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Abstract

Entry of SARS-CoV into a target cell is initiated by binding of the S1 domain of spike protein to a receptor, followed by con-
formational changes of the spike protein S2 domain, resulting in the formation of a six-helix bundle by the heptad-repeat (HR1 and
HR2) regions. Our previous studies have demonstrated that peptides derived from HR2 region could inhibit SARS-CoV entry.
However, synthesis of these peptides is at high cost. In this study, we designed two recombinant proteins, one containing two
HR1 and one HR2 peptides (denoted HR121), and the other consisting of two HR2 and one HR1 peptides (designated HR212).
These two proteins could be easily purified with the low cost of production, exhibiting high stability and potent inhibitory activity
on entry of the HIV/SARS pseudoviruses with IC50 values of 4.13 and 0.95 lM, respectively. These features suggest that HR121 and
HR212 can serve as potent inhibitors of SARS-CoV entry.
� 2005 Elsevier Inc. All rights reserved.
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Severe acute respiratory syndrome (SARS) is a life-
threatening form of atypical pneumonia [1,2]. It has seri-
ously threatened public health and socioeconomic
stability. More than 8000 people were infected and 774
worldwide, mostly in Asia, were killed by the disease be-
fore it was brought under control in July between the
winter and spring in 2002–2003 (WHO website:
www.who.int). However, the current therapeutic agents
for SARS-CoV infection are mainly hormone agents.
Despite the success of these drugs in treating SARS,
they also cause many sequelae, such as arthralgia [3].
Accordingly, new types of therapeutics are needed.

SARS is caused by a novel coronavirus, SARS-CoV
[4–9]. Coronaviruses, belonging to coronaviridae family,
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are enveloped positive-strand RNA viruses. The envel-
oped glycoproteins of the enveloped viruses initiate en-
try of viruses into their host cells by binding to cell
surface receptors followed by conformation changes
leading to membrane fusion and delivery of the genome
in the cytoplasm [10–14]. As for SARS-CoV, the fusion
process is mediated by the spike protein on the surface
of the virus [15]. The spike protein is a typical class I vir-
al fusion protein just like the transmembrane glycopro-
tein of many other enveloped viruses [14,16]. It is
composed of two subunits: S1, a surface subunit that
binds to the host cell surface receptor; and S2, a trans-
membrane subunit that ultimately inserts into the host
cell membrane and promotes the fusion events. The S2
domain of the spike protein contains two helical regions,
one near the amino terminus (HR1) and the other near
the carboxy terminus (HR2), both of which are well con-
served. In the late stages of membrane fusion, these two
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regions interact with each other in an antiparallel man-
ner to form a trimer-of-hairpins that shares significant
similarity with the fusion core structure of MHV spike
protein and other viral fusion proteins [17]. This facili-
tates the juxtaposition of the virus and cell membranes,
leading to membrane fusion. Moreover, peptides de-
rived from HR2 region of the spike protein have been
found to have inhibitory activity just as those of retrovi-
rus and paramyxovirus fusion protein [18–21]. HR2
peptides likely inhibit formation of the trimer-of-hair-
pins in a dominant-negative manner by binding to
HR1 region just like T-20 (Fig. 1A). T-20 is the first
inhibitor to be approved by the US Food and Drug
Administration (FDA) and European Commission for
the treatment of HIV infection in adults and children
aged 6 years and older. However, one of the major lim-
itations of T-20 is the difficulty of peptide synthesis,
resulting in high cost of production and insufficiency
of supplies [22]. Accordingly, it is necessary to find the
analogs of these peptide inhibitors with the same fu-
sion-inhibitory activity, but the production is at low
cost.

