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ABSTRACT

Herpes simplex virus (HSV) membrane fusion represents an attractive target for anti-HSV
therapy. To investigate the structural basis of HSV membrane fusion and identify new
targets for inhibition, we have investigated the different membranotropic domains of HSV-1
gH envelope glycoprotein. We observed that fusion peptides when added exogenously are
able to inhibit viral fusion likely by intercalating with viral fusion peptides upon adopting
functional structure in membranes. Interestingly, peptides analogous to the predicted HSV-
1 gH loop region inhibited viral plaque formation more significantly. Their inhibitory effect
appears to be a consequence of their ability to partition into membranes and aggregate
within them. Circular dichroism spectra showed that peptides self-associate in aqueous and
lipidic solutions, therefore the inhibition of viral entry may occur via peptides association
with their counterpart on wild-type gH. The antiviral activity of HSV-1 peptides tested
provides an attractive basis for the development of new fusion peptide inhibitors corre-
sponding to regions outside the fusion protein heptad repeat regions.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

the virion and cell surface only in a heterodimer with gH.
Besides, HSV-1 gH is not trafficked to the cell surface in the

Herpes simplex virus type 1 (HSV-1) is a member of the a-
herpesvirus subfamily and requires four membrane glyco-
proteins to mediate fusion, namely glycoprotein D (gD),
glycoprotein B (gB), and the glycoprotein H and L complex
(gH/L) are essential for fusion. HSV-1 mutants lacking one of
those four glycoproteins are not infectious and their replica-
tion is blocked at membrane fusion [41,47].

Three of these glycoproteins are membrane spanning (gB,
gD and gH), whereas gL is a soluble glycoprotein expressed at

* Corresponding author. Tel.: +39 081 5667646; fax: +39 081 5667578.

E-mail address: massimiliano.galdiero@unina2.it (M. Galdiero).

absence of gL [24].

The most complex and least understood stage in HSV-1
entry into mammalian cells is the fusion of the virion envelope
with the cellular membrane. It has been extensively docu-
mented that the aforementioned set of distinct glycoproteins
(gD, gB, gH/L) is necessary and sufficient for membrane fusion
[36,52], following a stable binding of the virus to the cell [41,48].

Since gD does not have the characteristics of a fusion
protein, it is assumed that the central fusion machinery

0196-9781/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
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involves gB and the heterodimer gH/L. In fact, it has been
described that interactions of gD with one of its receptors
cause conformational changes in the N-terminal region of gD
[2,28] that enable activation of the fusogenic process, which,
according to the model proposed by Subramanian and
Geragthy [51], is carried out, through a hemifusion inter-
mediate, by the sequential activity of gH and gB.

Mainly two different classes of viral fusion proteins have
been described on the bases of their common post-fusion
structural motifs.

The Class I prototype (identified in orthomyxoviruses,
paramyxoviruses, retroviruses, filoviruses and coronaviruses)
[9,53,58,60,61], forms homotrimers that are cleaved proteoli-
tically into a surface subunit and a transmembrane subunit
anchored to the viral membrane. This fusion protein is
extended to a rod-like structure in response to an activating
trigger. A hydrophobic «-helix fusion peptide at the N-
terminus of the transmembrane subunit is exposed and able
to penetrate into the membrane of the apposing cell. A second
conformational change brings together two heptad repeats
(HR1 and HR?2) located downstream of the fusion peptide, to
form a coiled-coil structure resulting in a stable hairpin
conformation. Activated proteins of this Class share the
common 6-helix bundle, which is the functional unit that
causes the folding back of the fusion protein upon itself and
leads to the close contacts between the viral and cellular
membranes in order to allow lipid mixing [44].

Class II proteins (flaviviruses and alphaviruses) [30,34,42],
besides having a fusion peptide in an internal location, do not
form coiled-coils and contain predominantly B-strand sec-
ondary structure. These glycoprotein are generally associated
with a second protein as a heterodimer and activation is
represented by the cleavage of the accessory protein leading to
an irreversible rearrangement of the fusion protein into a
trimer which protrude from the viral envelope allowing the
penetration of the internal fusion peptide into the cell
membrane. Again a foldback movement brings the two
membranes enough close to start merging [25,26].

In contrast, HSV-1 needs the cooperation of four glycopro-
teins to gain access into the target cell, and gB and gH are the
most likely candidates to be the fusion executors. Recent
advances on the structural features of the HSV glycoproteins
indicate that herpesviruses may use a somehow intermediate
mechanism whereits components may alone orin combination
share characteristics of both Class I and Class Il fusion proteins.

