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Abstract

The envelope spike (S) glycoprotein of the severe acute respiratory syndrome associated coronavirus (SARS-CoV) mediates the entry of the
virus into target cells. Recent studies point out to a cell entry mechanism of this virus similar to other enveloped viruses, such as HIV-1. As it
happens with other viruses peptidic fusion inhibitors, SARS-CoV S protein HR2-derived peptides are potential therapeutic drugs against the virus.
It is believed that HR2 peptides block the six-helix bundle formation, a key structure in the viral fusion, by interacting with the HR1 region. It is a
matter of discussion if the HIV-1 gp41 HR2-derived peptide T20 (enfuvirtide) could be a possible SARS-CoV inhibitor given the similarities
between the two viruses. We tested the possibility of interaction between both T20 (HIV-1 gp41 HR2-derived peptide) and T-1249 with S protein
HR1- and HR2-derived peptides. Our biophysical data show a significant interaction between a SARS-CoV HRI1-derived peptide and T20.
However, the interaction is only moderate (Kg=(1.1+0.3)x 10> M~ "). This finding shows that the reasoning behind the hypothesis that T20,
already approved for clinical application in AIDS treatment, could inhibit the fusion of SARS-CoV with target cells is correct but the effect may

not be strong enough for application.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The outbreak of severe acute respiratory syndrome (SARS)
was caused by a novel coronavirus, the SARS-associated
coronavirus (SARS-CoV) [1-5]. As SARS-CoV can replicate
in an animal reservoir, it might be reintroduced in the human
population (even as a more dangerous strain), originating a
seasonal disease [6]. Considering that there is no specific
treatment for this infection, it is necessary to develop antiviral
agents to prevent possible future epidemics. Coronavirus are
enveloped viruses and their entry into target cells is mediated
by the spike (S) envelope glycoprotein [5,7]. Although SARS-
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CoV S protein can be classified as a class I viral fusion protein,
some features set it apart: for instance, cleavage between the S1
and S2 subunits of the S protein is not a requirement for fusion
[5,7]. The S1 domain (N-terminal region) contains the
sequence responsible for the binding to the SARS-CoV cell
receptor ACE2 (angiotensin-converting enzyme 2) [8,9]. The
S2 domain (membrane-anchored C-terminal region) mediates
membrane fusion, and contains two heptad repeat regions, HR1
and HR2, forming coiled-coil structures [10—14]. In a number
of viruses, including SARS-CoV [10—14], HR regions have
determining importance for viral fusion: these regions form a
six-helix bundle structure, consisting of an inner trimeric coiled
coil formed by HR1 domains, with HR2 domains surrounding
the trimer, packed in antiparallel orientation. This structure
brings the viral and cellular membranes into close proximity,
leading to membrane fusion. Synthetic peptides derived from
the HR were shown to inhibit infection by either retroviruses
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(e.g., [15-18]), paramyxoviruses (e.g., [19]) or coronavirus
(e.g., [20]). The peptides derived from the HR2 region can
inhibit infection by interfering with the six-helix bundle
formation. Thus, based on the behavior of other enveloped
viruses like HIV-1, recent studies have suggested a cell entry
mechanism of SARS-CoV similar to viruses with class I viral
fusion proteins [10—13]. The potential of HR2-derived pep-
tides as inhibitors of SARS-CoV infection was demonstrated
[10,12,14]. In addition, based on a structural analysis of HIV-1
gp41 and SARS-CoV S protein, Gallaher and Garry proposed
that T20 (enfuvirtide) could inhibit SARS-CoV infectivity,
although with a limited activity [21]. T20 is a HIV-1 gp4l
HR2-derived peptide that blocks entry of HIV-1 into the target
cells, which is already in clinical use [22]. T-1249 is a second-
generation HIV-1 fusion inhibitor with promising results [23].
In the present study, we have explored the potential of the HIV-
1 HR2-derived peptide T20 and the related peptide T-1249
against SARS-CoV, using S protein HR1- and HR2-derived
peptides (Table 1). The results obtained confirmed the
occurrence of an interaction between the HIV-1 peptides and
peptides derived from SARS-CoV HRI as speculated [21].
However, the interaction does not seem to be strong enough to
grant therapeutic efficiency, which justifies the limited activity
foreseen by Gallaher and Garry [21] and recently confirmed in
infectivity assays [24].

