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ABSTRACT: The envelope glycoproteins of the class I family, which include human immunodeficiency
virus (HIV), influenza, and severe acute respiratory syndrome coronavirus (SARS-CoV), mediate viral
entry by first binding to their cellular receptors and subsequently inducing fusion of the viral and cellular
membranes. In the case of SARS-CoV, heptad repeat domains of the envelope glycoprotein, termed S2-
HR1 and S2-HR2, are thought to undergo structural changes from a prefusion state, in which S2-HR1
and S2-HR2 do not interact, to a postfusion state in which S2-HR1 and S2-HR2 associate to form a
six-helix bundle. In the present work, the structural and dynamic properties of S2-HR2 have been
characterized. Evidence is presented for an equilibrium between a structured trimer thought to represent
a prefusion state and an ensemble of unstructured monomers thought to represent a novel transition state.
A model for viral entry is presented in which S2-HR?2 is in a dynamic equilibrium between an ensemble
of unstructured monomers in the transition state and a structured trimer in the prefusion state. Conversion
from the prefusion state to the postfusion state requires passage through the transition state, a state that
may give insight into the design of structure-based antagonists of SARS-CoV in particular, as well as

other enveloped viruses in general.

Enveloped viruses of the class I family, which include
human immunodeficiency virus (HIV), influenza, and severe
acute respiratory syndrome coronavirus (SARS-CoV), enter
their cellular targets by first binding to the cell membrane
and subsequently inducing fusion of the viral and cellular
membranes (/). In these viruses, the subunits that bind
receptors are gpl20, HA1, and S1 in HIV, influenza, and
SARS-CoV, respectively; the subunits that mediate mem-
brane fusion are gp41, HA2, and S2 in HIV, influenza, and
SARS-CoV, respectively (2—4). Based on their amino acid
sequences, the viral proteins that mediate membrane fusion
generally possess two heptad repeats termed HR1 and HR2,
which consist of seven residue motifs (where the positions
are labeled “abcdefg”) possessing hydrophobic residues in
the “a” and “d” positions resulting in a high propensity to
form helices that interact as a coiled-coil helix (5). There is
substantial structural information available for the HR1 and
HR2 domains of viral envelope proteins. For example, high-
resolution structures have been determined for HR1 and HR2
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domains of HIV and SIV gp41 (6-9), influenza HA2 (10-12),
and SARS-CoV S2 (13-16). Based on these structures, as
well as those from Ebola, mouse hepatitis virus, and
paramyxoviruses (/7-20), the HR1 and HR2 domains
undergo large structural changes during the membrane fusion
event (/). In the prefusion conformation, as well as the
unprocessed form, the HR2 domains are thought to self-
associate as parallel trimers. Specific examples of prefusion
envelope structures include influenza HA2 (10, 12), parain-
fluenza virus 5 F (20), and SARS-CoV S2-HRI1 and
-HR2 (13, 16). In the postfusion form, the HR1 domains
self-associate as trimers and the HR2 domains associate with
the HR1 domains in an antiparallel orientation to form the
“six-helix bundle”. Examples of postfusion envelope struc-
tures include Ebola GP2 (17, 18), HIV and SIV gp41 (6-9),
influenza HA2 (/1), human parainfluenza virus 3 F (/9), and
SARS-CoV S2 (15, 16). The presence of the prefusion
conformation is further supported by the observation that
peptides, corresponding to the HR1 and HR2 regions, often
exhibit antiviral activity, presumably by binding to the
prefusion conformation and thereby inhibiting formation of
the postfusion conformation (2/-23). Importantly, one such
peptide corresponding to the HIV gp41 HR2, termed T20
or fuzeon, is currently used as a therapy in HIV-infected
humans (24).