Recombinant proteins that contain the HR1 and
HR2 segments of HIV-1 gp41 separated by a short,
hydrophilic, six-residue linker (HR1-HR2, 2-helix) have
Fig. 1. Target SARS-CoV membrane fusion. (A) A schematic model of SARS
coiled-coil formed by three HR1s and three HR2s was exposed and could be
state ultimately collapsed into a six-helix bundle that brought the HR1 and
entry inhibitors (black cylinder) targeting HR1 regions prevented the formatio
one HR2 segment alternatively linked with the short Gly/Ser peptide sequence
The sequences of HR1 and HR2 for constructing HR121 and HR212 were
SGGRGG. (C) Schematic models of the trimer of HR121 (left) and HR212
free HR1s or HR2s.
been produced and shown to fold into thermally stable
six-helix bundles [23]. We have also previously shown
that 2-helix proteins from a number of paramyxovirus
F proteins, such as NDV [24], Mumps virus [25], Mea-
sles virus [26], and Menangle virus [27], could also form
typical six-helix bundles and be used successfully for
crystallization. Based on our previous constructs, we
designed two proteins, HR121 (HR1-HR2-HR1) and
HR212 (HR2-HR1-HR2), analogous to HR1 and
HR2, respectively. One more HR sequence was linked
with 2-helix, which led to the formation of HR121 and
HR212. In this study, we used a GST-fusion system to
express HR121 and HR212 separately in an Escherichia

coli (E. coli). HR121 and HR212 could be easily ex-
pressed and purified, exhibiting stable a-helical structure
in solution and potent inhibitory activity on entry of the
HIV/SARS pseudotyped virus.
Materials and methods

Plasmids and cell lines. pNL43LucE�R� (HIV-luc) and the codon
optimized SARS-CoV S protein expression plasmid pcTSh (strain
BJ01, GenBank Accession No. AY278488, a gift from Dr. Hongkui
Deng) were utilized in the production of HIV/SARS pseudoviruses.
293T cells used in pseudotyped virus generation and Huh 7 cells used
-CoV membrane fusion [21]. In the prehairpin intermediate, the central
targeted by exogenous HRs. In the absence of inhibitors, this transient
HR2 regions into close proximity, promoting membrane fusion. The
n of the six-helix bundle. (B) HR121 contained two HR1 segments and
s, while HR212 consisted of two HR2 segments and one HR1 segment.
peptides N35 and C35, respectively; linker 1, GGSGG; and linker 2,
(right). Both HR121 and HR212 assembled into six-helix bundles with
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in cell–cell fusion assays were cultured in Dulbecco�s modified Eagle�s
medium supplemented with 10% fetal bovine serum.

Gene construction. Learn Coil-VMF program [28] was used to
predict the amino acid sequences of HR1 and HR2 regions. Genes
encoding amino acids 898–1005 for HR1 (N108), 900–943 for HR1
(N44), 916–950 for HR1 (N35), 1149–1186 for HR2 (C38), and 1151–
1185 for HR2 (C35) were amplified by PCR from pcTSh. Based on
Tripet�s finding [29], we selected N35 and C35 to construct HR121
(N35-C35-N35) and HR212 (C35-N35-C35). HR121 consisted of two
N35 segments and one C35 segment alternatively linked with the short
peptide sequences, while HR212 consisted of two C35 segments and
one N35 segment (Fig. 1B). The genes encoding the two proteins were
then subcloned into E. coli expression vector pGEX-6P-1 by two
restriction enzyme sites of EcoRI and XhoI. A stop codon was intro-
duced before the XhoI site. This cloning strategy yielded glutathione S-
transferase (GST) fusion proteins and the fusion proteins were named
after GST-HR121 and GST-HR212, respectively. N108, N44, and C38
were subcloned into the BamHI/XhoI site of pET-30a and yielded the
proteins with N-terminal 6· his-tag, thrombin, and enterokinase
cleavage sites. The purified proteins were named after N108-30a, N44-
30a, and C38-30a, respectively.

