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Human cytomegalovirus (CMV) utilizes a complex route of entry into cells that involves multiple interac-
tions between viral envelope proteins and cellular receptors. Three conserved viral glycoproteins, gB, gH, and
gL, are required for CMV-mediated membrane fusion, but little is known of how these proteins cooperate
during entry (E. R. Kinzler and T. Compton, submitted for publication). The goal of this study was to begin
defining the molecular mechanisms that underlie membrane fusion mediated by herpesviruses. We identified
heptad repeat sequences predicted to form alpha-helical coiled coils in two glycoproteins required for fusion,
gB and gH. Peptides derived from gB and gH containing the heptad repeat sequences inhibited virus entry
when introduced coincident with virus inoculation onto cells or when mixed with virus prior to inoculation.
Neither peptide affected binding of CMV to fibroblasts, suggesting that the peptides inhibit membrane fusion.
Both gB and gH coiled-coil peptides blocked entry of several laboratory-adapted and clinical strains of human
CMV, but neither peptide affected entry of murine CMV or herpes simplex virus type 1 (HSV-1). Although
murine CMV and HSV-1 gB and gH have heptad repeat regions, the ability of human CMV gB and gH peptides
to inhibit virus entry correlates with the specific residues that comprise the heptad repeat region. The ability
of gB and gH coiled-coil peptides to inhibit virus entry independently of cell contact suggests that the coiled-coil
regions of gB and gH function differently from those of class I, single-component fusion proteins. Taken
together, these data support a critical role for alpha-helical coiled coils in gB and gH in the entry pathway of
CMV.

Herpesviruses are structurally complex enveloped viruses
displaying at least nine glycoproteins on their surface (4, 10, 13,
15, 16, 28). Unlike orthomyxoviruses, paramyxoviruses, filovi-
ruses, and retroviruses that use a single glycoprotein for mem-
brane fusion, herpesviruses employ multicomponent mem-
brane fusion machines that comprise at least three proteins,
glycoprotein B (gB), glycoprotein H (gH), and glycoprotein L
(gL) (11, 24, 29). Each glycoprotein involved is conserved
among the Herpesviridae family, but little is known of their
structures or how their interactions promote membrane fusion.
In addition to the three conserved glycoproteins, gB, gH, and
gL, some herpesviruses require an additional receptor binding
protein, such as glycoprotein D for herpes simplex virus (HSV)
(29) or gp42 for Epstein-Barr virus (11), whereas receptor
binding activity lies within gB for cytomegalovirus (CMV) and
Kaposi’s sarcoma-associated herpesvirus (1, 2). While much
progress has been made in understanding how membrane fu-
sion is promoted by single-component fusion proteins, little is
known of how multiple components mediate fusion. Although
it seems likely that multiple component fusion machines re-
quire cooperation among the fusion proteins, it remains un-
clear if and how herpesvirus glycoproteins interact with one
another either during the assembly of virions, in fully assem-
bled virus particles, or in virus undergoing membrane fusion
during entry into host cells.

Human cytomegalovirus, a member of the betaherpesvirus
subfamily, encodes homologs of gB, gH, and gL. As is true for
other herpesviruses, expression of either gB or the gH/gL com-
plex is not sufficient to promote membrane fusion, indicating
that none of these individual glycoproteins is inherently fuso-
genic. By contrast, coexpression of gB, gH, and gL triggers
syncytium formation due to cell-cell fusion (E. R. Kinzler and
T. Compton, submitted for publication). Both gB and gH are
highly antigenic in CMV-infected individuals, and many anti-
bodies directed against these two glycoproteins are neutraliz-
ing to CMV, blocking infection at the level of entry (3, 9, 27,
31). To date, molecular details underlying the mechanism of
CMV entry into host cells remain elusive. CMV entry into cells
occurs at physiological pH and does not require receptor-
mediated endocytosis (7), akin to HSV and human immuno-
deficiency virus (HIV). Thus, as with HSV and HIV, mem-
brane fusion and entry of CMV is presumed to be receptor
triggered. Without knowledge of specific structural domains in
glycoproteins that are involved in membrane fusion, little
progress can be made in understanding the molecular mecha-
nism underlying this aspect of herpesvirus biology.

A number of studies have addressed the role of coiled coils
in the entry of retroviruses, orthomyxoviruses, paramyxovi-
ruses (all three reviewed in reference 5), and filoviruses (33).
In these cases, alpha-helical coiled coils form the basis for
critical protein-protein interactions within the fusogenic glyco-
protein and play a pivotal role in membrane fusion. Single-
component, type I fusion proteins are organized into homotri-
mers, with each monomer possessing two heptad repeat
sequences. Typically, one is found near the membrane-span-
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ning domain of the protein while the other is located distal to
the membrane, near the fusion peptide at the mature amino
terminus of the protein. Upon triggering of the fusion protein,
the membrane-distal heptad repeat sequences of each mono-
mer within the trimer interact with one another to form triple-
stranded coiled coils. Each monomer then folds back on itself,
allowing the membrane-proximal heptad repeat sequences to
pack along grooves on the membrane-distal coiled coil. The
resulting hairpin structure is energetically stable, and the free
energy released upon formation of this bundle of helices is
thought to contribute to the merging of the cell membrane with
the viral envelope. Importantly, when soluble peptides com-
prising the heptad repeat sequences are presented to virus
during inoculation onto cells, entry of the virus is significantly
impaired due to a dominant-negative interaction between the
heptad repeat-containing peptide and the virus fusion protein.