2. Experimental
2.1. Materials

T20 and T-1249 were a kind gift from Roche (Palo Alto,
CA, USA). All the Na-L-Fmoc-protected amino acids,
coupling reagents (DIC) and HOBt were obtained from GL
Biochem (Shanghai, China). Fmoc rink MBHA resin (loading
0.44 mmol/g, 1% DVB, 100—200 mesh) was purchased from
Hecheng, Co. (Tianjin, China). Other reagents used in peptide
synthesis were obtained commercially and were of analytical
grade. Unless otherwise stated, all solvents for synthesis were
of analytical grade and used without further purification. DMF
was redistilled under reduced pressure after dried over 4 A
molecular sieves overnight. 1,8-ANS (8-phenylamino-1-
naphthalenesulfonic acid) and di-8-ANEPPS (4-[2-[6-(diocty-
lamino)-2-naphthalenyl]ethenyl]-1-(3-sulfopropyl)-pyridinium)
were purchased from Molecular Probes (Eugene, OR, USA).
POPC (1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine) was

Table 1

from Avanti Polar-Lipids (Alabaster, AL, USA). HEPES and
NaCl were from Merck (Darmstadt, Germany). 10 mM HEPES
buffer pH 7.4, 150 mM NacCl, was used throughout the studies.
T20 and T-1249 stock solutions in buffer were diluted to final
desired concentrations. Stock solutions of SARS-CoV S
protein-derived peptides were prepared in buffer with small
amounts of DMSO and diluted to final concentrations. Through
the experiments, DMSO concentration in the samples was at
most 1.4% (v/v). All peptides solubilization required mild
sonication, mainly HR1-derived peptides. The spectrofluorim-
eter used was a SLM Aminco 8100 with double monochro-
mators and 450 W Xe lamp.

2.2. Methods

2.2.1. Peptide synthesis

The peptides were synthesized by a standard Fmoc/t-Bu
protection strategy. After removal of Fmoc of Fmoc-rink
MBHA resin by 20% Piperidine/DMF (v:v) treatment for 10
min twice, the resin was thoroughly washed by DMEF,
Methanol, DCM and DMF, three times each. Fmoc protective
amino acid was then coupled onto the resin for 45 min at room
temperature using 3-fold excess molar ratio of amino acid and
3-fold excess DIC and HOBt as coupling and additive reagents,
respectively. Until Kaiser’s test [25] showing to be negative,
the Fmoc-deprotection and washing steps were performed
again as described above. The next amino acid assembly was
repeated. In case of Kaiser’s test to be positive or weakly
positive, a double coupling step was carried out until Kaiser’s
test to be negative. Otherwise, the remaining amino group after
two-coupling steps was captured by 15% Ac,O/DCM (v:v) for
30 min at room temperature. After all amino acids were
successfully assembled onto resin, the last Fmoc group was
removed and the resin was rinsed thoroughly with DMF,
methanol and DCM. The resin must be completely dried under
airflow at room temperature before the peptide was cleaved off
resin.

Crude peptide attaching onto 100 mg resin was treated by
TFA (4.0 mL), thioanisole (0.2 mL), phenol (0.3 g), deionized
water (0.2 mL) and EDT (0.1 mL) for 2 h at room temperature.
The ‘peptide+resin’ mixture was filtered and the tube was
rinsed with 2—3 mL cleavage mixture. The combined solution
was dried under a slow flow of nitrogen gas and then treated
with ice-cooled methyl t-butyl ether-petroleum ether (3:1) to
precipitate the peptide. The crude peptide was washed twice

Sequences of HIV-1 fusion inhibitor peptides T20 and T-1249, and of the peptides derived from the HR1 and HR2 regions of SARS-CoV spike protein (Pep 1D, Pep

1E and Pep 2B, Pep HR2, respectively)

Peptide Protein location Sequence

T20 - YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF
T-1249 - WQEWEQKITALLEQAQIQQEKNEYELQKLDKWASLWEWF
Pep 1D 900-921 ENQKQIANQFNKAISQIQESLT

Pep 1E 931-951 QDVVNQNAQALNTLVKQLSSN

Pep 2B 11571178 SVVNIQKEIDRLNEVAKNLNES

Pep HR2 1150—1189 DISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE

The corresponding amino acid residues in SARS-CoV S protein of the derived peptides used is in the table.



