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We previously described potent inhibition of Ebola virus entry by a ‘C-peptide’ based on the GP2 C-hep-
tad repeat region (CHR) targeted to endosomes (‘Tat-Ebo’). Here, we report the synthesis and evaluation
of C-peptides conjugated to cholesterol, and Tat-Ebo analogs containing covalent side chain–side chain
crosslinks to promote a-helical conformation. We found that the cholesterol-conjugated C-peptides were
potent inhibitors of Ebola virus glycoprotein (GP)-mediated cell entry (�103-fold reduction in infection at
40 lM). However, this mechanism of inhibition is somewhat non-specific because the cholesterol-conju-
gated peptides also inhibited cell entry mediated by vesicular stomatitis virus glycoprotein G. One side
chain–side chain crosslinked peptide had moderately higher activity than the parent compound Tat-
Ebo. Circular dichroism revealed that the cholesterol-conjugated peptides unexpectedly formed a strong
a-helical conformation that was independent of concentration. Side chain–side chain crosslinking
enhanced a-helical stability of the Tat-Ebo variants, but only at neutral pH. These result provide insight
into mechanisms of C-peptide inhibiton of Ebola virus GP-mediated cell entry.

� 2013 Elsevier Ltd. All rights reserved.
Ebolaviruses and marburgviruses (the ‘filoviruses’, members of
the family Filoviridae) are causative agents of a severe and rapidly
progressing hemorrhagic fever.1,2 Although filovirus infections are
rare in the United States and Europe, outbreaks have been occur-
ring with increased frequency in endemic regions. In 2012 alone,
the Centers for Disease Control (CDC) reported five filovirus out-
breaks or isolated cases of infection in Africa: two caused by Sudan
virus, SUDV, one by Bundibugyo virus, BDBV (both ebola virus spe-
cies) and two caused by Marbug virus, MARV.3 In larger outbreaks,
mortality rates range from 30% to 90%. Currently, there are no ap-
proved therapies or vaccines to treat filovirus infections in the Uni-
ted States. Due to their rapid proliferation and high mortality rates
associated with infection, filoviruses are classified as Category A
biodefense pathogens by the National Institutes of Allergy and
Infectious Diseases (NIAID) and CDC.

Among the filoviruses, the Zaire Ebola virus species (EBOV) has
been most extensively studied.2,4,5 EBOV particles are enveloped,
filamentous and contain a negatively stranded RNA genome. Infec-
tion requires fusion of the host and EBOV membranes for delivery
of the viral genomic material. This process is thought to occur in
host endosomal compartments and is mediated by the transmem-
brane glycoprotein subunit GP2.6,7 In the prefusion state, the
glycoprotein (GP) spike assembly consists of three copies each of
the surface subunit (GP1) and the transmembrane subunit
(GP2).2,4,5 Cell attachment involves binding of cell surface host fac-
tors by GP1, followed by uptake of the EBOV particle by macropin-
ocytosis. Once in the endosome, host proteases Cathepsin L and
Cathepsin B (CatL and CatB, respectively) process GP1 to relieve
constraints on GP2 and expose a receptor-binding domain (RBD).
Interaction between the RBD and at least one host receptor, Nie-
mann Pick C1 (NPC-1), is required to trigger membrane fusion.8

The subsequent events leading to membrane fusion are analo-
gous to mechanisms proposed for HIV-1 and influenza, and are
based mostly on structural information.2,4,5,9,10 GP2 is thought to
undergo a conformational transition that results in projection of
its N-terminal fusion loop into the host endosomal membrane. This
results in a transient intermediate known as the extended or pre-
hairpin intermediate that spans the viral and host cell membranes.
Two heptad repeat regions, N- and C-terminal (the NHR and CHR,
respectively) next refold into a highly stable six-helix bundle.6,7

This refolding event brings the host and virus membranes into
proximity and thus facilitates initial fusion events. Ultimately, a fu-
sion pore is formed through which the viral contents are delivered
into the host cytosol. Three-dimensional structures of the core do-
main from EBOV and MARV GP2 in the ‘post-fusion’ conformation
have been described and are highly similar.6,7,11 The six-helix bun-
dle contains a long, central NHR core (a triple-stranded coiled-coil)
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with the three shorter CHR segments packed in an antiparallel con-
figuration. An intramolecular disulfide bond stabilizes a loop/helix-
turn-helix motif between the NHR and CHR.

