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ABSTRACT: Spike glycoprotein of SARS coronavirus (S protein) plays a pivotal role in SARS coronavirus
(SARS_CoV) infection. The immunological fragment of the S protein (Ala2blis641, SARS_S1b) is
believed to be essential for SARE0V entering the host cell through S proteiACE-2 interaction. We

have quantitatively characterized the thermally induced and GuHCI-induced unfolding features of
SARS_S1b using circular dichroism (CD), tryptophan fluorescence, and stopped-flow spectral techniques.
For the thermally induced unfolding at pH 7.4, the apparent activation eneggy&nd transition midpoint
temperature ) were determined to be 168 0.2 kcal/mol and 52.5: 0.4 °C, respectively. The CD
spectra are not dependent on temperature, suggesting that the secondary structure_oEBARSs a
relatively high thermal stability. GUHCI strongly affected SARS1b structure. Both the CD and fluorescent
spectra resulted in consistent values of the transition middle concentration of the den&wuyaanging

from 2.30 to 2.45 M) and the standard free energy change® (ranging from 2.1 to 2.5 kcal/mol) for

the SARS_S1b unfolding reaction. Moreover, the kinetic features of the chemical unfolding and refolding
of SARS_S1b were also characterized using a stopped-flow CD spectral technique. The obvious unfolding
reaction rates and relaxation times were determined at various GUHCI concentrations, @rd/#hee

was obtained, which is very close to the data that resulted from CD and fluorescent spectral determinations.
Secondary and three-dimensional structural predictions by homology modeling indicated that SAIRS
folded as a globular-like structure Ifirsheets and loops; two of the four tryptophans are located on the
protein surface, which is in agreement with the tryptophan fluorescence result. The three-dimensional
model was also used to explain the recently published experimental results-&CEL2 binding and
immunizations.

From the end of 2002 to June 2003, a severe epidemicbroke out in China and other countries in the world. SARS
disease called severe acute respiratory syndrome (SARS)ever strictly menaced the worldwide populatiob—@).
SARS coronavirus (SARSCoV) was identified as being
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Ficure 1: Diagrammatic representation of SARS.

The spike glycoprotein (S protein) plays an important role indicated that SARSS1b (Ala251His641) is a domain of
in virus entry, virus-receptor interactions, and virus tropism the S protein, mostly overlapping the ACE-2 binding site
(20—22). Several succeeding studies have also revealed that(29) and the immunodominant epitop@l({ 32). These data
S protein has other important functions, including binding indicate that the S1b domain is obviously associated with
of virus to susceptible cells, mediation of membrane fusion the entrance mechanism of SARS infection. Accordingly,
(both virus—cell and cel-cell fusions), and induction of  the structural and functional study of the SARS1b domain
neutralizing antibody responses in the host spe@8s 26). is significant.
Structurally, S protein is a surface projection glycoprotein  |n the following, we report the study of the unfolding and
and may be cleaved by virus-encoded or host-encodedrefolding processes of SARSS1b induced by heating and
proteinases into two functional subunits, S1 andZ2.(The a chemical denaturant using circular dichroism (CD) spec-
N-terminal subunit (S1), forming the surface knoblike troscopy, tryptophan fluorescence, and stopped-flow spectral
structure of the spike, seems to be more important in the techniques. The three-dimensional (3D) structure of
recognition of the host membran2(( 26, 28, 29), while SARS_S1b was predicted using a homologue modeling

the C-terminal, membrane-anchored subunit (S2), which method. The experimental and structural modeling results
forms the stemlike structure beneath the knob, is involved gre consistent with each other.

in fusion activity.
The S protein of SARSCoV consisting of 1255 amino  MATERIALS AND METHODS

acids (SARS._S) contains two hydrophobic regions; one is _ )
located at the N-terminus of the entire protein, including a  Enzymes and Chemicalsll chemicals were reagent grade

short type | signal sequence, and the other is situated at the®" Ultrapure quality and were purchased from Sigma (St.
C-terminus with a transmembrane domain and a cytoplasmic-0Uis: MO). Protease for tag cleavage and low-molecular
tail rich in highly conserved cysteine residues (Figurel®),( ~ Weight markers for SDSPAGE were from Amersham

Li et al (26) found that angiotensin-converting enzyme 2 Pharmacia Biotech (Uppsala, Sweden).

