In order to confirm full envelopment of those virus particles and to rule out
the possibility that they are rather stuck in a budding process into vesicles (i.e., still not
fully enveloped), scanning transmission electron microscopy (STEM) tomography (47)
of a UL74stop-infected cell was performed (see Movie S1 in the supplemental material).
The tomogram reconstruction exhibits full envelopment of UL74stop virus particles in
the cytoplasm.

In conclusion, HCMV-TB40-BAC4-UL74stop resembled previously published gO null
viruses with regard to strongly reduced cell-free infectivity and a small-plaque pheno-
type (20, 22–25). With regard to secondary envelopment, the UL74stop virus differs
from TB40-BAC4-ΔUL74nt1–37 but resembles TRΔgO as it can accumulate fully envel-
oped virus particles in the assembly complex. HCMV-TB40-BAC4-UL74stop was subse-
quently used for the mutational analysis of highly conserved peptide sites as a control
representing the maximal effect of disruption in UL74.

Thirteen amino acids are conserved among gO homologs of different CMVs.
Under the assumption that strong conservation is associated with an involvement in
common functions, such as the formation of the complex with gH and gL, we
compared sequences of different CMV gOs. The alignment included sequences from
CMVs infecting a broad range of species: chimpanzee, macaque, squirrel monkey,
guinea pig, bat, mouse, tree shrew, and human. Among these gO homologs, only 13
amino acids (3% of HCMV gO) were found to be strictly conserved (Fig. 4). These 13

FIG 3 TEM images of TB40-BAC4-UL74stop. Similar to the images in Fig. 2, panel A shows an overview of a
late-stage-infected fibroblast. The boxed area shows the perinuclear assembly compartment, which is shown at
higher magnification in panel B. The four virus particles from this image are further magnified in panel C to allow
discrimination of enveloped particles and particles in the process of envelopment.
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highly conserved amino acids were assigned to nine peptide sites which are spread
over the central half of the protein. The largest accumulation of conserved amino acids
was found from amino acids 140 to 280 (numbers according to TB40-BAC4). To confirm
that these highly conserved amino acids are also conserved between different strains

FIG 4 Alignment of pUL74 sequences from CMVs infecting different species. The percentage of conservation is indicated as a bar for each amino acid. Matching amino
acids are displayed as dots. The red frames indicate the peptide sites that were chosen for mutation, including the 13 highly conserved amino acids.
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of HCMV, an alignment of eight HCMV strains was performed (Fig. 5). We found about
60% conservation among different HCMVs (similar to results reported in references 36
and 48). As with gOs of different CMVs, the highest degree of conservation was found
in the center of the protein (aa 160 to 260). The N terminus is highly polymorphic
among HCMV strains, and the C terminus is intermediate. As expected, all 13 amino
acids that were found to be highly conserved among different CMVs were also
conserved among different HCMV strains. In order to test whether these highly con-
served sites are important for formation of the trimeric complex and virus growth, a set
of nine peptide site mutants was designed (Table 1). To avoid secondary effects, all
highly conserved amino acids were replaced with alanines. Under the assumption that
protein-protein interactions are mediated by patches of the protein rather than by
single amino acids, we also included neighboring amino acids if they were charged or

FIG 5 Alignment of pUL74 sequences from different HCMV strains. The percentage of conservation is indicated as a bar for each amino acid. Matching amino
acids are displayed as dots. The red frames indicate the sites that were mutated.
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potentially glycosylated (Table 1). The mutations were introduced seamlessly into the
BAC-cloned HCMV strain TB40 (40, 41) and subsequently analyzed in terms of virus
growth and complex formation.

Phenotypic screening of mutants lacking highly conserved amino acids. Mutant
viruses were reconstituted in HFFs along with the two control viruses, TB40-BAC4 wild
type (unrestricted viral growth) and TB40-BAC4-UL74stop (complete small-plaque phe-
notype). Foci formed by the mutant viruses in HFFs differed in terms of both focus size
and shape (Fig. 6A). The W108A (aa108) mutant grew with noticeably smaller foci than
the wild type but had the typical comet shape which indicates cell-free transmission
(49). In contrast, mutation of aa 249 to 254 (aa249 –254 mutant) led to large but
unusually confined foci. The strains with mutations of aa 181 to 186 and aa 193 to 198
(aa181–186 and aa193–198 mutants, respectively) (Table 1) displayed a complete
small-plaque phenotype. To monitor the spreading capacity of the virus mutants in
HFFs, aliquots of the cells were taken twice weekly when the transfection cultures were
passaged and infection rates were determined by staining for viral IE antigens. Two of
the nine mutants (aa181–186 and aa193–198) were strongly delayed regarding spread
in HFF cultures (Fig. 6B). These virus mutants reached 50% infection only after 23 days,
compared to 10 days in wild-type-transfected cultures. This initial experiment, which
was performed with two independent clones of each virus mutant, suggested an
important function of the peptide sites PRWNTK (aa 181 to 186) and KVNVDS (aa 193
to 198).