Evidence for the extended intermediate in most ‘class I’ fusion
proteins (i.e., those that contain a-helical segments) is largely indi-
rect.9,10 Two recent reports provide specific information about
interbilayer spacing and glycoprotein clustering where the ex-
tended intermediate occurs.12,13 However, the major evidence for
this conformation arises from the fact that synthetic peptides cor-
responding to the CHR (‘C-peptides’) can block infection.9,10 It is as-
sumed that C-peptides function by binding the preformed NHR
core trimer in the transiently exposed extended intermediate, thus
sequestering these segments and preventing formation of the six-
helix bundle. One HIV-1 C-peptide is an approved drug (Enfurvi-
tide/Fuzeon/T-20).

The fusion reaction for HIV-1 occurs primarily at the cell sur-
face, but most other membrane viruses are taken up into endo-
somal compartments where low pH or other endosomal factors
are required to trigger membrane fusion.9,10 Therefore, inhibition
of viral entry within endosomes requires a C-peptide that localizes
to the sites of membrane fusion. We previously reported potent
and broad-spectrum inhibition of filovirus infection by an EBOV
C-peptide consisting of the CHR segment appended to an argi-
nine-rich cell-penetrating undecapeptide from HIV-1 transactiva-
tor protein (‘Tat-Ebo’).12 Here we explore the effect of two
peptide modifications on the activity of EBOV C-peptides: conjuga-
tion to cholesterol and side chain–side chain crosslinking.

Other groups have found that HIV-1, paramyxoviruses, as well as
endosomal viruses (e.g., influenza virus) can be potently inhibited
by C-peptides conjugated to a cholesterol group.13–16 It is believed
that the cholesterol group localizes the C-peptide to membrane
surfaces such that it is primed to interact with the NHR of the
transient extended intermediate when it forms.13–16 Presumably,
this cholesterol-mediated localization effect is not specific to
endosomal or plasma membranes, explaining why both HIV-1
and influenza virus can be targeted effectively in this way. For
HIV-1 C-peptides, conjugation to cholesterol confers up to 400-fold
improvement in IC50.13 For paramyxoviruses and influenza,
cholesterol conjugation imparts activity on an otherwise inactive
C-peptide.14–16 With these factors in mind, we designed and
synthesized peptides 1 and 2 in which the EBOV GP2 CHR peptide
segment contains either an N-terminal or C-terminal free cysteine
as a reactive handle for conjugation. In both cases, a tetralysine
segment was included to enhance solubility. Peptides 1 and 2 were
produced by standard solid-phase peptide chemistry, and purified
by HPLC. Cholesterol was bromoacetylated at the 3-C hydroxyl
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Scheme 1. (A) Synthesis of cholesterol-conjugated peptides: (i) Bromoacetic acid/N,N’-di
side chain linkage.
using bromoacetic acid and N-N’-diisopropylcarbodiimide; the
bromoacetylated cholesterol was conjugated to the free sulfhydryls
of 1 or 2 to form 1-Chol or 2-Chol (Scheme 1a). We found that the
cholesterol ester was stable to hydrolysis for periods of up to 72 h at
neutral pH (data not shown).

The capacity for 1-Chol or 2-Chol to inhibit GP-mediated viral
entry was assessed with a vesicular stomatitis virus particle bear-
ing the EBOV GP in place of the native glycoprotein G (‘VSV-GP’).12