The recently solved crystal structure of HSV-1 gB reveals a
trimeric ectodomain made up of five distinct domains in each
monomer. The rod-shaped trimer is organized around a
central helical core reminiscent of Class I fusion proteins
[15,22], but gB fails to completely fall in this category since it is
not proteolitically cleaved in two subunits therefore is lacking
an N-terminal fusion peptide [40]. In particular, an a-helical
coiled-coil core relates gB to Class I viral fusion proteins, while
two extended B hairpins with hydrophobic tips, homologous
to fusion peptides in VSV G, relate gB to Class II fusion proteins
[22], therefore, a third class has been hypothesized [54].

Like gB, gH is conserved among the Herpesviridae family,
and resembles viral fusion glycoproteins, having an internal
putative fusion peptide [18] and two HR regions able to adopt a
coiled-coil conformation [15].

Several domains likely to be important for membrane
fusion have been identified in the gH ectodomain [13,17,18]
and in the C-terminal region of the protein. For example,
certain mutations in the transmembrane (TM) region and
cytoplasmic tail affect fusion [1,21,57], as do mutations in the
region preceding the TM [12]. The gH pre-transmembrane
region itself has been proved to be involved in fusion
interacting intimately with lipid membranes [14].

Several aspects of how gB and/or gH are activated by gD
binding to cell receptors, and how they cooperate to direct
fusion remain to be elucidated, but several of the structural/
functional motifs present in different viral fusion glycopro-
teins have already been established as drug development
targets [7].

For example, analogs of the orthomyxovirus, paramyx-
ovirus, and HIV fusion peptides [27,43,45] block viral infec-
tion, presumably by forming inactive heteroaggregates. A
second target for viral inhibition has proved to be the region
forming coiled-coils through heptad repeat domains. It is
generally accepted that fusion progresses by formation of an
intermediate, a “prehairpin” conformation, that places the
N-terminal fusion peptide near or in the target cell mem-
brane, exposing the HR1 and HR2 regions [8]. In this
intermediate, both HR are vulnerable to binding by synthetic
peptides, which can thus inhibit viral infection by preventing
formation of the fusogenic trimer-of-hairpins. HR2 peptides
(Enfuvirtide), are potent inhibitors of HIV-1, active at low
nanomolar concentration [32,56]. A competitive interaction
with the HR1 domain and prevention of the 6-helix bundle
conformation has been proposed as the mechanism of
inhibition [4]. It was recently found that a peptide corre-
sponding to the C-proximal region of «-l-antitrypsin,
designated VIRIP, inhibits a wide variety of HIV-1 strains,
by interacting with the gp41 fusion peptide and preventingits
insertion into the target cell membrane. These studies
indicate that the fusion peptide domain is an attractive drug
target [37].

To date, studies examining peptide fusion inhibitors of
herpesviruses have mainly focused on the analysis of peptides
analogous to the HR regions of the putative fusion proteins gH
and gB.

Synthetic peptides modeled on coiled coils region of BoHV-
1 [38] and HCMV [31] have been described as inhibiting viral
infection of susceptible cells. In HSV-1 both gH and gB have
been found to possess HR regions [15,19], but only peptides
from gH HR regions have been shown to inhibit fusion with a
mechanism similar to what happens in HCMV fusion inhibi-
tion, since the most powerful peptides are the ones modeled
on the HR1 at the N-terminus, which, nevertheless, need
higher concentration to inhibit infectivity in respect to other
viral systems [15].

Although the gH HR peptides appear to be inhibiting HSV-1
entry, development of other peptide fusion inhibitors, based
on non-HR regions of the viral fusion protein has yet to be
explored.

We previously reported that using a physio-chemical
algorithm, the Wimley-White interfacial hydrophobicity scale
in combination with other structural data we could predict
regions involved in membrane interactions during the entry
and fusion process [13].
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Table 1 - Peptide sequences

Peptides Sequence

gH220-262 TWLATRGLLRSPGRYVYFSP-
SASTWPVGIWTTGELVLGCDAAL

gH381-420 RLTGLLATSGFAFVNAAHAN-
GAVCLSDLLGFLAHSRALAG

gH493-537 AAHLIDALYAEFLGGRVLTTPVVH-
RALFYASAVLRQPFLAGVPSA

gH493-512 AAHLIDALYAEFLGGRVLTT

gH626-644 GLASTLTRWAHYNALIRAF

In the present study, we have extended our previous work
[13] and analyzed the infectivity inhibitory potential of the
four regions, found to be able to induce membrane fusion
(gH220-262, gH381-420, gH493-537, gH626-644). These regions,
spanning the entire gH sequence, may play an important role
in viral fusion protein:target cell membrane interactions and
may therefore represent possible targets for therapeutic
interference.