To better understand the molecular underpinnings that gov-
ern herpesvirus entry into host cells, we sought to examine the
role of alpha-helical coiled coils in CMV entry. We hypothe-
sized that heptad repeat regions predicted to form coiled coils
would be present in CMV fusion proteins and that they would
be fundamentally important in membrane fusion. Using an
algorithm to detect potential coiled coils, we identified heptad
repeat regions in gB and gH and generated peptides that
correspond to the predicted coiled-coil regions. We demon-
strate that the gB and gH coiled-coil peptides inhibit both
uptake of virion tegument into fibroblast cells and immediate-
early (IE) gene expression in a dose-dependent and sequence-
specific manner. The peptides have no effect on binding of the
virus to the cell surface and do not impair IE gene expression
when added to cells immediately following infection. In con-
trast, when added to virus before or during inoculation onto
fibroblast cells, the peptides effectively inactivate virus and
block its uptake into cells. Furthermore, neither peptide im-
paired entry of murine CMV (MCMV) into mouse fibroblast
cells or entry and replication of HSV type 1 (HSV-1) in human
fibroblast cells. While the gB and gH homologs of MCMV and
HSV-1 have heptad repeat regions, the amino acid residues
that comprise these regions differ from the human CMV se-
quences. Thus, the peptides show specificity for the virus of
origin. These data support a critical role for alpha-helical
coiled coils in gB and gH in the pathway of entry of CMV into
fibroblast cells. The observation that the peptides can inhibit
virus entry independently of cell contact suggests that the
coiled coils of CMV glycoproteins function differently than do
those of single-component, class I fusion proteins. For exam-
ple, heptad repeat-containing peptides derived from the SV5 F
protein (25) or HIV gp41 (19) must be present following re-
ceptor binding but before membrane fusion in order to inhibit
entry of these viruses.

MATERIALS AND METHODS

Viruses and cells. Human CMV strains were propagated as previously de-
scribed (6). Strain Toledo was a generous gift from Ed Mocarski. Strain Gerry
was isolated from bronchial lavage fluid at the University of Wisconsin Hospital
and Clinics. MCMV(RVG102), marked with enhanced green fluorescent protein
(GFP) under the control of the native IE 1/3 promoter, was propagated in mouse
fibroblast (NIH 3T3) cells (12). Wild-type HSV-1(KOS) and HSV-1(KOS)gL86,
marked with the Escherichia coli lacZ gene, were a kind gift from Rebecca
Montgomery. HSV-1(KOS)gL86 was propagated in 79VB4 cells.

Antibodies and peptides. Monoclonal antibody 1203, which recognizes the IE
gene products of CMV, was purchased from the Rumbaugh-Goodwin Institute
for Cancer Research, Inc. (Plantation, Fla.). A monoclonal antibody raised
against the major tegument protein, pp65, was purchased from Advanced Bio-
technologies, Inc. (Columbia, Md.). Monoclonal antibody 27-78, which recog-
nizes antigenic domain 1 of gB, was a kind gift from William Britt (26). Fluo-
rescein-conjugated goat anti-mouse secondary antibody and horseradish
peroxidase-conjugated goat anti-mouse secondary antibody were purchased from
Pierce (Rockford, Il.). The linear peptides gB-COIL, gB-COIL-30, gB-COIL-
scrambled, gH-COIL, and gH-COIL-scrambled (sequences shown in Fig. 1B)
were synthesized at the Peptide Synthesis Facility at the University of Wisconsin
Biotechnology Center (University of Wisconsin, Madison). Peptide gB-COIL-30
was synthesized with an acetylated amino terminus and an amidated carboxy
terminus, while all other peptides were synthesized with free amino and carboxy
termini. All peptides were purified by reverse-phase high-performance liquid
chromatography, and their identities were confirmed by mass spectrometry.

Virus entry assay. For dose-response experiments, subconfluent NHDF cells
were grown on glass coverslips in 12-well plates. Human CMV(AD169) was
added to cells at a multiplicity of infection (MOI) of approximately 1 PFU/cell at
37°C for 90 min in the presence or absence of 10 �M, 100 �M, or 500 �M
peptide diluted into serum-free Dulbecco’s modified Eagle’s medium (DMEM).
Nonpenetrated virus was inactivated with low-pH citrate buffer (40 mM citric
acid, 10 mM KCl, 135 mM NaCl [pH 3.0]). The cells were incubated for 18 to
22 h at 37°C in DMEM supplemented with 10% bovine calf serum (BCS).
Immunofluorescence analysis was performed as previously described (8) with
either mouse anti-IE monoclonal antibody 1203 or mouse anti-pp65 monoclonal
antibody, followed by detection with a fluorescein-conjugated goat anti-mouse
secondary antibody. Nuclei were stained with 300 nM 4�,6-diamidino-2-phenylin-
dole (DAPI). Experiments were performed in triplicate with a minimum of 500
cells scored per coverslip.

