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viral membrane protein responsible for cell entry. It binds to
the receptor on the target cell and mediates subsequent viruscell fusion (6). Spikes can be seen under the electron microscope as clear, 20-nm-long, bulbous surface projections on the
virion membrane (14). The spike protein of mouse hepatitis
virus strain A59 (MHV-A59) is a 180-kDa heavily N-glycosylated type I membrane protein which occurs in a homodimeric
(38, 69) or homotrimeric (16) complex. In most MHV strains,
the S protein is cleaved intracellularly into an N-terminal subunit (S1) and a membrane-anchored subunit (S2) of similar
sizes which are noncovalently linked and have distinct functions. Binding to the MHV receptor (77) has been mapped to
the N-terminal 330 amino acids (aa) of the S1 subunit (65),
whereas the membrane fusion function resides in the S2 subunit (81). It has been suggested that the S1 subunit forms the
globular head while the S2 subunit constitutes the stalk-like
region of the spike (15). Binding of S1 to soluble MHV receptor, or exposure to 37°C and an elevated pH (pH 8.0), induces
a conformational change which is accompanied by the separation of S1 and S2 and which might be involved in triggering
membrane fusion (22, 28, 63). Cleavage of the S protein into
S1 and S2 has been shown to enhance fusogenicity (26, 64), but
cleavage is not absolutely required for fusion (2, 27, 62, 64).
The ectodomain of the S2 subunit contains two regions with
a 4,3 hydrophobic (heptad) repeat (15), a sequence motif characteristic of coiled coils. These two heptad repeat (HR)
regions, designated here HR1 and HR2, are conserved in position and sequence among the members of the three coronavirus antigenic clusters (Fig. 1). A number of studies have
shown that the HR1 and HR2 regions are involved in viral

To successfully initiate an infection, viruses need to overcome the cell membrane barrier. Enveloped viruses achieve
this by membrane fusion, a process mediated by specialized
viral fusion proteins. Most viral fusion proteins are expressed
as precursor proteins, which are endoproteolytically cleaved by
cellular proteases, giving rise to a metastable complex of a
receptor binding subunit and a membrane fusion subunit.
Upon receptor binding at the cell membrane or as a result of
protonation after endocytosis, the fusion proteins undergo a
dramatic conformational transition. A hydrophobic fusion peptide becomes exposed and inserts into the target membrane.
The free energy released upon subsequent refolding of the
fusion protein to its most stable conformation is believed not
only to facilitate the close apposition of viral and cellular
membranes but also to effect the actual membrane merger (1,
47, 57). Knowledge about the molecular and biophysical events
of this process is required for a thorough understanding of this
essential step in the virus life cycle, as well as for the rational
design of methods for intervention.
With a positive-stranded RNA genome of 28 to 32 kb, the
Coronaviridae are the largest enveloped RNA viruses. Coronaviruses exhibit a broad host range, infecting mammalian and
avian species. They are responsible for a variety of acute and
chronic diseases of the respiratory, hepatic, gastrointestinal,
and neurological systems (59). The spike (S) protein is the sole
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Coronavirus entry is mediated by the viral spike (S) glycoprotein. The 180-kDa oligomeric S protein of the
murine coronavirus mouse hepatitis virus strain A59 is posttranslationally cleaved into an S1 receptor binding
unit and an S2 membrane fusion unit. The latter is thought to contain an internal fusion peptide and has two
4,3 hydrophobic (heptad) repeat regions designated HR1 and HR2. HR2 is located close to the membrane
anchor, and HR1 is some 170 amino acids (aa) upstream of it. Heptad repeat (HR) regions are found in fusion
proteins of many different viruses and form an important characteristic of class I viral fusion proteins. We
investigated the role of these regions in coronavirus membrane fusion. Peptides HR1 (96 aa) and HR2 (39 aa),
corresponding to the HR1 and HR2 regions, were produced in Escherichia coli. When mixed together, the two
peptides were found to assemble into an extremely stable oligomeric complex. Both on their own and within the
complex, the peptides were highly alpha helical. Electron microscopic analysis of the complex revealed a
rod-like structure ⬃14.5 nm in length. Limited proteolysis in combination with mass spectrometry indicated
that HR1 and HR2 occur in the complex in an antiparallel fashion. In the native protein, such a conformation
would bring the proposed fusion peptide, located in the N-terminal domain of HR1, and the transmembrane
anchor into close proximity. Using biological assays, the HR2 peptide was shown to be a potent inhibitor of
virus entry into the cell, as well as of cell-cell fusion. Both biochemical and functional data show that the
coronavirus spike protein is a class I viral fusion protein.
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fusion. First, a putative internal fusion peptide has been proposed to occur close to (7) or within (41) the HR1 region.
Second, viruses with mutations in the membrane-proximal
HR2 region exhibited defects in spike oligomerization and in
fusion ability (40). Third, it has been suggested that the
MHV-4 (JHM) strain can utilize both endosomal and nonendosomal pathways for cell entry but does not require acidification of endosomes for fusion activation (49). However, mutations found in MHVs which do require a low pH for fusion
appeared to map to the HR1 region (24).
HR regions appear to be a common motif in many viral
fusion proteins (60). There are usually two of them; one Nterminal HR region (HR1) adjacent to the fusion peptide and
a C-terminal HR region (HR2) close to the transmembrane
anchor. Structural studies of viral fusion proteins reveal that
the HR regions form a six-helix bundle structure implicated in
viral entry (reviewed in reference 19). The structure consists of