Protein expression and purification. The recombinant plasmids of
pGEX-6p-1-HR121, pGEX-6p-1-HR212 and the plasmid pGEX-6p-1
itself were transformed into E. coil strain BL21 (DE3). Single colony
from the respective transformation was grown at 37 �C in 2· YT to an
optical density (OD) at 600 nm of 0.8–1.0 and then induced with
0.5 mM IPTG at 20 �C for 4 h. Bacterial cells were harvested and lysed
by sonication in phosphate-buffered saline (PBS, 10 mM sodium
phosphate, pH 7.3; 150 mM NaCl). Triton X-100 was then added to a
final concentration of 1% and the lysate was incubated for 30 min on
ice and subsequently clarified by centrifugation at 12,000g for 15 min
at 4�C. The clarified supernatants were applied to Glutathione-Se-
pharose 4B affinity column (Pharmacia). The column was then washed
with 10 bed volumes of PBS and eluted with reduced L-glutathione
(15 mM). The HR121 and HR212 proteins were subsequently cleaved
from the fusion proteins by GST-fusion rhino-virus 3C protease (GST-
3C), kindly provided by Drs. K. Hudson and J. Heath, and were
loaded on glutathione–Sepharose 4B affinity column again to remove
GST and GST-3C. The samples were then purified by a Hiload Su-
perdex G75 column (Pharmacia) running on Akta Explorer FPLC
system (Amersham-Pharmacia). The fractions of the peak were col-
lected and run on 12% SDS–PAGE. The peak molecular weight was
estimated by comparison with the protein standards (Pharmacia)
running on the same column. The clarified supernatants of N108, N44,
and C38 were applied on Ni-chelated Sepharose affinity column
(Pharmacia). The column was then washed by PBS over 10 column
volumes and eluted with imidazole (500, 300, and 200 mM,
respectively).

Chemical cross-linking. This was done according to the method
described earlier [26]. Briefly, the gel-filtration purified HR121 and
HR212 were dialyzed against cross-linking buffer (50 mM Hepes, pH
8.3; 100 mM NaCl) separately and concentrated to about 2 mg/ml by
ultrafiltration (10 kDa cut-off). Proteins were cross-linked with ethyl-
ene glycol bis (succinimidyl succinate) (EGS, dissolved in DMSO)
(Sigma). The reactions were incubated for 1 h on ice at concentrations
of 0, 0.1, 0.2, 0.4, 0.8, and 1.2 mM EGS and stopped by 50 mM gly-
cine. Cross-linked products were analyzed under reducing conditions
on 12% SDS–PAGE.

CD spectroscopy. CD spectra were performed on a Jasco J-715
spectrophotometer with proteins in PBS. Wavelength spectra were
recorded at 37 �C using a 0.1 cm path-length cuvette. The protein
concentration used for this was 10 lg/ml.

GST pull-down assay. Excess N108-30a and C38-30a in classified
bacterium supernatants were, respectively, mixed with GST-HR121
and GST-HR212. The mixtures were incubated for 1 h at room tem-
perature before glutathione–Sepharose 4B affinity gel was added. The
gel with the protein mixtures was then incubated with gentle agitation
at room temperature for 30 min. The suspension was centrifuged at
500g for 5 min to sediment the gel with adsorbed fusion protein
complexes. The column was then washed with 10 bed volumes of PBS
and eluted with reduced L-glutathione. The eluted samples were ana-
lyzed by SDS–PAGE.

Inhibition of HIV/SARS pseudovirus entry by HR121 and HR212.

HIV/SARS pseudovirus was produced as described by Deng [30].
pNL43LucE�R� and pcTSh were co-transfected into 293T cells. Forty
eight hours later, HIV/SARS pseudovirus-containing supernatant was
mixed with serially diluted protein. The virus/protein mixture was then
transferred to 24-well plates seeded with Huh 7 cells. Three hours later,
the medium was replaced. Following 2 days incubation at 37 �C, the
cells were harvested in lysis buffer, analyzed for luciferase activity by
the addition of luciferase substrate, and measured for 10 s in a TD-20/
10 luminometer. The IC50 values were calculated by fitting the HR121
and HR212 titration data Langmuir function {normalized luciferase
activity = 1/(1 + C/IC50)}.
Results and discussion

Design of HR121 and HR212

The trimeric core of the ectodomain of SARS-CoV
S2, 2-helix, which has been solved crystallographically
[17], comprises residues 900–948 (HR1) and 1145–1184
(HR2) of SARS-CoV S2 covalently linked to a 22-resi-
due linker. The structure forms a thermostable trimer
of hairpins in which HR1 and HR2 are entirely helical
and arranged in a six-helix bundle. We have made use
of the 2-helix core as a scaffold to link another HR1
to its C terminus and another HR2 to its N terminus,
respectively (Fig. 1C). The rational for this design is that
three HR1s or HR2s will be stabilized as a consequence
of it being covalently linked to the S2 ectodomain core
by a flexible linker. Then the stability of the designed
HR212 and HR121 will be improved.

