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Severe acute respiratory syndrome coronavirus is a
newly emergent virus responsible for a recent outbreak
of an atypical pneumonia. The coronavirus spike pro-
tein, an enveloped glycoprotein essential for viral entry,
belongs to the class I fusion proteins and is character-
ized by the presence of two heptad repeat (HR) regions,
HR1 and HR2. These two regions are understood to form
a fusion-active conformation similar to those of other
typical viral fusion proteins. This hairpin structure
likely juxtaposes the viral and cellular membranes, thus
facilitating membrane fusion and subsequent viral en-
try. The fusion core protein of severe acute respiratory
syndrome coronavirus spike protein was crystallized,
and the structure was determined at 2.8 A of resolution.
The fusion core is a six-helix bundle with three HR2
helices packed against the hydrophobic grooves on the
surface of central coiled coil formed by three parallel
HR1 helices in an oblique antiparallel manner. This
structure shares significant similarity with the fusion
core structure of mouse hepatitis virus spike protein
and other viral fusion proteins, suggesting a conserved
mechanism of membrane fusion. Drug discovery strate-
gies aimed at inhibiting viral entry by blocking hairpin
formation, which have been successfully used in human
immunodeficiency virus 1 inhibitor development, may
be applicable to the inhibition of severe acute respira-
tory syndrome coronavirus on the basis of structural
information provided here. The relatively deep grooves
on the surface of the central coiled coil will be a good
target site for the design of viral fusion inhibitors.

Severe acute respiratory syndrome (SARS)! is a new life-
threatening form of atypical pneumonia (1, 2) caused by a novel
coronavirus, SARS-CoV (3-10). Phylogenetic analysis of SARS-
CoV shows that it is not closely related to any of the previously
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characterized coronaviruses isolated from either humans or
animals, and it has therefore been assigned to a new, distinct
group within the genus (4, 5, 9, 10).

Coronaviruses are enveloped, positive-strand RNA viruses
with the largest genomes of any RNA virus and are character-
ized by 3—4 envelope proteins embedded on the surface (11, 12).
Both the receptor binding and the subsequent membrane fu-
sion process of coronaviruses are mediated by the spike mem-
brane glycoprotein (S protein) (13). Recent studies show that
murine coronavirus (mouse hepatitis virus (MHV)) uses a
spike-mediated membrane fusion mechanism similar to that of
so-called class I virus fusion proteins (14, 15).

Class I viral fusion proteins, including the hemagglutinin pro-
tein of influenza virus, gp160 of human immunodeficiency virus
(HIV-1), glycoprotein of Ebola virus, and fusion protein (F pro-
tein) of paramyxovirus (16, 17), are all type I transmembrane
glycoproteins that are displayed on the surface of viral mem-
brane as oligomers. Most of these glycoproteins are synthesized
as single chain precursors containing a protease cleavage site,
and these precursors are cleaved into two noncovalently associ-
ated subunits: S1 and S2 in coronavirus, hemagglutinin 1 and 2
in influenza virus, gp120 + gp4l in HIV/simian immunodefi-
ciency virus, glycoprotein-1 and -2 in Ebola virus, and F1 and -2
in paramyxovirus. Class I viral fusion proteins also contain a
fusion peptide and at least two heptad repeat regions, termed
HR1 and HR2. After binding to the receptor or induced by low
pH, the fusion proteins undergo a series of conformational
changes to mediate membrane fusion. The first step involves
exposure of the fusion peptide, a hydrophobic region in the mem-
brane-anchored subunit, which then inserts into the cellular lipid
bilayer. Subsequently, HR1 and HR2 peptides form a trimer-of-
hairpins-like structure via a transient pre-hairpin intermediate
to facilitate juxtaposition of the viral and cellular membranes
followed by virus-cell membrane fusion and viral entry. Biochem-
ical and structural analysis of these fusion cores from class I viral
fusion proteins shows that these complexes of two heptad repeat
regions form a stable six-helix bundle, which is designated as a
fusion core in which three HR1 helices form a central coiled coil
surrounded by three HR2 helices in an oblique, antiparallel man-
ner (18-26).

The coronavirus spike protein shares many features with other
class I viral fusion proteins. It is a type I membrane protein that
associates into trimers on the surface of coronavirus membrane
(27). The distal subunit (S1) of the spike protein contains the
receptor binding domain (28, 29), and the membrane-anchored
subunit (S2) contains a putative internal fusion peptide and two
heptad repeat regions (HR1 and HR2) (14, 15).