a homotrimeric coiled coil of HR1 domains, in the exposed
hydrophobic grooves of which the HR2 regions are packed in
an antiparallel manner. This conformation brings the N-terminal fusion peptide into close proximity to the transmembrane
anchor. Because the fusion peptide inserts into the cell membrane during the fusion event, such a conformation facilitates
a close apposition of the cellular and viral membrane (reviewed in reference 19). Recent evidence suggests that the
actual six-helix bundle formation is directly coupled to the
merging of the membranes (47, 57). The similarities in the
structures of the six-helix bundle complexes elucidated for
influenza virus hemagglutinin (HA) (4, 11), human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency
virus (SIV) gp41 (5, 8, 42, 66, 72, 79), Moloney murine leukemia virus type1 gp21 (20), Ebola virus GP2 (43, 71), human
T-cell leukemia virus type I gp21 (32), Visna virus TM (44),
simian parainfluenza virus 5 (SV5) F1 (1), and human respi-
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FIG. 1. (A) Schematic representation of the coronavirus MHV-A59 spike protein structure. The glycoprotein has an N-terminal signal
sequence (SS) and a transmembrane domain (TM) close to the C terminus. The protein is proteolytically cleaved (vertical arrow) into an S1 and
an S2 subunit, which are noncovalently linked. S2 contains two HR regions (hatched bars), HR1 and HR2, as indicated. (B) Sequence alignment
of HR1 and HR2 domains of MHV-A59 with those of HCoV-OC43, HCoV-229E, FIPV strain 79-1146, infectious bronchitis virus strain Beaudette
(IBV), and the newly identified HCoV-SARS (strain TOR2). HCoV-229E and FIPV, MHV-A59 and HCoV-OC43, and IBV are representatives
of groups 1, 2, and 3, respectively—the three coronavirus subgroups (59). Dark shading marks sequence identity, while lighter shading represents
sequence similarity. The alignment shows a remarkable insertion of exactly two HRs (14 aa) in both HR1 and HR2 of HCV-229E and FIPV, a
characteristic of all group 1 viruses. The predicted hydrophobic HR a and d residues are indicated above the sequence. The frame shifts in the
predicted HRs in HR1 are caused by a stutter (51). The asterisks indicate conserved residues, and the dots represent similar residues. The amino
acid sequences of the peptides HR1, HR1a, HR1b, HR1c, and HR2 used in this study are presented in italics below the alignments. N-terminal
residues derived from the proteolytic cleavage site of the GST fusion protein are in parentheses. A conserved N-glycosylation sequence in the HR2
region is underlined.
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TABLE 1. Primers used for PCR of HR regions
Primer

Polarity

Sequence (5⬘-3⬘)

HR product

973
974
975
976
990
1151
1152

⫹
⫹
⫺
⫺
⫹
⫹
⫺

GTGGATCCATCGAAGGTCGTCAATATAGAATTAATGGTTTAG
GTGGATCCATCGAAGGTCGTAATGCAAATGCTGAAGC
GGAATTCAATTAATAAGACGATCTATCTG
CGAATTCATTCCTTGAGGTTGATGTAG
GCGGATCCATCGAAGGTCGTGATTTATCTCTCGATTTC
GTGGATCCAACCAAAAGATGATTGC
GGAATTCAATTGAGTGCTTCAGCATTTG

HR1
HR1b
HR1, HR1a, HR1b
HR2
HR2
HR1a, HR1c
HR1c

MATERIALS AND METHODS
Plasmid constructions. For the production of peptides corresponding to
amino acid residues 953 to 1048 (HR1), 969 to 1048 (HR1a), 1003 to 1048
(HR1b), 969 to 1010 (HR1c), and 1216 to 1254 (HR2) of the MHV-A59 spike
protein, PCR fragments were prepared using as a template the plasmid pTUMS,
which contains the MHV-A59 spike gene (67). Primers were designed (Table 1)
to introduce into the amplified fragment an upstream BamHI site and a downstream EcoRI site, as well as a stop codon preceding the EcoRI site. The
fragments corresponding to aa 953 to 1048 and 1216 to 1254 were additionally
provided with sequences specifying a factor Xa cleavage site immediately downstream of the BamHI site. Fragments were cloned into the BamHI/EcoRI site of
the pGEX-2T bacterial expression vector (Amersham Bioscience) in frame with
the glutathione S-transferase (GST) gene just downstream of the thrombin
cleavage site.
To establish a cell-cell fusion inhibition assay, the firefly luciferase gene was
cloned under a T7 promoter and an encephalomyocarditis virus internal ribo-