2. Methodology
2.1. Materials

Fluorenylmethoxycarbonyl (Fmoc) protected amino acids
were purchased from INBIOS (Pozzuoli, NA, Italy), NovaSyn
TGA resin from Nova Biochem (Darmstadt, Germany). The
reagents (piperidine, pyridine) for the solid-phase peptide
synthesis were purchased from Fluka (Sigma-Aldrich,
Milano, Italy), trifluoroacetic acid (TFA) and acetic anhydride
were from Applied Biosystem (Foster City, CA, USA). H,O,
DMF and CH3;CN were supplied by LAB-SCAN (Dublin,
Ireland). Acicloguanosine (ACV) was purchased from
Sigma-Aldrich.

2.2.  Bioinformatic analysis

The gH sequence used was taken from SWISS-Prot database,
with accession number P08356. Hydropathy plots were
obtained with Tmpred (ExPaSy, Swiss Institute of Bioinfor-
matics) and Membrane Protein eXplorer (MpeX, Stephen
White laboratory, http://blanco.biomol.uci.edu/mpex) as pre-
viously reported [13]. Secondary structure predictions were
performed using Jpred software [6].

2.3.  Peptide synthesis

Peptides were synthesized using standard solid-phase-9-
fluorenylmethoxycarbonyl (Fmoc) method, on a PSSM8 multi-
specific peptide synthesizer (Shimadzu Corporation Biotech-
nology Instruments Department, Kyoto, Japan), as previously
reported [13]. Peptide sequences are reported in Table 1.

2.4.  Liposome preparation

Large unilamellar vesicles (LUV) consisting of PC/Chol (1:1),
and when necessary containing Rho-PE and NBD-PE, were
prepared according to the extrusion method of Hope et al. [23]
in 5 mM HEPES, 100 mM NacCl, pH 7.4. Lipids were dried from a

chloroform solution with a nitrogen gas stream and lyophi-
lized overnight. For fluorescence experiments, dry lipid films
were suspended in buffer by vortex; then the lipid suspension
was freeze-thawed six times and then extruded 20 times
through polycarbonate membranes with 0.1 pm diameter
pores to produce large unilamellar vesicles. Lipid concentra-
tions of liposome suspensions were determined by phosphate
analysis [10].

2.5.  Lipid mixing assays

Membrane lipid mixing was monitored using the resonance
energy transfer assay (RET) reported by Struck et al. [49]. The
assay is based on the dilution of the NBD-PE (donor) and Rho-
PE (acceptor). Dilution due to membrane mixing results in an
increase in NBD-PE fluorescence.

Thus, we monitored the change in donor emission as
aliquots of peptides were added to vesicles. Vesicles contain-
ing 0.6 mol% of each probe were mixed with unlabeled vesicles
ata 1:4ratio (final lipid concentration, 0.1 mM). Small volumes
of peptides in dimethylsulfoxide (DMSO) were added; the final
concentration of DMSO in the peptide solution was no higher
than 2%. The NBD emission at 530 nm was followed with the
excitation wavelength set at 465 nm. A cut off filter at 515 nm
was used between the sample and the emission monochro-
mator to avoid scattering interferences. The fluorescence
scale was calibrated such that the zero level corresponded to
the initial residual fluorescence of the labeled vesicles and the
100% value corresponding to complete mixing of all lipids in
the system was set by the fluorescence intensity of vesicles
upon the addition of Triton-X-100 (0.05%, v/v) at the same total
lipid concentrations of the fusion assay. All fluorescence
measurements were conducted in PC/Chol (1:1) LUV. Lipid
mixing experiments were repeated at least three times and
results were averaged. Control experiments were performed
using scrambled peptides and DMSO.

2.6. Cells and virus

Vero cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum. HSV-1
carrying a LacZ gene driven by the CMV IE-1 promoter to
express [-galactosidase was propagated as previously
described [11].

2.7. Virus entry assays

Peptides were dissolved in DMEM without serum and used at a
range of concentrations. All experiments were conducted in
parallel with scrambled peptides and no-peptide controls. To
assess the effect of peptides on inhibition of HSV infectivity,
four different ways of treating cell monolayers were per-
formed:

(a) For “virus pre-treatment”, approximately 2 x 10* PFU of
HSV-1 were incubated in the presence of different
concentrations of peptides (10, 100, 250, 500 uM) for
45 min at 37 °C, then titrated on Vero cell monolayers.

(b) For “cell pre-treatment”, Vero cells were incubated with
peptides (10, 100, 250, 500 uM) for 30 min at 4 °C. Peptides
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were removed, and cells were washed with phosphate-
buffered saline (PBS) before being infected with serial
dilutions of HSV-1 and incubated for 45 min at 37 °C.

(c) For “co-treatment”, the cells were incubated with increas-
ing concentrations of the peptides (10, 100, 250, 500 nM) in
the presence of the viral inoculum for 45 min at 37 °C.

(d) For “post-treatment”, Vero cells monolayers were chal-
lenged with HSV-1 for 45 min at 37 °C.

Different concentrations of peptides (10, 100, 250, 500 uM)
were then added to the inoculum, followed by a further 30 min
incubation at 37 °C.