To validate these first findings, the spreading capacity of the mutants was further
analyzed in focus expansion assays. In this series of experiments, infected cells were
cocultured with more than a 100-fold excess of noninfected cells, and focus formation
was allowed for 5 days. To control whether reduced growth of mutants was actually
mediated by effects on UL74, human endothelial cells (HECs) were included in this
analysis. In HECs, wild-type virus is also restricted to small plaques that are not further
minimized by the complete disruption of gO expression due to a stop mutation (Fig.
1A). Hence, none of the UL74 mutations tested here was expected to affect focus
expansion in HECs, and any reduction would be indicative of second site mutations
affecting viral fitness in a more general manner. Infected cells were visualized by
immunofluorescence staining for viral IE antigens (Fig. 6C). Quantification of the
number of IE-positive cells per focus revealed that the mutation of aa 108 led to a 50%
reduction of focus size in HFFs (115 infected cells per focus compared to 250 with
wild-type virus), and this difference was significant (P � 0.02). The 80% reduction in
focus size caused by mutation of the central peptide sites at aa 181 to 186 (P � 0.001)
and aa 193 to 198 (P � 0.0004) resembled UL74stop (40, 41, and 40 infected cells per
focus, respectively). Foci of all other mutants were indistinguishable from those formed
by wild-type virus.

As expected, none of the mutations further reduced the focus size in HECs. This
already argued against second site mutations generally affecting virus replication. To
formally exclude the possibility that the phenotypes of our mutants were caused by
second site mutations, the mutations of aa 108, aa 181 to 186, aa 193 to 198, and aa
249 to 254 were reversed. Focus sizes of the revertant viruses resembled the size of the
wild type, demonstrating that the impaired growth in HFFs was actually caused by the
mutations in UL74 (Fig. 7).

Wild-type virus forms large, comet-shaped foci, indicative of cell-free transmission
(49). As foci formed by some UL74 mutants were rather small and/or confined, the
hypothesis that these mutants are defective for cell-free infection was tested. Super-
natants of freshly reconstituted virus mutants (harvested when cultures showed �90%
cytopathic effect [CPE]) were used to infect HFFs and HECs in parallel. One day after
infection, the fraction of infected cells was determined by immunofluorescence staining
of viral IE antigens. Infection rates measured in at least three experiments in HFFs and
HECs were compared between each mutant and the wild type to test for the ability of
the mutants to infect via the cell-free route (Fig. 6D). Viruses with mutations of aa 167
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FIG 6 Impact of highly conserved peptide sites within pUL74 on virus growth. (A) Representative images of foci formed in fibroblasts at
5 days posttransfection. Nuclei stained for the viral IE antigens are shown in magenta; DAPI-stained nuclei of noninfected cells are blue.
(B) Growth of virus mutants was analyzed starting at day 7 posttransfection by measuring the infection rates within aliquots of transfected
cultures. (C) For quantification of the spreading capacities of the virus mutants, infected fibroblasts (HFFs) were cocultured with noninfected
HFFs or endothelial cells (HECs) for 5 days. Focus size was determined by staining for viral IE antigens and subsequent counting of the
number of infected cells per focus. As not all nine peptide site mutants could be tested in both cell types at the same time, the results
obtained in the different experiments were normalized to the wild-type values in the respective experiments. For each mutant the mean
values of three independent experiments are shown. Error bars indicate standard errors of the means of the normalized values. (D) For
comparison of the cell-free infectivity, supernatants of pUL74 mutants and controls (wild type and UL74stop) were used to infect HFFs and
HECs in parallel. Infection rates were calculated from the number of IE-positive nuclei to the total number of nuclei (DAPI). The mean values
of the infection rates in HFFs and HECs in at least three experiments were compared to those of wild-type virus in the respective
experiments by an unpaired t test. (*, �0.05; **, �0.01; ***, �0.001). Error bars indicate standard errors of the means.
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to 169, aa 218, and aa 343 to 349 were similarly infectious as the wild type, whereas the
mutations of aa 108, aa 141, and aa 146 to 149 reduced the cell-free infectivity for both
cell-types by 50% compared to level of the wild type. The mutations of aa 181 to 186,
aa 193 to 198, and aa 249 to 254 severely reduced cell-free infectivity, with infection
rates remaining below 4% in all experiments. No infectivity for HFFs was observed with
the mutants aa181–186 and aa193–198. These mutants resembled the gO null mutant
not only regarding the almost complete reduction of cell-free infectivity in HFFs but
also concerning the residual infectivity in HECs. Mutation of aa 249 to 254 was
exceptional as it reduced cell-free infectivity equally strong for both cell types.

In order to test whether the reduced infectivity of the mutant viruses was associated
with defects regarding accumulation of gO or decreased formation of the gH/gL/gO
complex, Western blot analysis was performed under reducing and nonreducing
conditions (Fig. 8). In cells infected with the aa108, aa141, aa146 –149, aa167–169,
aa218, and aa249 –254 mutants (Table 1), signals were detected at the expected size of
the gH/gL/gO complex (250 kDa). In contrast, no gH/gL/gO complex was detectable in
lysates of mutants aa181–186, aa193–198, aa343–349, and UL74stop. Under reducing
conditions, two subspecies of gO were detectable, a 130-kDa species and a faster-
migrating species of 100 kDa. The 100-kDa species was detectable in all mutants except
UL74stop, whereas the 130-kDa form, which might represent the fraction of gO that has
acquired full glycosylation (15), was clearly detectable only in cells infected with the

FIG 7 Focal growth of virus revertants. Infected fibroblasts were cocultured with noninfected fibroblasts
for 5 days. Focus size was determined by staining for viral IE antigens and subsequent counting of the
number of infected cells per focus. Mean focus expansion values of three independent experiments are
shown; error bars indicate standard errors of the means.