some entry site. The luciferase gene-containing fragment was excised from the
pSP-luc⫹ vector (Promega) by digestion with NcoI and EcoRV, treated with
Klenow, and ligated into the BamHI-linearized, Klenow-blunted pTN3 vector
(68), yielding the pTN3-luc⫹ reporter plasmid.
Bacterial protein expression and purification. Freshly transformed BL21 cells
(Novagen) were grown in 2⫻ yeast-tryptone medium to log phase (optical density at 600 nm, ⬃1.0) and subsequently induced by adding IPTG (isopropyl-␤D-thiogalactopyranoside) (GIBCO BRL) to a final concentration of 0.4 mM.
Two hours later, the cells were pelleted, resuspended in 1/25 volume of 10 mM
Tris (pH 8.0)–10 mM EDTA–1 mM phenylmethylsulfonyl fluoride, and sonicated on ice (five times for 2 min each time). The cell homogenates were
centrifuged at 20,000 ⫻ g for 60 min at 4°C. To each 50 ml of supernatant, 2 ml
of glutathione-Sepharose 4B (Amersham Bioscience; 50% [vol/vol] in phosphate-buffered saline [PBS]) was added, and the mixtures were incubated overnight at 4°C under rotation. The beads were washed three times with 50 ml of
PBS and resuspended in a final volume of 1 ml of PBS. Peptides were cleaved
from the GST moiety on the beads using 20 U of thrombin (Amersham Bioscience) by incubation for 4 h at room temperature (RT). Peptides in the
supernatant were purified by reversed-phase high-pressure liquid chromatography (RP HPLC) using a Phenyl-5PW RP column (Tosoh) with a linear gradient
of acetonitrile containing 0.1% trifluoroacetic acid. The peptide-containing fractions were vacuum dried overnight and dissolved in water. The peptide concentration was determined by measuring the absorbance at 280 nm (25) and by
bicinchoninic acid protein analysis (Micro BCA assay kit; Pierce).
Temperature stability of HR1-HR2 complex. An equimolar mix of peptides
HR1 and HR2 (80 M each) in H2O was incubated at RT for 1 h. After the
addition of an equal volume of 2⫻ Tricine sample buffer (0.125 M Tris [pH 6.8],
4% sodium dodecyl sulfate [SDS], 5% ␤-mercaptoethanol, 10% glycerol, 0.004 g
of bromophenol blue) (58), the mixtures were either left at RT or heated for 5
min at different temperatures and subsequently analyzed by SDS-polyacrylamide
gel electrophoresis (PAGE) in a 15% Tricine gel (58).
CD spectroscopy. Circular dichroism (CD) spectra of peptides (25 M in
H2O) were recorded at RT on a Jasco J-810 spectropolarimeter, using a 0.1-mm
path length, 1-nm bandwidth, 1-nm resolution, 0.5-s response time, and a scan
speed of 50 nm/min. The alpha-helix content was calculated using the program
CDNN (http://bioinformatik.biochemtech.uni-halle.de/cd_spec/).
Electron microscopy. A preincubated equimolar mix of the peptides HR1 and
HR2 was subjected to size exclusion chromatography (Superdex 75 HR 10/30;
Amersham Pharmacia Biotech). A sample from the HR1-HR2 peptide complexcontaining fraction was adsorbed onto a discharged carbon film, negatively
stained with a 2% uranyl acetate solution, and examined with a Philips CM200
microscope at 100 kV.
Proteinase K treatment. Stock solutions (1 mM) of the peptides HR1, HR1a,
HR1b, HR1c, and HR2 in water were diluted to 80 M in PBS. The peptides
alone (80 M) or after preincubation for 1 h at 37°C with HR2 (80 M each)
were subsequently subjected to proteinase K digestion (1% [wt/wt] proteinase
K/peptide) for 2 h at 4°C. Samples were immediately subjected to Tricine SDSPAGE analysis. Protease-resistant fragments were also separated and purified by
RP HPLC and characterized by mass spectrometry.
Virus cell entry assay. The potencies of HR peptides in inhibiting viral infection were determined using a recombinant MHV-A59, MHV-EFLM, which
expresses the firefly luciferase gene (C. A. M. de Haan and P. J. M. Rottier,
unpublished data). LR7 cells (35) were maintained as monolayer cultures in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum (FCS; GIBCO BRL). LR7 cells grown in 96-well plates were inoculated with MHV-EFLM in DMEM at a multiplicity of infection (MOI) of 5 in the
presence of various concentrations of peptide ranging from 0.4 to 50 M. After
1 h, the cells were washed with DMEM and the medium was replaced with
DMEM containing 10% FCS. At 5 h postinfection (p.i.), the cells were harvested
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ratory syncytial virus (HRSV) F1 (83) all point to a common
fusion mechanism for these viruses.
Based on structural similarities, two classes of viral fusion
proteins have been distinguished (37). Proteins containing HR
regions and an N-terminal or N-proximal fusion peptide are
classified as class I viral fusion proteins. Class II viral fusion
proteins (e.g., the alphavirus E1 and the flavivirus E fusion
proteins) lack HR regions and have an internal fusion peptide.
Their fusion protein is folded in tight association with a second
protein as a heterodimer. Here, fusion activation takes place
upon cleavage of the second protein.
The coronavirus fusion protein (S) shares several features
with class I virus fusion proteins. It is a type I membrane
protein, synthesized in the endoplasmic reticulum, and is transported to the plasma membrane. It contains two HR sequences, one located downstream of the fusion peptide and
one in close proximity to the transmembrane region. Despite
its similarity to class I fusion proteins, there are several characteristics that make the coronavirus S protein exceptional.
One is the absence of an N-terminal or even N-proximal fusion
peptide in the membrane-anchored subunit. Another peculiarity is the relatively large size of the HR regions (⬃100 and ⬃40
aa). Third, cleavage of the S protein is not required for membrane fusion; in fact, it does not occur at all in the group 1
coronaviruses.
In the present study, we have investigated the biochemical
and functional characteristics of the HR regions of the MHVA59 spike protein. We show that peptides corresponding to the
HR regions assembled into a thermostable, oligomeric, alphahelical rod-like complex, with the HR1 and HR2 helices oriented in an antiparallel manner. HR2 was found to be a strong
inhibitor of both virus entry into the cell and cell-cell fusion.
Our findings show that the coronavirus MHV spike fusion
protein belongs to the class I viral fusion proteins.
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in 50 l of 1⫻ Passive Lysis buffer (Luciferase Assay System; Promega) according to the manufacturer’s protocol. Upon mixing 10 l of cell lysate with 40 l of
substrate, luciferase activity was measured using a Wallac Betalumino meter.
Cell-cell fusion assay. LR7 cells (2 ⫻ 106), used as target cells, were washed
with DMEM and overlaid with transfection medium consisting of 0.2 ml of
DMEM containing 10 l of Lipofectin (Life Technologies) and 4 g of the
plasmid pTN3-luc⫹. After 10 min at RT, 0.8 ml of DMEM was added and
incubation was continued at 37°C. BSR T7/5 cells—BHK cells constitutively
expressing T7 RNA polymerase (3) (a gift from K. K. Conzelmann)—were grown
in BHK-21 medium supplemented with 10% FCS, 100 IU of penicillin/ml, and 1
mg of Geneticin (GIBCO BRL)/ml. BSR T7/5 cells (104), designated effector
cells, were infected in 96-well plates with wild-type vaccinia virus at an MOI of
1 in DMEM at 37°C. After 1 h, the cells were washed with DMEM and incubated
for 3 h at 37°C with transfection medium consisting of 50 l of DMEM containing 1 l of Lipofectin and 0.2 g of the plasmid pTUMS (68), which carries the
MHV-A59 spike gene under the control of a T7 promoter. Then, 3 ⫻ 104 target
cells in 100 l of DMEM were added, and the cells were incubated for another