(ACE-2) may efficiently bind to the S1 domain of the  Protein PreparationThe plasmid of pET32¢c-SARSS1b
SARS_S protein, and this proteirprotein binding possibly ~ was cloned according to the published metha8),(and
plays an essential role in SARS virus infecting the host cells. €xpression and purification of the recombinant SARSR b
More accurately, Wong et al. found that the site of binding Protein were performed on the basis of the literature result
of the S1 protein to ACE-2 is located in the region of residues (34). The purity and identity of this protein were confirmed
318-510, which blocks S protein-mediated infection more by SDS-PAGE and LC-MS spectral determination. Ad-
efficiently than does the full-length S1 proteid9j. This ditionally, the SARS_S1b protein contained in the pellet
study further implicated that disrupting the ACE-8 protein  after cell disruption was washed sequentially by 1% sucrose,
interaction might be a potential method of anti-SARS 0.5% Triton X-100, 1% sucrose, dr2 M urea, and then
infection. For most of the viruses, such as the infectious dissolved n 6 M GuHCI a 8 M urea. The refolding
bronchitis virus (IBV) 28) and human coronavirus 229 procedure for the SARSS1b protein was dialyzed against
(30), the fragment located at the C-terminus of the S1 protein buffer A [20 mM Tris-HCI, 500 mM NaCl, 5 mM imidazole,
neighboring the S2 protein (Ala25His641) is conservative ~ and 1 mM 2-mercaptoethanol (pH 8.0)] supplemented with
(Figure 1). Recently, Sui et a3{) reported that one single- 5% glycerol. The concentration of protein was determined
chain variable region fragment 80R efficiently neutralized according to its molar extinction coefficientogo = 63 520
SARS_CoV and blocked the binding of S1 to ACE-2. M™'cm™).

Mapping of the 80R human monoclonal antibody epitope  Fluorescence Spectroscoplluorescence spectra were
showed that it is located within N-terminal amino acids 261  recorded on a Hitachi F2500 spectrometer. The samples (2.5
672 of the S protein. More recently, He et al. demonstrated mL) were processed in a quartz cell with a path length of 1
that the SRAR_S protein contains five linear immunodomi- cm. Fluorescence emission was monitored from 300 to 380
nant sites (+V), and site IV (residues 528635) is a major nm, with excitation at 280 nm, an excitation slit width of 10
immunodominant epitope3®). Protein domain analysis nm, an emission slit width of 5 nm, a scan speed of 60 nm/
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min, and a response of 1.0 s. A Neslab water bath was usedy diluting the protein stock solution wit6 M GuHCI to

to control the experimental temperature. The data were attain the given protein concentration, 8M for CD and

automatically collected when the temperature vibration in 10 uM for fluorescence measurements, at the desired

the cell was less than 0°C. The pH value of all solutions  denaturant concentration. The solutions were then incubated

was found to vary by less than 0.1 unit between 15 and 90 for 2 h toattain complete equilibrium. The typical two-state

°C. All the other background effects were subtracted during transition (N« U) was presumed in the denaturalization.

the data analyses. The thermodynamic stability of a macromolecular native state
Circular Dichroism (CD) SpectroscopyfFar-Uv CD can be expressed in terms of the standard free energy of

spectra were recorded on a Jasco J-810 spectropolarimetefolding AG. Given the equilibrium constanKj for the

equipped with a Neslab water bath. All determinations were folding reaction, we have

processed using a quartz cell with path length of 0.1 cm and ]

a spectral bandwidth of 1.0 nm. For the mode of wavelength AG= —-RTINK K= [native] _ A~ A )

scans, the ellipticities from 250 to 195 nm were scanned at [denatured] A— A,

a rate of 100 nm/min and a time constant of 4 s. In the

presence of a denaturant, a meaningful signal was restrictedvhere [native] and [denatured] are the concentrations of the

only above 210 nm due to the noise caused by the denaturantprotein in the two stated) is the equilibrium value of the

Averages of six scans were recorded. For the mode of Spectroscopic parameter of each sample in the presence of a

temperature scans, the movements of ellipticities at a denaturant at the given concentration, @cand A; stand

wavelength of 215 nm were obtained at a scan rate°d¥/2 for the values ofA characteristic of the unfolded and folded

min from 10 to 9C°C. All solution blanks showed no changes forms, respectivelyAG values are then fitted to the linear

in ellipticity with temperature and were thus neglected during regression by the concentration of denatur&)ti¢ eq 3

data analysis. The data from three independent experiments _ o

were averaged. AG=mC+AG (3)