A general aspect of the viral entry model is the conforma-
tion change from the prefusion state to the postfusion state,
which requires dissociation of the self-associating HR2
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domains while maintaining a trimer of self-associating HR1
domains; however, very little is known about the transition
from the prefusion to the postfusion state. Previous studies
of SARS-CoV S2-HR2 constructs have suggested that this
region contains helix and is in a monomer—trimer equilib-
rium (23, 25, 26). In the present study we have examined
the structural and dynamic properties of the dissociation step
of SARS-CoV S2-HR2 (residues 1141—1193 of SARS-CoV
S Urbani). We find that S2-HR2 is in a dynamic equilibrium
between unstructured monomers and a structured trimer in
the prefusion state. We suggest that the unstructured mon-
omeric state represents a transient intermediate or transition
state that is essential for envelope-mediated viral entry.
Importantly, consideration of the unstructured and structured
states of HR2 may be of relevance to the design of future
antiviral therapies.

EXPERIMENTAL PROCEDURES

Protein Preparation. The SARS-CoV S2-HR2 domain
consisting of residues 1141—1193 was subcloned into the
BamHI/HindIll restriction sites of a modified pQE30-
expression vector (Qiagen, Valencia, CA). The resulting
construct, termed His-PG-S2-HR2, consists of an N-terminal
polyhistidine tag followed by protein G (the IgG binding
domain of streptococcus protein G), a TEV (tobacco etch
virus) cleavage site, sequence = ENLYFQGS for removal
of the expression tag, and S2-HR2. For simplicity, from here
on S2-HR2 will be numbered 1—55 corresponding to
residues 1141—1193 of the intact protein (the N-terminal
glycine and serine residues are a cloning artifact). Protein
expression of unlabeled S2-HR?2 was achieved in Escherichia
coli strain SG13009 (Qiagen). For large-scale preparations,
50 mL cultures of the appropriate strains were grown
overnight at 37 °C in LB media supplemented with 100 zg/
mL ampicillin and 50 ug/mL kanamycin. This culture was
then used to inoculate a 1 L batch of LB media supplemented
with 100 ug/mL ampicillin and 50 yg/mL kanamycin. Protein
expression was induced at the full exponential growth phase
(ODggo = 0.6) by the addition of IPTG to a final concentra-
tion of 0.8 mM; cell growth was continued for 4—5 h, and
the cells were harvested by centrifugation. Protein expression
of ’N-labeled and '3C/"N-labeled S2-HR2 was achieved by
growing E. coli strain SG13009 as previously described (/3).
Briefly, the cells were grown in 4 L of LB media at 37 °C
until they reached an ODgq of 0.8. Subsequently, the cells
were pelleted, washed once with M9 salts, resuspended in 1
L of M9 minimal media supplemented with 1 g/L. "NH,CI
(Martek Biosciences, Columbia, MD) and/or 4 g/L '3C-
glucose (Isotec, Miamisburg, OH), and set to recover in the
absence of antibiotic selection. Protein expression was
induced after 1 h by addition of 0.8 mM IPTG and grown
for an additional 4—5 h at 37 °C. The HIS-PG-S2-HR2
fusion protein was purified from the soluble fraction using
a Ni** fast-flow Sepharose column (Qiagen, Valencia, CA).
The proteins were then cleaved using TEV protease and run
once more over the Ni?* column to remove His-PG and TEV
protease, which also contains a polyhistidine tag. The flow-
through fraction containing S2-HR2 was then dialyzed
extensively against 10 mM NaPO,, pH 7.0, and concentrated
by ultrafiltration (YM3; Amicon, Billerica, MA). The purity
of S2-HR2 was estimated to be >98%, based on SDS—PAGE
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and size exclusion chromatography. The identity of S2-HR2
was confirmed by MALDI-TOF mass spectrometry (25).