FIG. 3. Temperature stability of HR1-HR2 complex. An equimolar
mix of HR1 and HR2 (80 M) was incubated at RT for 1 h. Samples
were subsequently heated for 5 min at the indicated temperatures in
1⫻ Tricine sample buffer and analyzed by SDS-PAGE in a 15%
Tricine gel, together with HR1 and HR2 alone. The positions of HR1,
HR2, and the HR1-HR2 complex are indicated on the left, while the
molecular mass markers are indicated on the right.

4 h in the presence or absence of HR peptide. The cells were lysed, and luciferase
activity was measured as described above.

RESULTS
HR1 and HR2 regions in coronavirus spike proteins. The S2
subunit ectodomain of coronaviruses contains two HR domains, HR1 and HR2, which are conserved in sequence and
position (15) (diagrammed in Fig. 1A). HR2 is located adjacent to the transmembrane domain, while HR1 occurs ⬃170 aa
upstream of HR2. Figure 1B shows a protein sequence alignment of the HR1 and HR2 regions of five coronaviruses from
the three antigenic groups and the recently identified human

FIG. 4. CD spectra (mean residue eliplicity []) of the HR1 peptide (25 M; open squares), the HR2 peptide (25 M; solid triangles),
and the HR1-HR2 complex (25 M; solid squares) in water at RT.
Note that the HR1 and HR2 spectra virtually coincide.
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FIG. 2. Hetero-oligomeric complex formation of HR1 and HR1a with HR2. (A) HR1 and HR2 on their own or as a preincubated equimolar
(80 M) mix were subjected to Tricine SDS–15% PAGE. Before gel loading, samples were either heated at 100°C or left at RT. The positions of
HR1, HR2, and the HR1-HR2 complex are indicated on the left, while the positions of molecular mass markers are indicated on the right.
(B) Same as panel A but with peptide HR1a instead of HR1.
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coronavirus associated with severe acute respiratory syndrome
(HCoV-SARS) (17, 34, 52, 53). The sequence alignment reveals a remarkable insertion of exactly two HRs (14 aa) in both
the HR1 and HR2 domains of the spike protein of the group
1 coronaviruses HCoV strain 229E (HCoV-229E) and feline
infectious peritonitis virus (FIPV) strain 79-1146. Alignment of
all known coronavirus spike protein sequences shows these
insertions in all group 1 coronaviruses. Another characteristic
feature is that the length of the linker region between the HR2
region and the transmembrane region is strictly conserved in
all coronavirus spike proteins.
HR1 and HR2 can form a hetero-oligomeric complex. To
study the HR regions in the S2 subunit of the MHV-A59 spike
protein, peptides corresponding to the HR residues 953 to
1048 (HR1), 969 to 1048 (HR1a), 969 to 1048 (HR1b), 969 to
1003 (HR1c), and 1216 to 1254 (HR2) (Fig. 1B) were produced in bacteria as GST fusion proteins. The peptides were
affinity purified using glutathione-Sepharose beads, proteolytically cleaved from the resin, and purified to homogeneity by
RP HPLC. The masses of the peptides, as determined by mass
spectrometry, matched their predicted Mws (HR1, 10,873 Da;
HR1a, 8,653 Da; HR1b, 5,631 Da; HR1c, 4,447 Da; and HR2,
5,254 Da). To study an interaction between the two HR regions, the purified peptides HR1 and HR2 were incubated
alone (80 M) or in an equimolar (80 M each) mixture for
1 h at 37°C, and the samples were subjected to SDS-PAGE
either directly or after being heated for 5 min at 95°C (Fig.
2A). While the peptides migrated according to their molecular
masses after separate incubation, most of the protein of the
preincubated mixture of HR1 and HR2 migrated as a higher-