For all treatments, nonpenetrated viruses were inactivated
by citrate buffer at pH 3.0 after the 45 min incubation with cells
at 37 °C. The cells were then incubated for 24h at 37 °C in
DMEM supplemented with CMC. Monolayers were fixed,
stained with X-gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside) and plaque numbers were scored. Experiments
were performed in triplicate and the percentage of inhibition
was calculated with respect to no-peptide control experi-
ments.

2.8. Toxicity

Peptide cytotoxicity was measured by a lactate dehydrogenase
(LDH) assay which was carried out according to manufac-
turer’s instructions using a cytotoxicity detection kit (Roche
Diagnostic SpA., Milano, Italy).

2.9. Circular dichroism measurements

CD spectra were recorded using a Jasco J-715 spectropolari-
meter in a 1.0 or 0.1 cm quartz cell at room temperature.
Titration of peptides (20 pM) in various percentages of TFE
were performed as well as titration as a function of peptide
concentration in buffer, TFE20% and lipids. Solutions of
peptides (5-20-50-100-200 uM) were prepared in buffer, in
TFE 20% and in lysophosphatydilcholine (LC) SUVs. Peptide
samples in lipids were prepared using the following protocol
[20]: all peptides were first dissolved in TFE; immediately after
preparation, the peptide solution was added to an equal
volume of a chloroform solution containing the appropriate
lipid concentration; solutions were dried with a nitrogen gas
stream and lyophilized overnight; the dry samples were
rehydrated with deionized water to yield a final lipid
concentration of 0.9 mM. Small unilamellar vesicles (SUV) of
lysophosphatydilcholine (LC) were prepared from MLVs by
sonication. The spectra are an average of three consecutive
scans from 260 to 195 nm, recorded with a band width of 3 nm,
a time constant of 16 s and a scan rate of 10 nm/min. Spectra
were recorded and corrected for the blank. Mean residues
ellipticities (MRE) were calculated using the equation Obsd/Icn
where Obsd is the ellipticities measured in millidegrees, lis the
length of the cell in ¢m, c is the peptide concentration in mol/l,
and n is the number of amino acid residues in the peptide. The
percentage of helix was calculated from measurements of
their mean residue ellipticity at 222 nm [3]. We used [[9]222
values of 0 and —40.000 (1 — 2.5/n) deg cm? dmol~* per amino
acid residue for 0 and 100% helicity; n is the number of amino
acid residues.

2.10.  Native gel electrophoresis

Isolated peptides (7.5 pl of a solution 1mM in phosphate
buffer, pH 7.3) and mixtures of peptides with 4 mM and 5 mM
SDS were incubated at 25 °C for 5 min (final volume of 11 pl)
and analyzed by Native gel electrophoresis. Gel electrophor-
esis was carried out for 2.5h in gels consisting of 4%
polyacrylamide for the stacking gel and 12% for the separating
gel at a constant amperage of 30 mA using a Bio-Rad Mini-
Protean cell. The gel was stained with Coomassie brilliant blue
R-250.

3. Results
3.1.  Bioinformatic analysis

We have previously used a computational approach to
identify regions of gH that potentially interact with bilayer
membranes (Wimley-White). Six regions of high interfacial
hydrophobicity were identified using MpeX [55,59], four of
them proved to be capable of inducing fusion of liposomes
in vitro. In particular, peptides gH220-262, gH381-420, and
gH626-644 were the most active and play a fundamental
role in the fusion process. Peptide gH493-537 although not
being very active alone was shown to have a cooperative
fusogenic effect when used in combination with the other
active peptides [13]. This peptide (gH493-537) corresponds to
the region comprised between the two HR domains of gH,
and a shorter sequence of its C-terminus, namely gH513-
531, showed an increased ability to induce fusion of lipid
vesicles [17]. The secondary structure prediction reveals
that the region from residue 493 to 537 is composed of two
helices separated by a kink at residue Pro513, thus the two
helices may have a different function in the fusion
mechanism. We thus decided to synthesize the sequence
from 493 to 512 (Fig. 1), and to test it in fusion and inhibition
experiments.

3.2.  Lipid mixing assay

We have previously reported that peptides gH220-262, gH381-
420, gH493-537 and gH626-644 of HSV-1 gH are able to induce
fusion of unilamellar vesicles (LUV) composed of PC/Chol (1:1),
as revealed by the probe dilution assay. A population of LUVs
labeled with both NBD-PE and Rho-PE was mixed with a
population of unlabeled LUVs and increasing amounts of
peptides were added. Fusion between the labeled and
unlabeled vesicles caused by the peptides results in dilution
of the labeled lipids and therefore reduced energy transfer
between NBD-PE and Rho-PE, visualized as an increase of NBD
fluorescence. The dependence of the extent of lipid mixing on
the peptide to lipid molar ratio was analyzed. The fusion
experiment has been performed on the gH493-512 peptide in
order to determine its ability to induce fusion. Increasing
amounts of gH493-512 peptide were added to a fixed amount
of vesicles and in order to compare the activity of the different
peptides, the percentage of lipid mixing as a function of the
peptide to lipid molar ratio is reported in Fig. 2 for all the
peptides.
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Fig. 1 - (A) HSV-1 gH protein diagram and secondary structure prevision and (B) hydrophobicity plot.