Sedimentation Velocity. Sedimentation velocity experi-
ments were performed in a Beckman ProteomeLab XL-1
analytical ultracentrifuge using an An60Ti rotor at 20 °C.
To test for self-association, two S2-HR2 concentrations were
assayed (110 and 220 uM). Epon double-sector centerpieces
were filled with 400 uL of sample and buffer (10 mM
NaPO., pH 7.0) and centrifuged at 50000 rpm. Absorbance
data were acquired at 280 nm with a time interval of 5 min.
Buffer viscosity, protein partial specific volumes, and
frictional ratios were calculated with SEDNTERP (http://
www.rasmb.bbri.org/) developed by Hayes, Laue, and Philo.
The data were fit using a continuous c(s) Lamm equation
distribution model with the program Sedfit (27).

CD Analysis. Circular dichroism (CD) spectra were
measured on a Jasco-710 spectropolarimeter. Wavelength
spectra were recorded from 190 to 260 nm in 10 mM NaPOQ,,
pH 7.0, in cells of 0.1—1 mm path length. For samples
containing TFE, the above buffer was diluted with TFE and
the NaPO, concentration was adjusted accordingly. In all
cases, the spectra were corrected by the subtraction of a blank
corresponding to the buffer. The percentage of a helix was
calculated by the observed molar ellipticity at 222 nm (6ps)
divided by the theoretical molar ellipticity ([6,]), where [6]
= 40000 x (1—4.6/N) and N = 55 (the total number of
residues). The thermal stability of S2-HR2 under different
buffer conditions was determined by following the change
in molar ellipticity at 222 nm from 5 to 80 °C with a scan
rate of 1 °C/min. The fraction of helix (F},) was determined
by the equation F, = ([Oobs] — [0u])/([6f] — [6.]), Where
Oobs 1s the observed molar ellipticity at 222 nm at any given
temperature, Oy is the molar ellipticity at 222 nm at 5 °C
(the folded state), and 6, is the molar ellipticity at 222 nm
at 80 °C (the unfolded state). In this analysis, the midpoint
of the thermal denaturation, 7}, corresponds to the temper-
ature where 50% of the protein has unfolded.

NMR Assignment. Backbone assignments were determined
using a standard set of 3D heteronuclear NMR experiments
including HNCO, HN(CO)CA, and HNCA on Bruker DRX
600 MHz and Bruker AVANCE 800 MHz spectrometers
equipped with cryogenic triple resonance probes (cf. ref 73).
The side-chain resonances were assigned by 3D "N-edited
TOCSY-HSQC, 3D HCC(CO)NH, and 3D CC(CO)NH
experiments. 3D "N-edited NOESY-HSQC (mixing time =
120 ms) and 3D PC-edited NOESY-HSQC (mixing time =
100 ms) were acquired for distance information, as well as
confirmation of side chain assignments. Experimental condi-
tions were 400 uM S2-HR2 in 10 mM NaPO,, pH 7.0, and
10% 2H,O at 25 °C. Spectra were processed by NmrPipe
and visualized with NmrDraw (28).

Solvent Exchange. The Hy exchange rates are described
by the equation I/lj = (ke/(R, + kex — RY™))(exp-
(_szatertmix) - CXP(_(RZ + kex)tmix)) ~ kextmix at short tmix,
where I and I, are the observed and reference intensities,
respectively, kex is the solvent exchange rate, R, is the Hy
longitudinal relaxation rate, R,***" is the water longitudinal
relaxation rate, and i is the mixing timer (29, 30, 32). A
series of CLEANEX-PM experiments (30) were performed
with fmix = 5, 10, 15, 20, 40, 60, 80, and 100 ms.
Experimental conditions were 400 uM S2-HR2 in 10 mM
NaPO,, pH 7.0, and 10% 2H,O at 25 °C. The ke, were
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determined from the initial slope of /Iy versus fmix (fmix <
20 ms) using KaleidaGraph 4.0. The errors correspond to
the estimated fitting errors of the linear regression. The
relative exchange was calculated by kex/kini, Where kine was
estimated by the program Sphere (www.fccc.edu/research/
labs/roder/sphere,31).