S. Veiga et al. / Biochimica et Biophysica Acta 1760 (2006) 55—61 57

with ice-cooled methyl t-butyl ether-petroleum ether (3:1) and
air dried naturally. The crude peptide was dissolved in 30—-60%
CH5;CN—-H,O (v:v) and purified by HPLC (Gilson 322 pump,
Gilson UV/vis-152 detector, and Gilson 215 liquid handler) on
a semi-preparative Vydac C18 column. The flow rate was 5
mL/min. The solvents were A: 5% CH;CN in H,O, B: 5% H,O
in CH5CN. The pH was adjusted with TFA 0.05% (v/v). The
detecting wavelength was 214 nm. Depending on the peptide
sequences, the gradient was adjusted until the expected HPLC
peak was separated very well. Collected fractions were
analyzed by our HPLC-MS system on a Vydac CI18 analytic
column (4.6 um x 25 cm). When both a purity of peptide over
95% and correct molecular weight were obtained, the peptide
was lyophilized and used as a powder for subsequent studies.

2.2.2. SARS-CoV S protein-derived peptides influence on
T20 and T-1249 fluorescence

S peptides are not intrinsically fluorescent, except for Pep
HR2, which is weakly fluorescent in the operation conditions
of our study, due to the Tyr residue. However, the presence of
tryptophan residues in T20 and T-1249 enable the use of
fluorescence techniques to study these molecules. To study the
influence of S peptides on T20 (10 uM) or T-1249 (6.7 uM)
fluorescence emission (A =280 nm; A.,=350 nm) and
conclude on mutual association, these peptides were titrated
with successive additions of small amounts of S peptides (or
just the solvent for controls). After each addition of peptide the
sample was incubated for 10 min before measurement.
Fluorescence intensity data was corrected for the dilution
effect.

2.2.3. Hydrophobic interactions between T20 or T-1249 and S
protein SARS-CoV-derived peptides

The existence of hydrophobic interactions between T20 or
T-1249 and S peptides was studied by means of the ANS
probe fluorescence (Aexe=372 nm; A.,=480 nm). ANS was
added (final concentration 26 uM) to a sample of a selected
peptide (6.7 uM for T-1249 and 10 uM for all the other
peptides), and the other peptide was added in successive
aliquots. The inverse situation (i.e., exchange of titrated and
added peptide) was also carried out. To account for the
possible self-aggregation of the added peptides, the same
procedure was repeated in the absence of the titrated peptide,
i.e., titration of an aqueous ANS solution only. After each
peptide addition, the sample was incubated for 10 min before
measurement. DMSO additions, in the same amounts present
in peptide solutions, were used to control its effect on ANS
fluorescence. Fluorescence intensity data were corrected for
the dilution effect.

2.2.4. Membrane partition of SARS-CoV S protein-derived
peptides

POPC (in chloroform) and di-8-ANEPPS (from a stock
solution in ethanol) were mixed in a round bottom flask, and
the solution was dried under a stream of nitrogen. Solvent
removal was completed in vacuum, overnight. Large uni-
lamellar vesicles (LUV) were prepared by extrusion techniques

[26]. Peptides were added afterwards. Di-8-ANEPPS excitation
spectra were obtained with emission at 603 nm [27,28]. The
final concentrations used were 200 uM for lipids, 10 pM for
di-8-ANEPPS and 15 puM for all peptides.