For experiments in which the order of addition of peptide was varied, cells
were treated in one of four ways. For “virus pretreatment,” approximately 2 �
104 PFU of CMV was incubated in the presence of 500 �M gB-COIL-30 or 500
�M gH-COIL for 30 min at 37°C. The virus and peptide suspensions were diluted
with serum-free DMEM so that the concentration of each peptide was 80 �M
prior to inoculation onto cells. The treatment that served as a no-peptide control
was diluted in the same manner to control for dilution effects on virus entry. For
“cell pretreatment,” NHDF cells were treated with 500 �M gB-COIL-30 or 500
�M gH-COIL for 30 min at 4°C. Peptide was removed, and the cells were washed
with phosphate-buffered saline (PBS) before being challenged with AD169 at an
MOI of approximately 0.5 PFU/cell at 37°C for 40 min. For “cotreatment,”
NHDF cells were challenged with AD169 at an MOI of approximately 0.5
PFU/cell in the presence of 500 �M gB-COIL-30 or 500 �M gH-COIL for 40
min at 37°C. For “posttreatment,” NHDF cells were challenged with AD169 at
an MOI of approximately 0.5 PFU/cell at 37°C for 20 min. Five hundred micro-
molar gB-COIL-30 or 500 �M gH-COIL was added to the inoculum, followed by
an additional 20 min of incubation at 37°C. For all treatments, nonpenetrated
virus was inactivated with low-pH citrate buffer after the 40-min incubation with
cells at 37°C. The cells were incubated 18 to 24 h at 37°C in DMEM supple-
mented with 10% BCS, and immunofluorescence analysis was performed as
described above using anti-IE monoclonal antibody 1203. Experiments were
performed in triplicate with a minimum of 500 cells scored per coverslip.

For virus specificity experiments, NHDF cells were challenged with human
CMV strain AD169, Toledo, Towne, or Gerry at an MOI of approximately 0.5
PFU/cell in the presence or absence of 500 �M gB-COIL-30 at 37°C for 40 min.
Nonpenetrated virus was inactivated with low-pH citrate buffer, cells were incu-
bated for 18 to 24 h at 37°C in DMEM supplemented with 10% BCS, and
immunofluorescence analysis was performed as described above using anti-IE
monoclonal antibody 1203. Experiments were performed in triplicate with a
minimum of 500 cells scored per coverslip.

MCMV-GFP was inoculated onto NIH 3T3 cells at an MOI of approximately
3 PFU/cell in the presence or absence of 500 �M gB-COIL-30 or 500 �M
gH-COIL at 37°C for 60 min. Nonpenetrated virus was inactivated with low-pH
citrate buffer, and cells were incubated for 18 to 24 h at 37°C in DMEM
supplemented with 10% BCS. Fluorescence microscopy was used to score GFP-
positive infected cells, and the percent infection was measured by comparing the
number of GFP-positive cells to total nuclei, stained with 300 nM DAPI. Exper-
iments were performed in duplicate with a minimum of 1,000 cells scored per
treatment.

HSV-1(KOS)gL86 was inoculated onto NHDF cells for 60 min in the presence
or absence of 500 �M gB-COIL-30, 500 �M gH-COIL, or 50 �g of soluble
heparin/ml diluted into serum-free DMEM. Nonpenetrated virus was inactivated
with low-pH citrate buffer. The cells were incubated for 6 h at 37°C in DMEM
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supplemented with 10% BCS prior to lysis (100 mM sodium phosphate, 10 mM
KCl, 1 mM magnesium sulfate, 0.1% NP-40 [pH 7.4]). �-Galactosidase activity
was measured by addition of o-nitrophenyl-�-D-galactopyranoside, and the ab-
sorbance at 420 nm was monitored. Experiments were performed in triplicate.

Cell-based enzyme-linked immunosorbent assay. NHDF cells were grown in
96-well plates and inoculated with AD169 at an MOI of approximately 2 PFU/
cell in the presence or absence of 500 �M gB-COIL-30, 500 �M gH-COIL, or 50
�g of soluble heparin/ml for 90 min at 4°C. Unbound virus was removed, and the
cells were washed with PBS and fixed with 3% paraformaldehyde. Bound CMV
was detected using monoclonal antibody 27-78, horseradish peroxidase-conju-
gated goat anti-mouse secondary antibody, and the ImmunoPure TMB substrate
kit (Pierce). Absorbance was measured at 450 nm, and experiments were per-
formed in triplicate.

HSV-1 plaque assay. HSV-1(KOS) was inoculated onto NHDF cells in the
presence or absence of 500 �M gB-COIL-30, 500 �M gB-COIL-scrambled, 500
�M gH-COIL, or 500 �M gH-COIL-scrambled for 60 min at 37°C. Nonpen-
etrated virus was inactivated with citrate buffer, and cells were washed with PBS
and overlaid with Eagle’s minimal essential medium plus 0.5% agar. Plaques
were visualized 3 days postinfection by crystal violet staining.