FIG 8 Importance of highly conserved peptide sites for formation of the gH/gL/gO complex and gO
maturation. Infected fibroblasts were lysed when cultures showed �90% late-stage cytopathic effects.
Lysates were analyzed either under reducing conditions to display gO accumulation in the cells or under
nonreducing conditions to test for formation of the gH/gL/gO complex. Detection of gB was included to
visualize the content of HCMV glycoproteins in each sample.
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mutants aa141, aa146 –149, aa167–169, aa218, and aa249 –254. In lysates of the aa108,
aa141, and aa146 –149 mutants, additional gO-containing complexes were detectable.
It is noteworthy that mutation of C141 as well as mutation of C149 induced the
appearance of an additional gO-containing high-molecular-mass complex (�250 kDa),
which might indicate that these mutations introduce a similar change to the protein.
The lack of complex formation and accumulation of the 130-kDa gO by the mutants
aa181–186 and aa193–198 can easily explain why these mutants resemble the
UL74stop mutant regarding growth properties. In contrast, mutation of aa 249 to 254
severely reduced cell-free spread although the gH/gL/gO complex was formed as
efficiently as in the wild type (Fig. 6 and 8). Notably, the phenotypes differed from those
of mutants lacking the complex as mutant aa249 –254 was not impaired regarding
cell-associated spread. Finally, mutation of aa 343 to 349 was remarkable as it abro-
gated complex formation without causing severe phenotypic changes. As this peptide
site includes C343, we hypothesized that C343 is the site of covalent binding to gH/gL.

In summary, mutation of nine highly conserved peptide sites demonstrated that (i)
mutations of aa 181 to 186 and aa 193 to 198 resemble a complete deletion of gO, (ii)
aa 108, aa 141, and aa 146 to 149 participate in complex formation with gH/gL as
indicated by reduced levels of gH/gL/gO in cell lysates and an intermediate reduction
in growth, and (iii) aa 343 to 349 are dispensable for virus growth although they are
necessary for covalent complex formation.

Cysteine 343 is the site of covalent interaction with gH/gL. Surprisingly, none of
the five mutants covering a cysteine had displayed a strong phenotype in the initial
analysis concerning viral growth although each of them is highly conserved among gO
proteins of different CMVs. Most remarkably, mutation of C343 in the context of the
mutant aa343–349 abrogated complex formation without reducing infectivity. To
further analyze the particular contribution of C343 to complex formation, combined
mutations were performed (Table 2). As gO contains five cysteines, it seemed most
likely that only one of them binds gH/gL, whereas the other four are involved in
intramolecular bonds. To test whether one cysteine alone is sufficient for gH/gL/gO
complex formation, we generated five virus mutants in each of which only one of the
cysteines was left intact (mutants 4CtoA). In a maximal combination mutant, all five
cysteines were replaced with alanines (mutant 5CtoA). Virus growth was monitored
during reconstitution, and spreading efficiency was quantified in focus expansion
assays (Fig. 9A and B). Not unexpectedly, the 5CtoA mutant was disabled regarding
spread in HFFs to the same extent as the UL74stop virus, demonstrating that the
cysteines are indispensable. Also, the mutants in which four of the cysteines were
replaced by alanines displayed a complete growth reduction, with one exception, the

TABLE 2 Mutations of highly conserved peptide sites

Designation

Sequence at the indicated positiona Phenotypic profileb

141 149 167 218 343
Focus
size

Complex
formation

Wild type C C C C C
5CtoA A A A A A — —
4CtoA_141intact C A A A A — —
4CtoA_149intact A C A A A — —
4CtoA_167intact A A C A A — —
4CtoA_218intact A A A C A — —
4CtoA_343intact A A A A C � �
C167A C218A C C A A C � �
C167A C343A C C A C A — —
C218A C343A C C C A A — —
C167A C218A C343A C C A A A — —
C141A C149A A A C C C � �
C141A C149A C343A A A C C A � —
aPositions are according to pUL74 of TB40-BAC4.
bRelative to the wild type, as follows: —, severely reduced; �, moderately reduced; �, similar.
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mutant with C343 intact (4CtoA_C343intact) (Fig. 9A). Foci formed by this mutant were
significantly larger than those of the UL74stop mutant (P � 0.036), whereas none of the
other cysteines could significantly rescue virus growth (Fig. 9B). The rescue of virus
growth by C343 was suggestive of the formation of the trimeric complex. To test this

