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ARTICLE INFO ABSTRACT

Keywords: The lethal Coronaviruses (CoVs), Severe Acute Respiratory Syndrome-associated Coronavirus (SARS-CoV) and
SARS-CoV most recently Middle East Respiratory Syndrome Coronavirus, (MERS-CoV) are serious human health hazard. A
Cell fusion successful viral infection requires fusion between virus and host cells carried out by the surface spike glyco-
;Tu]zture protein or S protein of CoV. Current models propose that the S2 subunit of S protein assembled into a hexameric

helical bundle exposing hydrophobic fusogenic peptides or fusion peptides (FPs) for membrane insertion. The N-
terminus of S2 subunit of SARS-CoV reported to be active in cell fusion whereby FPs have been identified.
Atomic-resolution structure of FPs derived either in model membranes or in membrane mimic environment
would glean insights toward viral cell fusion mechanism. Here, we have solved 3D structure, dynamics and
micelle localization of a 64-residue long fusion peptide or LFP in DPC detergent micelles by NMR methods.
Micelle bound structure of LFP is elucidated by the presence of discretely folded helical and intervening loops.
The C-terminus region, residues F42-Y62, displays a long hydrophobic helix, whereas the N-terminus is defined
by a short amphipathic helix, residues R4-Q12. The intervening residues of LFP assume stretches of loops and
helical turns. The N-terminal helix is sustained by close aromatic and aliphatic sidechain packing interactions at
the non-polar face. *>N{'H}NOE studies indicated dynamical motion, at ps-ns timescale, of the helices of LFP in
DPC micelles. PRE NMR showed that insertion of several regions of LFP into DPC micelle core. Together, the
current study provides insights toward fusion mechanism of SARS-CoV.

Fusion protein
Fusion peptide

1. Introduction

The enveloped viruses transfer genetic materials into the host cell
through a well-orchestrated cell fusion process. Viral fusion proteins,
anchored in the membrane, play dominant role in the fusion process.
The fusion protein machinery connects membranes of the virus and host
cells leading to the cell fusion. Fusion proteins consists of two subunits
namely receptor binding and membrane fusion [1-4]. Conformational
transition of fusion protein often exposes buried hydrophobic fusion
peptide from the core structure. Fusion peptide inserts into the outer
leaflet of the plasma membrane of the host cell initiating membrane
fusion process [5-9]. Understating fusion mechanism not only garners
knowledge of virus pathology but also can be exploited for the devel-
opment of antiviral drugs [10-14]. Consequently, atomic-resolution
structures of fusion proteins have provided important molecular in-
sights for the membrane fusion process [2,4,15-19]. However, it may
be a daunting task to obtain membrane embedded structures of full-

length fusion proteins. To fill the gap, atomic resolution structures and
functional analyses, in lipid bilayer or in membrane mimic environ-
ments, of FPs are frequently considered [20-28].

In humans, CoVs are known to cause mild cold and other nonlethal
diseases, however, SARS-CoV and recently emerged MERS-CoV are
global health risk [29-32]. Pandemic SARS-CoV outbreak in
2002-2003 caused ~800 deaths and 9000 cases of infections over 29
countries. In 2012, MERS-CoV has been identified in Middle East and
England which was rapidly spread over 29 countries [29,33-35]. Ac-
cording to WHO, MERS-CoV has caused over 1800 infections and 422
related deaths. Despite potential threat for the large scale outbreaks of
SARS and MERS, no drugs or vaccines of therapeutics modality are
available so far. Therefore, understating of the molecular mechanism of
viral pathogenesis may be exploited for the development of anti-viral
drugs and vaccines [36,37].

It is well established that the host cell receptor binding and mem-
brane fusion occur through the S1 and S2 subunits of spike (S)

Abbreviations: CoVs, Coronaviruses; SARS-CoV, Severe acute respiratory syndrome-associated coronavirus; FPs, fusion peptides; LFP, long fusion peptide; NMR, nuclear magnetic

resonance; DPC, dodecyl phosphocholine; PRE, paramagnetic relaxation enhancement
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Fig. 1. Functional domains of the spike glycoprotein or S protein of SARS-CoV. S protein contains two subunits, S1 subunit is involved in receptor binding by RBD domain (in red), the S2
subunit mediates cell membrane fusion utilizing coiled-coiled HR1 and HR2 domains (in light blue), FPs (in yellow) located upstream of HR1 and PTM (in yellow) close to the TM domain.
The amino acid sequences of FPs are shown. The primary structure of 64-residue LFP construct, studied here, encompasses residues R758-E821, labelled as R1-E64.