Kinetic Measurements by Stopped-Flow Circular Dichro- \here the slopenis the cooperative index. At the midpoint

ism. The rapid kinetics of protein folding and unfolding by  concentration of the denatura,{), the folding equilibrium
a chemical denaturant was monitored using the stopped-flowconstant K) reaches 1; therefore\G = 0, and AG® =

circular dichroism (stopped-flow CD) system. The determi- —mg,,. Equation 3 is modified as

nations were performed using a Jasco J-810 spectropolarim-

eter equipped with SFM-300 (Biologic Co.). The rectangular AG=mC~-mG, (4)
cuvette with a path length of 2.0 mm (FC-20) for loading , ) ,
samples was put in the path of light. In the unfolding process, Wherem and Cy, are thus associated with the experiments
the native protein and denaturant buffer B [0.1 mM sodium bY the following equations. From eqs 2 and 4, we have
phosphate ath6 M GuHCI (pH 7.4)] were each loaded into

a different syringe. Measurements were initiated by dilution —RT|nAl A =mC-C,) (5)
of the native protein (SARSS1b) from buffer B. The A-A

denaturant concentration was determined according to the

injected volumes during each mixing of the protein with A, + A MCECm

buffer B. On the other hand, the unfolded protein sample A= 1+ @ ™C~Cw (6)

which was denatured in the presence of a chemical denaturant
was then refolded by stopped-flow dilution with refolding or
buffer C [0.1 mM sodium phosphate and 5 mM 1,4-
dithiothreitol (pH 7.4)]. The 3D structural model of O AA
SARS_S1b derived from the homology modeling suggests - 1 + @ MC~Cm
that it is impossible to form a disulfide bond between any
two cysteine residues (see the result below), indicating thatwith nonlinear fitting to the curve of versusC, all four
both the unfolded and refolded proteins are in the reductive parameters in eq 7 can be obtained.
state. Both unfolding and refolding procedures were moni- 3D Structure of SAR_S1b Constructed by Homology
tored at 215 nm, and the dead time of the stopped-flow Modeling. Sequence similarity comparison of SARS1b
system was 4 ms. Kinetic traces are averages of at least eighfigainst known crystal structure proteins was carried out using
acquisitions and were analyzed using the Bio-kine software PSI-BLAST. The score anf value of the best PSI-BLAST
(BioLogic). The CD values were fitted with the following record are 31 bits and 0.83, respectively. Obviously, there
equation is no significant sequence homology between SAR3b
and template proteins. Therefore, the routine method based
0 =at+ b+ ce ‘e 1) on the sequence homology is not suitable for modeling the
3D structure of SARS S1b. We adopted sequence alignment
where@ is the observed CD value at any given tintegnd combined with protein fold recognition to construct the 3D
a, b, ¢, andkg,s represent the slope, offset, amplitude, and model of SARS_S1b.
apparent rate constant during the denaturation procedure, The SeqFold module of Insight II (Molecular modeling
respectively. The relaxation time of the transition was package, version 2000, Accelrys, San Diego, CA) was
calculated from the reciprocal of the apparent rate constant.employed to identify the folding pattern of SAR3b. An
Studying Equilibrium by Fitting to a Simple Two-State array of structures sharing significant fold similarities to
Transition. The denaturation experiments were performed SARS_S1b (with P value < 0.0001) were identified.