molecular-mass complex with a slightly lower mobility than the
29-kDa marker. Upon being heated, the complex dissociated,
giving rise to the individual subunits HR1 and HR2. We also
tested the other HR1 peptides for interaction with HR2. While
we did not observe complexes upon mixing of HR2 with HR1b
or HR1c (data not shown), a higher-molecular-mass species
comigrating with the 29-kDa marker was found when HR1a
was incubated with HR2 (Fig. 2B), though the extent of complex formation appeared to be lower than with peptide HR1.
Higher-molecular-mass species were not seen. The results indicated that the HR1 region contains the information to associate with the HR2 region into a hetero-oligomeric complex
and that this complex is stable in the presence of 2% SDS.
HR1-HR2 complex is highly temperature resistant. Next, we
determined the stability of the HR1-HR2 complex at increasing temperatures. An equimolar (80 M each) mix of the two
peptides was again incubated for 1 h at 37°C and subsequently
heated for 5 min at different temperatures in 1⫻ Tricine sample buffer or left at RT. The complexes were analyzed by
SDS-PAGE in a 15% gel. As Fig. 3 demonstrates, the highmolecular-mass complexes remained intact up to 70°C, partly
dissociated at 80°C, and fully dissociated at 90°C. The stability
of the complex at high temperatures indicates that the peptides
are held together by strong interaction forces in an energetically favorable conformation.
HR1, HR2, and the HR1-HR2 complex are highly alpha
helical. The secondary structure of the HR peptides was examined by CD, and the CD spectra of HR1 and HR2 and of an
equimolar mixture of HR1 and HR2 were recorded (Fig. 4).
The spectra showed clear minima at 208 and 222 nm, which is
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FIG. 5. Electron micrographs of HR1-HR2 complex.
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characteristic of alpha-helical structure. Calculations revealed
that the alpha-helical contents of the individual HR1 and HR2
peptides and of the mixture of the two peptides were 89.2, 89.3,
and 81.9%, respectively.
The HR1-HR2 complex has a rod-like structure. The overall
shape of the HR1-HR2 complex was examined by electron
microscopy. Complexes were purified and viewed after negative staining. Electron micrographs revealed rod-like structures
(Fig. 5). Based on measurements of 40 particles, an average
length of 14.5 nm (⫾2 nm) was calculated. This length is
consistent with an alpha helix ⬃90 aa in length, which corresponds approximately to the predicted length of the HR1
coiled-coil region. Similar rod-shaped complexes have been
reported for the influenza virus HA protein (12, 56), for portions of the HIV-1 gp41 protein (73), and for the Ebola virus
GP2 protein (70).
HR1 and HR2 helices associate in an antiparallel manner.
The relative orientation and position of HR2 with respect to
HR1 in the complex were examined by limited proteolysis
using proteinase K in combination with mass spectrometry.
Complexes were generated by incubation of the HR2 peptide
with each of the peptides HR1, HR1a, HR1b, and HR1c. The
reaction mixtures, as well as the individual peptides, were then
treated with proteinase K. Samples from each reaction were
analyzed by Tricine SDS-PAGE (data not shown). Using RP
HPLC, the protease-resistant fragments were purified, and
their molecular masses were determined by mass spectrometry,
which allowed us to identify the protease-resistant cores of the
peptides. For each protease-resistant core, a unique amino
acid composition could be deduced that allowed the unequiv-