Agents that prevent conformational changes in the fusion
protein by stabilizing the intermediate state are expected to
prevent fusion activation and, thus, inhibit viral entry. In the
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Fic. 1. Structure determination of the MHV spike protein fusion core trimer. A, schematic diagram of SARS-CoV spike protein
indicating the location of structurally significant domains. S1 and S2 are formed after proteolytic cleavage (vertical arrow) and noncovalently
linked. The enveloped protein has an N-terminal signal sequence (SS) and a transmembrane domain (TM) adjacent to the C terminus. S2 contains
two HR (heptad repeat) regions (hatched bars), HR1 and HR2 as indicated. The HR1 (898-1005) and HR2 (1145-1184) used in this study were
derived from the LearnCoil-VMF prediction program (37). The 2-Helix protein construct consists of HR2 and part of HR1, which is the major region
binding HR2, connected by a 22-amino acid linker (LVPRGSGGSGGSGGLEVLFQGP) as indicated. B, sequence alignment of coronavirus spike
protein HR1 and HR2 regions. Letters above the sequence indicate the predicted hydrophobic residues at the a and d positions in two heptad repeat
regions, which are highly conserved. FP, feline panleukopenia; IBV, infectious bronchitis virus; FIPV, feline infectious peritonitis virus.

case of HIV-1 gp4l, peptides derived from C peptides can
effectively inhibit infection in a dominant-negative manner by
binding to the transiently exposed hydrophobic grooves of cen-
tral coiled coil in the intermediate state and consequently
blocking the formation of the fusion-active six-helix bundle
structure (30).

We have recently determined the three-dimensional struc-
ture of murine coronavirus MHV spike protein fusion core and
proposed a model for coronavirus-mediated membrane fusion
in which the S protein undergoes a series of conformational
changes similar to those of influenza virus and HIV-1 (14).
Recent studies show that HR1 and HR2 of SARS-CoV spike
protein form a stable six-helix bundle, and synthesized pep-
tides corresponding to the HR2 region have inhibitory activity
for viral fusion (31-36).% These studies also propose the binding
regions between HR1 and HR2 and identify the inhibition
efficiency of peptides derived from the HR2 region. However,
the detailed three-dimensional structure of the HR1/HR2 com-
plex remains unknown.

To verify that the SARS-CoV spike protein indeed forms a
trimer-of-hairpins structure and to provide a structural basis for
the design of viral fusion inhibitors, we characterized the binding
of the two HR regions of the SARS-CoV spike protein and solved
the crystal structure of this fusion core complex to 2.8 A of
resolution. The structure shows a similar conformation to other
class I viral fusion proteins, especially MHV spike protein fusion

2Y. Xu, J. Zhu, Y. Liu, Z. Lou, F. Yuan, Y. Liu, D. K. Cole, L. Ni, N.
Su, L. Qin, X. Li, Z. Bai, J. I. Bell, H. Pang, P. Tien, Z. Rao, and G. F.
Gao, submitted for publication.

core, suggesting that a similar approach might be used in iden-
tifying inhibitors of SARS-CoV infection effectively. This struc-
ture also provides important detailed structural information and
target site for structure based drug design.

EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification—The SARS spike gene
was cloned from SARS coronavirus GZ02 (GenBank™ accession num-
ber AY390556). Two peptides (HR1 and HR2 regions of SARS-CoV
spike protein) interact, and their binding regions were characterized by
recent biochemical studies and sequence alignment with MHV fusion
core complex.? The HR1 and HR2 regions of SARS-CoV spike protein
consist of residues 900-948 and residues 1145-1184, respectively, cor-
responding to the HR1 and HR2 regions in new MHV structure (14).
The fusion core of SARS-CoV spike protein was prepared as a single
chain (termed SARS 2-Helix) by linking the HR1 and HR2 domains via
a 22-amino acid linker (LVPRGSGGSGGSGGLEVLFQGP), which is
flexible and long enough to facilitate a natural interaction between the
HR1 and HR2 peptides and allows for easy expression and purification
of the fusion core complex (Fig. 1A). The PCR-directed gene was in-
serted into pET22b (Novagen) vector, and the SARS 2-Helix protein was
expressed in LB culture medium in Escherichia coli strain BL21(DE3).
The product was purified by nickel nitrilotriacetic acid affinity chroma-
tography and was further purified by gel filtration chromatography
(Superdex 75™, Amersham Biosciences).