glycoprotein of SARS-CoV [38-40]. SARS-CoV fusion protein or the S2
subunit belongs to the class I type fusion system that contains two
heptad repeats, HR1 and HR2, and a TM domain at the C-terminus
[41-47]. HR1 and HR2 complex stabilizes six helix bundle topology or
trimer-of-hairpins structure, a canonical feature shared by the class I
fusion proteins [41-47]. Interestingly, multiple regions of S2 subunit
have been identified with fusogenic activity (Fig. 1). As seen, potential
FPs are largely mapped upstream of HR1 in the S2 subunit of fusion
protein (Fig. 1). These potential FPs demonstrated vesicle fusion,
membrane partitioning and membrane disordering [48-55]. It has been
proposed that the cell-cell fusion may involve a concerted action of the
HR1 and HR2 along with insertion of the FPs into cell membrane
[48,50,54]. Atomic-resolution structure of SARS-CoV FPs in membrane
or in membrane mimic environment can provide mechanistic insights
toward virus-cell fusion. Previously, utilizing synthetic peptides, we
reported NMR structures of three potential FPs of SARS-CoV, namely
residues M770-L788, residues G873-F888 and residues L1185-F1202, in
DPC micelle [56]. Conceivably, during cell-cell fusion multiple FPs may
insert into membrane therefore, here, we investigated a long fusion
peptide (LFP) encompassing residues R758-E821 (Fig. 1). The 64-re-
sidue LFP was over-expressed in E. coli cells as a fusion protein con-
taining prodomain of human furin at the N-terminus and further pur-
ified. NMR structural characterization was carried out using
isotopically labelled LFP in DPC detergent solution. 3D structure of LFP
and localization in micelle may aid toward better understating of cell-
cell fusion and perhaps assist in antiviral drug development.

2. Materials and methods
2.1. Chemicals

1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC), Rho—PE (N-
(lissamine rhodamine B-sulfonyl) dioleolylphosphatidylethanolamine)
and NBD—PE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)dioleoylpho-
sphatidylethnaolamine) were purchased from Avanti polar lipids
(Alabaster, AL). Spin-labelled lipids 5-doxyl-stearic acid (5-DSA), 16-
doxyl-stearic acid (16-DSA) and triton-X-100 were purchased from
Sigma (St. Louis, MO). Perdeuterated dodecylphosphocholine (DPC-
dsg), N ammonium chloride, '*C glucose were obtained from
Cambridge Isotope Inc. All other chemicals were of analytical grades.

2.2. Over-expression and purification of LFP in E. coli

LFP was over-expressed in E. coli cells as a fusion protein containing
81 amino acid long human prodomain at the N-terminus [57-59]. A
synthetic gene, with E. coli optimized codons, of the fusion protein was
cloned (Shanghai ShineGene Molecular Biotech™) in a pET14b vector
containing a six His-tag at the N-terminus for affinity purification of the
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fusion protein and a D-P sequence was introduced between the pro-
domain and LFP for formic acid mediated digestion of the fusion protein
[57-59]. Note, in the synthetic gene of LFP, codon of residue Asp890
was changed to a codon of amino acid Ser to remove an internal D-P site
in the LFP. Plasmid DNA was transformed into E. coli BL21 (DE3)
(Novagen) cells using heat shock method. Transformed cells were
prepared on a LB agar plate with ampicillin and allowed to grow
overnight at 37 °C. Fusion protein was over-expressed in E. coli BL21
(DE3) cells, either on LB or M9 minimal medium containing 5N 1la-
belled ammonium chloride and/or *3C labelled glucose by IPTG in-
duction, ODggo ~ 0.6-0.8, for 12 h at 37 °C. Cell mass was harvested by
centrifugation at 7000 rpm and re-suspended in a denaturing buffer A
(50 mM sodium phosphate buffer, 100 mM NaCl, 8 M urea and 5 mM
imidazole, pH 7.5) followed by lysis using sonication for 15 min. This
translucent cell suspension was further centrifuged at 18000 rpm and
the supernatant was loaded onto pre-equilibrated Ni-NTA agarose
beads column. The column was further treated with a wash buffer,
50 mM sodium phosphate, 100 mM NaCl, 8 M urea and 20 mM imida-
zole, pH 7.5 to remove non-specific bound proteins. The fusion protein
was eluted from Ni-NTA column using buffer A containing 500 mM
imidazole. The molecular weight and purity of the fusion protein was
judged by SDS-PAGE. Purified fusion protein was dialyzed against
water for 15-20 h to remove urea leading to precipitation of the ex-
pressed protein. Precipitated fusion protein was solubilized in 70%
formic acid at 40 °C to release LFP by D-P peptide bond cleave [60].
Digestion of fusion protein was monitored using SDS-PAGE gel by
taking samples at various time intervals. Almost complete digestion of
the fusion protein can be seen after 20 h of incubation in formic acid
solution. Post digestion, formic acid was removed using a rotary eva-
porator under vacuum yielding a thin film. The thin film was solubi-
lized in buffer A and pH was adjusted to 7.5 and loaded into Ni-NTA
column. As, uncleaved fusion protein and cleaved furin prodomain re-
mained bound to the column, LFP was eluted in the flow through. LFP
samples were further purified to homogeneity by use of RP-HPLC in C4
column (300 A pore size, 5 pM particle size) using a linear gradient of
10% acetonitrile/90% water mixture. The LFP was eluted as a major
peak fraction at 30 min. The mass of LFP, 7556 Da, was confirmed by
MALDI-TOF mass spectrometry.