+ A, [sigmoidal (Boltzmann)] (7)
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According to the scoring result, two proteins (PDB entries 7.4, the apparent activation energyaf) of SARS_S1b
1AO0F and 1NIR) were selected as templates for 3D structural denaturation and,,, were estimated to be16.34+ 0.2 kcal/
construction. Sequence alignments of SAR® with the mol and~52.5+ 0.4 °C, respectively.
two templates were performed using the Align123 module  Temperature-Dependent CD Specfagure 3a shows the
of Insight Il, which is a sequence alignment method CD spectra of SARSS1b in buffer E [0.1 mM sodium
developed on the basis of the CLUSTAM program 85). phosphate and 5 mM 1,4-dithiothreitol (pH 7.4)] at 20 and
On the basis of the sequence alignment, the 3D model of90 °C. Different from the effect of temperature on the
SARS_S1b was thus generated using MODELLEBB) fluorescence, few changes in the CD spectra were observed
The 3D model was refined by the following steps. (i) Loops despite the increase in the temperature t¢@pas shown
were fixed by the Loop refine program, and the side chain in Figure 3a. This implies that the polypeptide backbone of
conformations of all residues were automatically rearranged SARS_S1b protein is relatively thermostable. In addition,
by Auto_Rotamer. (ii) The Discover module of Insight Il thermal melting of SARSS1b at 215 nm gave similar
and Amber95 force field were employed to carry out a short results (Figure 3b). The thermal endurance of the unfolded
time molecular dynamics simulation (MD) and energy protein n 6 M GuHCl is almost the same as that of the native
minimization. During the structural refinement, a 100-step one in the temperature scan process (Figure 3b).
initial equilibration simulation was first carried out, and the ~ Unfolding under Equilibrium ConditionsTo inspect the
system was then subjected to MD simulation with a time chemical unfolding of SARSS1b, the emission fluores-
step of 1 fs for 1000 steps at a constant pressure of 1.0 barcences of the native (in buffer C) and denatured (in buffer
and a constant temperature of 300 K. Energy minimization C containing a given concentration of GUHCI) proteins were
was performed on the structure resulting from the short MD determined. Figure 4a shows the unfolding equilibrium
simulation to obtain a low-energy structure. The system was curves of the maximum emission wavelengths and the
subjected to a 100-step steepest descent energy minimizatiorfluorescence intensities versus the denaturant concentrations.
followed by a 500-step conjugate gradient minimization.  Similar to that for the thermally induced denaturation (Figure
Several structural analysis softwares were adopted to checkZb), the maximum emission wavelength increases and the
the resulting structure. The Prostat module of Insight Il was emission intensity decreases along with the concentration of
used to analyze the properties of bonds, angles, and torsionsthe denaturant increasing. For example, in the presence of 4
The PROCHECK &7) suite was employed to assess the M denaturant, the maximum emission wavelength shifts to
stereochemical quality and secondary structure properties 0f344.5 nm, and the emission intensity drops to 225. In

the SARS_S1b protein, while Profile-3D was used to check
the structure and sequence compatibility.

RESULTS

Intrinsic Tryptophan Fluorescenc&he SARS _S1b pro-
tein, excited at 280 nm, emits fluorescence at@Qgiving
only one peak at~340 nm ranging from 300 to 380 nm
(Figure 2a). This fluorescence emission can be attributed to
the tryptophan residues. The purified protein from the
inclusion body has a similar fluorescence feature (data not
shown), indicating that the refolded SARS1b has a
tryptophan environment similar to the native one. As shown
in Figure 2b, from 15 to 90C, the maximum fluorescence
absorption moves gradually from 333 to 339 nm, while its
emission intensity decreases from 430 to 285 nm.

The irreversible thermal denaturation of SARS1b

addition, the far-UV CD spectra of SARS1b in both buffer
C and buffer C containing different concentrations (0, 1, 2,
2.5, 3, and 4 M) of GuHCI were measured, which are shown
in Figure 4b. As indicated from the CD spectra (Figure 4b
inset), SARS_S1b becomes a typical random coil in the
presence of a high concentration of the denaturant. The plots
of the CD signals at 222 and 215 nm versus GuHCI
concentration are also shown in Figure 4b, from which the
thermodynamic parameters for SARS1b unfolding can
be deduced using eq 7. The result is listed in Table 1.
Unfolding and Refolding KineticsCD kinetic traces
obtained from different volume ratios of protein to denaturant
contain the information about the reaction rate. The CD
kinetic traces of native SARSS1b unfolding in buffer D
[0.1 mM sodium phosphate dr6 M GuHCI (pH 7.4)] with
different protein:GuHCI ratios at 215 nm were determined
using two BioLogic SFM-300 microvolume stopped-flow

protein was detected using the fluorescence spectrum methOdsyringes with a JASCO CD detector. The results are shown

The apparent activation energiafy) of the transition of
SARS_S1b denaturation can be estimated by eq 8:

In Inl = 1
a T
whereq, the apparent fraction of the native protein, is defined

as & — Fp)/(Fn — Fp), whereF is the sample fluorescence
intensity at a particular temperature aRg andFp are the

E1
R\T,,

(8)

in Figure 5a, where the unfolding rate constaktd and
relaxation time € = 1/k.p9d can be obtained. In a similar
way, the kinetic traces of denatured SARS1b refolding
were determined, as shown in Figure 5b, and the refolding
rate constant and relaxation time were estimated accordingly.
During the kinetic data fitting, we assumed that the unfolding
and refolding processes make up a first-order reaction (U
<= N). Figure 6a shows the relaxation time of SARS1b
unfolding and refolding in buffers with different volume

corresponding values for the native and denatured state ofratios of protein to unfolding (or refolding) buffer. From

the protein, respectively, anig, is the temperature at which
the maximum of the heat capacity curve occurs (Figure 2c).
The plot of In[In(1&)] versus 1T of SARS_S1b at pH 7.4

is shown in Figure 2c, which indicates that the relationship
is linear. Accordingly, the apparent activation energy of
SARS_S1b denaturation can be estimated by eq 8. At pH