2.2.5. Membrane partition of T20 and T-1249 in the presence
of SARS-CoV S protein-derived peptides

POPC LUV were prepared by extrusion techniques [26] as
before, except that the di-8-ANEPPS probe was not used.
Membrane partition studies were performed by successive
additions of small volumes of LUV (15 mM) to the peptide
samples, with 10 min incubation in between. The peptide
samples were composed of T20 or T-1249 alone or in mixtures
with equimolar concentration of S peptides (T20 10 pM and
T-1249 6.7 uM). The excitation wavelength used was 280 nm
and the emission wavelength was 350 nm. Fluorescence
intensity data were corrected for the dilution effect.

3. Results
3.1. Pep 1D presence lead to fluorescence variations in T20

S peptides (Table 1) influence on T20 and T-1249
fluorescence emission was used for the evaluation of peptides
interactions. Titration of T20 with Pep 1D (Fig. 1A) or Pep 1E
(results not shown) leads to a fluorescence emission intensity
increase. A similar but not so pronounced result was obtained
with T-1249 (Fig. 1B). Fluorescence variation was not detected
for any of the others peptide pairs, e.g., T20 or T-1249 with Pep
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Fig. 1. T20 (A) and T-1249 (B) fluorescence intensity variation in the presence

of Pep 1D (@) and Pep 2B (A). Small amounts of S peptides were added to a
sample of T20 (10 uM) or T-1249 (6.7 uM).
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2B (Fig. 1A and B, respectively). DMSO presence has no
effect on T20 and T-1249 fluorescence intensity.

3.2. Hydrophobic interactions occur between Pep 1D and T20

ANS (an environmentally sensitive probe) is essentially non
fluorescent in water, becoming fluorescent in a less polar
environment, e.g., when bound to hydrophobic sites in proteins
[29,30]. It was shown before that this probe can be used to
study peptide assemblies [30]. Therefore, we used the increase
in ANS fluorescence intensity (increased quantum yield) to
study the existence of hydrophobic binding between T20 or T-
1249 and S peptides because this binding may lead to the
formation of hydrophobic grooves where ANS can insert, with
a concomitant increase in fluorescence intensity. To evaluate
peptides interactions, pair-wise tests were carried out. Small
amounts of one peptide were added to the other peptide/ANS
sample. For each pair of studied peptides, reverse titration (i.e.,
titration of the first peptide with the second) was also carried
out. To take into account eventual self-aggregation of the
titrating peptide, all peptides were used to titrate ANS samples
in buffer. The results show that Pep 1D (Fig. 2A), T-1249 (Fig.
2C) and Pep 1E (data not shown) self-aggregate. However, the
ANS fluorescence increase observed with the addition of Pep
1D to T20 is larger than the observed with Pep 1D alone (self-
aggregation), which is indicative of mutual binding between
these peptides—Fig. 2A. The T20/Pep 1E mixture also
indicates interaction (data not shown). Although similar, T-
1249/Pep 1D results exhibit a larger variability (Fig. 2C). T-
1249 does not interact with Pep 1E. Both T20 and T-1249 show
no evidence of interaction when the other two S peptides are
used (results for the T20/Pep 2B and T-1249/Pep 2B systems
are shown in Fig. 2B and D, respectively, as an example). No
DMSO effect on ANS fluorescence was detected. Peptides Pep
1D and Pep HR2 interact with each other (data not shown), in
agreement with the results obtained by Liu et al. [12]. This
result serves as a positive control of the method.