FIG 9 Cysteine 343 can rescue virus growth and complex formation. (A) Growth properties of mutants either
lacking all five cysteines (5CtoA) or lacking four cysteines (4CtoA) were characterized during reconstitution.
Infection rates were determined from aliquots of transfected cultures twice weekly, starting at day 2
posttransfection. Wild-type virus and UL74stop virus were included as references. (B) For analysis of the
spreading capacities of the virus mutants, infected fibroblasts were cocultured with noninfected fibroblasts for
5 days. Focus size was quantified by staining for viral IE antigens and subsequent counting of the number of
infected cells per focus. Mean focus expansion values of four independent experiments are shown. Error bars
indicate standard errors of the means. A one-sided, paired t test was used to compare the different viruses
with the UL74stop control (*, P � 0.5; **, P � 0.01). (C) In order to test for gO accumulation and complex
formation, lysates of infected fibroblasts were subjected to SDS-PAGE under reducing and nonreducing
conditions, respectively. Detection of actin served as a loading control. A staining for gB was included to
control for the amount of HCMV glycoproteins in each sample.
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hypothesis, lysates of infected cells were analyzed under nonreducing conditions (Fig.
9C). Concordant with the growth phenotype of 4CtoA_C343intact, gH/gL/gO was
detectable only in the mutant with an intact C343, whereas none of the other cysteines
could individually rescue complex formation. Under reducing conditions, 4CtoA_
C343intact was the only mutant for which the 130-kDa gO species remained detectable,
albeit at greatly reduced levels compared with the wild-type level. These data dem-
onstrate that C343 is the site of covalent interaction with gH/gL. It is remarkable that
lack of C343 had no significant effect on virus growth when the other four cysteines
were intact (Fig. 6, mutant aa343–349), suggesting that noncovalent complex forma-
tion might compensate for the loss of covalent binding to promote efficient virus
growth. To address this, a virus mutant lacking only C343 (gO-C343A) was generated.
The kinetics of virus growth after transfection resembled that of wild-type virus. As
expected, no gH/gL/gO was detected in lysates of cells infected with this mutant.
However, there were small amounts of the 130-kDa gO species (Fig. 10). Hence, the
C343A mutant matches the aa343–349 mutant phenotypically. Purified virions of this
mutant were analyzed with regard to incorporation of gO and gH/gL/gO (Fig. 11A). In
immunoblotting analyses, a covalent gH/gL/gO complex was not detected with the
C343A mutant under nonreducing conditions. Instead, a low-molecular-mass species
(about 130 kDa) appeared when the membrane was probed with the anti-gO antibody.
Furthermore, gO-C343A could be coimmunoprecipitated with an anti-gH antibody (Fig.
11B). Both findings together indicate that the mutant gO-C343A protein was incorpo-
rated into the virion envelope as part of the gH/gL/gO complex despite the lack of a
covalent bond with gH/gL.

FIG 10 Characterization of the C343A mutant. (A) Virus growth was measured starting at day 2
posttransfection. The infection rates were determined over time in aliquots of the transfected cells by
staining for the viral IE antigens. (B) To test whether the gH/gL/gO complex is also undetectable in a
mutant lacking only C343, infected cells were subjected to SDS-PAGE under nonreducing conditions. The
same lysates were also analyzed under reducing conditions to control for protein accumulation inde-
pendent of complex formation.
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The results obtained in the previous experiments served as a basis to further analyze
the impact of the other four cysteines. The finding that mutations of C141 and C149 (as
part of aa146 –149) resulted in very similar phenotypes regarding virus growth and
complex formation (Fig. 5 and 6), suggesting that these cysteines form a shared
disulfide bond. Based on this, we assumed that C167 and C218 also bind to each other.
As mutation of C343 abrogated covalent binding to gH/gL, the possibility that C167
and C218 represent additional sites of covalent binding to gH/gL could be excluded. In
contrast, it seemed very likely that these two cysteines stabilize the structure of the
large protein by formation of an intramolecular disulfide bond. Based on these con-
siderations, mutants were generated that lacked either of the assumed intramolecular
disulfide bonds alone or in combination with C343 (Table 2). Characterization during
reconstitution (Fig. 12A) and focus expansion assays (Fig. 12B) revealed that a com-
bined mutation of C141 and C149 had no significant impact on viral growth, irrespec-
tive of whether C343 was intact or mutated. A combined mutation of C167 and C218
was also well tolerated but resulted in a severe reduction of viral fitness when C343 was
disrupted in addition. In line with these results, immunoblotting analyses showed that

FIG 11 C343A virions contain large amounts of gO. (A) Gradient-purified virions were lysed and
subjected to gel electrophoresis under nonreducing conditions to test whether the trimeric complex is
detectable. Aliquots of the same virion preparation were analyzed in parallel under reducing conditions
and probed against the viral proteins gO, gB, gL, and pUL128. (B) For coimmunoprecipitation, lysates of
gradient-purified virions were either incubated with protein A-Sepharose alone (preclear) or with anti-gH
antibody 14-4b and protein A-Sepharose (IP). The precipitated proteins were analyzed under reducing
conditions. To control for input in each sample, gH was detected after stripping of the membrane.

Stegmann et al. Journal of Virology

January 2017 Volume 91 Issue 1 e01339-16 jvi.asm.org 14

http://jvi.asm.org


complex formation occurred with the combined C167A and C218A mutant but was
disrupted in the triple mutant C167A C218A C343A (Fig. 12C). Combinations of C343A
with either C167A or C218A caused a similarly strong impairment of viral growth,
consistent with the assumption that C167 and C218 form a disulfide bond. Taken
together, these data indicate that an intermolecular bond of C343 with gH/gL and an
intramolecular bond between C167 and C218 are important for efficient virus growth.

FIG 12 Either C343 or C167 and C218 are needed for efficient virus growth. (A) Growth of virus mutants
was analyzed starting at day 6 posttransfection by measuring the infection rates within aliquots of
transfected cultures. (B) Analysis of focal growth in fibroblasts (HFFs) and endothelial cells (HECs) over 5
days. Focus size was determined by counting the number of IE-positive nuclei per focus. The mean focus
size of virus mutants in three independent experiments was compared to that of the wild type with a
paired t test (*, P � 0.5). Error bars indicate standard errors of the means. (C) The virus mutants were
analyzed regarding formation of the trimeric complex and gO accumulation by SDS-PAGE of cell lysates
under nonreducing and reducing conditions, respectively. gB and gL served as internal controls for the
content of viral glycoproteins in each sample.
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DISCUSSION