RESULTS

Identification of coiled-coil domains in gB and gH. Consid-
ering the large number of distantly related viruses that utilize
alpha-helical coiled coils for important protein-protein inter-
actions within their fusogenic glycoprotein, we analyzed the
amino acid sequence of the three CMV glycoproteins essential
for membrane fusion, gB, gH, and gL, for the presence of
coiled coils. Using an algorithm described by Lupas et al. (21),
we identified a single heptad repeat region in gB and in gH.
The heptad repeat region of gB is predicted to form an alpha-
helical coiled coil with a probability of approximately 60%,
while the heptad repeat region of gH has a probability of
approximately 99% for forming an alpha-helical coiled coil

(Fig. 1A). The heptad repeat region of gB is found between
amino acids 679 and 693 in the carboxy-terminal, membrane-
anchored fragment of the protein. These amino acids lie down-
stream of immunodominant antigenic domain 1 of gB and
precede a hydrophobic stretch of approximately 30 amino acids
immediately upstream of the membrane-spanning domain
(amino acids 750 to 770). The heptad repeat region of gH is
found between amino acids 112 and 126, near the amino ter-
minus of the protein. This region lies within an antigenic do-
main of gH defined by amino acids 15 to 142, and antibodies
raised to this region of gH neutralize CMV infection (30). We
generated peptides for gB and gH that include the heptad
repeat sequences of the predicted coiled coil as well as flanking
sequences (Fig. 1B). For each coiled-coil peptide, we also
generated a scrambled version in which the amino acid se-
quence was randomized. The randomized peptides specifically
lack a heptad repeat.

Heptad repeat-containing gB and gH peptides inhibit CMV
entry into human fibroblast cells. To test if the coiled-coil
regions of gB and gH are functional in virus entry, we inocu-
lated CMV onto fibroblast cells at 37°C in the presence or
absence of each peptide. Expression of viral IE genes was
measured 18 to 22 h postinfection. Since these gene products
are the first to be expressed during CMV infection, they are
frequently used as a readout of infectious virus entry. The gB
peptide of 17 amino acids, called gB-COIL, and the longer gB
peptide of 30 amino acids, called gB-COIL-30, showed a dose-
dependent inhibition of CMV entry in this assay. In contrast,
the randomized gB peptide, gB-COIL-scrambled, had no effect
on CMV infection (Fig. 2A). The longer gB peptide, gB-COIL-

FIG. 1. Identification of coiled-coil domains in CMV fusogenic glycoproteins. (A) Probability plots for alpha-helical coiled coils were generated
using the algorithm by Lupas et al. (21) (http://www.ch.embnet.org/software/COILS_form.html). The horizontal axis represents the primary
sequence of each protein, and the vertical axis represents the probability for forming alpha-helical coiled coils. Identified heptad repeat regions,
predicted to result in coiled-coil structures, are marked with arrowheads. Both gB and gH are predicted to have a single alpha-helical coiled-coil
domain with a probability of at least 60%. The membrane-spanning domain of each protein is marked with an asterisk. Note that gL has no
membrane-spanning domain but is covalently associated with gH. (B) Peptides including the heptad repeat sequences of the predicted coiled-coil
regions of gB and gH were synthesized. Heptad repeat residues are marked with arrowheads, and the amino acids are numbered according to their
position within the primary sequence of each protein. Note that peptide gB-COIL-30 has a cysteine residue at its carboxy terminus that is not
derived from gB sequence. This cysteine residue was added to facilitate potential chemical modifications to the peptide. Peptides gB-COIL-
scrambled and gH-COIL-scrambled contain the same amino acids as gB-COIL and gH-COIL, respectively, but the amino acids have been
randomized to eliminate the heptad repeat predicted to give rise to a coiled-coil structure.
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30, showed greater entry inhibition than gB-COIL at the high-
est dose tested, resulting in approximately 90% inhibition of
CMV IE gene expression. The observation that longer coiled-
coil peptides are more potent inhibitors of virus entry has been
shown for other systems as well (34). It is possible that the
longer gB peptide contains additional sequence important for
interacting with its target and thus leading to greater inhibi-
tion. An alternate explanation is that the longer gB peptide is
capable of forming a more stable secondary structure than the
shorter gB peptide. For example, it is well appreciated that
longer peptides form more stable alpha helices than do short

peptides (22) due in part to the greater hydrogen bonding
potential within a longer helix. While it is not clear if the CMV
peptides are alpha helical in their active conformation, this
explanation is consistent with the behavior of heptad repeat-
containing peptides from other virus fusion proteins with re-
spect to secondary structure and length dependence of potency
(20, 34).

The 21-amino-acid gH peptide also showed a dose-depen-
dent inhibition of CMV entry, whereas the randomized gH
peptide had no effect. Inhibition was approximately 70% at the
highest dose of peptide tested (Fig. 2B). This level of inhibition
is intermediate compared to the same dose of gB-COIL (ap-
proximately 40% inhibition) and gB-COIL-30 (approximately
90% inhibition). The positive correlation between peptide
length and inhibitory activity supports the hypothesis that the
active conformation of the peptides is a secondary structure
sensitive to peptide length, such as alpha helix. However, struc-
tural analysis of the gB and gH coiled-coil peptides in aqueous
solution by circular dichroism spectroscopy revealed a random
coil configuration (data not shown), which is also consistent
with the behavior of certain heptad repeat-containing peptides
from other virus fusion proteins (20).

