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ABSTRACT

The core, conserved function of the herpesvirus gH/gL is to promote gB-mediated membrane fusion during entry, although the
mechanism is poorly understood. The human cytomegalovirus (HCMV) gH/gL can exist as either the gH/gL/gO trimer or the
gH/gL/UL128/UL130/UL131 (gH/gL/UL128-131) pentamer. One model suggests that gH/gL/gO provides the core fusion role
during entry into all cells within the broad tropism of HCMV, whereas gH/gL/UL128-131 acts at an earlier stage, by a distinct
receptor-binding mechanism to enhance infection of select cell types, such as epithelial cells, endothelial cells, and monocytes/
macrophages. To further study the distinct functions of these complexes, mutants with individual charged cluster-to-alanine
(CCTA) mutations of gH and gL were combined to generate a library of 80 mutant gH/gL heterodimers. The majority of the mu-
tant gH/gL complexes were unable to facilitate gB-mediated membrane fusion in transient-expression cell-cell fusion experi-
ments. In contrast, these mutants supported the formation of gH/gL/UL128-131 complexes that could block HCMV infection in
receptor interference experiments. These results suggest that receptor interactions with gH/gL/UL128-131 involve surfaces con-
tained on the UL128-131 proteins but not on gH/gL. gH/gL/UL128-131 receptor interference could be blocked with anti-gH anti-
bodies, suggesting that interference is a cell surface phenomenon and that anti-gH antibodies can block gH/gL/UL128-131 in a
manner that is distinct from that for gH/gL/gO.

IMPORTANCE

Interest in the gH/gL complexes of HCMV (especially gH/gL/UL128-131) as vaccine targets has far outpaced our understanding
of the mechanism by which they facilitate entry and contribute to broad cellular tropism. For Epstein-Barr virus (EBV), gH/gL
and gH/gL/gp42 are both capable of promoting gB fusion for entry into epithelial cells and B cells, respectively. In contrast,
HCMV gH/gL/gO appears to be the sole fusion cofactor that promotes gB fusion activity, whereas gH/gL/UL128-131 expands cell
tropism through a distinct yet unknown mechanism. This study suggests that the surfaces of HCMV gH/gL are critical for pro-
moting gB fusion but are dispensable for gH/gL/UL128-131 receptor interaction. This underscores the importance of gH/gL/gO
in HCMV entry into all cell types and reaffirms the complex as a candidate target for vaccine development. The two functionally
distinct forms of gH/gL present in HCMV make for a useful model with which to study the fundamental mechanisms by which
herpesvirus gH/gL regulates gB fusion.

Human cytomegalovirus (HCMV), an exemplar of the beta-
herpesvirus subfamily, is endemic in human populations and

causes lifelong persistent infections (1–3). Primary infection of
healthy individuals is usually subclinical and asymptomatic; how-
ever, in immunocompromised hosts, such as those infected with
HIV or transplant recipients on antirejection therapies, primary
infection or reactivation can have serious complications. Further-
more, maternal transmission of HCMV to the developing fetus
across the placenta can lead to severe congenital birth defects. The
diverse nature of HCMV-associated disease is likely related to the
ability of the virus to infect many different cell types in the body,
including epithelial and endothelial cells, fibroblasts, neurons,
dendritic cells, hepatocytes, macrophages, and leukocytes (4–6).
To understand the complex fusion machinery of HCMV, ample
research has aimed to reconcile HCMV entry mechanisms for
infection of various cell types (reviewed in reference 7). The bulk
of these studies have revealed at least two distinct entry mecha-
nisms between fibroblasts and epithelial/endothelial cells. It is
likely that the mechanisms of entry into other cell types, some of
which are difficult to culture in the laboratory, are identical or
similar to the mechanisms of entry into either fibroblasts or epi-
thelial/endothelial cells that have been described.

For all herpesviruses, glycoproteins gB and gH/gL make up the
core fusion machinery necessary for entry. Herpesvirus genomes
also encode accessory or auxiliary proteins that regulate tropism
and interact stably or transiently with gH/gL (reviewed in refer-
ence 8). HCMV gH/gL exists in extracellular virions bound to
either gO or the UL128, UL130, and UL131 (UL128-131) pro-
teins. UL128-131-null mutants replicate well in fibroblast cultures
but poorly enter epithelial, endothelial, or dendritic cells (9–12).
In contrast, gO-null mutants display impaired entry into all cell
types (13–16). Zhou et al. demonstrated that the amount of these
two complexes in the virion envelope varies dramatically among
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different strains of HCMV (17). This may be partly explained by
the findings of Murrell et al. indicating that nucleotide polymor-
phisms within the UL128-131 locus affect mRNA splicing and,
thus, the amounts of the proteins available for assembly of the
gH/gL/UL128-131 complex (18). Another factor may be the
UL148 protein, which was recently characterized by Li et al. as an
endoplasmic reticulum (ER) resident protein that influences the
assembly of gH/gL/gO and gH/gL/UL128-131 (19). The amounts
of gH/gL/gO and gH/gL/UL128-131 in the virion envelope affect
the efficiency of entry of cell-free HCMV into different cell types.
More recently, Zhou et al. showed that the efficiency of the fusion
stage of entry into either fibroblasts or epithelial cells was depen-
dent on abundant gH/gL/gO (20). In contrast, while infection of
epithelial cells was dependent on the presence of gH/gL/UL128-
131, it was not especially sensitive to the amount of the complex in
the virion envelope (20). Together, these observations support a
model in which gH/gL/gO is required to promote gB-mediated
membrane fusion for infection of all cell types within the tropism
range of HCMV, but entry into some cell types, such as epithelial/
endothelial cells and some leukocytes, has an additional require-
ment for gH/gL/UL128-131, which likely acts through an earlier,
distinct mechanism. The mechanism of gH/gL/UL128-131 may
involve signaling through engagement of cell surface receptors
(21–23). This model differs from that for Epstein-Barr virus
(EBV), in which both gH/gL and gH/gL/gp42 promote gB-medi-
ated fusion but do so on different cell types (8).