The matrix protein contains an eGFP fusion allowing primary infec-
tion events to be quantified by fluorescence confocal microscopy.
Vero cells were used as the host cell line. Peptides 1-Chol and 2-
Chol resulted in potent inhibition of VSV-GP entry with �103-fold
reduction in infection at 40 lM peptide concentrations (Fig. 1).
This level of inhibition far exceeds previously reported VSV-GP
inhibition by Tat-Ebo, which was �102-fold reduction in entry at
higher peptide concentrations (75 lM).12 Notably, cholesterol
alone had relatively modest effects on VSV-GP entry. However,
we found that this activity was not specific to the EBOV glycopro-
tein. When 1-Chol and 2-Chol were tested for inhibition of VSV
bearing its native envelope glycoprotein G (‘VSV-G’), both had po-
tent activity for inhibition of VSV-G, with �90% reduction at 10 lM
peptide concentration and >99% reduction at higher concentra-
tions. Importantly, both peptides exhibited only modest cell toxic-
ity (�20%) under these conditions (see Supplementary data). The
potent inhibition of VSV-G by 1-Chol and 2-Chol suggests that a
major aspect of the neutralization mechanism is non-specific,
although the fact that cholesterol had only modest effects on
VSV-GP entry suggests this mechanism requires some combination
of peptide and cholesterol moieties. This behavior contrasts with
that of cholesterol-conjugated C-peptides derived from other
viruses.13–16 For example, cholesterol-conjugated HIV-1 C-peptides
had no activity against VSV-G in previous studies.13 Cholesterol-
conjugated C-peptides based on influenza had activity against
VSV pseudotyped with influenza HA but not against VSV pseudo-
typed with the GPC from Nipah virus.16 However, activity against
the native VSV G protein was not explored in this case. Further-
more, this non-specific effect appears to be related to the choles-
terol-conjugated peptide; we previously reported that Tat-Ebo
has no activity against VSV-G at 75 lM.12

To further explore requirements for inhibition of viral entry by
cholesterol-conjugated peptides, we produced 3-Chol, a peptide
that consists of a tetralysine segment conjugated to cholesterol.
We found 3-Chol was active against both VSV-GP and VSV-G
(Fig. 1). Binding to the NHR should be dependent on inclusion of
the CHR sequence, which is not present in 3-Chol. At 20 lM,
3-Chol is much less potent against VSV-GP then 1-Chol and
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isopropylcarbodiimide/DMAP/DCM, (ii) DMSO/DIEA; (B) Thioetheramide side chain–
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Figure 1. Inhibition of VSV-GP (A) or VSV-G (B) entry by cholesterol-conjugated
peptides. For VSV-GP, cholesterol alone was included as a control.

5358 C. D. Higgins et al. / Bioorg. Med. Chem. Lett. 23 (2013) 5356–5360
2-Chol, suggesting that some component of activity is dependent
on the native CHR sequence. However, at higher concentrations,
3-Chol inhibits VSV-GP entry by >90%. These results indicate a
non-specific component of VSV-GP inhibition by cholesterol-con-
jugated peptides since 3-Chol does not contain the GP CHR se-
quence. In contrast, we previously reported that inhibition of
VSV-GP entry by Tat-Ebo was dependent on the native GP2 CHR
sequence since a sequence isomer in which the CHR segment
was scrambled had no effect on entry.12
Table 1
Peptide sequences and masses

Peptide Sequencea

1 CKKKKGSGIEPHDWTKNITDKIDQIIHDFVDK
1-Chol C(Chol)bKKKKGSGIEPHDWTKNITDKIDQIIHDFVDK
2 IEPHDWTKNITDKIDQIIHDFVDKGSGKKKKC
2-Chol IEPHDWTKNITDKIDQIIHDFVDKGSGKKKKC(Chol)
3-Chol KKKKGSGC(Chol)b

4 Ac-YGRKKRRQRRRGSGIEPHDWTKCITOKIDQIIHDF
4-Link Ac-YGRKKRRQRRRGSGIEPHDWTKCITOcKIDQIIHD
5 Ac-YGRKKRRQRRRGSGIEPHDWTKNITCKIOQIIHDF
5-Link Ac-YGRKKRRQRRRGSGIEPHDWTKNITCKIOcQIIHD
Tat-Ebo YGRKKRRQRRRGSGIEPHDWTKNITDKIDQIIHDFVD
Lys-Ebo KKKKGSGIEPHDWTKNITDKIDQIIHDFVDK

a All peptides produced as C-terminally blocked amides. In some cases, the N-termin
b Cholesterol conjugation to cysteine as shown in Scheme 1a.
c Thioetheramide side chain–side chain crosslink between Orn (O) and Cys as shown
The non-specific contribution to inhibitory activity against VSV-
GP is further exemplified by the fact that 1-Chol is more potent
than 2-Chol. The orientation of the NHR core trimer a-helices is
thought to be directional in the extended intermediate (with the
N-terminal end pointed toward the cell membrane). It was there-
fore predicted that 2-Chol would be more potent than 1-Chol be-
cause the C-terminal location of the cholesterol in 2-Chol should
affix the C-peptide in the native antiparallel orientation relative
to the NHR in the extended intermediate. For HIV-1 C-peptides
containing N- or C-conjugated cholesterol, the C-terminal conju-
gated C-peptide has >2000-fold higher activity than the N-terminal
conjugated peptide.13 However, 1-Chol is more potent than 2-
Chol, indicating that the orientation of the C-terminal end of the
C-peptide toward the membrane is not an important factor for po-
tency. This result suggests either that the C-peptide is liberated
from the cholesterol group during infection, or that inhibition in-
volves a more complex mechanism.