To confirm that the coiled-coil peptides were inhibiting
CMV infection at the level of virus entry and not during
postentry transcription or translation, we monitored delivery of
a virus structural component, the major tegument protein
pp65, into cells following infection with CMV. In these exper-
iments, gB-COIL-30 and gH-COIL showed inhibition of pp65
delivery into cells following inoculation with CMV that is com-
parable to the observed levels of IE inhibition (Fig. 3). These
results indicate that the peptides are indeed targeting the virus
at the level of entry.

gB and gH peptides do not impair binding of CMV to cells.
To test the possibility that the coiled-coil peptides affect bind-
ing of the virus to the cell surface, we performed a cell-based
enzyme-linked immunosorbent assay to measure binding of
CMV to fibroblast cells in the presence or absence of each
coiled-coil peptide. gB-COIL-30 and gH-COIL were each
tested at 500 �M, the highest dose used in the inhibition
experiments, and neither peptide impaired the ability of CMV
to bind to the cell surface (Fig. 4). In contrast to the gB and gH
coiled-coil peptides, soluble heparin blocked the ability of
CMV to bind to fibroblasts in this assay. Soluble heparin is
known to interfere with binding of CMV to the cell surface,
likely due to the requirement of CMV for binding heparan
sulfate proteoglycans during entry (8). Thus, the gB and gH
coiled-coil peptides block CMV entry at a postattachment step.

gB and gH peptides inactivate virions independently of cell
contact. Given that CMV is competent to bind to cells in the
presence of the coiled-coil peptides, we wanted to determine at
which step in the entry pathway the peptides inhibit and
whether they affect viral proteins, cell surface proteins, or both.
To this end, we performed an experiment in which the order of
addition of peptide and virus to fibroblast cells was varied (Fig.
5). Cells that were pretreated with either 500 �M gB-COIL-30
or 500 �M gH-COIL peptide and thoroughly washed prior to
inoculation with CMV showed normal levels of virus entry, as
did cells that had been inoculated with CMV for 20 min in the
absence of peptide and then challenged with peptide for an
additional 20 min. These data indicate that the peptides do not

FIG. 2. gB and gH peptides inhibit IE gene expression in fibroblast
cells. CMV was inoculated onto NHDF cells at an MOI of approxi-
mately 1 PFU/cell in the presence or absence of gB and gH peptides
and allowed to bind and penetrate for 90 min at 37°C. Nonpenetrated
virus was inactivated, and the cells were incubated for 18 to 24 h at
37°C. Immunofluorescence was performed to detect IE gene products,
and the percentage of IE-positive cells was scored for each treatment.
Data are reported in triplicate, and error bars represent standard
deviations. (A) The 17-amino-acid peptide, gB-COIL (dotted line,
filled circles) and the 30-amino-acid peptide, gB-COIL-30 (solid line,
filled circles) showed a dose-dependent inhibition of CMV entry in this
assay compared to the randomized gB peptide, gB-COIL-scrambled
(solid line, open circles), which had no effect on CMV entry. The
longer gB peptide showed a more potent inhibition at the highest dose
tested. (B) The 21-amino-acid peptide, gH-COIL (filled squares), also
showed a dose-dependent inhibition of CMV entry, while the random-
ized version of this peptide, gH-COIL-scrambled (open squares) had
no effect on CMV entry.
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irreversibly block a cell surface receptor and that a majority of
the entry events occurred in the first 20 min following inocu-
lation, by which point the virus is unaffected by addition of the
coiled-coil peptides. The coiled-coil peptides were able to sig-
nificantly inhibit virus entry when added concurrent with virus
inoculation, consistent with results shown in Fig. 2. Interest-
ingly, virus entry was also significantly inhibited when virus was
preincubated with 500 �M gB-COIL-30 or 500 �M gH-COIL
peptide and subsequently diluted to 80 �M, a peptide concen-
tration at which virus is poorly inhibited. These data indicate
that the gB and gH coiled-coil peptides inhibit virus entry by
interacting with and inactivating virus either before cell contact
or during virus entry.

Virus specificity of gB and gH peptide inhibitors. To test the
specificities of the gB and gH peptide inhibitors against other
viruses, we examined the ability of gB-COIL-30 to inhibit the
entry of three human CMV strains in addition to AD169. Each
strain was inoculated onto fibroblast cells in the presence or
absence of 500 �M gB-COIL-30, and IE gene expression was
measured as a readout of virus entry. Both laboratory-adapted
strains, AD169 and Towne, as well as two clinical isolates
tested, Toledo and Gerry, were susceptible to inhibition by
gB-COIL-30 (Fig. 6A). To further test specificity and rule out
nonspecific toxicity of the peptides, we measured the effects of
gB-COIL-30 and gH-COIL on entry of MCMV into NIH 3T3
mouse fibroblast cells and entry of HSV-1 into human fibro-
blast cells.

For these experiments we used an MCMV strain genetically
marked with enhanced GFP under the control of the native IE
1/3 promoter (12). Mouse fibroblast cells were inoculated with
MCMV-GFP in the presence or absence of 500 �M gB-
COIL-30 or 500 �M gH-COIL, and GFP expression was mea-

FIG. 3. gB and gH peptides inhibit pp65 uptake into fibroblast
cells. CMV was inoculated onto NHDF cells at an MOI of approxi-
mately 0.05 PFU/cell in the presence or absence of gB and gH peptides
and allowed to bind and penetrate for 90 min at 37°C. Nonpenetrated
virus was inactivated, and the cells were incubated for approximately
18 h at 37°C. Immunofluorescence analysis was performed to detect
pp65, and the percentage of pp65-positive cells was scored for each
treatment. (A) In addition to inhibiting expression of IE gene prod-
ucts, gB-COIL-30 and gH-COIL inhibited uptake and trafficking of the
major tegument protein pp65 to the nucleus of infected cells. Since
delivery of pp65 to infected cells is an earlier marker for virus entry
than IE gene expression, these data support the hypothesis that the
inhibiting peptides act during virus entry and not at the level of tran-
scription or translation of IE gene products. Data are reported in
duplicate, and error bars represent the range. (B) Representative
immunofluorescence images for mock, no peptide, or gB-COIL-30
treatment showing pp65 in the nucleus of infected fibroblast cells.