Our data demonstrate that gH493-512, representing the
shorter N-terminal analog of the peptide comprised in
between the HR domains of gH, is unable to induce fusion
at least in the experimental conditions used in this assay.
3.3.  Effect of fusion peptides of gH on virus infectivity
The five peptides (gH220-262, gH381-420, gH493-537, gH493-
512 and gH626-644), corresponding to the domains with high
scores of the Wimley and White hydrophobicity, which
previously were shown to interact with biological membranes,
were screened for their ability to inhibit plaque formation
(Table 1).

To verify that these peptides did not exert toxic effect on
Vero cells, monolayers were exposed to different concentra-
tions (100, 250 and 500 uM) of each peptide for 24 h, and cell
viability was assayed by an LDH assay. No statistical difference
was observed between the viability of control (untreated) cells
and that of cells exposed to the peptides (data not shown).

To test whether these peptides from gH could affect HSV
infectivity, we inoculated HSV-1 onto Vero cells at 37 °C in the
presence or absence of each peptide under a range of different

conditions as described in Section 2.1. These results are shown
in Fig. 3.

In a dose-dependent inhibition assay of HSV entry,
peptides gH220-262 and gH381-420 showed non-significant
activity up to 500 pM. On the contrary, peptides gH493-537 and
gH626-644 were able to inhibit HSV entry with approximately
50-60% of inhibition at 250 pM and 60-70% at 500 uM. The
shorter peptide gH493-512, corresponding only to the N-
terminus of gH493-537, was able to inhibit HSV entry even
more effectively, resulting in approximately 60% inhibition at
250 uM and a 90% of inhibition at 500 uM (Fig. 3A). To obtain a
50% plaque reduction, it was necessary only 160 uM of gH493-
512 and 60 pM of gH626-644. The peptide gH626-644 was the
most difficult to dissolve and thus inhibition at 500 puM was
strongly dependent on the preparation of the sample; these
data were further supported by CD data reported in the
following paragraph, demonstrating that the peptide oligo-
merises already at 50 pM.

Further experiments were, therefore, carried out to identify
the step in the entry process which was inhibited by the four
peptides. We choose a peptide concentration of 250 uM that
gave a significant inhibition in the previous experiment



1466

PEPTIDES 29 (2008) 1461-1471

[-#-gH220-262 - gH381-420 & gH493-537 -8~ gH493-512 -5~ gH626-644 |

100 1

80 1

60

Percentage of fusion

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
[Peptide]/[Lipid]

Fig. 2 - gH peptides induced fusion of unilammellar
vesicles. Peptide-promoted membrane fusion of PG/Chol
(1:1) LUV as determined by lipid mixing; peptide aliquots
were added to 0.1 mM LUV, containing 0.6% NBD and 0.6%
Rho. The increase in the fluorescence was measured

15 min after the addition of peptide aliquots; reduced
Triton-X-100 (0.05%, v/v) was referred to as 100% of fusion.
The dose dependence of lipid mixing is reported.

(Fig. 3A) with the co-exposure treatment without strong bias
due to the solubility of peptides and compared the effect of
three other different methods of exposure of the cells and/or
virus to peptide (Fig. 3B). gH220-262 and gH381-420 were not
effective in any of the experiments. gH493-537 and its shorter
version gH493-512 are able to inhibit infectivity only when
present during the period of virus attachment-entry into cells,
in fact they were not active in the post-exposure treatment, in
which cells were infected with HSV-1 for 45 min and only
afterwards the peptide was added to the inoculum and they
were not active in cell-preexposure experiments. On the
contrary the peptide gH626-644 is more active in co-exposure
and cell pre-exposure experiments than in virus pre-incuba-
tion experiments.

A scrambled version of gH493-512 (the most active peptide
in all experiments), was included as control and failed to
inhibit HSV-1 infectivity under similar experimental condi-
tions (Fig. 3).

The two active peptides, gH493-512 and gH626-644 ranked
in order of potency, seem to behave with a different
mechanism of action, since the latter is also able to inhibit
virus infectivity when treating cell before the viral challenge.

To determine the specificity of the inhibitory effect of
peptides derived from HSV-1 gH we tested the two most
effective inhibitors of HSV-1 infection (gH493-512 and gH626—
644) for their ability to inhibit the infectivity of an unrelated
enveloped virus (parainfluenza-2 virus, a member of the
Paramyxoviridae). In Fig. 3, panel C is shows that none of these
peptides exerted any significant effect on parainfluenzavirus-
2 (PIV-2), thus supporting the view that the inhibition observed
with HSV-1 is specific.