Inhibition of Viral Entry. HIV pseudotyped virions with
SARS-CoV S protein were produced by cotransfecting the
cDNA of wild-type S gene with an envelope-deficient HIV
vector, pNL4-3-Luc-R-E-, into 293T cells (producer cells)
by the modified Ca3(PO,4), method. 293T cells were trans-
fected with 10 ug of HIV vector and 15 ug of S or VSV-G
DNA. After 16 h, cells were washed once with PBS, and
fresh medium was added to the plates. The pseudotyped
virions in the supernatant were harvested after 48 h and
filtered with a 0.45 um pore-size filter. At 16 h posttrans-
fection of 293T cells with human ACE2, the cells were
seeded in 24-well plates and challenged with the S pseudot-
yped HIV viruses, which had previously been incubated with
varying concentrations of S2-HR2 for 15 min at room
temperature. The media was changed 16 h postinfection, and
cell lysates were analyzed for luciferase activity 48 h
postinfection. Luciferase activity was measured with a
Berthold FB12 luminometer according to the manufacturer’s
instructions. Control experiments utilized HIV/VSV pseudot-
yped virions, which were not affected by the S2-HR2 peptide
(data not shown). Each experiment was performed in
triplicate from the transfection stage.

RESULTS

Oligomerization State of S2-HR2. The construct character-
ized herein consists of residues 1141—1193 of SARS-CoV
Urbani (GenBank accession number AY278741), as shown
in Figure la. In addition, the positions of the heptad repeats
are shown. Previous characterizations of smaller S2-HR2
constructs (consisting of 37—39 residues) have shown by
analytical ultracentrifugation that S2-HR?2 is in an equilibrium
between monomeric and trimeric forms (23, 26). However,
a S2-HR2 construct consisting of 44 residues was shown by
analytical ultracentrifugation and X-ray crystallography to
be a tetramer (/6). In Figure 1b, the sedimentation distribu-
tion of our construct of S2-HR2 (consisting of 55 residues)
is shown, based on sedimentation velocity experiments. The
buffer conditions were chosen to mirror those of the optimal
NMR conditions discussed below (10 mM NaPO,, pH 7.0
at 25 °C). At a concentration of 110 uM, we observe two
dominant species at S values of 0.85 and 1.55, which
correspond to monomer and trimer species. At this concen-
tration, the monomer:trimer ratio is 3.6. At a concentration
of 220 uM, we again observe two dominant species at S
values of 0.87 and 1.64 and the monomer:trimer ratio is 0.72.
The increased amount of trimer at higher concentration
suggests an equilibrium between the monomer and trimer.

Equilibrium between Structured and Unstructured States
of S2-HR2. Figure 2a shows the CD spectra of S2-HR2 in
10 mM NaPOy, pH 7.0, at concentrations of 40, 400, and
1000 uM. As shown by the CD signal at 222 nm, the helix
content increases with concentration. For example, at 40 uM
the molar ellipticity at 222 nm is ~—9000°, and at 1 mM
the molar ellipticity at 222 nm is ~—20200°. The correlation
between concentration and helical structure suggests that S2-
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FIGURE 1: (a) Amino acid sequence of the SARS-CoV S2-HR2
construct. The sequence shown corresponds to that of SARS-CoV
S Urbani (GenBank accession number AY278741). The relative
position of S2-HR?2 within spike is shown above. The numbering
below the sequence corresponds to that of the construct character-
ized herein. Note that the first two residues (G and S) are cloning
artifacts. The letters above the sequence correspond to the heptad
repeat positions. (b) Oligomerization properties of S2-HR2, as
determined by sedimentation velocity. The gray and black lines
correspond to S2-HR2 concentrations of 110 and 220 uM,
respectively. The inset shows the residuals for the fit of the 220
uM data to a monomer—trimer model. The buffer conditions were
10 mM NaPOy, pH 7.0 at 25 °C.