FIG. 4. gB and gH peptides do not impair attachment of CMV to
fibroblast cells. CMV was inoculated onto NHDF cells at an MOI of
approximately 2 PFU/cell in the presence or absence of 500 �M gB-
COIL-30, 500 �M gH-COIL, or 50 �g of heparin/ml for 90 min at 4°C.
Unbound virus was removed, and bound virus was detected with an-
ti-gB monoclonal antibody 27-78, an HRP-conjugated secondary anti-
body, and a colorimetric substrate. Experimental treatments were nor-
malized to the mock treatment, data are reported in triplicate, and
error bars represent standard deviations. Neither 500 �M gB-COIL-30
(light gray) nor 500 �M gH-COIL (dark gray) impaired the ability of
CMV to bind to NHDF cells, in contrast to soluble heparin (hatched
bar), which blocked virus attachment.
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sured as a readout of virus entry and infection. In this assay,
neither the gB nor the gH coiled-coil peptide impaired the
ability of MCMV-GFP to enter NIH 3T3 cells (Fig. 6B). The
HSV-1 strain, HSV-1(KOS)gL86, is commonly used as a re-
porter for HSV-1 entry (23). Human fibroblast cells were in-
oculated with HSV-1(KOS)gL86 in the presence or absence of
500 �M gB-COIL-30 or 500 �M gH-COIL, and �-galactosi-
dase expression was measured as a readout of virus entry and
infection. In this assay, neither the gB nor the gH coiled-coil
peptide impaired the ability of HSV-1 to enter human fibro-
blast cells (Fig. 6B). These results indicate that the peptides
are not generally detrimental to enveloped viruses but are
specific to the virus of origin.

Peptides were also tested for cytotoxicity, which could po-
tentially account for the observed virus entry inhibition. Nei-
ther 500 �M gB-COIL-30 nor 500 �M gH-COIL was cytotoxic
to fibroblast cells as measured by trypan blue dye exclusion
(data not shown) and by visual inspection of cellular morphol-
ogy by light microscopy (data not shown). Furthermore, nei-
ther the gB nor the gH coiled-coil peptide impaired the ability
of HSV-1 to enter and form plaques in NHDF cells (Fig. 6C).
The ability of HSV-1 to replicate in NHDF cells treated with
the gB and gH peptides indicates that neither peptide com-
promised cellular functions critical for viability.

A sequence alignment of the heptad repeat regions of the gB

and gH homologs from three human CMV strains, MCMV,
and HSV-1, shows the degree of conservation of these domains
(Fig. 6D). The heptad repeat region of gB is invariant among
human CMV strains AD169, Towne, and Toledo, positively
correlating with the ability of gB-COIL-30 to inhibit entry of
these strains. The heptad repeat region of gH is also invariant
among the three human CMV strains analyzed. However, vari-
ation exists between the human CMV, MCMV, and HSV-1
strains at the heptad repeat regions of both gB and gH. Al-
though the gB and gH homologs of MCMV and HSV-1 con-
tain heptad repeat regions predicted to form coiled coils, the
amino acid sequences that comprise the heptad repeats differ
from those of human CMV strains. Among the heptad repeat
residues of gB, only three of seven are identical between the
human and murine CMV strains and none are identical com-
pared with HSV-1. Only three of five heptad repeat residues
are identical among the human and murine CMV strains in the
gH heptad repeat region, while two heptad repeat residues are
identical among the human CMV strains and HSV-1. A single
heptad repeat leucine residue is conserved among all four gH
homologs. This invariant residue may be involved in a key
interaction between the heptad repeat region of gH and its
binding target. In the case of both the gB and gH heptad repeat
regions, residues flanking the heptad repeat residues also show
variation. The variation in heptad repeat sequence between the
human CMV, MCMV, and HSV-1 strains may explain the
inability of the human CMV-derived peptides to inhibit entry
of MCMV and HSV-1. We speculate that the heptad repeat
regions of MCMV and HSV-1 gB and gH, as well as the
analogous regions of other herpesvirus gB and gH homologs,
are also functional in the entry of those viruses. The specific
amino acid sequences that comprise the heptad repeat regions
likely play a role in the protein-protein interactions that the
coiled coils facilitate, thus explaining the strain specificity of
the coiled-coil peptides. Taken together, these data support
the hypothesis that the heptad repeat regions of gB and gH are
functional in CMV entry and may represent critical protein
interaction domains.