2.3. NMR spectroscopy and data processing

NMR samples were prepared by dissolving dry lyophilized powder
of LFP (0.5 mM) in aqueous solution containing 125 mM DPC-dzg and
10% D,O, pH 4.7. Chemical shift of 'H was referenced to DSS (Sodium
2, 2-Dimethyl- 2-Silapentane-5-Sulfonate). >N and *3C chemical shifts
were indirectly reference using frequency ratios of **C/'H and '°N/'H
[61]. NMR data were acquired using a Bruker AVANCE II 600 MHz
spectrometer equipped with a cryoprobe. Sample temperature was fixed
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at 30 °C. Standard triple resonance experiments HNCA, HN(CO)CA,
HNCACB and CBCA(CO)NH were acquired to make sequence-specific
backbone and sidechain CP resonances. Further, 3-D '°N TOCSY-HSQC
and '°N NOESY-HSQC experiments were performed for assignment of
protons and NOEs. '°N-edited ['H,'H]-NOESY, HNCOCA, HNCA,
CBCACONH and HNCACB experiments were obtained with complex
data points of 64(F1)-40(F2)-2048(F3) whereas '®N—edited ['H,'H]-
TOCSY spectra were acquired with 56(F1)-40(F2)-2048(F3) complex
point. Mixing time for *N-edited [*H,'H]-TOCSY and NOESY were
kept at 80 ms and 200 ms, respectively. NMR data were processed and
analyzed using TopSpin 3.0 (Bruker) and SPARKY 3.113 (T. D. Goddard
and D. G. Kneller, University of California, San Francisco, CA), re-
spectively. For paramagnetic relaxation enhancement (PRE) studies,
15SN—'H HSQC spectra of LFP were acquired in the presence of spin
labelled lipids, 5-doxylstearic acid (5-DSA) and 16-doxylstearic acid
(16-DSA) at 1 mM. >N-{'H} heteronuclear NOE experiments were
performed with and without saturating 'H resonances. 'H resonances
were saturated for 2.5 s by 120° pulses spaced at 5 ms interval with a
cycle delay of 2s. A total of 2048 x 128 complex increments were
collected for *>N-{"H} heteronuclear NOE experiments. Heteronuclear
NOEs were determined as the ratio of the peak intensities with and
without saturation.

2.4. Structure calculations

The DPC-bound structure of SARS-CoV fusion peptide was calcu-
lated using CYANA 2.1. Briefly, structure calculations were performed
with 200 conformers with random torsion angle values. A total of
10,000 torsion angle dynamics steps were performed for each of the
conformer during standard simulated annealing. Restrained energy
minimization was carried out on twenty conformers with lowest final
target function values. Seven cycled were used to generate final 20
conformers. Ramachandran plot revealed no disallowed region.