3.4.  Secondary structure of synthetic peptides

Since the structural conformation of fusion peptides has been
shown to relate to fusogenic activity, the secondary structure
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Fig. 3 - Inhibition of viral infectivity. (A) Vero cells were
incubated with increasing concentrations of the peptides
(10, 50, 100, 250, 500 M) in the presence of the viral
inoculum for 45 min at 37 °C. (B) Cells were exposed to
active peptides at a concentration of 250 pM either prior to
infection (cells pre-exposure), during attachment and
entry (co-exposure), after virus penetration (post-
exposure), or alternatively, the virus was pre-incubated
with peptides for 1 h at 37 °C before addition to the cells
(virus preincubation). (C) Cells were exposed to active
peptides (gH493-512 and gH626-644) at a concentration of
250 and 500 pM and PIV-2 in the co-exposure mode. For all
treatments, non-penetrated viruses were inactivated by
low-pH citrate buffer after the 45 min incubation with cells
at 37 °C. The cells were then, incubated for 48 h at 37 °C in
DMEM supplemented with CMC and plaque numbers were
scored. Experiments were performed in triplicate and the
percentage of inhibition was calculated with respect to no-
peptide control experiments. Error bars represent
standard deviations.
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Fig. 4 - Secondary structure of gH peptides by CD
spectroscopy. Circular dichroism spectra of gH626-644 (A)
and gH493-512 (B) at different percentages of TFE.
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Fig. 5 - Circular dichroism spectra of gH. Circular dichroism
spectra of gH626-644 (A) and gH493-512 (B) at different
peptide concentrations.

of peptides was determined by CD spectroscopy as measured
in water, TFE and SUV. In all conditions tested, the spectra
were not reliable below 195 nm because of light-scattering,
and therefore are not shown. We reported only CD experi-
ments performed on the two most active peptides in inhibition
experiments, namely gH493-512 and gH626-644.

The CD spectrum in buffer solution indicated a random coil
conformation for both peptides (Fig. 4). A decrease in peptide
environmental polarity occurs when the peptide is transferred
from water to membrane interfaces; the effect of polarity on
peptide conformation can be studied using aqueous mixtures
of TFE (Fig. 4). In the presence of 20% TFE, both peptides
already showed two negative bands at about 208 and 222 nm,
suggesting the adoption of an a-helical conformation; calcula-
tions of helix content according to Chakrabartty et al. [3]
corresponded to a percentage of helix of 27% for peptide
gH626-644 and of 19% for peptide gH493-512; increasing
concentrations of TFE induced a further helical stabilization
(approximately 35% for gH626-644 and 28% for gH493-512).
These results suggest that both peptides contain a particular
sequence of amino acids that in a non-polar environment can
adopt an a-helical conformation.

CD spectroscopy was also utilized to test whether the
two peptides gH493-512 and gH626-644 create oligomers in
solution. Our data clearly demonstrate that both peptides
adopt a random coil conformation in buffer solution and
their CD spectra remained practically unaltered in the
whole concentration range studied (5-200 uM) (data not
shown).