DISCUSSION

In this study we provide evidence for the importance of
alpha-helical coiled coils in gB and gH in CMV entry. Pre-
dicted coiled-coil regions were identified in both glycoproteins
(Fig. 1A), and peptides comprising the heptad repeat se-
quences were generated (Fig. 1B) and tested for their effects
on virus entry. Both gB and gH coiled-coil peptides inhibited
IE gene expression in fibroblast cells in a dose-dependent,
sequence-specific manner (Fig. 2) and inhibited uptake of the
CMV structural protein, pp65 (Fig. 3). In contrast to soluble
heparin, neither the gB nor the gH peptide had an effect on
binding of virus to the cell surface (Fig. 4), suggesting that
inhibition is at a postattachment step. Treatment of cells with
either peptide following incubation with virus had no effect on
entry (Fig. 5), indicating that the inhibitory peptides act at a
step during virus entry and have no effect once virus has pen-
etrated the cell membrane. Pretreatment of cells with either
peptide, followed by its removal, also did not impair the ability
of CMV to enter cells (Fig. 5), suggesting that the peptides do
not irreversibly block a cell surface receptor. Efficient inhibi-

FIG. 5. gB and gH peptides inactivate virions independently of cell
contact. For virus pretreatment, approximately 2 � 104 PFU of CMV
was incubated in the presence of 500 �M gB-COIL-30 or 500 �M
gH-COIL for 30 min at 37°C prior to dilution and addition to cells. For
cell pretreatment, 500 �M gB-COIL-30 or 500 �M gH-COIL was
added to cells for 30 min at 4°C and then washed out prior to inocu-
lation with CMV. For cotreatment, 500 �M gB-COIL-30 or 500 �M
gH-COIL was added to cells concurrent with inoculation with CMV.
For posttreatment, 500 �M gB-COIL-30 or 500 �M gH-COIL was
added to cells 20 min after inoculation with CMV. In each treatment,
inoculation with CMV was carried out for a total of 40 min at 37°C.
Nonpenetrated virus was inactivated, and the cells were incubated for
18 to 24 h. Immunofluorescence analysis was performed to detect IE
gene products, and the percentage of IE-positive cells was scored for
each treatment. Data are reported in triplicate, and error bars repre-
sent standard deviations.
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FIG. 6. Virus specificity of gB and gH peptides. (A) Various strains of CMV were inoculated onto NHDF cells at an MOI of approximately
0.5 PFU/cell in the presence or absence of 500 �M gB-COIL-30 and allowed to bind and penetrate for 40 min at 37°C. Nonpenetrated virus was
inactivated, and the cells were incubated 18 to 24 h. Immunofluorescence analysis was performed to detect IE gene products, and the percentage
of IE-positive cells was scored for each treatment. Data are reported in triplicate, and error bars represent standard deviations. All strains of CMV
tested were vulnerable to the inhibiting activity of 500 �M gB-COIL-30. (B) MCMV-GFP was inoculated onto NIH 3T3 cells at an MOI of
approximately 3 PFU/cell in the presence or absence of 500 �M gB-COIL-30 or 500 �M gH-COIL for 60 min at 37°C. Nonpenetrated virus was
inactivated, and the cells were incubated for 22 to 24 h at 37°C. GFP expression was detected by fluorescence microscopy, and the percentage of
GFP-positive cells was scored for each treatment. Data are reported in duplicate, and error bars represent the range. HSV-1(KOS)gL86 was
inoculated onto NHDF cells in the presence or absence of 500 �M gB-COIL-30 or 500 �M gH-COIL for 60 min at 37°C. Nonpenetrated virus
was inactivated, and the cells were incubated 6 h at 37°C. �-Galactosidase expression was measured using the colorimetric substrate o-nitrophenyl-
�-D-galactopyranoside. Data are reported in triplicate, and error bars represent standard deviations. Neither peptide inhibited MCMV entry into
NIH 3T3 cells (light gray bar represents gB-COIL-30; dark gray bar represents gH-COIL) or HSV-1 entry into NHDF cells (light-gray hatched
bar represents gB-COIL-30; dark-gray hatched bar represents gH-COIL). In contrast, soluble heparin efficiently blocked entry of HSV-1 into
human fibroblast cells (rightmost bar). (C) HSV-1 was inoculated onto NHDF cells in the presence or absence of 500 �M gB-COIL-30,
gB-COIL-scrambled, gH-COIL, or gH-COIL-scrambled. Plaques were visualized 3 days postinfection by crystal violet staining. (D) The amino acid
sequence of the predicted coiled-coil regions of gB and gH from human CMV strains AD169, Towne, and Toledo, as well as MCMV and HSV-1,
are aligned. Heptad repeat residues are indicated by arrowheads above each alignment, and amino acids are numbered according to their position
within the primary sequence of each protein. Note that the heptad repeat sequences are identical among the three human CMV strains for both
gB and gH, while the MCMV and HSV-1 strains show both conservative and nonconservative substitutions at the heptad repeat sequences of gB
and gH compared to the human CMV strains. The conservation of the heptad repeat sequences, or lack thereof, positively correlates with the
ability of the human CMV strain AD169-derived gB and gH peptides to inhibit virus entry.
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tion was observed only when the gB or the gH peptides were
incubated with virus at the same time as inoculation onto
fibroblasts or when the virus was preincubated with peptide
before being inoculated onto fibroblasts (Fig. 5). Taken to-
gether, these data point to a critical role for the coiled-coil
domains of gB and gH in the entry of CMV into fibroblast
cells.