The specific role of the herpesvirus gH/gL in gB-mediated
membrane fusion remains unclear. Crystal structures of gH/gL
from herpes simplex virus 2 (HSV-2), EBV, and varicella-zoster
virus (VZV) have revealed a similar core structure between viruses
but do not offer clear pictures of mechanisms (24–26). Recent
electron microscopic analysis of HCMV gH/gL/gO and gH/gL/
UL128-131 has revealed a global structure of gH/gL similar to that
of HSV-2, despite less than 25% amino acid sequence identity
(27). Detailed structural and functional information for HCMV
gH/gL is notably lacking, and little regarding the surfaces of
HCMV gH/gL involved in their roles in either gH/gL/gO or gH/
gL/UL128-131 is known. In order to identify the regions of
HCMV gH/gL complexes critical for these distinct functions, we
generated a library of gH/gL mutants and assessed their ability to
promote gB-mediated membrane fusion. Additionally, we char-
acterized their assembly, recognition by monoclonal antibodies,
surface expression, and ability to form gH/gL/UL128-131 com-
plexes capable of interfering with HCMV infection.

MATERIALS AND METHODS
Cell lines. U373 human glioblastoma cells (American Type Culture Col-
lection, Manassas, VA, USA) were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies) supplemented with 10% heat-inac-
tivated bovine growth serum (BGS; Rocky Mountain Biologicals, Inc.,
Missoula, MT, USA). Retinal pigment epithelial cell line ARPE-19 (Amer-
ican Type Culture Collection, Manassas, VA, USA) was grown in a 1:1
dilution mix of DMEM and Ham’s F-12 medium (DMEM–F-12; Life
Technologies) supplemented with 10% fetal bovine serum (FBS; Rocky
Mountain Biologicals, Inc., Missoula, MT, USA.). Primary human fore-
skin fibroblasts (HFFs; Life Technologies) were grown in DMEM supple-
mented with 6% heat-inactivated FBS and 6% BGS. 293IQ cells (Micro-
bix, Toronto, Ontario, Canada) were grown in minimum essential
medium (MEM; Life Technologies) supplemented with 10% FBS.

HCMV. HCMV strain TR was derived from the bacterial artificial
chromosome (BAC) clone provided by Jay Nelson (Oregon Health and

Sciences University, Portland, OR, USA) (28). Infectious HCMV was re-
covered by electroporation of BAC DNA into MRC-5 fibroblasts as de-
scribed by Wille et al. (16). Cell-free HCMV was produced by infecting
HFFs at 2 PFU per cell. At 8 to 10 days postinfection (when cells were still
visually intact), culture supernatants were harvested and cellular contam-
inants were removed by centrifugation at 1,000 � g for 10 min and again
at 6,000 � g for 10 min. Stocks were judged to be cell free by the lack of
calnexin and actin in immunoblot analyses and stored at �80°C. Freeze-
thaw cycles were avoided.

Ad vectors. Replication-defective (E1-negative) adenovirus (Ad) vec-
tors that express HCMV TR gH, gL, UL128, UL130, UL131, and gB were
previously described (17, 29, 30). Charged cluster-to-alanine (CCTA)
mutagenesis was performed by GeneArt (Life Technologies). Ad vector
stocks were generated by infecting 293IQ cells at 0.1 PFU/cell for 6 to 10
days. The cells were then pelleted by centrifugation at 600 � g for 15 min,
resuspended in DMEM containing 2% FBS, sonicated to release cell-as-
sociated virus, and then centrifuged at 3,000 � g for 5 min to clear the
cellular debris. Ad stock titers were determined by plaque assay on 293IQ
cells. Multiplicities of infection (MOIs) for Ad vectors were determined
empirically for each experiment and ranged from 3 to 30 PFU per cell.
Because protein expression can vary between stocks of Ad vectors, exper-
iments were performed with Ad vectors at different MOIs to account for
the possible effects of under- or overexpression of proteins.

Antibodies. Monoclonal antibodies (MAbs) specific for HCMV gH
(MAbs AP86 and 14-4b) and IE1/IE2 (MAb P63-27) were provided by Bill
Britt (University of Alabama, Birmingham, AL) (31–33). Rabbit poly-
clonal antipeptide antibody against HCMV gL was provided by David
Johnson (Oregon Health and Sciences University, Portland, OR) (29).