The titration of gH626-644 as a function of TFE (Fig. 4A),
showed that already in the presence of 20% TFE, the peptide
adopts an a-helical conformation. The ratio of the ellipticities
at 222 and 208 nm can be utilized to distinguish between
monomeric and oligomeric states of helices [33]; when the
ratio 6222/6208 equals about 0.8, the peptide is in its
monomeric state, and when the ratio exceeds the value of
1.0isin its oligomeric state. The data reveal that in presence of
20% TFE gH626-644 adopts an a-helical conformation with the
monomer/oligomer equilibrium shifted toward the oligomeric
state with a ratio 6222/6208 of approximately 1.05, while at
higher percentages of TFE the ratio decreases to 0.76 indicating
a monomeric state. Lau et al. [29] have previously shown that
TFE 50% disrupts the quaternary structure of a-helices, i.e. TFE
is a denaturant of tertiary and quaternary structure stabilized
by hydrophobic interactions. We thus assayed the secondary
structure dependence from the concentration in a solution
containing 20% TFE, a condition in which gH626-644 showed
the presence of oligomeric species (Fig. 4A). In 20% TFE, the
peptide gH626-644 revealed a characteristic a-helix spectrum,
with an ellipticity strongly dependent on concentration,
suggesting the formation of aggregates (Fig. 5A). We con-
cluded, however, that the aggregates were molecular in size
because centrifugation, which removes precipitated hydro-
phobic peptides from solution, had no effect on the spectra.
Furthermore, a strong concentration dependence of the
helicity would not be expected for macroscopic aggregates.
From the ellipticity at 222 nm, we estimated helicities of about
19% at 5 uM and of about 36% for 50 pM, at higher concentra-
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tion it starts to diminish and at 200 uM is approximately 31%.
The data reveal values of #222/6208 always around 1 indicating
that the peptide is always in its oligomeric state. The same
analysis were performed on gH493-512. The titration of
gH493-512 as a function of TFE (Fig. 4B), showed that in 20%
TFE, the peptide adopts an a-helical conformation, with a
percentage of helix of 19%; the ratio of the ellipticities at 222
and 208 nm reveals that at this percentage of TFE, the peptide
is in its oligomeric state with a ratio 6222/6208 of approxi-
mately 1.00, while at higher percentages of TFE the ratio is
approximately 0.80 indicating a monomeric state. In 20% TFE
(Fig. 5B), also the peptide gH493-512 revealed a characteristic
a-helix spectrum, with an ellipticity strongly dependent on
concentration, suggesting the formation of aggregates. As for
gH626-644, we believe that the aggregates were molecular in
size because centrifugation had no effect on the spectra. From
the ellipticity at 222 nm, we estimated helicities of about 18%
at 5 pM and of about 35% for 100 uM, at 200 uM decreases to
approximately 25%. A similar behaviour with a sudden fall in
molecular ellipticity was previously observed for aggregating
peptides [5]. Moreover, the two peptides show a similar
tendency to associate and produce molecular aggregates of
helices but the critical concentration differs for the two
peptides, in particular the maximum ellipticity was observed
at 50uM for gH626-644 and at 100 uM for gH493-512,
indicating a greater tendency of gH626-644 to aggregate

(Fig. 5).

3.5.  The oligomeric state of the peptides with NATIVE-
PAGE electrophoresis

The tendency of the peptides gH626-644 and gH493-512 to
oligomerize was further explored in NATIVE-PAGE (Fig. 6)
using isolated peptides and peptides with 4 mM and 5 mM
SDS. SDS has been used previously to determine the
aggregation state of membrane proteins [46] and fusion
peptides [27]. The analysis of the band pattern of each peptide
in absence or presence of SDS enabled us to better understand
the oligomerization profile. The NATIVE-PAGE without SDS
and with 4 mM and 5mM SDS reveals that both peptides

1 2 3 4 5 6 7

- _

1= Standard

2=gH626-644

3= gH626-644 + 4mM SDS

4= gH626-644 + SmM SDS
- 5= gH493-512

6= gH493-512 + 4mM SDS

7= gH493-512 +5mM SDS

Fig. 6 — Native gel electrophoresis of gH peptides. Lane 1:
molecular weight standard (188 kDa; 98 kDa; 62 kDa;

49 kDa; 38 kDa; 28 kDa; 15 kDa; 4 kDa); lane 2: gH626-644;
lane 3: gH626-644 treated with 4 mM SDS; lane 4: gH626—
644 treated with 5 mM SDS; lane 5: gH493-512; lane 6:
gH493-512 treated with 4 mM SDS; lane 7: gH493-512
treated with 5 mM SDS.

oligomerize but gH626-644 forms higher order oligomers
compared to gH493-512 (Fig. 6). In absence of SDS gH626-
644 (lane 2) presents one band at very high molecular weight
approximately between 49 and 62 kDa and gH493-512 (lane 5)
present one main band between 15 and 28 kDa and a small
band at higher molecular weight. The presence of SDS 5 mM
(lanes 4 and 7) is enough to induce partially the dissociation of
oligomers for both peptides. Our results indicate that both
peptides have a tendency to oligomerize but gH626-644 gives
higher order oligomers, thus confirming the CD data.

4, Discussion

Hydropathy analysis based on the hydrophobicity-at-interface
scale proposed by Wimley and White [59] enabled us to detect
six domains of HSV gH that may be involved in the interaction
of the virus envelope and host cell membranes. We have
previously demonstrated that only sequences gH220-262,
gH381-420, gH493-537 and gH626-644 of HSV-1 gH are able
to induce rapid membrane fusion and to act in a synergistic
way. The four peptides of gH are surely involved in the process
of a close interaction with the target membrane thereby
promoting the formation of fusion intermediates, and in
particular gH626-644 is the most active in fusion.

HSV-1 gH is directly involved in the fusion process,
presumably in the formation of the hemifusion intermediate.
The mechanism whereby gH mediates hemifusion needs to
take into account the possibility that this large glycoprotein
contains several membrane-interacting segments having a
high tendency to locate at the interface between the viral and
the target membranes, as previously reported for Sendai virus
[16] and HIV [35,50]. gH presents a fusion peptide exposed on a
fusion loop rather than at the N-terminal side, but it seems
that several different fusogenic domains are needed to
execute complete fusion.