Both HR121 and HR212 were expressed as soluble stable

proteins

In this study, to produce HR121 and HR212, we used
the recombinant E. coli expression system which was
able to provide protein products in large quantities at
low cost. The designed two proteins were expressed as
GST fusion proteins in soluble form and it was easy to
elute GST-HR121 and GST-HR212 from the glutathi-
one–Sepharose column by the normal elution buffer
(15 mM reduced glutathione, 50 mM Tris–HCl, pH
8.0). Moreover, the two GST fusion proteins could be
easily cleaved by GST-3C protease (Fig. 2). Namely,
the free HR121 and HR212 were easily expressed and
purified in large quantities at low cost.

The purified HR121 and HR212 were then analyzed
in gel filtration for estimation of the molecular weight
and the assembly character. The elution peaks of both
HR121 and HR212 proteins were just after the peak po-
sition corresponding to 52 kDa, while the calculated
molecular weights of HR121 and HR212 were 12.4



Fig. 2. SDS–PAGE analysis of the purified proteins. Both HR121 (A) and HR212 (B) were expressed as GST fusion proteins and cleaved by GST-
3C. Lane M, protein markers (in kDa); lane 1, GST fusion protein with HR121 or HR212; lane 2, the GST fusion proteins digested after GST-3C;
and lane 3, the free HR121 and HR212.
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and 12.6 kDa, respectively, which indicates that both
HR121 and HR212 could form oligomers, probably tri-
mers (Figs. 3A and B). Subsequently, chemical cross-
linking demonstrated that HR121 and HR212 could
indeed form trimer (Figs. 3C and D), although the
monomer/dimer bands did not completely disappear
even in high concentrations of the cross-linker. How-
ever, the density of the trimer band tended to get thicker
with the gradual increase of the cross-linker concentra-
tions. The molecular weight of the cross-linked trimer
was around 38 kDa, close to the theoretical value. These
gave strong evidence that both HR121 and HR212
could still assemble into six-helix bundle structures in
PBS similar to that formed by 2-helix. However, the
six-helix bundles formed by HR121 or HR212 also
had three superfluous HR1s or HR2s, which were differ-
ent from that formed by 2-helix.
Fig. 3. Gel filtration analysis and chemical cross-linking of the designed pro
relative positions of the standard protein markers are indicated (kDa). (A,B)
pictures are SDS–PAGE analysis of the sample from the peaks; left: protein m
linking of HR121 and HR212, respectively. Protein markers are shown in
concentrations of ethylene glycol bis(succinimidyl succinate) (EGS) in millimo
indicated.
Both HR121 and HR212 exhibited helical structure

The biophysical properties of the individual proteins
concerned were tested by CD spectrometry as described
under Materials and methods. HR121 and HR212 had a
CD spectrum exhibiting double minima at 208 and
222 nm while N44-30a and C38-30a were unordered.
These indicated that HR121 and HR212 showed a sali-
ent a-helix character (Figs. 4A and B). Namely, the two
proteins were more stable than single HR1 or HR2.

HR121 could bind to C38-30a in vitro and HR212 could

pull down N108-30a

GST-HR121 bound to C38-30a, while it did not bind
to N108-30a. GST-HR212 bound to N108-30a, while it
did not pull down C38-30a (Figs. 4C and D). Moreover,
teins. The protein samples were loaded on Superdex G75 column. The
The gel filtration profiles of HR121 and HR212, respectively. The inset
arkers (kDa); right: the proteins from the peaks. (C,D) Chemical cross-
lane M. The numbers 0, 0.1, 0.2, 0.4, 0.8, 1.2, and 1.6 indicate the
lar used. Bands corresponding to monomer, dimer, and trimer are also