2.5. Liposome fusion assays

LFP mediated liposome fusion was studied by fluorescence re-
sonance energy transfer (FRET) between NBD—PE (donor) and Rho—PE
(acceptor) [62,63]. LUVs were made using DMPC lipid. Labelled LUVs
were prepared by mixing 5mM unlabelled LUV with 0.05mM of
NBD—PE and 0.05 mM of Rho—PE. Unlabelled and labelled LUV sam-
ples were passed through 100 nm filter using an extruder to produce
uniform sized SUVs. 100 uM of unlabelled and 25 uM of labelled lipo-
somes were mixed together and basal fluorescence spectra of NBD (an
excitation wavelength of 470 nm, A, emission 530 nm) were re-
corded. Experiments were carried out in 10 mM sodium phosphate
buffer, pH 4.8. Various concentrations of LFP, 20, 40, 60, 80, 100 uM,
were added to the liposome, from a stock solution and fluorescence was
measured. The percentage of lipid mixing was estimated using the
equation [(F-Fg)/(Fmax-Fo)]1¥100 where F, and F represent fluorescence
intensity of the NBD probe either in the absence or presence of LFP,
respectively, F,.x is the maximum fluorescence intensity observed for
NBD after the addition of 10% Triton-X-100.

3. Results
3.1. Fusion peptides (FPs) of SARS-CoV

Several research groups have identified and characterized peptide
fragments derived from the S2 subunit of S protein of SARS-CoV
[48-52,55]. Based on the previous reports, the S2 subunit of S protein
contains four potential FPs located at the N-terminus of HR1 domain
[48-52] and an aromatic rich pre-transmembrane region or PTM ad-
jacent to the C-terminal TM [55] (Fig. 1). Among these four FPs, fu-
sogenic activity corresponding to the residues Y855-F880 has recently
been reported [52] (Fig. 1). This FP, residues Y855-F880, appeared to
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contain overlapping region with residues G873-F888 (Fig. 1). We
solved 3D structures, in DPC detergent micelle, of three synthetic fu-
sogenic peptides, termed FP (fusion peptide): residues M770-L788, IFP
(internal fusion peptide): residues G873-F888 and PTM: residues
L1185-F1202 [56]. The presence of an adjacent FP in the S protein of
SARS-CoV has prompted us determine 3D structure of a longer frag-
ment, 64-amino acid, or the LFP construct (Fig. 1). The LFP construct
contains two FPs that is connected by a linker rich in Pro and basic
amino acids. The N-terminus of LFP further extends to include residues
at the proteolytic cleavage site (Fig. 1). The 64-residue LFP has been
over-expressed and isotopically labelled for NMR studies (Materials and
Methods).

3.2. Liposome fusion by LFP of SARS-CoV

Membrane fusion activity of FPs can be estimated using a FRET-
based assay of lipid mixing [62,63]. In this assay, liposomes were made
containing fluorescently labelled lipids typically NBD—PE (donor) and
Rh-PE (acceptor) and mixed with unlabelled liposome. In the event of
membrane fusion between unlabelled and labelled liposomes, mediated
by a peptide, FRET efficiency decreases due to a dilution of the FRET
pair that is reflected by an increase of NBD—PE fluorescence for labelled
liposome [62]. We examined lipid mixing mediated by LFP using la-
belled and unlabelled DMPC liposomes and percentage of lipid mixing
was estimated (see Materials and Methods). The liposome fusion assays
mediated by LFP were performed at pH of 4.8. Note, SARS fusion
peptide demonstrated higher lipid mixing at a lower pH that may po-
tentially indicated stabilization of fusion active conformations under
such conditions [55]. Further, it has been demonstrated that host-SARS
virus cell fusion can occur at the acidic environment of endosomes [64].
Fig. 2 shows the percentage of lipid mixing mediated at various molar
ratios of LFP/lipid. As expected, LFP demonstrated lipid mixing activity
in a dose dependent manner, suggesting its fusogenic potential (Fig. 2).
At a peptide/lipid ratio of 1, approximately 32% lipid mixing was es-
timated (Fig. 2). A direct comparison of fusogenic activity between the
LFP and the short fusion peptides appeared to be less straight forward
due to different lipid compositions, and parameters used e.g. leakage,
partitioned coefficient, to determine fusogenic activity [49,54,55].
Nonetheless, membrane fusion studies demonstrated low fusogenic
activity, ~10%, of M770-L778 peptide in PC liposomes [54]. Whereas,
the fusion peptide S789-F815 showed higher membrane fusion, esti-
mated to be 40% in PC/PS/cholesterol liposomes [55]. It may be noted
that peptide S789-F815 contained additional Lys residues at the C-
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Fig. 2. DMPC liposome fusion mediated by LFP. Plot shows % lipid mixing as a function
of LFP/lipid molar ratios obtained from FERT analyses.
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Fig. 3. ">N—'H HSQC spectrum of LFP in 125 mM perdeuterated DPC micelles solution.
The HSQC peaks showing assignment to individual residue were assigned utilizing 3-D
triple resonance NMR experiments.