Figure 6b, we can see that either unfolding or refolding of
SARS_S1b is a rapid process, and refolding is faster than
unfolding. Figure 6b represents the plot of relaxation time
versus volume ratidR) between protein and unfolding buffer,
from which the volume ratio corresponding to the midpoint
of relaxation time R,) was estimated to be 1.26 0.08,
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3324— : i i i : : - 5 at 20 () and 90°C (- - -). (b) Raw data of thermal melting of the
10 20 30 40 50 60 70 80 90 100 native protein (bottom trace) in buffer E and unfolding protein (top
trace) in buffer D [0.1 mM sodium phosphateda6 M GuHCI
(pH 7.4)]. The CD signal was monitored at 208 nm; the scan rate
) was 2°C/min, and the detection pitch was CC.
14 2D and 3D Structural PredictionsSecondary structural
1 analysis results from both 2D structural prediction and CD
0 experiment for SARS S1b are listed in Table 2 and shown
§ ] ] in Figure 7a. It is found that the 2D structural prediction
= | result with the percentages of 3, 35, and 62%dehnelix,
E 2] B-sheet, and coil, respectively, is generally in agreement with
T | the CD determination, indicating thatsheet is the major
-34 component of the secondary structure of SARSDb.
1 . Sequence alignment showed that SARSLb is mostly
-4 homologous to cytochromegh nitrite reductase (PDB entries

1AO0OF and 1NIR) 88, 39), and the final alignment of

SARS_S1b with the sequences of the two proteins is shown
(1T) in Figure 7b. On the basis of this alignment and using the

FiGUrRe 2: Fluorescence spectral analyses of SAR3b. (a) crystal structures of these proteins as templates, a 3D model

Emission fluorescence for a wavelength scan at temperatures SARS_S1b was generated, and then was refined by
ranging from 15 to 90C recorded by the temperature increment . - .
of 5 or 10°C from the top down. The arrow shows the trend for S€veral methods. The 3D model is shown in Figure 8, which

the maximum values. (b) Red shift in the process of the thermally indicates that SARSS1b folded as a globular-like structure
induced denaturation represented by plots of apex waveleMth ( iy g-sheets. This is in agreement with the secondary structure

and emission intensit eak®) vs temperature. (c) Linear .. . -
relationship between |r)]/[|np(m] a&d T (eqps). The c(ozrelation prediction (Figure 7a). The stability of the structural model

coefficientR = 0.99. From the slope and intercept of this line, the In aqueous solution was verifiedyba 5 ns molecular

iplgazfel?t éll;/eréllge a:;:tti\éati?n enterﬁxp()_(\j’vas_ tisttimated :OTbe 1f6-3 dynamics simulation (data not shown). As shown in Figure

£,02 galmol and e anstion ot empera e 5, Trp40 and Trpa76 are fl buried nsice the SAFSb

+ 0.4°C. structure, while Trp423 and Trp619 are located on the surface
of the structure. Solvent accessible surface (SAS) analysis

and then the&c,, of the GUHCI concentration was calculated indicated that 85 residues are fully exposed to the solvent,

to be 2.65+ 0.12 M. and 62% of them are hydrophilic.

L L L L L L
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Ficure 4: Unfolding equilibrium. (a) Result of fluorescence
determination: plots of the maximum emission wavelenmhand
peak fluorescence valu®) vs GuHCI concentration. The curves
were fitted by the sigmoidal method (eq 7). (b) Result of CD
determination: the ellipticities at 22M) and 215 nm4) vs GuHCI
concentration, which were also fitted by the sigmoidal fitting
method. The inset shows the wavelength scans of SAR® in
the presence of 0, 1, 2, 2.5, 3,ca4 M GuHCI (from bottom to

top).

Table 1: Thermodynamic Parameters for the Unfolding Transition
of SARS_S1b Induced by GuHCI at 298 K

F (intensity} F (Amay® CD (222 nm) CD (215 nm)

Cn (M) 2.34+£0.05 2.36+ 0.09 2.44+0.11 2.35+0.13

m (kcal 0.89+ 0.11 0.98+ 0.13 0.95+ 0.05 1.07+0.07
mol~*M™Y)

AG° 2.08+0.21 2.31+0.31 2.32+:0.24 2.51+0.29
(kcal/mol)

aData were fitted to the intensity of the fluorescentBata were
fitted to the maximum emission wavelength.