Fig. 4. Analysis of the binding activities of HR121 and HR212 in vitro. (A,B) CD spectra of HR121 and HR212 before and after adding C38-30a
and N44-30a. The ellipticities at 208 and 222 nm increased upon mixing HR121 and C38-30a (A), and mixing HR212 and N44-30a also increased the
ellipticities at 208 and 222 nm (B). (C) The C38-30a was pulled down by GST-HR121. The results show that GST-HR121 could interact with C38-
30a (lane 1), while GST-HR121 could not pull down N108-30a (lane 2); lane 3, purified GST-HR121; lane 4, purified C38-30a; lane 5, purified N108-
30a; and lane M, protein markers (kDa). (D) GST-HR212 could interact with N108-30a (lane 1), while GST-HR212 could not pull down C38-30a
(lane 2); lane 3, purified GST-HR212; lane 4, purified N108-30a; lane 5, purified C38-30a; and lane M, protein markers (kDa).
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GST-HR212 could pull down N44-30a (data not
shown). These implied that GST as well as the fusion
partner of 50 extra amino acids of N108-30a and C38-
30a did not affect the binding activity of HR121 and
HR212. The ellipticities at 208 and 222 nm increased
upon mixing HR121 with C38-30a and they also in-
creased upon mixing HR212 with N44-30a (Figs. 4A
and B). The increase in ellipticity at 208 and 222 nm
upon mixing indicated an interaction between the two
proteins and the interaction induced a helical conforma-
tion. These results showed that HR121 was analogous to
its monomer (HR1) that could bind to C38 and HR212
was analogous to HR2.

In this study, N108-30a had a strong tendency to
aggregate. It was partially soluble and liable to precipi-
tate in PBS but was soluble in clarified bacterium super-
natants while N44-30a was soluble in both PBS and
supernatant, but aggregated at high concentration. On
the other hand, peptide N44 bound to HR2 region of
the spike protein according to the crystal structure [17]
and GST-HR212 could pull down N44-30a (data not
shown). Due to these two reasons, we analyzed the spec-
tra of N44-30a and the mixture of N44-30a and HR212,
not the mixture of N108-30a and HR212 in CD spectra
analysis.

However, both HR121 and HR212 were soluble in
PBS and they did not aggregate even at high concentra-
tion. That is to say, HR121 and HR212 were more sta-
ble than their respective analogs, HR1 and HR2.

Both HR121 and HR212 could inhibit HIV/SARS

pseudovirus mediated cell fusion

SARS-CoV has been forbidden to be used as experi-
mental materials by the government, so HIV/SARS
pseudovirus was used in the cell fusion assays. It is the
safe, conformational mimetics of the SARS-CoV
[19,31–33]. Both HR121 and HR212 exhibited anti-viral
activity (Fig. 5) with IC50 values 4.13 ± 0.43 and
0.95 ± 0.12 lM, respectively.

The GST-HR2-38 and HR1-30a constructed in previ-
ous study [20] were also tested for the inhibitory activity
of HIV/SARS pseudovirus. The IC50 value of GST-
HR2-38 was 1.02 lM approximate to that of HR212.



Fig. 5. Titration of viral infectivity by HR121 (filled squares), HR212
(open circles), GST-HR2-38 (filled triangles), and GST (open trian-
gles). The IC50 values of HR121, HR212, and GST-HR2-38 in this
assay are 4.13 ± 0.43, 0.95 ± 0.12, and 1.02 ± 0.02 lM, respectively.
GST protein itself was used as control and no inhibitions were
observed. The data represent the means ± SEM of three separate
experiments.
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However, HR1-30a did not have any effect on virus
infection while HR121 (HR1 analog) had fusion inhibi-
tory activity. It was proposed that formation of the bun-
dles (Fig. 1C) was irreversible under physiological
conditions. HR121 could reverse at physiological condi-
tions to expose its HR2 segment. The exposed HR2
bound to viral HR1 region and prevented the formation
of S2 six-helix bundle, thereby blocking fusion by the
same mechanism as that of individual HR2 peptides
[21].

Taking all the above into consideration, the designed
proteins, HR121 and HR212, inhibited entry of the
HIV/SARS pseudovirus and the inhibitory activity of
HR212 was comparable to that of HR2. Moreover,
the designed proteins were easily purified with the low
cost of production and they were more stable than single
HR1 or HR2. Accordingly, this design strategy should
also be used in other enveloped viruses, especially HIV.
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