Crystallization and Structure Determination—The purified protein
was dialyzed against 10 mm Tris-HCI, pH 8.0, 10 mm NaCl and then
concentrated to 15 mg ml~'. Crystals with good diffracting quality could
be obtained after 2 weeks by using the hanging drop method by equil-
ibrating a 2-ul drop (protein solution mixed 1:1 with reservoir solution)
against a reservoir containing 0.1 M citric acid, pH 2.5, 10—-15% poly-
ethylene glycol 4000, 0.02 M spermidine tetra-HCI. The SARS 2-Helix
crystal was mounted on nylon loops and flash-frozen in cold nitrogen-
gas stream at 100 K using an Oxford Cryosystems coldstream with 0.1
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TaBLE 1
Data collection and final refinement statistics

Numbers in parentheses correspond to the highest resolution shell.
Roerge = 2hEIIih — (IR)|/ShIKIR), where (Ih) is the mean of the
observations Iih of reflection i. R, = 2 (|Fopo| = |F ot /2IF opsls Rireo 1S
the R factor for a subset (5%) of reflections that was selected before
refinement calculations and not included in the refinement. r.m.s.d.,
root mean square deviation from ideal geometry.

Data collection statistics
Space group . c2 .
Unit cell parameters a=1212A,b6 =66.3A,c = 70.0 A,
. B = 107.4°
Wavelength (A) 1.5418
Resolution limit (A) 2.8

Observed reflections 27,312

Unique reflections 11,974

Completeness (%) 91.4 (80.8)

[Z/o(D] 5.7(1.2)

Rorge (%) 13.9 (51.1)

Final refinement statistics

R o (%) 23.3

Rioo (%) ) 27.3

Resolution range (A) 50-2.8

Total reflections used 10,718

Number of reflections in 10,166
working set

Number of reflections in 552
test set

Average B (A?) ) 42.7

r.m.s.d. bonds (A) 0.013

r.m.s.d. angles(°®) 1.8

M citric acid, pH 2.5, 25% polyethylene glycol 4000 as the cryopro-
tectant. The crystals have unit-cell parameters a = 121.2 A, b = 66.3 A,
¢=700A, a=y=90° B = 107.4° and belong to space group C2. The
crystals contain 6 SARS 2-Helix molecules in one asymmetric unit, and
the diffraction pattern extends to 2.8 A of resolution. Data collection
was performed in-house on a Rigaku RU2000 rotating copper-anode
x-ray generator operated at 48 kV and 98 mA (Cu Ko; A = 1.5418 A)
with a MAR 345 image-plate detector. Data were indexed, integrated,
and scaled using DENZO and SCALEPACK programs (38).

The structure of SARS 2-Helix was determined by molecular replace-
ment with the MHV 2-Helix structure (PDB code 1WDF) as a search
model. Rotation and translation function searches were performed in
the program CNS (39). The model was improved further by cycles of
manual building and refinement using the programs O (40) and CNS
(39). The quality of coordinates was examined by PROCHECK (41). The
figures were generated with the programs GRASP (42), SPDBView (43),
and MOLSCRIPT (44).

RESULTS AND DISCUSSION

Structure Determination—The crystal structure of SARS
2-Helix was solved by molecular replacement using the pro-
gram CNS (39) with the MHV 2-Helix structure (PDB code
1WDF) employed as a search model. Six molecules (two trimers
of SARS 2-Helix) per asymmetric unit were located from cross-
rotation and translation function searches. The model was
improved further by cycles of manual building and refinement
using the programs O (40) and CNS (39). The structure was
subsequently refined to a final resolution of 2.8 A with an R
value of 23.3% and Ry, value of 27.3%. No residue was in
disallowed regions of the Ramachandran plot. The statistics for
the data collection, structure determination, and refinement
are summarized in Table I.