Immunoprecipitation. Cell proteins were extracted with Tris-buff-
ered saline extraction buffer (20 mM Tris, pH 6.8, 100 mM NaCl, 1%
Triton X-100) at a density of 106 cells/ml and clarified by centrifugation at
16,000 � g for 30 min at 4°C. Immunoprecipitation involved the addition
of an MAb hybridoma supernatant overnight, followed by incubation
with protein A/G magnetic beads (Pierce/Thermo) for an additional 2 h at
4°C. Captured proteins were eluted from the beads in denaturing gel load-
ing buffer containing 2% SDS and 25 mM dithiothreitol.

Immunoblotting. Protein samples were separated by SDS-polyacryl-
amide gel electrophoresis and electrophoretically transferred to polyvi-
nylidene difluoride membranes (Bio-Rad) in a buffer containing 25 mM
Tris, 192 mM glycine, and 10% methanol. Transferred proteins were de-
tected by immunoblotting with mouse MAbs or rabbit antipeptide anti-
bodies as previously described (17).

Immunofluorescence. Cells were fixed with 2.5% formaldehyde and
permeabilized using phosphate-buffered saline (PBS) containing 0.5%
Triton X-100, 0.5% sodium deoxycholate, 1% bovine serum albumin
(BSA), and 0.05% sodium azide. Cells were then stained with mouse
monoclonal anti-HCMV IE1/IE2 antibody P63-27, followed by Alexa
Fluor 488-conjugated anti-mouse immunoglobulin antibody. Cell nuclei
were stained with 0.4 �M 4=,6=-diamidino-2-phenylindole dihydrochlo-
ride (DAPI) as described previously (12).

Confocal microscopy. Cells were seeded in Lab-Tek II 8-well chamber
slides (Nunc) and stained for 15 min at 24°C with 10 �g/ml of wheat germ
agglutinin conjugated to Alexa Fluor 488 and 2.5 �g/ml Hoechst 33342
(Invitrogen) in HEPES-buffered saline (HBS). After a wash with HBS, the
cells were fixed for 15 min at 24°C in 2% formaldehyde in PBS, pH 7.3,
followed by several HBS washes. The slides were analyzed with an Olym-
pus FV1000 confocal laser scanning microscope under a 60� oil immer-
sion objective. Digital images were acquired with FluoView software
(Olympic Life Science).

Cell-cell fusion. Cell-cell fusion experiments were performed using
ARPE-19 epithelial cells as previously described (30). Briefly, ARPE-19
cells were seeded in 96-well plates and allowed to grow to confluence, and
then the cells were transfected with Ad vectors expressing the HCMV gB,
gH, and gL proteins as well as enhanced green fluorescent protein for
fluorescent visualization of syncytia. Fusion was scored as positive or neg-
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ative on the basis of observation of syncytia at 48 h postinfection. To
control for differences in expression levels between mutant gH/gL com-
binations, positive or negative fusion for each mutant gH/gL was deter-
mined on the basis of at least three independent experiments, each of
which involved the titration of gH/gL mutant expression (Ad vector mul-
tiplicities).

Cell surface expression of mutant and wild-type gH/gL. ARPE-19
epithelial cells were seeded in 96-well cell-based enzyme-linked immu-
nosorbent assay (CELISA) culture plates (white wall, clear bottom) and
transduced with Ad vectors expressing wild-type or mutant gH/gL com-
binations. Specific mutants were also tested with Ad vectors expressing the
UL128-131 proteins. To measure cell surface gH, cells were incubated for
1 h with AP86, fixed for 30 min, and then incubated for 45 min with
secondary antibody. Cells were washed between steps with PBS supple-
mented with 1% BSA and 5% FBS. Two minutes prior to data collection,
wells were incubated with SuperSignal enzyme-linked immunosorbent
assay (ELISA) Femto substrate (Thermo), and then chemiluminescence
was measured on a BioTek plate reader.

Receptor interference. Interference assays were performed using a
modification of a previously described method (21). Briefly, ARPE-19
epithelial cells were seeded into 96-well culture plates and transduced with
Ad vectors expressing a combination of wild-type or mutant gH/gL and
the UL128-131 proteins. After 24 h of incubation with or without HCMV-
neutralizing antibodies, HCMV strain TR was added onto cells at a dose
sufficient to infect approximately 50% of control cells (i.e., cells not trans-
duced with Ad). Forty-eight hours later, HCMV infection was analyzed by
immunofluorescence detection of IE1/IE2.

Homology modeling of HCMV gH structure. A structural model for
residues 199 to 724 of HCMV gH (strain TR) was generated using the
program MODELLER (34). The published crystal structures of EBV gH
(26) and HSV-2 gH (PDB accession numbers 3PHF and 3M1C, respec-
tively) were used as homolog templates, with EBV gH yielding a more
ordered and convincing HCMV gH structure model. Model representa-
tions were rendered using the UCSF Chimera package. Chimera was de-
veloped and is maintained by the Resource for Biocomputing, Visualiza-
tion, and Informatics at the University of California, San Francisco
(supported by NIGMS P41-GM103311).