HR2 is in a dynamic equilibrium between structured and
unstructured states. Figure 2b shows the effect of the
cosolvent TFE on S2-HR2 secondary structure. As the
concentration of TFE is increased from 0% to 40%, the molar
ellipticity at 222 nm increases from ~—9000°, which
corresponds to ~14 residues or 25% helix, to ~—24500°,
which corresponds to ~37 residues or 67% helix. The
stability of S2-HR2 was next probed by thermal denaturation
monitored by the CD signal at 222 nm under the aqueous
and cosolvent conditions. As shown by Figure 2¢, S2-HR2
exhibits a Ty, of 33 °C at a protein concentration of 400 uM
in 10 mM NaPOs, pH 7.0. This reaction is completely
reversible as evidenced by subsequent scans of the same
sample. In contrast, in the presence of cosolvent, the Ty, of
S2-HR2 increased to >60 °C (data not shown). Thus, under
aqueous conditions the helical structure of S2-HR2 is
relatively unstable at physiological temperatures.
Structural Properties of S2-HR2. The structural properties
of S2-HR2 were further investigated by NMR spectroscopy.
The optimal conditions for NMR experiments in aqueous
solution (i.e., in the absence of cosolvent) were found to be
400 uM S2-HR2 in 10 mM NaPOy, pH 7.0 at 25 °C. A two-
dimensional "N-edited HSQC spectrum of S2-HR2 with the
SN—'H assignments is shown in Figure 3a. The backbone
assignments were obtained using the standard set of three-
dimensional triple resonance experiments (/3). In all NMR
experiments, the spectra show a single set of resonances
indicating that the monomeric and trimeric species observed
by sedimentation velocity are in fast exchange on the NMR
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FIGURE 2: Secondary structure and stability of SARS-CoV S2-HR2
as monitored be CD. (a) CD spectra of S2-HR2 in 10 mM NaPOQOy,,
pH 7.0 (23 °C), at three different concentrations of S2-HR2: 40
uM (dotted line), 400 uM (solid line), and 1 mM (dashed line). (b)
CD spectra of S2-HR2 at 30 M in 10 mM NaPO,, pH 7.0 at 23
°C, with various amounts of TFE present. (c) Temperature
denaturation profiles of S2-HR2 as monitored by molar ellipticity
at 222 nm. Experimental conditions were 400 uM S2-HR2 in 10
mM NaPO,, pH 7.0.

time scale in which a population-weighted average chemical
shift is observed. The backbone chemical shifts of S2-HR2
support this notion, as shown by Figure 3b. For example,
the observed *C, and '*CO chemical shifts are indicative
of a core helix from residues 18—39 of the construct, which
corresponds to a helix content of ~40%. Additional helical
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character is suggested by the '*C chemical shifts of residues
10—17 and 40—49 of the S2-HR2 construct. Note that we
have previously shown that in the presence of cosolvent the
helix of S2-HR2 encompasses residues 17—47 of the
construct (/3). Interestingly, the secondary chemical shift
deviations of the core helix under aqueous conditions are
only ~30% of the magnitude of that observed in the presence
of cosolvent where S2-HR?2 is a structured trimer (/3), which
is consistent with the notion that S2-HR2 is in dynamic
equilibrium between unstructured monomers and a structured
trimer.