Description of the Structure—One asymmetric unit contains
six SARS 2-Helix molecules, including residues 902-947 in
HR1 and 1153-1175 in HR2 (A molecule), residues 902-947 in
HR1 and 1150-1184 in HR2 (B molecule), residues 902-947 in
HR1 and 1153-1184 in HR2 (C molecule), residues 901-947 in
HR1 and 1152-1181 in HR2 (D molecule), residues 901-948 in
HR1 and 1153-1178 in HR2 (E molecule), and residues 901-947
in HR1 and 1154-1181 in HR2 (F molecule), respectively. The
linker and several terminal residues could not be traced in the
electron density map due to their disordered nature.

Crystal Structure of SARS Spike Protein Fusion Core

Fic. 2. Overall views of the fusion core structure. A, top view of
the SARS-CoV spike protein fusion core structure showing the 3-fold
axis of the trimer. B, side view of the SARS-CoV spike protein fusion
core structure showing the six-helix bundle.

Here, we chose A, B, and C molecules as the SARS spike
protein fusion core for the following structure description. In
the SARS 2-Helix three-dimensional structure, the fusion core
has a rod-shaped structure with a length of ~70 A and a
diameter of ~28 A. Similar to MHV 2-Helix and other class I
viral fusion proteins, the SARS spike protein fusion core is a
six-helix bundle comprising a trimer of 2-Helix molecules. The
center of the fusion core consists of a parallel trimeric coiled coil
of three HR1 helices surrounded by three HR2 helices in an
oblique, antiparallel manner (Fig. 2, A and B). Residues 902—
947 in HR1 fold into a 12-turn a-helix stretching the entire
length of the fusion core. As in MHV 2-Helix and other class I
viral fusion proteins, the residues in positions a and d of HR1
are predominantly hydrophobic (Fig. 1B). Residues 1160-1177
in HR2 form a 5-turn a-helix, whereas residues 1150-1159 at
the N terminus and residues 1178-1184 at the C terminus of
HR2 form two extended conformations, respectively. Three
HR2 helices pack against the grooves formed by the interface of
the central three HR1 helices, and no interaction was observed
between individual HR2 regions. The N terminus of HR2 starts
with I1e!'%°, which is aligned with GIn®*” of HR1. The C ter-
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Fic. 3. Detailed structure of the
SARS-CoV spike protein fusion core
and OXO motifs in HR2 regions. A,
surface map showing the hydrophobic
grooves on the surface of the central
coiled coil (right side). Three HR2 helices
pack against the hydrophobic grooves in
an oblique antiparallel manner (left side).
The helical regions and extended regions
in HR2 helices could be observed clearly,
and the boundaries of these regions are
marked. B, OXO motifs in HR2 regions of
SARS-CoV spike protein fusion core
structure. The enlarged images show two
regions containing OXO motifs. The hy-
drophobic residues in these motifs all
pack against the hydrophobic grooves on
the surface of three HR1 helices.

minus of HR2 ends with Leu'1®%, which is aligned with GIn®°2
of HR1 (see Fig. 4).

Interactions between HR1 and HR2—Three HR2 helices in-
teract with HR1 helices mainly through hydrophobic interac-
tion between hydrophobic residues in HR2 regions and the
grooves on the surface of the central coiled coil. Similar to those
in MHV 2-Helix, HR2 helices in SARS 2-Helix also contain
0XO motifs, in which O represents a hydrophobic residue, and
X represents any residue but is generally hydrophobic. 1153IN-
ASVVNI!0 and 178LIDL®! in HR2 regions are both com-
posed of OXO motifs; the side chains of the O residues inset into
or align with the hydrophobic grooves of the central coiled coil,
whereas the side chains of the X residues are directed into
solvent (Fig. 3B). As described in our previous paper (14), the
0XO motifs are responsible for the partially extended confor-
mation of HR2, and this pattern also makes the fusion core
stable in solvent, as most of the hydrophobic residues in HR2
helices are packed against the central coiled coil, leaving the
hydrophilic residues exposed to solvent.

Comparison with MHV 2-Helix Structure—Among coronavi-
rus spike proteins, only the structure of the MHV spike protein
fusion core has been determined (14). In general, the fusion
core from SARS-CoV and MHV adopt a similar fold, consistent
with their high sequence identity and similarity between the
two proteins. The structure of SARS spike protein fusion core
was compared with that of MHV spike protein (Fig. 4). These
structures can be superimposed with a root mean square dif-
ference of 0.91 A for all C, atoms. Alignments of the peptides
derived from HR1 and HR2 regions of SARS-CoV spike protein
and those of other coronaviruses reveal high sequence identity
and similarity, suggesting that structures of spike protein fu-
sion cores from other coronavirus might share significant sim-
ilarity with those of MHV and SARS-CoV (Fig. 1B).