terminus that may modulate the extent of membrane fusion [55]. In
order to obtain a clear comparison of the fusogenic activity across the
different peptides, membrane fusion studies may be carried out under
similar lipid environments.

3.3. Resonance assignments and conformation of LFP in DPC detergent
solution

13N—'H HSQC spectra of LFP were acquired in SDS and DPC de-
tergent solutions. *>N—'H HSQC spectra obtained in DPC micelle so-
lution showed better dispersion and more number of resolved peaks,
therefore, all 3-D NMR experiments were conducted in solution of DPC
micelle. Fig. 3 shows "> N—'H HSQC spectrum of LFP in DPC micelle
indicating assignments. '>N—"H HSQC peaks were assigned based on
the standard triple resonance experiments HNCA, HN(CO)CA,
CBCA(CO)NH and HNCACB. Out of 60 non-prolyl residues, >°N—'H
HSQC peaks could be identified for 49 amino acids (Fig. 3). HSQC
crosspeaks of a stretch of residues S33, L35, K36 and K39 and residue
T16 cannot be assigned due to the presence of multiple Pro in the se-
quence (Fig. 1). HSQC crosspeaks of few more residues F42, L46, L47
and V51 were ambiguous due to overlapping resonances. Secondary
chemical shift or chemical shift deviation from random coil of *Ca of
LFP was utilized to obtain secondary structures in DPC micelle (Fig. 4).
Amino acid residues in a-helical conformations would exhibit positive
secondary chemical shift of *Ca [65]. By contrast, an opposite trend
has been observed for residues in B-type or B-sheet conformations [64].
In particular, based on the secondary chemical shift of *Ca, populated
helical or (3-sheet conformations can be delineated over a stretch of five
or three residues, respectively. As seen, LFP delineated positive sec-
ondary chemical shift for many contiguous residues (Fig. 4). Notably,
residues encompassing T3-K11 at the N-terminus of LFP demonstrated
diagnostic secondary chemical shift of helical conformations (Fig. 4).
Several residues, at the C-terminus of LFP, e.g. residues 144-Y62, with
interruptions at residues D55 and F58, also delineated positive sec-
ondary chemical shift, indicating populated a-helical conformations
(Fig. 4). By contrast, intervening residues of LFP showed either negative
or positive secondary chemical shifts within short span of residues
(Fig. 4).
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Fig. 4. Bar diagram showing secondary chemical shift or chemical shift deviation of **Ca
(8ce) from random coil value (8&5) of residues of LFP in DPC micelle solution. Secondary
chemical shift cannot be obtained for Pro residues and for some residues either located in
Pro rich region or with overlapping resonances.

Table 1
Structural statistics of twenty lowest energy structures of LFP in DPC micelles.

Distance constraints

Short range (i-j) < 1 99
Medium range [1 < |i-j| < 4] 83
Long-range [|i-j| = 5] 3
Total 185
Angle constraints

¢, y constraints 60
Deviation from mean structure (10\) (backbone atoms)

Residues 4-12 1.52
Residues 13-42 8.83
Residues 43-59 2.44
Ramachandran plot for the mean structure®

% residues in the most favored region 90.9
% residues in the additionally allowed region 7.3
% residues in the generously allowed region 1.8
% residues in the disallowed region 0.0