We sought to evaluate a second strategy for improvement of
antiviral properties of EBOV C-peptides by incorporation of struc-
ture-promoting modifications. The activity of the CHR segment in
Tat-Ebo is likely dependent on a-helical conformation, since the
native CHR segment participates in a six-helix bundle in the
post-fusion core domain structure.6,7 Therefore, enforcing an a-
helical structure by side chain–side chain cross-links is expected
to enhance activity of Tat-Ebo. To test this hypothesis, we pro-
duced peptides 4 and 5, which contain Cys and Orn residues at i
and i + 3 positions that are not expected to impact CHR binding
according to the post-fusion GP2 structure. Dawson and coworkers
demonstrated that a thioetheramide side chain–side chain cross-
link between Cys and Orn residues at this spacing provides proper
geometry and length to promote a-helical structure.17,18 Peptides 4
and 5 were produced using standard N-FMOC strategy with acid la-
bile protecting groups on all side chains except the Orn residues,
which were protected with an Nd-ALLOC group. Treatment of the
resin-bound peptide precursors with triphenylphosphine Pd(0) re-
sulted in deprotection of the Orn side chain as determined by po-
sitive Kaiser test. The Orn free amine was iodoacetylated using
iodoacetic anhydride. Treatment of this resin with TFA resulted
in simultaneous cleavage and side chain deprotection. Formation
of the thioether amide was rapid and spontaneous to yield 4-Link
and 5-Link. Final products were purified by RP-HPLC, and all
masses were confirmed by MALDI-MS (Table 1).

Peptide 4-Link provided potent neutralization of VSV-GP, with
�99% reduction (2 logs) in infection at 40 lM (Fig. 2). At this con-
centration, 4-Link was well tolerated by Vero cells as scored by vi-
sual inspection of the cells (data not shown) and a commercial cell
viability assay (see Supplementary data). The potency of 4-Link is
[MH]+
exp [MH]+

obs

3737.3 3736.8
4163.9 4164.4
3737.3 3736.9

b 4163.9 4165.4
1260.7 1261.0

VDK 4693.4 4694.5

FVDK 4733.4 4734.4

VDK 4692.4 4694.4

FVDK 4732.4 4734.6

K 4661.5 4661.9
3633.0 3632.2

us was blocked with an acetyl group (indicated with Ac-).

in Scheme 1b.
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Figure 2. Inhibition of VSV-GP (A) or VSV-G (B) entry by side chain–side chain
crosslinked peptides.
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Figure 3. (A and B) CD spectra of peptides in 10 mM NaOAc, pH 4.6 (A), and 10 mM
NaH2PO4, pH 7.1 (B). Peptide concentrations ranged from 36 lM to 75 lM. (C) a-
Helical wheel depiction of 4-Link and 5-Link. Potential stabilizing (blue) or
destabilizing (red) interactions are shown as well as side chain–side chain
crosslinks. Primary sequence and numbering shown above; ‘X’ indicates positions
involved in crosslinks.
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moderately higher than our previous studies on Tat-Ebo, which
afforded 99% reduction only at concentrations of 75 lM.12 Interest-
ingly, 4-Link was able to inhibit infection of VSV-G as well, though
to a lesser extent than VSV-GP at high concentrations. At 40 lM,
�80% (<1 log) reduction in VSV-G infection was observed whereas
2 logs of inhibition were observed in VSV-GP. Therefore, there is
some specificity for 4-Link activity toward the EBOV GP. Vero cells
incubated with concentrations of 5-Link exceeding 15 lM showed
signs of toxicity by visual inspection (not shown), which prevented
assessment of antiviral activity at higher concentrations. At lower
concentrations, 5-Link inhibited both VSV-GP and VSV-G with
similar potency. It is interesting to note that that 4-Link and
5-Link had activity against VSV-G, since the parent compound
Tat-Ebo was highly specific for VSV-GP over VSV-G (Ref. 12). It is
possible that incorporation of side chain–side chain crosslinks re-
sults in general effects of cellular toxicity (as in the case of 5-Link)
or disruption of endsomal uptake mechanisms (4-Link).