3.3. § protein-derived peptides do not interact with membranes

Due to the lack of intrinsic fluorescence in S peptides, the
interaction studies with model membranes could not be done
by a direct method. Thus, di-8-ANEPPS was used as a probe
for peptide—membrane interaction. The magnitude of the
membrane dipole potential is affected by membrane binding
and by the insertion of molecules as such peptides. This change
on the potential magnitude may be monitored by means of
spectral shifts of the fluorescence indicator di-8-ANEPPS
[27,28]. Fig. 3 shows the fluorescence difference spectra for
all S peptides, as well as for T20 and T-1249. Fluorescence
difference spectra were obtained by subtracting the excitation
spectrum of di-8-ANEPPS-labeled POPC membranes in the
absence and presence of the peptides. Before subtraction, the
spectra were normalized to the integrated areas so that the
difference spectra reflect only spectral shifts. Fluorescence
intensity difference spectra for T20 and T-1249 (peptides
known to interact with membranes [31,32]) and S peptides
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Fig. 2. ANS (26 uM) fluorescence intensity for the titration of (A) T20 with
Pep 1D (and vice-versa), (B) T20 with Pep 2B (and vice-versa), (C) T-1249
with Pep 1 D (and vice-versa) and (D) T-1249 with Pep 2B (and vice-versa).
Small amounts of Pep 1D or Pep 2B were added to a T20 or T-1249 sample
containing ANS, and vice-versa. T20 or T-1249 added to S peptide (#) and S
peptide added to T20 or T-1249 (@) lead to different results. Small amounts of
each peptide (A—T20 or T-1249; ®—S peptide, Pep 1D in panels A and C
and Pep 2B in panels B and D) were added to a buffer/ANS sample to evaluate
self-aggregation.
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Fig. 3. Di-8-ANEPPS-labeled (10 pM) membranes (POPC 200 pM LUV)
fluorescence difference spectra (4e, =603 nm). The spectra were obtained by
subtracting the excitation spectrum before the addition of peptides from the
excitation spectra after the peptides addition (15 uM). Before subtraction, the
spectra were normalized to the integrated areas so that the difference spectra
reflect only the spectral shifts. (A) T-1249, (B) T20 and (C) S peptides. The
latter spectra have no meaningful difference among each other.

show no interaction of the latter with the membranes. The
small DMSO amount present in the samples does not perturb
membrane structure [33].

3.4. Pep 1D interferes with the membrane partition of T20

T20 and T-1249 membrane partition experiments were done
in the presence and absence of S peptides as a tool to enable the
calculation of peptide binding constants. A decrease in the
partition occurs for T20 in the presence of Pep 1D (Fig. 4A). In
the presence of Pep 1E the result is not so striking, although
clear. T-1249 results were not conclusive. With Pep 2B and Pep
HR2 no difference occurs in T20 and T-1249 partition (Fig.
4B). The small DMSO amounts used do not perturb
membranes [33]. In agreement, DMSO had no significant
effect on T20 and T-1249 partition to membranes.

4. Discussion

SARS-CoV membrane fusion mechanism is similar to that
of class I viral fusion proteins, where HR regions have a very
important role. The HR1 regions form a trimer where the HR2
regions pack onto the grooves in an antiparallel manner to form
the six-helix bundle [12]. This structure leads to a close
apposition of viral and target cell membranes, favoring the
membrane fusion. The SARS-CoV S protein HR2-derived
peptides are able to inhibit viral entry. HR2 peptides compete
for binding to the HR1 region of the SARS-CoV S protein,
blocking the six-helix bundle structure formation, and thus
inhibiting fusion [10,12]. In our studies, we have explored the
interaction between T20 (HIV-1 gp41 HR2-derived peptide) or
T-1249 and SARS-CoV S protein HR1 (Pep 1D or Pep 1E)- or
HR2 (Pep 2B or Pep HR2)-derived peptides, in order to
explore a possible SARS-CoV fusion inhibition by the first
ones.

T20 fluorescence increases in the presence of Pep 1D or Pep
1E (although with a better signal/noise ratio in the first case),
but not in the presence of the other S peptides. The same occurs