RESULTS
CCTA scanning mutagenesis of HCMV gH/gL. A library of mu-
tants with charged cluster-to-alanine (CCTA) mutations was gen-

erated by identifying regions within the gH and gL polypeptide
sequences that contain extensive amounts of charged amino acids
and replacing those charged residues with alanine. Eight charged
clusters were targeted within gH, and another eight were targeted
within gL. The location of the first residue of each charged cluster
is indicated in Fig. 1, and the full sequences of the regions mutated
are shown in Table 1. Note that the linear epitope for the HCMV-
neutralizing MAb AP86 (amino acids 34 to 43) (33) was not af-
fected by any of the mutations within the gH polypeptide (Fig.
1A). Also note that Cys144 of the gL polypeptide, which has been
reported to make a disulfide bond with either gO or UL128 (27),
falls within the mutated region beginning at residue 139, but the
cysteine itself is left intact (Fig. 1B and Table 1). Each mutant gH
and gL was cloned into an adenovirus (Ad) expression vector and
is denoted by the numerical position of the first mutated residue of

TABLE 1 CCTA substitutions of HCMV
gH and gL

a Enlarged letters (gray) represent charged residues
replaced by alanine.

FIG 1 CCTA scanning mutagenesis of HCMV gH/gL. Schematic representation of HCMV gH (A) and gL (B) indicating the starting residue of each mutated
charged cluster. The designation of gH domains D-I to D-IV was based on homology with the domain designations of EBV gH described by Matsuura et al. (26).
Also indicated are the predicted signal peptides (sp), the transmembrane (tm) region of gH, the linear epitope of the neutralizing anti-gH MAb AP86 (33), and
cysteine 144 of gL, which was reported by Ciferri et al. to form a disulfide linkage with either gO or UL128 (27). N-term, N terminus; aa, amino acids.
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the cluster. Thus, combinatorial expression of wild-type and mu-
tant gH and gL variants yielded a library of 80 distinct gH/gL
mutants, each of which contained a mutation within either the gH
subunit or the gL subunit, or both.

Mutational disruption of the ability of gH/gL to promote gB-
mediated membrane fusion. Although in extracellular HCMV
virions gH/gL is mostly bound to either gO or the UL128-131
proteins, gH/gL alone is sufficient to promote gB-mediated mem-
brane fusion in cell-cell fusion experiments (17, 30). To identify
critical functional surfaces of gH/gL, mutants were screened for
the ability to promote gB-mediated cell-cell fusion. Briefly, the
cells were transduced with Ad vectors to express gB and gH/gL
(the wild type or each of the mutant gH/gL combinations), and
cell-cell fusion was assessed 48 h later (Fig. 2A.) Consistent with
the findings of Vanarsdall et al., gB expression alone did not in-
duce cell-cell fusion, but when wild-type gH/gL was coexpressed,
large syncytia were readily apparent (30) (Fig. 2A). Fusion could
be blocked by the HCMV-neutralizing, anti-gH MAb 14-4b (Fig.
2A) or AP86 (not shown). Mutant gH/gL proteins were scored as
positive or negative for fusion on the basis of the results of at least
three experiments (Fig. 2B). There were no obvious intermediate
phenotypes in terms of the size of the syncytia. Eight gH/gL mu-
tants supported cell-cell fusion indistinguishable from that of
wild-type gH/gL. The remaining 72 mutants were negative. Five of
the eight gH mutations (H.111, H.271, H.335, H.481, H.671) im-
paired cell-cell fusion irrespective of which gL was coexpressed.
Likewise, six of eight mutants with gL mutations (the L.46, L.63,
L.156, L.201, L.230, and L.256 mutants) were nonfunctional irre-

spective of which gH was coexpressed. In contrast, mutant L.139
was indistinguishable from wild-type gL, and mutant L.244 was
functional only with wild-type gH. Of particular note, three gH
mutants (the H.188, H.402, and H.510 mutants) were fusion com-
petent when paired with wild-type gL (or mutant L.139). How-
ever, each of these three gH mutants was defective when paired
with the otherwise functional mutant L.244 (i.e., the combina-
tions of mutations H.188/L.244, H.402/L.244, and H.510/L.244).

Since sequences rich in charged amino acids tend to represent
the exposed surfaces of folded proteins rather than the internal
core structures, CCTA mutagenesis was expected to disrupt
surface-exposed regions of gH/gL while leaving the core het-
erodimerization intact. To assess weather CCTA mutagenesis
grossly affected protein folding and gH/gL dimerization, wild-
type and mutant gH and gL were expressed in each of the 80
combinations and coimmunoprecipitated using either of two
HCMV-neutralizing anti-gH antibodies. The MAb AP86 recog-
nizes a short, continuous sequence of gH just downstream of the
signal peptide (Fig. 1A) (33), while the MAb 14-4b recognizes a
previously uncharacterized conformation-dependent epitope on
gH (31, 32). Both AP86 and 14-4b captured wild-type gH/gL or
wild-type gH monomers with similar efficiencies (Fig. 3A). All 80
of the gH/gL mutants were efficiently pulled down with AP86,
suggesting that mutagenesis did not grossly misfold gH or gL
enough to affect heterodimerization. All mutant heterodimers
containing the H.111, H.188, H.402, and H.510 mutations were
also efficiently immunoprecipitated with 14-4b, suggesting that
the conformation of the 14-4b epitope was not affected in these
cases (Fig. 3B; results for representative mutant H.402/L.244 are
shown). However, gH/gL mutants containing either the H.271 or
H.335 mutation were less efficiently immunoprecipitated with
14-4b (Fig. 3C; results for representative mutant H.335/L are
shown), and mutants containing either the H.481 or H.671 mu-
tation were completely unrecognized by 14-4b (Fig. 3D; results for
representative mutant H.671/L.156 are shown). These results
were not affected by the gL subunit expressed, consistent with the
notion that the 14-4b epitope is entirely contained on the gH
polypeptide and is not dependent on gL for its conformation.