@ Calculated using Procheck.
3.4. 3-D structure of LFP in DPC detergent solution

An ensemble of conformations of LFP was determined, based on
NOE driven distance and dihedral angle (®, W) constraints using
CYANA [66]. The structural statistics are provided in Table 1. Fig. 5
(left panel) shows superposition of twenty low energy structures, for
three individual segments namely residues R4-Q12 (panel A), residues
143-M59 (panel B) and residues M13-F42 (panel C) of LFP, for the
backbone atoms (Ca, N and C’). The N- and C-termini, residues R4-Q12
and residues 144-M59, are found to be closely superposed with back-
bone RMSD value of 1.52 A and 2.2 A, respectively (Table 1). By con-
trast, the middle segment of LFP shows large variation among super-
posed conformations (Fig. 5, panel C). In other words, residues at the N-
and C-termini regions are uniquely folded whereas residues located at
the middle of LFP experienced more conformational variable. Fig. 5D
shows a representative structure of LFP in DPC micelle. Essentially, 3-D
structure of LFP in DPC micelle is defined by a short N-terminus helix,
residues R4 to Q12 and a relatively longer helix at the C-terminus that
appears to be extended from residues 143-Y62, with a kink at residue
D55 (Fig. 5D). Further, residues M13-F25 and residues F27-130 deli-
neated a long loop and a single turn of helix, respectively (Fig. 5, panel
D). The Pro rich segment, residues P*2SPLKP*’, of LFP assumed rather
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Fig. 5. Superposition of twenty low energy
structures of LFP determined using CYANA,
showing residues R4-Q12 (panel A), residues 143-
M59 (panel B) and residues M13-F42 (panel C).
(panel D) Ribbon depiction of a representative
structure of LFP in DPC micelles.

Fig. 6. Sidechain disposition and packing of residues of LFP at the N-terminus (panel A) and C-terminus (panel B) in two different orientations. The hydrophobic and aromatic residues
are presented in space-fill whereas polar and charged residues are shown as thick sticks. The N- and C-termini helices are marked as ribbon (in green). C, N, O and S atoms are shown in
green, blue, red and yellow colors, respectively.

Fig. 7. Electrostatic surface diagram of a re-
presentative structure of LFP in DPC micelles.
Hydrophobic residues, positively charged re-
sidues and negatively charged residues are shown
in grey, blue and red colors, respectively.

N-Terminal

extended conformation, whereas a short helical conformation could be orientation (Fig. 6, panel A). In particular, the hydrophilic face of the N-
deduced for residues T*®KR*° (Fig. 5, panel D). The N-terminal helix of terminal helix is constituted by residues R4, E5, Q9 and Q12. The ca-
LFP demonstrated an amphipathic disposition of the sidechain tionic sidechain of K11 also points toward the polar face of the helix.
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Notably, the cationic sidechain of residue K15, belonging to the ad-
jacent loop, further extends the polar face of the helix (Fig. 6, panel A).
There are potential ionic and/or hydrogen bond interactions among the
residues in the polar face of the helix. The anionic sidechain of residue
E5 is in close proximity to the guanidinium sidechain of residue R1.
Further, spatial proximity among the sidechains of residues Q9/Q12,
R1/Q9, R1/Q12 and K15/Q12 perhaps can potentially form hydrogen
bond interactions at the hydrophilic face of the N-terminal helix (Fig. 6,
panel A). The nonpolar face of the N-terminal helix is realized by
packing of hydrophobic sidechains of residues T3, V6, F7, V10 that may
be further extended by loop residues M13 and Y14 (Fig. 6, panel A). In a
marked contrast, the C-terminal long helix of LFP is typified by the
preponderance of nonpolar and aromatic residues (Fig. 6, panel B). A
large hydrophobic face of the C-terminal helix is maintained by close
packing among sidechains of residues e.g. F42, 143/1L46, L47/V51, F48/
V51, T52 and F58,M59/Y62 (Fig. 6, panel B). The charge and polar
residues of the C-terminal helix e.g. E44, D45, N49, K50, D55 and K60
are rather interdigitated among the hydrophobic sidechains that lack
clear hydrophilic surface (Fig. 6, panel B). However, there are few
potential polar interactions as revealed by spatial proximity of side-
chains of residues D45/N49 and residues E44/K39 (Fig. 6, panel B).
Fig. 7 shows a surface diagram of LFP structure displaying large non-
polar surfaces of the C-terminal helix, connecting loop residues and part
of the N-terminal helix.