ocal identification of the peptides in the different samples.
Figure 6 gives a schematic overview of the proteinase K-resistant fragments. Digestion of HR1 alone left a protease-resistant fragment with a molecular mass of 6,801 Da, corresponding to residues 976 to 1040. Although CD spectra had indicated
a folded structure, HR2 was completely degraded by proteinase K. However, in the presence of HR1, HR2 was fully protected from proteolytic degradation. HR2 was able to rescue
18 additional residues at the N terminus of HR1, leaving a
fragment of 8,675 Da, corresponding to residues 958 to 1040.
Proteolysis of the HR1a peptide alone generated the same
fragment (residues 976 to 1040) obtained with HR1. In the
HR1a-HR2 mixture, the HR2 peptide was completely protected by HR1a from degradation, while HR2 fully shielded
the N terminus of HR1a from proteolysis, including the glycine
and serine residues originating from the thrombin cleavage
site.
Although a higher-molecular-mass species could not be detected by Tricine SDS-PAGE (data not shown), the protease
treatment of the HR1c-HR2 complex left a protease-resistant
core. HR1c was fully sensitive to proteinase K but was completely protected in the presence of HR2. HR2 itself was partly
protected against proteolysis by HR1c, yielding a fragment of
3,583 Da that represents residues 1225 to 1254. Importantly,
this HR2 fragment has an intact C terminus but is degraded at
its N terminus. HR1c has the same N terminus as HR1a but is
truncated at its C terminus. Thus, its inability to protect the
HR2 N terminus combined with the full protection provided by
HR1a implies an antiparallel association of the HR1 and HR2
helices in the hetero-oligomeric complex. The peptide HR1b
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FIG. 6. Proteinase K treatment of HR peptides. The peptides HR2, HR1, HR1a, HR1b, and HR1c were subjected to proteinase K either
individually in solution or after mixing of the different HR1 peptides with HR2 at equimolar concentration followed by a 1-h incubation at 37°C.
Proteolytic fragments were separated and purified by HPLC and characterized by mass spectrometry. The peptides are represented by bars. The
hatched bars indicate the protease-sensitive part(s) of the peptide. Shaded bars represent the HR2 peptide. The N- and C-terminal positions of
the peptide and the amino acid numbering are indicated.
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DISCUSSION
HR regions play a critical role in viral membrane fusion.
Fusion proteins from widely disparate virus families have been
shown to contain two such regions, one located close to the
fusion peptide, the other generally in the vicinity of the viral
membrane (7) (summarized in Fig. 8). Distances between the
HR regions vary greatly, from some 50 aa, as in HIV-1, to
⬃300 residues in Spodoptera exigua multicapsid nucleopolyhedrosis virus (74). The crystal structures resolved for influenza
virus HA (4, 10, 78), HIV-1 and SIV gp41 (5, 8, 42, 66, 72, 79),
Moloney murine leukemia virus gp21 (20), Ebola virus GP2
(43, 71), human T-cell leukemia virus type I gp21 (32), Visna
virus TM (44), SV5 F1 (1), HRSV F1 (83), and Newcastle
disease virus F (13) all show a central trimeric coiled coil
constituted of three HR1 regions. In some of these structures
(e.g., HIV-1 and SIV gp41, SV5 F1, Ebola virus gp2, Visna
virus TM, and HRSV F1), a second layer of helices or elongated peptide chains was observed, contributed by HR2 domains which were packed in an antiparallel manner into the
hydrophobic grooves of the HR1 coiled coil, forming a six-helix
bundle. In the full-length protein, such a conformation brings
the fusion peptide present at the N terminus of HR1 close to

FIG. 7. Inhibition of virus cell entry and cell-cell fusion by HR
peptides. (A) Virus cell entry inhibition by HR peptides using a luciferase gene-expressing MHV. LR7 cells were inoculated with virus at
an MOI of 5 in the presence of various concentrations of peptide
ranging from 0.4 to 50 M. At 5 h p.i., the cells were lysed, and
luciferase activity was measured. CPS, counts per second. The error
bars indicate standard deviations. (B) Inhibition of spike-mediated
cell-cell fusion by HR peptides. BSR T7/5 effector cells—BHK cells
constitutively expressing T7 RNA polymerase (3)—were infected with
vaccinia virus for 1 h and subsequently transfected with a plasmid
containing the S gene under a T7 promoter. Three hours posttransfection, LR7 target cells transfected with a plasmid carrying the luciferase gene behind a T7 promoter were added to the effector cells. The
cells were incubated for another 4 h in the presence or absence of HR
peptide. The cells were lysed, and luciferase activity was measured.

the transmembrane region that occurs C terminally of HR2.