Failure of the gH/gL mutants to function in the cell-cell fusion
assays might be explained by a lack of surface expression. Al-
though wild-type gH/gL of HCMV is inefficiently exported from
the ER unless it is bound by UL128-131 or gO (29, 35), clearly,
enough can accumulate on cell surfaces during Ad vector expres-
sion to promote gB-mediated cell-cell fusion. Cell surface expres-
sion of wild-type or mutant gH/gL dimers was compared by cell-
based ELISA (CELISA) (Fig. 4). Approximately 8-fold more gH
was found on the cell surface when both wild-type gH and gL were
expressed than when gH was expressed without gL. As expected,
all of the gH/gL mutants that were positive for fusion were de-
tected at the cell surface (black columns in Fig. 4A to C). The gH
mutants that were negative in the fusion assay were expressed
poorly at the surface (white columns in Fig. 4A). In contrast, sev-
eral of the fusion-negative gL mutants were detected on the cell
surface at levels comparable to those for wild-type gH/gL (Fig. 4B,
L.46, L.63, and L.156 mutants). Other fusion-negative gL mutants
were detected on cell surfaces at lower levels (Fig. 4B, L.201, L.230,
and L.256 mutants), as was the fusion-positive mutant L.244 (Fig.
4B). The fact that the L.244 mutant was fusion positive, despite
reduced surface levels, might indicate that the L.244 mutation
enhances fusion. However, given the binary readout of the cell-cell

FIG 2 Effect of mutation on cell-cell fusion induced by gB and gH/gL. (A)
ARPE-19 cells were transduced with gB and wild-type (WT) or mutant gH/gL
in either the presence or absence of MAb 14-4b. Syncytium formation was
analyzed by confocal fluorescence microscopy to detect Hoechst 33342-
stained nuclei (blue) and wheat germ agglutinin-stained plasma membranes
(green). (B) The results of cell-cell fusion assays for all mutant gH and gL
combinations. �, gH/gL mutant combinations that resulted in syncytium for-
mation comparable to that for wild-type gH/gL; �, mutant combinations that
were impaired for fusion in at least three independent experiments.
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fusion assay, it seems more likely that this reflects a low threshold
requirement for surface gH/gL in cell-cell fusion. Interestingly,
while the H.510 and L.244 single mutants were each fusion com-
petent, the H.510/L.244 double mutant was fusion negative (Fig.
2). This was unlikely due to a lack of surface expression, since
CELISA indicated higher surface expression for the H.510/L.244
double mutant than for the fusion-positive wild-type H/L.244 sin-
gle mutant (approximately 9,000 and 6,000 relative light units,
respectively; Fig. 4B and C).

gH/gL mutants support gH/gL/UL128-131 receptor interfer-
ence. Transient expression of gH/gL/UL128-131 renders epithe-
lial cells resistant to HCMV infection. This phenomenon, known
as receptor interference, is likely due to the sequestration or satu-
ration of gH/gL/UL128-131 receptors by gH/gL/UL128-131 ex-
pressed within the cell. Because expression of all of the gH, gL, and
UL128-131 proteins is required for this effect, interference is an
indicator for the assembly of gH/gL/UL128-131 complexes in a

biological environment (i.e., within a cell, as opposed to a deter-
gent extract) (21). To analyze the effects of gH/gL mutations on
gH/gL/UL28-131, epithelial cells were transduced with Ad vectors
to express a gH/gL mutant either alone or together with the
UL128-131 proteins, and subsequent HCMV infection was deter-
mined by immunofluorescence detection of immediate early gene
expression. Consistent with the findings described in a previous
report (21), neither wild-type gH/gL alone nor the UL128-131
proteins alone interfered with subsequent HCMV infection, but
when they were expressed together, cells were highly resistant to
HCMV infection (Fig. 5A). Mutants that displayed efficient sur-
face expression as gH/gL dimers (Fig. 4), including those that
failed to promote gB-mediated cell-cell fusion, reproducibly sup-
ported gH/gL/UL128-131 interference (Fig. 5B). Mutants con-
taining L.139 showed no apparent deficiency in supporting gH/
gL/UL128-131 interference (Fig. 5B). Note that Cys144 of gL,
which was shown to make a disulfide bond either with gO or with
UL128 (27), was within the region of L.139 mutations, but Cys144
itself was left intact.

Despite the finding that mutant H.671/L exhibited poor sur-
face expression as a dimer (Fig. 4A), it was capable of supporting
gH/gL/UL128-131 interference (Fig. 5B). This suggested the pos-
sibility that UL128-131 might rescue surface expression. The
UL128-131 proteins were coimmunoprecipitated with mutant
H.671/L using the anti-gH MAb AP86 (Fig. 6A). Note that the gL
and UL130 associated with mutant H.671 displayed band migra-
tion patterns different from those that they displayed when they
were associated with wild-type gH. Surface expression for the
wild-type and mutant H.671 pentamers was also measured by
CELISA (Fig. 6B). As expected, an increase in surface expression
was observed for both the wild-type and mutant H.671 pentamers
compared to the surface expression observed for the respective
wild-type and mutant gH/gL dimers alone (compare Fig. 4A and
6B). However, the surface expression of the mutant H.671 penta-
mer was lower than that of the wild-type pentamer. Together with
the distinct band patterns of gL and UL130 (which likely reflected
differences in glycan processing associated with transit from the
ER through the Golgi complex), these data are consistent with the
notion that pentamer formation leads to an increase in protein
maturation and surface expression and that the H.671 mutation
reduces the efficiency of this process.