3.5. Backbone mobility of LFP in DPC detergent solution by heteronuclear
NOE

!5N-{'H} heteronuclear NOE experiments were utilized to probe
backbone mobility, at ps-ns time scale, of the N—H bond vectors of
residues of LFP in DPC micelle. Het-NOEs are plotted as a function of
residue and mapped onto the structure of LFP (Fig. 8, panels A and B).
As seen, several residues at the N-terminal helix, R4-Q13, exhibited
high Het-NOE values, > 0.5, with an average of 0.67. Further, residues,
except F48, resided in the long C-terminal helix, residues 143-Y62, of
LFP demonstrated Het-NOE value ranging from 0.4 to 0.7, with an
average value of 0.56 (Fig. 8, panels A and B). These observations de-
monstrate that the helical structures of LFP in DPC micelle are well
folded and lack large motional freedom. Although, few residues, V6, A8
and Q9, of the N-terminal helix demarcated below average Het NOE
values, implying local flexibility of these residues (Fig. 8, panels A and
B). In addition, residues T3, T38, R40 and S41, adjacent to the helices,
delineated high Het NOE, ~0.7. Note, a stretch of contiguous residues
Y22, F23, G24, G25, F26, and N27 are also found to be motionally rigid,
as judged by high Het NOEs (Fig. 8, panels A and B). Taken together,
the Het NOE data indicated that LFP in DPC micelle contains restricted
backbone motion including the N- and C-terminal helices and also for
the loops and short helices at the middle.

3.6. Localization of LFP in DPC micelle by PRE probes

Micelle association and insertion of LFP was investigated by ac-
quiring ">N—'H HSQC spectra either in absence or in presence of 1 mM
spin labelled lipids, 5-DSA and 16-DSA. These nitric oxide spin labelled
lipids can be readily inserted into detergent micelle and perturb re-
sonances of micelle interacting molecules by enhancing relaxation
[67,68]. Amino acid residues penetrated deep into the micelle may be
perturbed preferentially by 16-DSA whereas surface localized residues
mostly experience PRE effect from 5-DSA probe [67,68]. Fig. 9 shows
residual intensity of ">N—'H crosspeaks estimated from HSQC spectra
for individual amino acid of LFP in 5-DSA (panel A) and 16-DSA (panel
B). As can be seen, most of the residues demonstrated PRE probes
mediated perturbation, indicating micelle association of LFP. However,
16-DSA mediated perturbation has affected more residues compared to
5-DSA probe as evident from < 1 ratio of 16-DSA/5-DSA perturbation
(Fig. 9, panel C). 16-DSA mediated perturbation appeared to be even
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representation (in green) of the backbone structure of LFP highlight >N-{'H} hetero-
nuclear NOE values as blue: > 0.5, cyan: 0.2-0.5 and red: < 0.2. Residue Pro or residues
showing overlapping resonances where *>N-{'H} heteronuclear NOE cannot be obtained
are marked in green.

higher, ratios of < 0.5, for several residues located at the central region
of LFP (Fig. 9, panel C). On the other hand, residues at the N- and C-
termini delineated relatively lower ratios (Fig. 9, panel C). These data
demonstrate that the central region of LFP may be deeply inserted into
the hydrophobic core of the micelle, whereas, the N- and C-termini
residues may be experiencing a relatively shallower micelle penetration
(Fig. 9, panel D).

4. Discussion

All enveloped viruses utilize fusion proteins to enter into host cells
mediated by membrane fusion. Based on the post fusion conformations,
fusion proteins are categorized as class I, Il and III [1-4]. FPs are vital in
cell-cell fusion process since isolated FPs demonstrated direct interac-
tions with membrane lipids and membrane fusion. Bioinformatics,
functional mapping and membrane interactions studies indicated five
disparate regions of S protein of SARS-CoV as potential FPs [48-56]
(Fig. 1). Observations of as many as four FPs N-terminus of HR1 may
perhaps suggest that the polypeptide segment in this region could be
important for membrane fusion. Notably, multiple potential FPs have
also been reported for other viral fusion proteins [69-71]. It is con-
ceivable that multiple FPs and also adjacent regions are likely to be
inserted, in a concerted manner, into the host cell membrane leading to
an efficient cell-cell fusion. Previously, using synthetic peptides, we
determined structures of two FPs, M770-L788 and G873-F888 and the
C-terminal PTM domain L1185-F1202 in DPC detergent solution
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(Fig. 1) [56]. The current construct of 64-residue LFP contains M13-L31
or M770-L788 segment along with a structurally uncharacterized FP,
residues S41-F58 or S798-F815 (Fig. 1) [55]. In order to gain insight
into membrane fusion mechanism of SARS-CoV, here we have in-
vestigated liposome fusion activity and solved the 3-D structure of LFP,
in DPC micelle.