By comparing sequences from different animal CMVs, we found 3% of the amino
acids of gO to be highly conserved, and we hypothesized that the respective sites of the
protein are important for the formation of the gH/gL/gO complex. This hypothesis was
tested by exchanging these highly conserved amino acids and the neighboring
charged or potentially glycosylated amino acids with alanines. Eight out of nine highly
conserved peptide sites indeed had significant impact on the formation of the gH/
gL/gO complex. Mutation of the peptide sites at aa 181 to 186, aa 193 to 198, and aa
343 to 349 abrogated covalent complex formation, with the former two mutations
causing a complete loss of function similar to that of the UL74stop mutation. Mutation
of aa 108, aa 141, and aa 146 to 149 reduced the amount of trimeric complex and
induced formation of aberrant complexes. The peptide sites at aa 167 to 169 and aa 218
were dispensable for complex formation only in the presence of cysteine 343. The
peptide site at aa 249 to 254 is dispensable for complex formation and focal growth but
significantly influences cell-free infectivity for fibroblasts and endothelial cells. In con-
clusion, the data presented here demonstrate (i) that all highly conserved peptide sites
within gO of HCMV contribute substantially to virus growth, (ii) that these conserved
sites promote complex formation with gH/gL (except aa 249 to 254), and (iii) that the
cysteine at position 343 is the site of covalent binding with gH/gL.

For the detailed analysis of highly conserved sites of gO, we first wanted to
reevaluate the effect of gO deletion. Therefore, a UL74stop mutant was generated. This
virus resembled other gO null viruses with respect to the small-plaque phenotype and
severely reduced cell-free infectivity (20, 23, 24). When concentrated UL74stop virus
was tested, residual infectivity for endothelial cells was detected. The same phenom-
enon was observed with two peptide site mutants (aa181–186 and aa193–198). In all
experiments, gO-deficient virus mutants were less impaired in infection of HECs than of
HFFs. This incomplete dependency of cell-free infection on gO could either be a
characteristic of endothelial cells, e.g., via nonspecific endocytic uptake, or it could
indicate that gO has two distinct functions in entry: a direct influence on fusion, which
is important for entry into all cell types (21), and a fibroblast specific function, e.g.,
receptor binding, as suggested by a recent publication (34). A detailed analysis of
HCMV-specific parts of gO will help to answer this question. In contrast to the
phenotype of our previous pUL74 null mutant TB40-BAC4-ΔUL74nt1–37 (24), the novel
TB40-BAC4-UL74stop mutant did not display an obvious envelopment defect. This is
concordant with what was observed with a TR-based virus lacking gO (20). Indeed,
STEM tomography of a late-stage UL74stop-infected cell confirmed the full envelop-
ment of a fraction of the cytoplasmic particles, thus providing formal proof that the
UL74stop virus can form fully enveloped virus particles. This difference between the
TB40-BAC4-UL74stop mutant and the previously published ΔUL74nt1–37 virus might
be due to a secondary effect of the deletion of nucleotides 1 to 37 on a previously
unknown UL73 splice site (39).

Among the highly conserved amino acids, cysteine 343 was most peculiar as its
mutation impaired covalent complex formation but had no significant effect on virus
growth. In the context of a mutant lacking all other cysteines, C343 was sufficient to
rescue virus growth to 50% of wild-type levels and to restore complex formation to
some extent. These results strongly indicate that C343 is the site of covalent interaction
with gH/gL. This is consistent with a recent report regarding transient expression of the
respective proteins in HEK293 cells, where the disulfide bonds within the gH/gL
complexes were analyzed by mass spectrometry (50). Those data demonstrated that
the bond between gL and gO is most frequently formed by the cysteine at position 351
within pUL74 of strain Merlin, corresponding to C343 in TB40-BAC4. Ciferri et al. also
detected an alternative binding between gL and gO C226 (corresponding to C218 in
TB40 pUL74) (50). However, the data presented here argue against a relevant contri-
bution of this alternative binding site in the context of replicating virus: (i) no covalent
gH/gL/gO complex was detected by the mutant lacking C343, (ii) mutation of C218
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alone had no significant influence on virus growth and complex formation, and (iii) only
C343 but not C218 could rescue viral growth in the absence of the other four cysteines.
This apparent discrepancy may be explained by the different experimental settings.
Ciferri et al. analyzed the disulfide bonds formed in a transient expression system and
used highly sensitive mass spectrometry for detection, whereas the data described here
were obtained by mutational analysis in the viral background, with virus growth
properties and Western blots being the main readouts. Hence, while not formally
excluding a minor degree of C218 binding to gH/gL, our results clarify that this cysteine
cannot functionally substitute for the loss of C343.

Surprisingly, mutation of C343 in the viral context revealed that covalent binding of
gO to gH/gL is not necessary for complex formation. The fact that gO-C343A forms a
noncovalent complex with gH/gL is demonstrated by the findings that the protein is
incorporated into virions and is immunoprecipitated along with gH, yet a covalent
complex is not detected in Western blotting under nonreducing conditions. The fact
that the C343A mutation does not affect the functionality of the virus is demonstrated
by their wild-type-like phenotype both in cell-free infection and focal spread. Regarding
the molecular functions of gO for replication of HCMV, it has been reported that gH and
gL alone are not sufficient for incorporation of functional gH/gL complexes into virions
but need gO to form the trimer gH/gL/gO or the proteins of the UL128 locus to form
the pentamer gH/gL/pUL128/pUL130/pUL131A (16, 18, 26). The trimer is necessary for
cell-free infection irrespective of the cell type (21), most probably due to gO binding to
the cellular receptor molecule PDGFR-� (34). Obviously, both of these essential func-
tions (i.e., incorporation of trimer and promotion of cell-free infection) do not depend
on a covalent binding of gO to gH/gL.