Anti-gH antibodies can recover the HCMV susceptibility of
gH/gL/UL128-131-expressing epithelial cells. Transient expres-
sion of gH/gL/UL128-131 might induce interference by binding a
putative receptor(s) in the ER or in the secretory pathway and
inhibiting its surface expression. Alternatively, it might be neces-
sary for transiently expressed gH/gL/UL128-131 to first traffic to
the cell surface and either bind the receptor(s) there or bind it
subsequently within recycling endosomes. To address whether
gH/gL/UL128-131–receptor interference involved surface expres-
sion, cells expressing gH/gL/UL128-131 complexes were incu-
bated with the MAb 14-4b or AP86 and the level of interference
was assessed (Fig. 7). In these experiments, expression of wild-
type gH/gL/UL128-131 reduced HCMV infection from 52% to
3% (Fig. 7A and B), and both 14-4b and AP86 were able to recover
HCMV infection in cells to 10% and 12%, respectively (Fig. 7H
and K). A similar level of interference was observed with mutant
H.671/gL/UL128-131 (Fig. 7C), and MAb AP86 recovered HCMV
infection to 16% (Fig. 7L), but 14-4b was unable to recover
HCMV infection (Fig. 7I). This was consistent with the observa-

FIG 3 Heterodimerization of gH and gL mutants. Human glioblastoma
(U373) cells were transduced with the indicated combination of Ad vectors
expressing wild-type (A) or mutant (B to D) gH and gL. Cell extracts were
immunoprecipitated (IP) with MAb 14-4b or AP86, separated by reducing
SDS-PAGE, and identified by immunoblotting with anti-gH or anti-gL anti-
bodies. Mass standards (in kilodaltons) are indicated to the left of each panel.
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tions that 14-4b failed to immunoprecipitate any mutants con-
taining the H.671 mutation (Fig. 3D). Together, these results in-
dicate that the anti-gH antibodies 14-4b and AP86 are capable of
blocking gH/gL/UL128-131 interference (i.e., recover HCMV in-
fection in gH/gL/UL128-131-expressing epithelial cells), suggest-
ing a cell surface mechanism (see the schematic model in Fig. 8).

DISCUSSION

Early characterizations of HSV showing that, without gL, gH was
not fully processed or incorporated into progeny virions led to a
view of gL as a chaperone for gH (28, 36). In contrast to that view,
other analyses of HSV, pseudorabies virus (PRV), and EBV have
suggested a more direct role for gL in the fusion function of gH/gL
(37–40). The solved crystal structures of EBV and HSV gH/gL
provided important insights by showing a very intimate associa-
tion between gH and gL (25, 26). Thus, another view is that gH
and gL are two polypeptide subunits of a single, integrated pro-
tein, gH/gL. This makes distinguishing the roles of gH and gL

difficult since they are likely mutually required for folding into a
functional protein and mutations in one subunit may very well
affect the conformation of the other. The mutagenesis strategy
reported herein reflects this holistic view of gH/gL by introducing
CCTA mutations into the gH and gL subunits of HCMV and then
combining the mutant subunits to generate a large set of distinct
gH/gL mutants.

Unlike the genomes of alphaherpesviruses, the genomes of be-
ta- and gammaherpesviruses encode proteins that bind the ect-
odomain of gH/gL, such as gp42 of EBV and gO and the UL128-
131 proteins of HCMV. EBV gH/gL can exist in the virion
envelope either as unbound gH/gL or as gH/gL/gp42 (reviewed in
reference 8). For entry into epithelial cells, EBV gH/gL binds select
integrins though a canonical integrin-binding motif (KGD) pres-
ent on the gH subunit, and conformational changes resulting
from this interaction may facilitate gB-mediated membrane fu-
sion on these cells (41, 42). gp42 binding to gH/gL blocks the KDG
integrin-binding motif and facilitates interactions with major his-

FIG 4 Cell surface expression of wild-type and mutant gH/gL complexes. ARPE-19 epithelial cells expressing wild-type or mutant gH/gL complexes were
analyzed for surface expression by CELISA using anti-gH MAb AP86. Shown are the numbers of relative light units (RLU) for individual gH mutants (A),
individual gL mutants (B), and representative combinations (C). Black and white bars, mutants that tested positive and negative for cell-cell fusion, respectively;
horizontal dashed lines, the threshold for surface expression, as defined by the surface detection of gH expressed without gL. Experiments were performed in
triplicate, and error bars represent standard errors.
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tocompatibility complex class II on the surfaces of B cells, which
promote fusion on these cells (26, 43–45). In both cases, it is likely
that gH/gL surfaces are directly involved in the fusion reaction
with gB, with gp42 acting as a receptor adaptor that alters speci-
ficity and, potentially, the structural rearrangements that occur in
gH/gL during the fusion reaction (45). HCMV gH/gL complexes
are similar in that they exist in two forms that influence cell tro-
pism, but unlike EBV, only one, gH/gL/gO, appears to function in
promoting gB fusion, whereas the other, gH/gL/UL128-131, likely
acts through a distinct mechanism to enhance infection of select
cell types (20). The specific role of gO is unclear since gH/gL alone
is sufficient to promote gB-mediated membrane fusion in cell-cell
fusion experiments (30), and this likely involves the binding of cell

surface molecules as receptors (30, 46, 47). It has been suggested
that HCMV entry involves gH/gL binding to integrins (48). In-
deed this parallels the reports of integrin binding by HSV and EBV
gH/gL (41, 42, 49), but unlike HSV and EBV gH/gL, HCMV
gH/gL lacks a clear RGD or KGD integrin-binding motif.