The 64-residue LFP demonstrated bipartite helical and extended
conformations. The N-terminus of LFP assumes an amphipathic helical
structure, residues R4-Q12, followed by residues M13-L19 adopted loop
like conformations (Fig. 5). Residues K20-I30 delineated two short
stretches of helix connected by a loop, whereby the aromatic ring of
residues F22 and F27 are in close packing interactions (Fig. 6). It is
noteworthy that residues M13-L31, in isolation, largely formed a
compact helical structure with bends observed at residues G23-G24
[56]. However, these residues M13-L31 in LFP assumed rather dis-
continuous helical and extended conformations (Fig. 5). These ob-
servations potentially indicate that the adjoining sequences of fusion
proteins might influence conformations of FPs. Note, influenza he-
magglutinin FPs showed large structural differences depending on the
length of the amino acid sequences [24,25]. A recent study, using solid
state NMR in lipid bilayer, has deduced close and semi-closed structural
states of the hemagglutinin FP [72]. The determination of an amphi-
pathic helical structure at the N-terminus of FP, in DPC micelle, may be
considered as a novel feature of the SARS-CoV fusion protein. The N-
terminal helical segment of LFP in DPC micelle demonstrated motional
rigidity (Fig. 8) and found to be inserted into the micelle core (Fig. 9). It
is likely that the N-terminal helix of the fusion protein of SARS-CoV
may be important for membrane fusion activity. The C-terminal half of
LFP is defined by a 20-residue long helix, residues F42-Y62, that es-
sentially encompasses the entire distal FP, except Ser42 (or Ser798),
(Figs. 1 and 5). The C-terminal helix can be further extended to include
residues K39-R40 with a hinge at S42 (Fig. 5). The Pro rich sequence
appeared to adopt extended conformations (Fig. 5). As seen, the C-
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terminus helix of LFP contains a large nonpolar surface with shallow
patches of polar regions (Fig. 7). The nonpolar surface of the C-terminal
helix including the residues located in the adjacent loop of LFP could be
deeply inserted into the hydrophobic core of micelle (Fig. 9). Further,
I5N-{'H} heteronuclear NOE data demonstrated that many residues
belonging to the C-terminus helix is motionally rigid in DPC micelle
(Fig. 8). Functional assays, by Ala scanning mutagenesis, demonstrated
that the hydrophobic residues of the C-terminal helix of S2 fusion
protein are critical for cell-cell fusion [55]. Recent studies have de-
termined prefusion structures of S proteins of coronaviruses that are
homologous to SARS-CoV [73,74]. Interestingly, the C-terminal LFP
region has been found to be adopting helical conformations that was
buried inside the prefusion protein complex [73,74]. As noted, S pro-
teins of coronaviruses including SARS-CoV differ from influenza virus
and HIV-1 [74]. In particular, the S protein of SARS-CoV contains a
larger segment upstream of HR1. In the prefusion state, this polypeptide
segment has been found to be buried and adopted helical conformations
[74]. Peptide derived from this intervening region showed membrane
interactions and fusion [48-50,52-55]. Therefore, it has postulated that
membrane fusion process mediated by coronaviruses and SARS-CoV
could be different from other type [ viral fusion proteins
[29,38,50,51,54,74]. FPs may experience conformational variations
depending on lipid or detergent micelle environments [24,25,72,75].
The potential influence of the curved DPC micelles on the 3-D structure
and dynamics of LFP cannot be ascertained at this point. Notably, de-
termination of atomic resolution structure of large fusion protein like
LFP embedded in lipid bilayer could be highly challenging. Regardless,
atomic resolution structure of LFP of SARS-CoV, in complex of zwit-
terionic DPC micelle, and its localization within micelle core obtained
in this study can perhaps aid in better understating of membrane fusion
mechanism. The S protein mediated membrane fusion requires helical
coiled-coil complex of HR1 and HR2 and multiple FPs leading to the
formation of fusion pore [54,56]. The extended helical structures of LFP
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along with the FPs, at the N- and C-termini, may be inserted into
membrane aligning with HR1 and HR2 helices that may essentially
enhance the process of membrane mixing and pore formation. In ad-
dition, FPs of SARS-CoV were found to inhibit viral infection perhaps
due to their interactions with cell membranes [76,77]. Therefore, we
surmise that atomic-resolution structure of LFP and membrane fusion
mechanism may be further utilized for the development of drugs
against SARS.
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