Most probably, in the absence of C343 these functions are maintained by gO that
is noncovalently bound to gH/gL. An alternative explanation would be that gO-C343A
acts as a chaperone promoting incorporation of gH/gL into virions (20) but then falls off
and is no longer necessary for infection of target cells. Our finding that gO-C343A
immunoprecipitates with gH in virion lysates argues against the assumption that
gO-C343A falls off the complex after incorporation, and the finding that gO is the viral
interaction partner of the cellular receptor PDGFR-�, thus promoting cell-free infection
(34), argues against the idea that gH/gL alone could promote cell-free infection. Finally,
the possibility that some of the gO-C343 that we detect in virions is located in the
tegument rather than on the surface is not formally excluded by our data. However,
given the current evidence regarding expression and maturation of gO, it is highly
unlikely. Usually, tegument-associated proteins are expressed into the cytoplasm of
infected cells, whereas envelope-associated proteins are expressed into the endoplas-
mic reticulum (ER) and subsequently matured in the Golgi compartment. gO is directed
by an N-terminal signal peptide to the lumen of the ER where it binds to preassembled
gH/gL. This premature trimeric complex is then transported to the Golgi compartment
where complex glycosylation occurs (15, 43). The gO-C343A species that we detected
in virions were all glycosylated forms considering their size, indicating that the mutant
protein is localized in the secretory pathway. As gO itself does not contain a trans-
membrane domain (43), it would most probably be secreted unless bound to gH/gL or
other membrane-anchored proteins. Hence, free uncomplexed gO would not be de-
tectable in gradient-purified virions. Taken these observations together, the assump-
tion of gO forming a functional noncovalent complex with gH/gL in the envelope of
mutant virus is the most likely explanation of our findings. The question remains as to
why C343 is highly conserved if it is not required for proper function of HCMV. It is
noteworthy that gO levels in virions are reduced in C343 mutants, indicating that this
cysteine might be necessary for highly efficient incorporation of trimer into the
envelope. While we could not detect a reduction of infectivity in our assays compared
to the wild-type level, the possibility remains of a more subtle phenotype that would
become overt only under more restrictive conditions.

We analyzed the impact of the cysteines on complex formation also by combining
various cysteine-to-alanine mutations. Mutation of C141 or C149 in addition to disrup-
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tion of C343 had no significant effect on viral fitness, whereas mutation of C343 and
either C167 or C218 decreased infectivity to UL74stop levels. As the outcomes were
similar, irrespective of whether C167 or C218 was mutated in addition to C343, it can
be assumed that these two sites bind to each other. Mutation of C343 alone was
compensated by noncovalent complex formation allowing for unimpaired virus
growth; however, when either C167 or C218 was mutated additionally, viral fitness was
severely decreased. It is tempting to speculate that an intramolecular bond between
C167 and C218 stabilizes the tertiary structure of gO and thereby promotes noncova-
lent complex formation in the absence of C343. Moreover, formation of a second
intramolecular bond between C141 and C149 has a high likelihood. We found that
mutants lacking either C141 or C149 showed the same abnormal patterns when
analyzed in Western blotting under nonreducing conditions: a second signal appeared
that was even larger than that of the 250-kDa gH/gL/gO complex (Fig. 8). Although
separation is not linear in normal polyacrylamide gel electrophoresis for very large
proteins, it can be speculated that this large gO-containing complex consists of
gH/gL/gO homodimers. gH/gL was reported to form homodimers via C144 of gL when
it was expressed in the absence of accessory proteins that would bind gL at C144 (50).
Likewise, a free cysteine in gO (C141 in the absence of C149 and vice versa) might
promote dimer formation of gH/gL/gO. Also, with regard to virus growth, disruption of
C141 and C149 caused a similar decrease of cell-free infectivity. A disulfide bond at this
site might be facilitated by the proline at position 145, e.g., by bending of the
polypeptide backbone, which might further reduce the distance between the side
chains of these two cysteines. However, these conjectures await validation by direct
measurements, as for example by mass spectrometry.

Not only the highly conserved cysteines within gO but also the four other peptide
sites, namely, W108, aa 181 to 186 (PRWNTK), aa 193 to 198 (KVNVDS), and aa 249 to
254 (RKLKRK), are relevant for HCMV infectivity. The peptide sites at aa 181 to 254 are
located in the central part of the gO sequence and might form a core domain of the
protein. Mutation of the peptide sites at aa 181 to 186 and aa 193 to 198 led to a
deletion-like phenotype. Also, the single amino acid exchange of tryptophan 108 to
alanine reduced viability to 50%, and complex formation was apparently reduced. In
this context, it is noteworthy that tryptophan is very often found at protein contact sites
(51). Another common feature of protein-protein interaction sites is the accumulation
of charged amino acids; such a cluster can be found in the center of all gO homologs
(in HCMV, RKLKRK). Mutation of all charged amino acids of this site led to a moderate
impairment of focal spread (20%) but an unexpectedly severe reduction of cell-free
infectivity (20-fold). Notably, in cultures of this mutant no comet-shaped foci, which are
typical for cell-free transmission (49), were observed. This indicates that foci formed by
this mutant depend mainly on cell-associated spread. The peptide site around aa 249
to 254 is predicted to form a helix with an asymmetrical distribution of basic amino
acids (e.g., as predicted by HeliQuest [52]). Therefore, it is tempting to speculate that
this site plays a role in attachment during cell-free infection.