The goal of our CCTA mutagenesis was to disrupt surface-
exposed regions of the gH/gL heterodimer without affecting the
folding of the hydrophobic protein core, which would result in
globally misfolded, uninformative mutants. The fact that all
gH/gL combinations were readily expressed and could be coim-
munoprecipitated as dimers argues against the notion of global
misfolding because it seems unlikely that grossly misfolded pro-
teins would bind their interaction partners, especially in cases

FIG 5 Effect of gH/gL mutation on assembly of gH/gL/UL128-131. (A) ARPE-19 epithelial cells expressing wild-type or mutant gH/gL heterodimers alone or
together with UL128-131 proteins were inoculated with HCMV, and infection was assessed by immunofluorescence detection of immediate early gene expres-
sion. (B) Relative HCMV infection was calculated as the percentage of HCMV-infected cells when cells expressed wild-type or mutant gH/gL plus UL128-131
divided by the percentage of HCMV-infected cells when cells expressed only the wild-type or mutant gH/gL dimer. Black bars, gH/gL mutants that were positive
for promoting gB-mediated cell-cell fusion; white bars, mutants that were negative for fusion. Representative mutant gH/gL/UL128-131 complexes were tested
in triplicate, and error bars represent standard errors.
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where that interaction partner itself was not mutated. The ability
of the conformation-dependent antibody 14-4b to recognize the
mutants further supports this notion. Interestingly, two muta-
tions, H.271 and H.335, displayed reduced 14-4b binding in co-
immunoprecipitation analyses, suggesting that in these cases mu-
tagenesis indeed perturbed the structure of gH/gL but did not
misfold the 14-4b epitope beyond recognition. On the other hand,
mutations H.481 and H.671 resulted in a total loss of 14-4b bind-
ing. While it is possible that these mutations reflect global misfold-
ing, the fact that the mutants with these mutations formed dimers
with gL and, in the case of H.671, formed gH/gL/UL128-131 com-
plexes that were readily detected at the cell surface and induced
receptor interference argues otherwise. It seems more likely that
these mutations specifically affected regions near the 14-4b
epitope.

Atomic resolution structures are available for portions of

gH/gL from EBV, HSV-2, PRV, and VZV (24–26, 50). It is likely
that HCMV gH/gL shares structural similarities with these homol-
ogous proteins. Indeed, recent electron microscopy analyses by
Ciferri et al. suggest that HCMV gH/gL adopts a boot-like global
structure similar to that of HSV-2 gH/gL (27). This structure is in
an orientation governed by the position of the N-terminal domain
I of gH relative to the rest of the protein and is likely influenced by
interactions with gL (27). We used a computational approach to
generate a structure model for a portion of HCMV gH lacking the
N-terminal 198 amino acids (Fig. 9A). Existing structures for both
EBV gH and HSV-2 gH were used as candidate homolog tem-
plates, and EBV yielded a more ordered and convincing structural
model corresponding to domains II, III, and IV of EBV gH. The
better modeling on EBV gH may reflect the fact that HCMV gH
shares 26.6% sequence identity with EBV gH in this region but
21.8% identity with HSV-2 gH. Sequences targeted by CCTA mu-
tations were located on the HCMV gH structural model (Fig. 9B).
Interestingly, the mutations H.481 and H.671 are predicted to
reside within a large groove between domains III and IV in the
homology model. This large groove is homologous to the one
described for HSV-2 gH/gL, which contains the 52S epitope, and
has been implicated in the direct binding and activation of gB
(51). It is possible that this region of HCMV gH/gL is mechanis-
tically analogous, and this might help explain the neutralizing ac-
tivity of MAb 14-4b. Furthermore, this putative 14-4b epitope is
predicted to be very near the epitopes of other HCMV-neutraliz-
ing anti-gH antibodies (52, 53).

The failure of some mutants to promote fusion was explained
by reduced cell surface expression, but several fusion-impaired
mutants were detected on cell surfaces at levels similar to the level
of wild-type gH/gL. All mutants with mutations in gH that re-

FIG 6 Coimmunoprecipitation and surface expression of H.671/gL/UL128-
131. (A) ARPE-19 cells expressing either wild-type gH/gL/UL128-131 or
H.671/gL/UL128-131 (or H.671/gL/UL128-131 lacking UL130) were immu-
noprecipitated with the anti-gH antibody AP86. Samples were separated by
SDS-PAGE and analyzed by immunoblotting. Mass markers (in kilodaltons)
and protein labels are displayed on the left and right, respectively. H.wt and
L.wt, wild-type gH and gL, respectively. (B) Surface expression of wild-type
gH/gL and H.671/L when expressed with UL128-131, measured by CELISA.
Bars display the amount of surface gH as a percentage of the total amount of
gH. Horizontal dashed line, the threshold for surface expression, as defined by
the surface detection of gH expressed without gL, Error bars represent stan-
dard errors from three experiments.