We next sought to explore the structural properties of 1-Chol,
2-Chol, 4-Link, and 5-Link to determine if their propensities to
adopt a-helical conformation were correlated with activity. Cir-
cular dichroism (CD) spectra indicated surprisingly that 1-Chol
and 2-Chol adopt a strong a-helical conformation at pH 4.6
and pH 7.1 (Fig. 3). In contrast, Lys-Ebo, whose sequence is sim-
ilar to that of 1-Chol but does not contain the cholesterol-conju-
gated cysteine, did not exhibit an a-helical signature. This result
was unexpected; the cholesterol moiety in 1-Chol and 2-Chol is
separated from the CHR segment by a flexible tripeptide linker
(�GSG�) and a tetralysine segment in both peptides. Therefore,
it is unlikely that the cholesterol induces a-helical conformation
by direct contacts with any of the side chain residues in the CHR
segment. Another possibility is that the cholesterol group
induces limited aggregation of the peptide to form a-helical
bundles. However, we found that the CD spectrum for 1-Chol
was similar over a 4.1–23 lM range (see Supplementary data),
suggesting that any aggregation-induced structural transitions
do not take place in this concentration range.

Both 4-Link and 5-Link had partial a-helical characteristic at
pH 7.1 as indicated by a negative band at �208 nm and a shoul-
der at 222 nm (Fig. 3B). It is interesting to note that 5-Link had
stronger a-character than did 4-Link, indicating that placement
of the side chain–side chain crosslink has structural effects. This
behavior contrasts with previous results on Tat-Ebo indicating
this peptide is unstructured in aqueous solution.12 Therefore,
we conclude that the thioetheramide side chain–side chain
crosslink enhances a-helical conformation in 4-Link and 5-Link.
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However, we found that 4-Link and 5-Link had diminished
a-helical character at pH 4.6 relative to pH 7.1. a-Helical wheel
analysis suggests this pH-dependent behavior may be due to
side chain–side chain interactions between Arg residues of the
Tat segment and acidic or His residues of the CHR segment.
For example, Arg9 (at a c position) has the capacity to form
a-helix stabilizing salt bridges with Glu16 (another c position)
and Asp19 (an f position) at neutral pH. However, such interac-
tions would be diminished under conditions where the acidic
residues are protonated. Arg11 (at an e position) may form unfa-
vorable electrostatic interactions with His18 (an e position) under
conditions where the imidazolium group is protonated.

Here we describe the synthesis and evaluation of modified C-
peptides for the inhibition of EBOV GP-mediated cell entry.
Although potent, the inhibitory effect of cholesterol-conjugated
C-peptides 1-Chol and 2-Chol had little specificity for the glyco-
protein of EBOV (VSV-GP vs VSV-G) or the native CHR sequence
(1-Chol vs 3-Chol). It seems reasonable that some aspect of inhibi-
tion in these peptides arises from delivery of the CHR segment to
the sites of membrane fusion. However, these data also suggest
additional effects, related specifically to the combination of pep-
tide and cholesterol, contribute to this activity. The fact that inhi-
bition with both VSV-GP and VSV-G is observed indicates that
this non-specific component may include mechanisms of cellular
uptake or endosomal maturation. Curiously, cholesterol conjuga-
tion enhances a-helical structure in a concentration-independent
manner. Whether this structural effect plays a role in the broad
inhibitory activity remains to be determined. These results further
suggest that caution must be exercised in considering cholesterol-
conjugated C-peptides as a therapeutic antiviral approach.13–16,19

Furthermore, we found modest enhancement in activity with the
side chain–side chain crosslinked peptide 4-Link relative to its lin-
ear analog Tat-Ebo. CD indicates an enhancement in a-helical
structure, which may play a role in this inhibitory activity. How-
ever, it is expected that 4-Link would function at pHs of the late
endosome (pH 4.5–5.5), and under these conditions structure
was not promoted. These results provide novel insights into C-pep-
tide inhibition of the filoviruses.
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