for T-1249, although the results are not so evident. This
increase in the fluorescence quantum yield probably indicates
tryptophan residues exposure to a less polar environment,
protected from the aqueous environment [34], revealing
peptides interaction. Alternative explanations, such as a
decrease in Trp fluorescence quenching by other peptide
residues, cannot be ruled out. Nevertheless, the increase of
ANS fluorescence intensity in the peptide/peptide titrations is
an evidence for the formation of hydrophobic pockets. To
assure that such increase is not due to the self-aggregation of
the titrating peptide, instead of inter-association of different
peptides, control experiments were performed in the absence of
the titrated peptides. Although self-aggregation occurs for T-
1249, Pep 1D and Pep 1E, a T20/Pep 1D inter-association of
hydrophobic nature is evident. However, the titration of T20
with Pep 1D does not lead to precisely the same result as the
opposite titration. The addition of Pep 1D to T20 lead to an
ANS fluorescence increase larger than the increase caused by
Pep 1D self-aggregation alone. The addition of T20 to Pep 1D
does not result in a similar fluorescence increase. This occurs
because T20 is not able to destroy Pep 1D aggregates, which
prevent peptides interaction in a larger extent. The T20/Pep 1E
and T-1249/Pep 1D systems lead to low signal/noise ratios,
preventing straightforward conclusions. Yet, T-1249 and Pep
1E show no evidence for interaction. Both T20 and T-1249
show no interaction with HR2-derived peptides detectable by
ANS fluorescence.
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Di-8-ANEPPS was used to probe the peptides interaction
with membranes. It is known from other studies that both T20
and T-1249 interact with membranes to a reasonable extent
[31,32]. In agreement with the previous results, T-1249 is the
peptide that presents the most extensive interaction with
membranes. From the comparison between all the fluores-
cence difference spectra intensity obtained (Fig. 3), it can be
concluded that the S peptides have a very low or even null
partition to membranes.

T20 and T-1249 membrane partition experiments were done
in the absence and presence of S peptides (Fig. 4). T20
partition curves in the absence and in the presence of Pep 1D
do not overlap. One possible explanation is that peptides
interact in the aqueous medium and this additional equilibrium
(interaction) competes with partition, decreasing the molar
fraction of the molecules in the lipidic bilayers. The same
occurs for T-1249/Pep 1D and for both peptides in the presence
of Pep 1E. However, the statistical quality of the results
worsens in these cases. In the presence of Pep 2B or Pep HR2,
the partition of both T20 and T-1249 is not affected. It is
possible to quantify the equilibria balance and rationalize the
altered partition plots (Appendix A). This analysis takes into
account the partition of T20 and T-1249 to LUV of POPC and
the interaction in the aqueous medium with S peptides. Data
fitting with Eq. (A1.7) (Appendix A) for T20 in the presence of
Pep 1D (Appendix A; Fig. A1.2) leads to a binding coefficient
of Kg=(1.1£0.3)x 10° M~' (means+standard deviation of
four replicates). This value is in between the values obtained
for very strong and specific binding, such as the binding of the
S1 domain of SARS-CoV to ACE2 (~10° M~ Ref. [35]) and
the values expected for moderately specific association pairs
(~10*> M™'; Ref. [36]).

Taken together, the results obtained prove the occurrence
of an interaction between T20 and Pep 1D. Taking into
account that T20 is an HR2-derived peptide and Pep 1D is
an HR1 peptide, our results seem to confirm at a first
glance that SARS-CoV could be inhibited by T20, in
agreement with the speculative reasoning by others [21].
Nevertheless, the interaction is too moderate to be able to
provide therapeutic efficiency, even keeping in mind that
SARS-CoV HR2 peptides are less potent fusion inhibitors
than the corresponding HR2 peptides from other viruses
[10,12]. For SARS-CoV, the inhibitory peptides concentra-
tions were in the micromolar range, while T20, for instance,
has activity in the nanomolar range against HIV-1 entry.
Although the inhibitory properties of HR2 peptides could be
affected by many different factors, SARS-CoV six-helix
bundle lower stability, caused by a weaker interaction
between the HRI and HR2 regions, could be directly
correlated with a lower potency of the HR2 peptide in
blocking the formation of this structure [10,12,37].

In conclusion, our studies indicate a significant interac-
tion between T20 and an S protein HRI1-derived peptide
(Pep 1D). This interaction could in principle be responsible
for the inhibition of SARS-CoV membrane fusion by the
most accepted mechanism involving HR2-derived peptides.
However, the values found for Ky justify the absence of

strong anti-SARS activity in the most recent activity studies
[24]. Lastly, it is worth mentioning that although a potential
use of Pep 1D to block HIV-1 fusion becomes apparent
from our work, it is known that HRI-derived peptides
usually are less potent fusion inhibitors than HR2-derived
peptides [16,38].
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