Although the importance of alpha-helical coiled coils seems
to be conserved in the fusion proteins of a broad range of
enveloped viruses, in which CMV can now be included, there
is an important difference in the manner in which coiled coils
seem to function in CMV entry compared to the case with
viruses that employ a single, class I fusion protein for entry.
With respect to preincubation of virus and peptide prior to
inoculation onto cells, our observations contrast with inhibition
seen in paramyxovirus and retrovirus entry using similarly de-
rived peptides. In these cases, peptides can inhibit infection
only when present during virus entry, not when added to virus
before cell contact. It is thought that the binding surface for
the paramyxovirus and retrovirus peptides is hidden in the
native, resting conformation of the fusion protein. This surface
is only exposed following receptor activation, allowing peptides
to interact with and inhibit the fusion protein. In the case of
CMV, our data suggest that the binding surface is exposed on
native, resting virions, allowing for efficient inhibition of virus
independently of cell contact. According to this proposed
mechanism of inhibition, gB and gH coiled-coil peptides inter-
act with virion components and block necessary conforma-
tional changes and/or protein-protein interactions required for
the assembly of a functional membrane fusion machine.

An alternate explanation for the ability of the gB and gH
peptides to block CMV entry independently of cell contact is
that the peptides may prematurely trigger the virus envelope
glycoproteins for fusion, rendering them incompetent for sub-
sequent membrane fusion following cell binding. Although the
exact nature of the trigger for CMV-mediated membrane fu-
sion is unknown, it is conceivable that the gB and gH coiled-
coil peptides interact with virion components to form a com-
plex that resembles a fusion-triggered intermediate. By
prematurely triggering the envelope glycoproteins, the pep-
tides could render the virus unable to respond to the appro-
priate fusion trigger upon binding to the cell surface. The
molecular basis for gB and gH coiled-coil peptide inhibition of
CMV entry will be the focus of future studies.

The distribution of heptad repeat sequences in gB and in gH
may have important ramifications for how these sequences
function in the context of CMV entry. In class I fusion proteins,
two heptad repeat sequences are found at opposing termini
within a single protein. This arrangement is fundamentally
important for the mechanics of membrane fusion mediated by
this class of molecules. Specifically, the association of the two
opposing heptad repeat regions into a hairpin structure in-
creases the proximity of the adjacent membranes. Among the
CMV fusion glycoproteins, however, there is a single heptad
repeat sequence in two of the three proteins required for
fusion, gB and gH. While it is not yet clear if these sequences
interact to form an alpha-helical coiled-coil complex during
membrane fusion, we speculate that the heptad repeat se-
quences of gB and gH probably are involved in protein-protein
interactions critical for fusion and that the heptad repeat-

containing gB and gH peptides block this interaction. Such an
interaction may involve intramolecular contacts within gB
and/or gH during the assembly of a competent fusion complex
or perhaps intermolecular interactions between gB, gH, and
cellular receptors.

Several cell surface molecules are known to play roles in the
entry pathway of CMV. Heparan sulfate proteoglycans serve as
initial docking sites and may function to recruit virus to the
surface of cells (8, 14). Recently, Wang et al. showed that CMV
gB bound to and activated epidermal growth factor receptor
(EGFR) (32). While it is likely that EGFR is a cellular recep-
tor for CMV, it remains unknown how this interaction is in-
volved in mediating uptake of infectious virus. One possibility
is that the interaction of gB with EGFR promotes conforma-
tional changes involved in regulating membrane fusion. Addi-
tional cell surface molecules probably play a role in CMV
entry, such as a putative 92.5-kDa cellular receptor that inter-
acts with gH (17). Overall, it is unclear how interactions be-
tween CMV fusion proteins and identified cell surface recep-
tors trigger membrane fusion. Understanding the role of
cellular receptors in assembling a functional membrane fusion
machine will be the focus of future work.

The observation that gB and gH coiled-coil peptides can
inhibit virus entry independent of cell contact raises the pos-
sibility that these peptides may be efficacious at inhibiting
CMV infection in vivo. In addition to inhibiting two laborato-
ry-adapted strains of human CMV, we have also shown that
the gB coiled-coil peptide can block entry of two clinical hu-
man CMV strains (Fig. 6A). The inability of the gB and gH
peptides to affect entry of MCMV and entry and replication of
HSV-1 (Fig. 6B and C) suggests that the peptides are not
generally toxic to enveloped viruses but rather show specificity
to CMV strains that display the amino acid sequence repre-
sented by the peptides. However, the concentrations of peptide
required for efficient inhibition of CMV entry are higher than
those used in some viral systems (18, 25, 34). One possible
explanation is that a greater concentration of peptide is re-
quired for inhibition in the context of a single cycle of virus
entry, while the assay systems used for HIV and paramyxovirus
inhibitory peptides utilized multiple cycles of virus entry. Sim-
ilar to the coiled-coil peptides of CMV, peptides derived from
the coiled-coil domains of Ebola virus glycoprotein must be
present at high concentrations to inhibit infectivity of vesicular
stomatitis virus pseudotyped with Ebola glycoprotein (33). The
assay system used in that study also relied on a single round of
virus entry and required approximately 700 �M peptide to
inhibit 50% infectivity.

Given the high degree of sequence conservation between the
gB and gH heptad repeat regions of many CMV strains, these
peptides, or analogs thereof, may prove useful in the develop-
ment of anti-CMV therapeutics. The current success of gp41-
based peptide inhibitors that block entry and infection of HIV
in humans (18) lends support to the exploitation of CMV entry
with respect to rational drug design.
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