Dynamic Properties of SARS-CoV S2-HR2. Protein struc-
ture and dynamic properties can be probed by the exchange
rates of amide groups with solvent in which amide groups
that participate in hydrogen-bonding networks (e.g., regions
of helix or f3-sheet structure) exhibit slower exchange rates
than amide groups that do not participate in hydrogen bonds.
Accordingly, the structural and dynamic properties of S2-
HR2 were probed by CLEANEX-PM NMR experiments,
which measure the exchange rates of amide groups with
solvent on the millisecond time scale (30). As shown by
Figure 4a, the presence of nearly all '"H—'>N correlations in
this experiment suggest that the majority of S2-HR2 amide
groups are exchanging with H,O on the 100 ms time scale
in the absence of cosolvent, indicating that they do not
participate in long-lived hydrogen bonds. In contrast, we have
previously shown that only the terminal residues of S2-HR2
exhibit fast amide exchange in the presence of cosolvent (13).
Based on a series of CLEANEX-PM experiments with
different mixing times, the k.x of S2-HR2 range from ~3 to
27 s~'. Bai et al. (3]) have shown that, in the absence of
hydrogen bonding, Hy solvent exchange rates vary as a
function of amino acid type. Accordingly, we have plotted
the relative rates of kex (kex/king) Of S2-HR2 in Figure 4b. In
this representation, a value near zero would represent an Hy
that exhibits a relatively slow ke, presumably due to
participation in a hydrogen bond. Conversely, a value near
1.0 would represent an Hy that exhibits a k.« value approach-
ing the completely exposed value. As shown by Figure 4b,
the relative exchange rates do not suggest that the helical
structure inferred from CD and NMR '3C chemical shift is
protecting Hy (i.e., the helical residues are well exposed due
to the equilibrium between structured and unstructured forms
of S2-HR2 on the millisecond time scale).

Inhibition of SARS-CoV Entry by S2-HR2. Previous studies
of smaller S2-HR2 constructs have suggested that S2-HR2
inhibits SARS-CoV entry, albeit at a relatively poor level
with respect to the inhibition of HIV by the analogous HR2
regions (2/-23). To test the inhibition of SARS-CoV entry,
we developed a pseudotyping system. In this system,
pseudovirions consisting of S/HIV are formed. S-mediated
entry is quantified by luciferase activity. In Figure 5, the
entry of S/HIV pseudovirion entry into 293T cells expressing
ACE2, the SARS-CoV receptor, is shown as a function of
S2-HR2 concentration. The inhibition at the highest S2-HR2
concentration tested, 100 uM, is ~40%, suggesting an ICs,
value >50 uM. Thus, the present S2-HR2 construct is a
relatively poor inhibitor of SARS-CoV entry.
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FIGURE 3: NMR assignment and secondary structure of SARS-CoV S2-HR2 under aqueous conditions. (a) ’N-edited HSQC of S2-HR2
acquired on a Bruker 800 MHz spectrometer with a triple-resonance cryoprobe. Horizontal lines connect the side-chain amide pairs of
asparagine and glutamine residues. Unlabeled peaks correspond to minor forms of the terminal residues. Sample conditions were 400 uM
S2-HR2 monomer, 10 mM NaPOy, pH 7.0, and 10% *H,O at 25 °C. (b) Secondary chemical shift with respect to random coil 13C,, (shaded)
and 3CO (open) values. Random coil 13C values were taken from Wishart and Case (32). The core helix region observed for S2-HR2 in
the presence of cosolvent (/3) is shown at the bottom. Numbering corresponds to that of the construct (cf. Figure 1a).

DISCUSSION

Model for SARS-CoV S2-Mediated Entry. Based on the
present observations, a model for SARS-CoV S2-mediated
viral entry is presented in Figure 6. In this model three states
exist (/): a prefusion state in which S2-HRI and -HR2
domains self-associate to form trimers consisting of coiled
coils (2); a transition state in which S2-HR2 exists as
unstructured monomers (3); a postfusion state in which S2-
HR?2 associates with S2-HR1 to form the six-helix bundle.
The existence of the prefusion state is supported by the X-ray
structure of S2-HR1 (/6) and NMR structure (/3) of S2-
HR2. Moreover, the S2-HR1 prefusion state is corroborated
by the observation that S2-HR2 peptides inhibit SARS-CoV

entry (22, 23) (Figure 5). The existence of the postfusion
state is substantiated by the X-ray structures of the six-helix
bundle (/4-16). The CD and NMR data presented herein
support the existence of S2-HR2 in the transition state.
Moreover, the data suggest that there is a dynamic equilib-
rium between the S2-HR2 in the prefusion and transition
states.