FIG 7 Effect of anti-gH antibodies on receptor interference. (A to C) ARPE-19
cells expressing either the gH/gL/UL128-131 or H.671/gL/UL128-131 com-
plex were inoculated with HCMV, and infection was assessed by immunoflu-
orescence detection of immediate early gene expression. (D to L) Replicate
wells were incubated with isotype control IgG (D to F), 14-4b (G to I), or AP86
(J to L) for 24 h prior to HCMV infection. Experiments were performed in
triplicate, and the percentage of immediate early gene-positive cells is dis-
played in the bottom-right corner for each condition.
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sulted in a lack of fusion displayed greatly reduced levels of surface
expression. In contrast, several mutants with gL mutations were
defective for fusion but displayed surface expression levels com-
parable to the level for wild-type gH/gL. These observations sug-
gest that the surfaces of gH may be more critical for proper mat-
uration and surface expression, while regions near the gH-gL
interface may directly participate in fusion either by binding to
receptors or by interacting with gB. The H.510 and L.244 mutants
were functional in fusion experiments when paired with their
wild-type counterparts but were defective when paired with one
another (H.510/L.244). One interpretation is that this combina-
tion of gH and gL mutations disrupted the conformation of crit-
ical surfaces distinct from the exact mutation sites, highlighting
the interdependence of gH and gL for proper folding and func-
tion. On the other hand, many mutations were sufficient to result
in a fusion defect regardless of their counterpart subunit. For ex-
ample, mutants with the L.156 and L.201 mutations each failed to
promote gB-mediated membrane fusion regardless of which gH
was coexpressed. This may indicate that gL surfaces are directly
involved in the mechanism of fusion. However, since gH and gL
are likely mutually dependent on one another for proper folding,
it is also possible that these gL mutations distorted critical surfaces
on gH. The library of gH/gL mutants will next be tested for their
ability to load gO and function in the context of HCMV replica-
tion.

Many of the mutants supported the assembly of gH/gL/UL128-
131 complexes, as judged by receptor interference analyses. This

FIG 8 Model of gH/gL/UL128-131 receptor interference and blocking by anti-gH antibodies. Step 1, gH/gL/UL128-131 expressed from Ad vectors in epithelial
cell is transported to cell surfaces; step 2, interactions with putative receptor molecules render cells resistant to infection by wild-type HCMV; step 3, the addition
of anti-gH antibodies to the culture medium prevents interaction between gH/gL/UL128-131 and putative receptors; step 4, cells bearing free putative gH/gL/
UL1281-131 receptors are susceptible to HCMV infection.

FIG 9 Homology model of HCMV gH. HCMV gH (residues 199 to 724; strain
TR) was computationally analyzed using the solved structure of EBV gH as a
homolog template in MODELLER. (A) Ribbon representation of the predicted
HCMV gH structure, with domain assignments corresponding to those of
EBV gH. Cyan, domain II; magenta, domain III; orange, domain IV. (B)
Space-filling representation of the HCMV gH structure model with the loca-
tions of CCTA mutagenesis highlighted in green.
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was a surprising result and stands in stark contrast to the reports
that similar CCTA mutagenesis of the UL128-131 proteins greatly
disrupted gH/gL/UL128-131 (54–56). Given that gH/gL/UL128-
131 likely binds cell type-specific receptors to facilitate infection
(21, 22), these observations suggest that the receptor-binding sur-
faces lie on UL128-131 themselves and gH/gL may serve as a scaf-
fold or platform for presentation of the UL128-131 proteins. A
recent analysis by Ciferri et al. indicated that binding of UL128-
131 to gH/gL involves a disulfide bond between gL-Cys144 and
UL128-Cys162 (27). Even though Cys144 falls within the alanine
cluster of the L.139 mutant, no substantial loss of HCMV inter-
ference was observed when this mutant was expressed as a gH/gL/
UL128-131 complex. It could be that the gL-UL128 interaction
does not require charged residues and may be governed by hydro-
phobic surfaces to preserve the core structure.

The observation that receptor interference could be at least
partly blocked (i.e., HCMV infection could be recovered) by neu-
tralizing, anti-gH antibodies may have wider implications for the
mechanisms of neutralization on specific cell types. Previous stud-
ies have reported that anti-gH antibodies block HCMV infection
more effectively on epithelial cells than on fibroblasts (57, 58). The
analysis reported herein demonstrates that anti-gH antibodies can
block gB-mediated cell-cell fusion independently of receptor-
based HCMV interference, suggesting that these antibodies may
be capable of neutralizing the distinct mechanisms of both the
trimer and pentamer.

In conclusion, HCMV gH/gL likely shares many structural and
mechanistic characteristics with gH/gL of other herpesviruses, but
there are clearly some important differences. This study reports
the generation of a large library of HCMV gH/gL mutants and
their functional characterization. Further analysis of this mutant
library will help evaluate HCMV gH/gL complexes as vaccine tar-
gets, as well as shed light on their mechanisms of action.
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