Moreover, it has been recently demonstrated that the HR1
and HR2 regions of HSV-1 gH can indeed form a complex
typical of other type 1 fusion proteins and they function as
inhibitors of infection [13].

We recently proved that the domain between the two
heptad repeats (HR1 and HR2) corresponding to the peptide
gH493-537 has a membrane-interacting ability, binds and
interacts with phospholipid model membranes and although
being poorly fusogenic, when used alone, it has a synergic
activity with other segments of gH. Its ability to induce
membrane fusion parallel recent results reported on HIV gp41
loop domain [39]. The peptide gH493-537 and principally its
shorter analog gH493-512 are also able to inhibit the entry of
HSV-1. Interestingly, it was recently reported [17] that deletion
of the C-terminus of gH493-537, from a 513 to aa 531, and its
replacement with heterologous fusion peptides in a sense or
antisense direction, decreases infection to less than 10%
relative to wt-gH and almost abolished cell-cell fusion. A
synthetic peptide corresponding to gHH513-531is able to induce
fusion of lipid vesicles more effectively than gH493-512, even
though the results of fusion percentages cannot be precisely
compared due to different experimental conditions; and is
also able to increase virus infection and cell-cell fusion. The
present study, which has investigated sequences gH493-537
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and gH493-512, indicate that gH493-537 is able to induce
liposome fusion only in combination with the other three
fusogenic domains, while both gH493-537 and gH493-512
alone are unable to significantly induce liposome fusion. The
present results together with available data on gH513-531 [17],
seem to support the hypothesis that only the C-terminus of
this domain is involved in fusion; on the contrary the
sequence gH493-512 is unable to induce liposome fusion
but strongly inhibits virus infection. The analysis of the
secondary structure prediction of protein gH indicates that the
domain gH493-537 may adopt an a-helical structure with a
kink at the proline 513; moreover there are other two proline
residues (proline 529 and 535) toward the C-terminus, which
are usually present in sequences interacting with membranes,
further supporting the hypothesis that the C terminus may be
involved in membrane fusion.

gH626-644 and gH493-512 did not precipitate or otherwise
form macroscopic aggregates in presence of membranes at
least at the concentrations assayed in CD studies (5-200 p.M).
The strong dependence of secondary structure on concentra-
tion is indicative of the formation of molecular aggregates in
membranes and was also confirmed by Page experiments. In
inhibition experiments also a concentration of 500 pM was
tested and we observed controversial results for gH626-644
probably indicating a precipitation of the peptide at this
concentration.

Peptides gH626-644 and gH493-512 showed the strongest
inhibitory effect observed for peptides modeled on HSV-1
fusion glycoproteins to date. Their inhibitory effect appears
conditioned by their ability to partition into membranes and
aggregate within them. Since the peptides self-associate in
aqueous and lipidic solutions, it is possible that they bind to
their counterparts in the HSV-1 gH fusion protein, thus
suggesting that the inhibition of viral entry may occur via
peptides association with their counterpart on wild-type gH.
The main difference between the active peptides analyzed, is
that gH626-644 may more intimately interact with the host
cell membrane, therefore its ability to partially inhibit viral
entry, when cells are treated first, is dependent on the
possibility that the virus will find a modified cell membrane
still exhibiting on its surface the peptide. On the other hand
the loop domain gH493-512 is more powerful in the virus
preincubation experiment, showing a direct activity of the
peptide on the viral glycoprotein.

Moreover, it is interesting to note that gH626-644 does not
have any activity in the virus preincubation experiment,
where approximately 2 x 10* PFU of HSV-1 are incubated in
the presence of different concentrations of peptides, thus,
indicating that this high hydrophobic region is probably
hidden and not available to interactions with peptides in gH
pre-fusogenic conformation.

Several structural conformational changes induced by a
complex series of protein-protein and protein-phospholipid
interactions occur in fusion proteins. However, little is known
about how these conformational changes drive membrane
apposition and how they overcome the energy barrier for
membrane fusion. It is now evident that several domains are
essential for membrane fusion and thus peptides involved in
the fusion mechanism may interfere with the intramolecular
interactions between the several domains and result in the

inhibition of HSV-1 entry. Further studies are required to
define the inhibitory mechanism of these HSV-1 peptides,
probably due to different degrees of interaction with mem-
branes and with their protein counterparts. We hypothesise
that gH493-512 and gH626-644 may sterically hinder their
relative domain, either in a pre-fusogenic or in an inter-
mediate conformation, preventing a complete and functional
interaction between gH and the membrane to fuse.

The inhibition of membrane fusion represents an attractive
target for drug design and although further studies are needed
to better define the exact mechanism of inhibition by these
peptides and the specific nature or location of their interac-
tions with viral targets, the data shown in this work suggest
that the domain comprised between the two heptad repeats
domains play a significant role in membrane fusion and
provide an alternative approach to the development of viral
peptide inhibitors outside of the HR regions.
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