With the fusion peptide inserted in the cellular membrane and
the transmembrane region anchored in the viral membrane,
such a hairpin-like structure facilitates the close apposition of
cellular and viral membranes and enables subsequent membrane fusion (reviewed in reference 19). Combined with the
findings that peptides derived from these HR domains can act
as potent inhibitors of fusion (reviewed in reference 19), the
biological relevance of the HR regions in the viral life cycle is
obvious. Our studies of the HR motifs in the MHV-A59 spike
protein presented here indicate that coronaviruses use membrane fusion and cell entry mechanisms similar to those of the
other viruses, allowing coronavirus spike proteins to be classified as class I viral fusion proteins (37).
The MHV-A59-derived HR peptides exhibited a number of
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was fully sensitive to proteinase K both by itself and when
mixed with HR2. HR1b also could not prevent proteolysis of
HR2. Altogether, the proteolysis results suggest that the antiparallel association of HR2 and HR1 occurs in the middle part
of HR1.
HR2 strongly inhibits viral entry and syncytium formation.
The formation of stable HR complexes is supposedly an essential step in the process of membrane fusion during viral cell
entry. Thus, we evaluated the potencies of our HR peptides for
inhibiting MHV entry, making use of a recombinant MHVA59, MHV-EFLM, which expresses the firefly luciferase reporter gene. Cells were inoculated with MHV-EFLM in the
presence of different concentrations of the peptides HR1,
HR1a, HR1b, HR1c, and HR2. After 1 h, the cells were
washed, and culture medium without peptide was added. At
4 h p.i., i.e., before syncytium formation takes place, the cells
were lysed and tested for luciferase activity (Fig. 7A). HR1,
HR1a, and HR1b were not able to inhibit viral entry up to
concentrations of 50 M. In contrast, HR2 blocked viral entry
in a concentration-dependent manner, and inhibition was almost complete at a concentration of 50 M.
We also studied the abilities of the HR peptides to block
cell-cell fusion. To this end, we established a sensitive cell-cell
fusion assay based on the coculturing of BHK cells expressing
the bacteriophage T7 polymerase, as well as the MHV-A59
spike protein, with murine L cells transfected with a plasmid
carrying a luciferase gene cloned behind a T7 promoter. Fusion of the cells was determined by measuring luciferase activity. The effects of adding the HR peptides during the coculturing of the cells are compiled in Fig. 7B. The HR2 peptide
again appeared to be a potent inhibitor able to efficiently block
cell-cell fusion. A 1,000-fold reduction in luciferase activity was
measured at a concentration of 10 M, whereas essentially no
activity was observed at a concentration of 50 M. Of the HR1
peptides, only the HR1b peptide had a minor effect at the
highest concentration of 50 M.
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typical class I characteristics. First, the purified HR1 and HR2
peptides assembled spontaneously into unique, homogeneous
multimeric complexes. These complexes were highly stable,
surviving, for instance, high concentrations (2%) of SDS and
high temperatures (70 to 80°C). The peptides apparently associate with great specificity into an energetically very favorable structure. Another typical feature was the observed secondary structures in the peptides. As for HR peptides of other
class I viruses, the CD spectra of both the individual and the
complexed HR1 and HR2 peptides showed patterns characteristic of alpha-helical structure. The alpha-helix contents of
the separate peptides were calculated to be ⬃89%, and that of
their equimolar mixture was calculated to be ⬃82%. Consistent with these observations, the HR complex revealed a rodlike structure when examined by electron microscopy. The
length of this structure (⬃14.5 nm) correlates well with the
length predicted for an alpha helix the size of HR1 (96 aa).
Similar rod-like structures have been observed for other class
I virus fusion proteins, such as the influenza virus HA protein
(12, 56), portions of the HIV-1 gp41 protein (73), and the
Ebola virus GP2 protein (70), but the lengths of the MHVA59-derived structures are substantially larger. This is presumably even more the case for group I coronaviruses, which have
an insertion of two HRs (14 aa) (Fig. 1) in both HR regions.
These insertions into otherwise conserved areas suggest that
these additional sequences associate with each other in the
HR1-HR2 complex, thereby extending the alpha-helical complex by exactly four turns. We can only speculate about the
significance of the exceptional lengths of coronavirus HR complexes. It is conceivable that the supposedly higher energy gain