The gH/gL/gO complex is thought to play a key role in entry of HCMV into host cells.
The comprehensive mutational analysis of peptide sites conserved among gOs of
cytomegaloviruses presented here sheds light on the characteristics of the gH/gL/gO
complex with three main findings: (i) a core domain from aa 181 to 254 is crucial for
complex formation and cell-free infectivity, (ii) cysteine 343 is necessary and sufficient
for covalent interaction between gH/gL and gO, and (iii) noncovalent binding of gO to
gH/gL is strong enough to promote its incorporation into the virion and to drive
efficient infection.

MATERIALS AND METHODS
Cells. Human foreskin fibroblasts (HFFs) were propagated in minimal essential medium (MEM)

supplemented with GlutaMAX (Life Technologies) plus 5% fetal calf serum (FCS), 0.5 �g/liter basic
fibroblast growth factor, and 0.1 g/liter gentamicin. During experiments, maintenance medium without
growth factor was applied. Human endothelial cells (conditionally immortalized with large T antigen and
telomerase; HEC-LTTs) (53, 54) were cultured in endothelial growth medium (EGM) (BulletKit; Lonza) in
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the presence of 2 mg/liter doxycycline. For experiments, doxycycline was omitted from the medium.
Infection of endothelial cells was performed in MEM plus 5% FCS as EGM contains heparin at concen-
trations that would inhibit HCMV infection.

Mutagenesis. All virus mutants were generated on the basis of HCMV strain TB40-BAC4 (40). Amino
acid exchanges were introduced seamlessly as described by Tischer and colleagues (41). Overall integrity
of the modified genomes was tested by restriction fragment comparison with at least two different
restriction enzymes. Sequence integrity of UL74 was confirmed by sequencing of the DNA that was used
for transfection and sequencing of the reconstituted virus. For all mutations of individual peptide sites,
two independent clones were reconstituted and analyzed.

TEM. The cells were seeded on 50-�m-thick carbon-coated sapphire discs, 3 mm in diameter, in a
two- by nine-well �-slide (Ibidi). A comparable degree of infection was reached at 5 days postcoculture
of the wild-type-infected HFFs and at 8 days postcoculture of the mutant counterpart. The sapphire discs
harboring the cells were then clamped between two aluminum planchettes (dipped in 1-hexadecene)
whereby the cells were protected in the 100-�m-deep cavity as described previously (42, 45). These
sealed specimen sandwiches were then high-pressure frozen using a Wohlwend HPF Compact 01
high-pressure freezer. The freeze substitution was performed as previously described (44) with minor
changes, whereby the freeze substitution medium consisted of acetone with 0.2% osmium tetroxide,
0.1% uranyl acetate, and 5% water. The freeze substitution was done over a 17-h period with a gradual
temperature increase from �90°C to 0°C. Afterwards, the samples were washed with acetone to get rid
of the unbound uranyl acetate and osmium tetroxide. The samples were then gradually embedded in
Epon and polymerized over 48 h at 60°C before ultrathin (80-nm-thick) sections were cut with a Leica
Ultracut UCT ultramicrotome using a diamond knife. Ultrathin sections were then mounted on copper
grids and observed with a Jeol 1400 transmission electron microscope (TEM), and the images were
digitally acquired and processed using a Veleta camera.

Alignment of gO sequences. In order to determine highly conserved peptide sites, seven amino
acid sequences of gOs from different species were aligned using CLC Bio software (Qiagen). The
following sequences (with NCBI accession numbers) were used for the alignment: pUL74 of HCMV strain
TB40-BAC4 (ABV71596.1) (40), rhUL74 of macacine herpesvirus 3 (AAZ80605.1) (55), pUL74 of saimiriine
herpesvirus 4 (NC_016448.1) (A. J. Davison, M. Holton, A. Dolan, D. J. Dargan, D. Gatherer, and G. S.
Hayward, unpublished data), T74 of tupaiid herpesvirus 1 (NP_116424.1) (56), GP74 of caviid herpesvirus
2 (CDI95409.1) (M. R. Schleiss, N. Hernandez-Alvarado, T. Ramaraj, and J. A. Crow, unpublished data; A.
Sundararajan, unpublished data), m74 of murine herpesvirus 1 (HE610452.1) (57), and B74 of bat beta
herpesvirus (JQ805139.1) (58). Amino acids that were found to be conserved among all seven cytomega-
loviruses were considered highly conserved. To test for conservation among HCMVs, an alignment of
eight pUL74 sequences of different HCMV strains was performed with the following sequences (NCBI
accession numbers): TB40-BAC4 (ABV71596.1) (40), VR1814 (ACZ79985.1) (59), Toledo (ACS93334.1) (60),
AD169 (FJ527563.1) (61), TR (AGL96663.1) (62), Merlin (ACZ72817.1) (63), PH (AC146904.1) (37), and
Towne (ACM48052.1) (61). The selection of HCMV strains reflects the different genotypes (36, 40).

Immunofluorescence. Cells were fixed and permeabilized with 80% acetone for 5 min, followed by
three washing steps in phosphate-buffered saline (PBS). Infection was assessed by staining for viral
immediate early (IE) proteins pUL122/123 with a monoclonal mouse antibody (clone E13; Argene). A
Cy3-conjugated goat anti mouse Ig secondary antibody (Jackson ImmunoResearch) was used for
visualization. Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI). For the calculation of
infection rates, three images were taken from each well, and the number of IE-positive nuclei and DAPI
signals was counted using Axio Vision software (Zeiss).