Although the main chains of the MHV 2-Helix and SARS-
CoV 2-Helix structures can be superposed closely, the two
complexes have significant differences in their hydrophobic
grooves on the surface of the central coiled coil (Fig. 4B). As
discussed in our previous paper detailing our SARS-CoV fusion
core model, the central coiled coil had relatively deep grooves
and relatively shallow grooves.2 The deep grooves, consisting of
three hydrophobic deep pockets or cavities, were clearly deeper
than the corresponding grooves on the surface of MHV 2-Helix
control coiled coil. From the structure presented here, the hel-

49417

ical regions of SARS-CoV HR2 segment (residues 1161-1184)
pack exactly against the relatively deep grooves of the central
coiled coil and the extended regions (residues 1150-1160) pack
against the relatively shallow grooves. Based on our previous
biochemical analysis and the crystal structure, we propose that
the deep groove is an important target site for the design of
viral fusion inhibitors (16, 30, 34, 45—48).

Conformational Change and Membrane Fusion Mecha-
nisms—Our previous structural study of the MHV spike pro-
tein fusion core led us to propose a model for coronavirus-
mediated membrane fusion mechanism (14). The remarkable
similarity between SARS-CoV and MHYV spike protein fusion
core structures as well as similar HR2 peptide inhibition phe-
nomena and remarkable stability to both thermal denaturation
and proteinase K digestion (31-36) suggest a conserved mech-
anism of membrane fusion mediated by the spike protein. Sim-
ilar to the MHV spike protein and HIV gp41, the SARS-CoV
spike protein likely undergoes a series of conformational
changes to become fusion-active. The fusion loop but not fusion
peptide, which will insert into the cellular membrane, and
distinct conformational states proposed for the MHV spike
protein fusion core, including the native state, the pre-hairpin
intermediate, and fusion-active hairpin state, may also apply to
SARS-CoV spike protein. The existence of the pre-hairpin in-
termediate conformation of the SARS-CoV spike protein is
strongly supported by the viral inhibition assay, in which the
peptides corresponding to the HR2 regions can inhibit viral
fusion in a dominant-negative manner (32, 34). A reasonable
interpretation of these phenomena is that the HR2 peptide
functions by binding to the transiently exposed hydrophobic
groove on the surface of central coiled coil, thus blocking the
conformational transition to the fusion active form and subse-
quent membrane fusion and viral entry.

Binding Regions of SARS-CoV Spike Protein Fusion Core—
Recent studies on the fusion-active complex of SARS-CoV have
confirmed that HR1 and HR2 associate into an antiparallel
six-helix bundle, with structural features of other typical class
I viral fusion proteins by means of CD, native PAGE, proteo-
lysis protection analysis, and size-exclusion chromatography.
In their biochemical analysis, Ingallinella et al. (31) mapped
the specific boundaries of the key region of interaction between
HR1 and HR2 peptides as residues 914 and 949 in HR1 region
and residues 1148 and 1185 in HR2 region (31). The exact
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Crystal Structure of SARS Spike Protein Fusion Core

- Q9471

SARS-CoV 2-Helix HR1
Central HR1 core Region

Fic. 4. Comparison between fusion core structure of SARS-CoV and MHV. A, side view showing a structural comparison between
SARS-CoV spike protein fusion core (colored in green) and MHV spike protein fusion core (colored in purple). The columns at both sides of the map
represent two HR1 and HR2 regions of MHV and SARS fusion cores. The numbers at the end of these columns represent the specific boundaries
of the HR1-HR2 interaction region in the two structures. B, surface map showing the comparison between hydrophobic grooves on the surface of
three central HR1 regions of MHV (left side) and SARS-CoV (right side). The figure on the right side shows the deep and relatively shallow grooves
on the surface of central HR1 coiled coil of SARS-CoV. Three numbers, 1-3, in circles represent three deep cavities, composing the deep grooves.

The residues represent the boundaries of the grooves and cavities.