An important aspect of this model is that the unstructured
transition state enables passage from the prefusion state to
the postfusion state. This leads us to speculate that the S2-
HR2 domain has evolved to maintain equilibrium between
structured and unstructured states, in contrast to intrinsically
unstructured domains (33). The tendency for S2-HR2 to form
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corresponds to that of the construct (cf. Figure 1a).
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FIGURE 5: Inhibition of pseudovirus harboring SARS-CoV envelope
entry by SARS-CoV S2-HR2. The error bars represent the standard
deviation of three separate experiments from the transfection step.

a coiled-coil trimer (the prefusion state) suggests that the
structured trimer is energetically favored with respect to
unstructured monomers (the transition state). On the other
hand, previous studies of the SARS-CoV S2 postfusion
conformation (i.e., the six-helix bundle), as well as studies
of the analogous structures of other viral envelope proteins,
imply that the postfusion conformation is the most energeti-
cally favored state. Indeed, Tripet et al. have shown that the
Tw of SARS-CoV S2-HR1/S2-HR2 is >70 °C (26). Thus,
the prefusion and transition states correspond to metastable
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prefusion transition

postfusion

FIGURE 6: Model for the different states of the SARS-CoV S2 fusion
protein during viral entry. S2-HR1 and S2-HR2, as well as the
direction of the polypeptide chain, are depicted in blue and red,
respectively. Dotted gray lines correspond to S2 regions of unknown
structure. The position of the viral membrane is deduced from the
location of the S2-HR2 C-terminus. The structures for the S2-HR1
(residues 940—973) and S2-HR?2 (residues 1141—1193) prefusion
states and the S2-HR1/S2-HR2 (residues 896—972/1142—1183)
postfusion state have been taken from previous work (13, 15, 16).
The S2-HR2 transition state was modeled by simulated annealing
in the absence of NMR restraints (/3).

states. It is important to note that viral entry models are
primarily based on in vitro studies of isolated HR1 and HR2
domains. Consequently, numerous factors present in vivo
could play important roles in determining the presence and
equilibrium of the proposed states including the missing S2
residues, interactions with S1, glycosylation of S2 sites, and
membrane anchoring of S2. Nonetheless, the model for
SARS-CoV entry may also be applicable to other enveloped
viruses. For example, in HIV gp41 and paramyxovirus F,
the six-helix bundle, which corresponds to the postfusion
state of the model, is very well documented by structural
studies. In the case of paramyxovirus, the structure of the
prefusion state of the F protein has also been determined
(20). To date, the presence of the prefusion state of HIV
gp41 has eluded characterization by biophysical techniques;
however, we note that the prefusion state of paramyxovirus
F was only observed upon stabilization of the HR2 coiled-
coil domain with the addition of non-native residues that
favor the formation of coiled-coil structure. Finally, evidence
for the transition state is lacking for paramyxovirus F;
however, in the case of HIV gp4l, the presence of the
transition state of HR2 may be inferred from studies that
have shown that it is relatively unstructured in isolation (34).

Implications for Antiviral Therapies Based on HR2. The
presence of multiple conformational states of HR2 during
viral entry has important implications for the design of
antiviral or immune-based therapies. In principle, one could
target the prefusion and/or transition states of HR2 to disrupt
formation of the postfusion state and hence disrupt envelope-
mediated fusion of the viral and target membranes, a
necessary step in viral entry. For example, a drug, peptide,
or antibody that binds to the HR2 helix in the prefusion state
could inhibit formation of the postfusion state. However, in
cases where a drug or peptide disrupts the HR2 coiled-coil
trimer, viral entry may, in fact, be enhanced by favoring the
HR2 transition state characterized herein. On the other hand,
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premature activation of the HR2 transition state may ef-
fectively inhibit viral entry before attachment of the virus
to its receptor. Alternatively, stabilization of the prefusion
HR2 state may be expected to inhibit viral entry by
prohibiting formation of the transition state. Taken together,
the multiple structural states of viral envelope, which are in
dynamic equilibrium, underscore the challenges faced in the
design of viral entry inhibitors.
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