Characterization of virus growth during reconstitution. For reconstitution of the mutated viruses,
DNA was freshly prepared from Escherichia coli GS1783, and transfection was performed in duplicates
with 2 �g of DNA per 300,000 HFFs. Wild-type and UL74stop viruses were always included as controls.
At 2 days posttransfection, the cells were detached from the six-well plates and transferred to a 25-cm2

flask. In order to harvest reasonable amounts of the virus, the growth area for the cells was doubled once
again at 7 days posttransfection. Afterwards, cells were reseeded on the same growth area twice weekly.
In order to detect the increase of infection in the cultures, every time the cells were detached, three times
15,000 cells were seeded onto a 96-well plate and fixed after they were adherent again (4 h), followed
by staining for the viral IE proteins. Infected cells and supernatants were harvested when the culture
displayed �90% cytopathic effect. The cells were frozen in RPMI 1640 medium containing 12% glucose
and 40% dimethyl sulfoxide. Dead cells and cell debris were removed from the supernatants by
centrifugation at 3,220 � g for 10 min, and these cell-free virus preparations were stored at �80°C.

Analysis of focal growth. Infected cultures with infection rates of 30 to 70% were cocultured with
a 100-fold excess of indicator cells in quadruplicates. After 5 days, cells were fixed and stained for viral
IE proteins. The number of infected cells in the largest focus of each replica was counted. The median
of at least four replicas was calculated for each experiment.

Cell-free infection. One day prior to infection, HFFs and HECs were seeded onto gelatin-coated
96-well plates at a density of 15,000 cells per well. The cells were preincubated with MEM supplemented
with GlutaMAX plus 5% FCS for 30 min prior to infection. Supernatants harvested from freshly recon-
stituted virus were used for infection. Cell-free virus was incubated for 2 h with the cells before the cells
were supplied with their respective maintenance medium and incubated for about 24 h until the
experiment was stopped by fixation.

Purification of virions. Supernatants of infected HFFs were collected when the cytopathic effect
(CPE) was visible in more than 90% of the cells. Cells and large cell debris were removed by centrifugation
at 3,220 � g for 10 min. For gradient purification of virions, cell-free supernatants were centrifuged at
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70,000 � g for 70 min. Pellets were resuspended in 0.04 mol/liter sodium phosphate (pH 7.4) and
carefully loaded onto glycerol-tartrate gradients (4 ml of 35% sodium tartrate and 5 ml of 15% sodium
tartrate plus 30% glycerol) (64). After centrifugation at 70,000 � g for 45 min, the virion-containing band
was extracted using a syringe and diluted in sodium phosphate buffer. The virions were pelleted via
centrifugation at 100,000 � g for 70 min and subsequently lysed in radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5% deoxycholate, 1% NP-40,
protease inhibitors [Roche]).

Immunoblotting. Infected HFFs were lysed when they displayed �90% late-stage cytopathic
effect. Lysis was conducted on ice for 30 min in RIPA buffer. Protein electrophoresis was performed
in 8 to 12% polyacrylamide gels containing 0.1% SDS (SDS-PAGE). For nonreducing SDS-PAGE, no
�-mercaptoethanol was added to the Laemmli sample buffer (126 mM Tris-HCl, 20% glycine, 4% SDS,
0,02% bromphenol blue), and a marker without reducing agents (SeeBlue Plus2 prestained protein
ladder) was applied. Only samples intended for analysis under reducing conditions were boiled for
10 min at 95°C. Proteins were transferred onto polyvinylidene difluoride membranes in a Tris-glycine
buffer (21.64 g/liter glycine, 4.58 g of Tris, and 15% methanol). The membranes were blocked
overnight at 4°C in PBS– 0.1% Tween with 5% dry milk powder. Antibodies were diluted in PBS– 0.1%
Tween with 0.5% dry milk powder. The rabbit anti-gO antiserum that was used for detection of the
gH/gL/gO complex was kindly shared by B. J. Ryckman (35). Under reducing conditions, gO was
detected using a monoclonal mouse antibody directed against full-length gO, which was kindly
shared by B. Adler (26). D. C. Johnson generously provided the polyclonal rabbit anti-gL antiserum
(12). The monoclonal mouse anti-pUL128 antibody was generously shared by G. Gerna (65).
Glycoprotein B was detected using a monoclonal mouse antibody (clone 2F12; Abcam). Actin was
stained with an anti-actin antibody produced in rabbit (Sigma). Proteins were visualized using
horseradish peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz), and Super Signal West
Dura Extended Duration substrate was applied according to the manufacturer’s instructions.

Immunoprecipitation. Purified virions were lysed with a buffer containing 20 mM Tris-HCl, pH 8.0,
150 mM NaCl, 1% Triton X-100, and protease inhibitors. All steps of the immunoprecipitation were
performed at 4°C. The lysates were precleared with 3 mg of protein A-Sepharose for 1 h. The beads were
pelleted by centrifugation at 1,000 � g for 5 min, and the bound proteins were lysed with Laemmli
sample buffer. The supernatants were precipitated with anti-gH antibody 14-4b overnight (66). Three
milligrams of protein A-Sepharose was incubated with the mixture for 4 h before the precipitates were
pelleted and lysed with Laemmli sample buffer. For detection of gH after immunoprecipitation, a recently
isolated mouse monoclonal anti-gH antibody (3H10) was used (67).

Statistics. In order to detect growth defects of virus mutants, we used one-sided t tests for the
evaluation of all data. Cell-free infectivity of virus mutants was analyzed with an unpaired t test. For the
analysis of focal growth, we used paired t tests to balance the influence of different preparations of
indicator cells.
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