TaBLE II
Amino acid sequences and EC5, values of inhibitory peptides
Peptide ECso Sequence
M

NP-1 (892-931)* Marginal GVTONVLYENQKQIANQFNKAISQIQESLTTTSTALGKLQ
CP-1 (1153-1189)* 19 GINASVVNTQKEIDRLNEVAKNLNESLIDLQELGKYE
HR1 (889-926)° 3.68 NGIGVTQNVLYENQKQIANQFNKAISQIQESLTTTSTA
HR2(116L4187? 5.22 IQKEIDRLNEVAKNLNESLIDLQELGK
HR2-1 (1126-1189)° 43 + 6.4 ELDSPKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE
HR2-2 (1130-1189)° 24 + 2.8 PKHELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE
HR2-8 (1126-1193)° 17 = 3.0 ELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIK
HR2-9 (1126-1184)° 34 +40 ELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQEL

HR2-6 (1150-1189¢  >50

DISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYE

“ Data are from the paper by Liu et al. (35).
® Data are from the paper by Yuan et al. (33).
¢ Data are from the paper by Bosch et al. (32).

boundaries, residues 902 and 947 in HR1 region and residues
1150 and 1184 in HR2 region, can be observed from the crystal
structure of SARS-CoV spike protein fusion core with a slight
difference from previous results. The N terminus of the HR1
region (GIn®°?) aligns with the C terminus of the HR2 region
(Leu''®%), and the C terminus of the HR1 region (GIn®*7) aligns
with the N terminus of the HR2 region (Ile!!°°). Although the
residue numbers of the HR1 and HR2 regions are different (46
in HR1 and 35 in HR2), the two peptides are equivalent in
length in the three-dimensional structure since HR1 forms a
typical a-helix, whereas HR2 forms a partial helical conforma-
tion (Fig. 3A). This pattern of HR2 helices is also strongly
supported by proteolysis protection experiments (31). The real
boundaries of the fusion core might extend beyond those found
in the structure studied here, whereas the major binding re-
gions and the interactions between HR1 and HR2 peptides can
be identified clearly from the SARS-CoV spike protein fusion
core structure.

Inhibitory Molecules for SARS-CoV Infection—If small, bio-
available molecules that prevent hairpin formation can be

identified, they may serve as useful drugs against SARS-CoV
infection. In the case of HIV-1, several strategies to block
hairpin formation have been successfully developed to identify
viral entry inhibitors that bind to the hydrophobic pocket and
grooves on the surface of the central coiled coil consisting of
HIV-1 gp41 N peptides. These useful viral entry inhibitors
include D peptides, 5-Helix, and synthetic peptides derived
from N or C peptides (45—-47). Successful viral entry inhibitors
have also been identified for other viruses, such as T20 for
HIV-1 (49, 50) and GP610 for Ebola virus (51). These strategies
could also be used for the design of SARS fusion inhibitors. The
well defined hydrophobic grooves on the surface of the central
coiled coil of the SARS-CoV spike protein fusion core identified
here may be a significant target for drug design.

Several peptides derived from the HR1 and HR2 regions of
SARS-CoV spike proteins have been found to have inhibitory
activity in recent studies (32, 33, 35) (Table II). Analogous to
the HIV-1 C peptides and MHV HR2 peptides, the HR2 pep-
tides of SARS-CoV spike protein likely function in a dominant-
negative manner by binding to the transiently exposed hydro-
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phobic grooves in the pre-hairpin intermediate, thus, blocking
viral entry. The efficacy of HR2 peptides of SARS-CoV spike
protein is, however, significantly lower than corresponding
HR2 peptides of murine coronavirus mouse hepatitis virus in
inhibiting MHV infection (32). Synthetic peptides with the
highest inhibitory efficacy encompass residues 1161-1187, de-
rived from the HR2 region (33). This peptide is just the corre-
sponding region that binds to the relatively deep grooves on the
surface of central coiled coil. It is not clear why HR2 peptides of
SARS-CoV have lower inhibitory efficacy. However, the struc-
tural information provided here will be useful for the design of
antiviral compounds such as D peptides, 5-Helix, and some
peptides (or mutants) derived from HR1 or HR2 peptides based
on the crystal structure of SARS-CoV spike protein fusion core.
The peptides encompassing residues 1161-1187 will be good
targets for mutagenesis in the search for peptides with higher
inhibitory efficacy. The exposed hydrophobic grooves in the
intermediate state and, particularly, the relatively deep
grooves on the surface of central coiled coil will be good targets
for the discovery of viral entry inhibitors (Fig. 3A and 4B). .
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