of their formation corresponds with higher energy requirements for membrane fusion by these viruses.
Another important characteristic of class I viral fusion proteins is the formation of a heterotrimeric six-helix bundle during the membrane fusion process, resulting in a close colocation of the fusion peptide and the transmembrane domain.
Consistently, protein dissection studies using proteinase K
demonstrated an antiparallel organization of the HR1 and
HR2 alpha-helical peptides in the MHV-A59 HR complex. So
far, no fusion peptides have been identified in any coronavirus
spike protein, but predictions for MHV S have located such
fusion sequences at (7) or in (41) the N terminus of HR1. In
both cases, an antiparallel orientation of the HR1 and HR2
alpha helices ensures that the fusion peptide is brought into
close proximity to the transmembrane region. Sequence analysis reveals that the e and g positions in the HR1 regions of all
coronaviruses are primarily occupied by hydrophobic residues,
unlike the e and g positions in the HR2 regions, which are
mostly polar (Fig. 1). The HR2 region also contains a strictly
conserved N-linked glycosylation sequence, indicating its surface accessibility. Preliminary X-ray data on the HR1-HR2
complex show a six-helix bundle structure in the electron-dense
region (B. J. Bosch, P. J. M. Rottier, and F.A. Rey, unpublished results). The combined observations suggest a packing
analogous to those of the fusion proteins of other class I
viruses (e.g., HIV and SV5), where the HR1 and HR2 peptides
can form a six-helix bundle with the long HR1 peptide in the
middle as a three-stranded coiled-coil with the hydrophobic a
and d residues in its inner core. The shorter HR2 peptide packs
with its apolar interface in the hydrophobic grooves of the HR1
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FIG. 8. Schematic representation (approximately to scale) of the viral fusion proteins of six different virus families: MHV-A59 S (Coronaviridae), influenza virus HA (Orthomyxoviridae), HIV-1 gp160 (Retroviridae), SV5 F (Paramyxoviridae), Ebola Gp2 (Filoviridae), and S. exigua
multicapsid nucleopolyhedrosis virus (SeMNPV) F (Baculoviridae). Cleavage sites are indicated by triangles; the solid bars represent the (putative)
fusion peptides, the vertically hatched bars represent the HR1 domains, and the horizontally hatched bars represent the HR2 domains.
Transmembrane domains are indicated by the vertical dashed lines. For each polypeptide, the total length is given at the right.
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(22, 28) as this interaction enhances liposome binding and
protease sensitivity as well (28). Virion binding to liposomes is
presumably caused by the exposure of hydrophobic protein
surfaces or of the fusion peptide as a result of the conformational change. It appears that the structural rearrangements in
the spikes, whether elicited by elevated pH or soluble receptor
interaction, reflect the process that naturally gives rise to the
fusion of viral and cellular membranes. Accordingly, cell-cell
fusion induced by MHV-A59 was maximal at slightly basic pH
(63).
A number of studies of the MHV spike protein have shown
the importance of the HR regions in membrane fusion. Three
codon mutations (Q1067H, Q1094H, and L1114R) in or close
to the HR1 region of the spike protein were found to be
responsible for the low pH requirement for fusion of some
MHV-JHM variants isolated from persistently infected cells
(24). Analysis of soluble receptor-resistant variants of this virus
also pointed to an important role for the HR1 region in fusion
activity and suggested that it interacts somehow with the Nterminal domain (S1N330-III; aa 278 to 288) of the spike
protein (45). In yet another MHV-JHM variant, a great reduction in cell-cell fusion was attributed to the occurrence of two
mutations in the spike protein, one of which was again located
in the HR1 region (A1046V), while the other (V870A) was in
a small nonconserved HR region (N helix) close to the S
cleavage site (33). Acidification resulted in a clear enhancement of fusion by this double mutant. It was speculated that
the three predicted helical regions (N helix, HR1, and HR2) all
collapse into a low-energy coiled coil during the process of
membrane fusion (33). This paper provides evidence that the
HR1 and HR2 regions indeed can form such a low-energy
coiled coil. However, the role of the small N helix, although not
conserved in group I and III coronaviruses, remains to be
determined. Studies with the MHV-A59 S protein showed that
mutations introduced at a and d positions in an N-terminal
part of the HR1 region, a fusion peptide candidate, severely
affected cell-cell fusion ability (41). This effect was not due to
defects in spike maturation or cell surface expression. Finally,
codon mutations in the HR2 region were also found to significantly reduce cell-cell fusion (40). Though these mutant spike
proteins were apparently impaired in oligomerization, their
surface expression was hardly affected.
In conclusion, our structural and functional studies indicate
that the coronavirus spike protein can be classified as a class I
viral fusion protein. The protein has, however, several unusual
features that set it apart. An important characteristic of all
class I virus fusion proteins known so far is the cleavage of the
precursor by host cell proteases into a membrane-distal subunit and a membrane-anchored subunit, an event essential for
membrane fusion. Consequently, the hydrophobic fusion peptide is then located at or close to the newly generated N
terminus of the membrane-anchored subunit, just preceding
the HR1 region. In contrast, the MHV-A59 spike does not
have a hydrophobic stretch of residues at the distal end of S2
but carries a fusion peptide internally at a location that has yet
to be determined (7, 41). Unlike other class I fusion proteins,
cleavage of the S protein into S1 and S2 has been shown to
enhance fusogenicity (26, 64) but not to be absolutely required
(2, 27, 62, 64). In fact, spikes belonging to group 1 coronaviruses are not cleaved at all.
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coiled coil, which exposes the mostly hydrophobic residues on
e and g positions.
Peptides derived from the HR regions of retrovirus (30, 39,
48, 50, 61, 75, 76; S. Jiang, K. Lin, N. Strick, and A. R. Neurath,
Letter, Nature 365:113, 1993) and paramyxovirus (29, 36, 54,
80, 82) fusion proteins have been shown to strongly interfere
with the fusion activities of these proteins. We observed the
same effect when we tested the HR2 peptide of the MHV-A59
spike protein. With a recombinant luciferase-expressing MHVA59, the peptide acted as an effective inhibitor of virus entry at
micromolar concentrations. Cell-cell fusion inhibition was
even more efficiently blocked by the peptide, as tested in a cell
fusion luciferase assay system. However, peptides derived from
the HR1 region had no or only a minor effect on virus entry
and syncytium formation. HIV-1 gp41-derived HR peptides
that inhibit membrane fusion have been shown not to bind to
the native protein or to the six-helix bundle. They can bind only
to an intermediate stage of gp41 occurring during the fusion
process (9, 21, 31). Repeated passage of HIV in the presence
of the inhibitory peptide DP178, which is derived from the
C-terminal gp41 HR region, resulted in resistant viruses containing mutations in the N-terminal HR region (55). By analogy to HIV-1 and other class I viruses, inhibition of membrane
fusion by the MHV HR2 peptide most likely takes place during
an intermediate stage of the fusion process by binding of the
peptide to the HR1 region in the spike protein. This binding,
which may occur before, during, or after the association of the
HR1 regions into the inner trimeric coiled coil, presumably
inhibits the subsequent interaction with native HR2 and, consequently, membrane fusion. For the HIV-1 gp41 and SV5 F
protein also, peptides corresponding to the HR1 region show
membrane fusion inhibition, supposedly by binding to the native HR2 region (29, 75). It has been reported for HIV-1 that
the HR1 peptide aggregates in solution (39) and that its inhibitory activity could be enhanced by fusing it to a designed
soluble trimeric coiled coil, making the HR1 peptide more
soluble (18). The MHV-A59 HR1 peptide is soluble in water
but appeared to precipitate in salt solutions (data not shown).
We cannot exclude the possibility that this solubility feature
obscured the inhibitory potencies of our HR1-derived peptides
and that it accounts for the negative results with these peptides
in our fusion assays. The HR2 peptide (as well as, possibly,
soluble forms of HR1) may well provide powerful antivirals for
the therapy of coronavirus-induced diseases both in animals
and humans.
Membrane fusion mediated by class I fusion proteins is
accompanied by dramatic structural rearrangements within the
viral polypeptide complexes (19). Though little is known of the
coronavirus membrane fusion process (for a review, see reference 23), the occurrence of conformational changes induced by
various conditions has been described for MHV spikes (46).
While MHV-A59 is quite stable at mildly acidic pH, it is rapidly and irreversibly inactivated at pH 8.0 and 37°C (63). Under
these conditions, the S1 subunit dissociates from the virions
and the S2 subunit aggregates concomitantly, resulting in the
aggregation of the particles. Due to the structural rearrangements in the spike, virions can bind to liposomes and the S2
protein becomes sensitive to protease degradation (28). Similar conformational changes can apparently also be induced at
pH 6.5 by the binding of spikes to the (soluble) MHV receptor
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