DISCUSSION

Thermally Induced UnfoldindgSince thermal denaturation
of a protein is generally irreversible, the unfolding process
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Ficure 5: Stopped-flow trace of kinetic features of SARS1b
unfolding and refolding. (a) The native SARS1b protein and
denaturant in the unfolding process were mixed in volume ratios
of 1:1 (—), 1:2 (---), and 1:3 {-—). (b) The unfolded protein
and refolding buffer were mixed in volume ratios of 1:3)( 1:2
(---),and 1:3 -—).

exposed to a polar medium. Therefore, thgx position
generally reflects the tryptophan environment. The 3D
structural model of SARSS1b indicates that two of the four
tryptophans are exposed to the solvent (Figure 8a,b). In
addition, CD spectra indicate that the secondary structures
have not dramatically changed during thermal melting
(Figure 3). All these are in agreement with thg position
change of tryptophans, which moves slightly, from 333 to
339 nm, during thermally induced unfolding. This suggests
indirectly that our 3D model of SARSS1b is reliable.

GuHCI-Induced UnfoldingBecause the GuHCI-induced
unfolding (refolding) process is reversible, a two-state
transition model (N= U) is suitable for analyzing the
chemical unfolding data. Four sets of paramet&s, (m,
andAG°®) have been obtained by fitting eq 5 on the basis of
four different kinds of experimental data (Table 1). The
consistency among these four sets of parameters indicates
the reliability of our experimental methods in assessing
SARS_S1b unfolding (refolding).

Deshpande et al.4p) pointed out that tryptophan in

is thereby characterized by the apparent activation energynonpolar solvents exhibits its maximum emission at 320 nm,

(Eapy instead of the free energy chang&Q@) (40). The

apparent activation energy for thermally induced unfolding
of SARS_S1b was determined to be 16430.2 kcal/mol,

which was relatively larger than the putative transition
energies for other proteins, ranging from 5 to 15 kcal/mol
(41, 42). This suggests that the folded conformation of
SARS_S1b is highly stable, which is also in agreement with

whereas in a polar environment, the maximum is at 355 nm.
In the work presented here, thgax position of SARS_S1b
was shown to change from 333.5 to 344.5 nm during the
chemical denaturation, which indicates that some of tryp-
tophans might be located on the surface of the native
structure of SARS S1b. This in agreement with the 3D
model of SARS_S1b, demonstrating again the reliability of

the result for the denaturation transition analysis (see below).our 3D model of SARS S1b (Figure 8a,b). On the other

The Amax position of the fluorescence peak emission for

hand, the movement of thi,ax position during chemical

tryptophan residues in a protein usually moves toward a denaturation is larger than that in thermally induced unfold-

longer wavelength during unfolding with the tryptophans

ing, suggesting that the conformational change caused by
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1.0 dependent on the injected volume ratio of protein to buffer
0.9+ containing denaturant in the stopped flow (Figure 6a), a series
0.8 1 a of 7 values corresponding to various volume ratios of protein
0.7 to buffer were determined (Figure 6b), from which the
0.6 midpoint concentrationG,,") of the denaturant was obtained
= 05 (2.69+ 0.12 M). To our knowledge, this is the first use of
&, 04 the real-time stopped-flow method in determining the
© 03] midpoint concentration for protein unfolding (refolding). The
0.2 value of C,' is very close to those determined under
01 equilibrium conditions (Table 1), indicating that this method
0.0 ._'_\ can be extended to the folding study for other proteins. The
21 1:1 1:2 1:3 consistency betwee@,, and C, values indicates that the
Ratio of protein and unfolding or refolding buffer steady state and kinetic analyses for protein folding can be
bridged by reaction relaxation time)(determination.
18 2D and 3D Models Correcting the Experimerfar lack
164 of the crystal structure of SARSCoV spike protein, 2D and
14 3D structural predictions may disclose some intrinsic struc-
12] tural features for the protein. Recently, Spiga et) have
10 modeled 3D structures for both S1 and S2 subunits of the
& 08] SARS_CoV spike glycoprotein based on the crystal structure
= 05 of Clostridium botulinummeurotoxin B (PDB entries 1Q4Z
04 and 1Q4Y for S1 and S2, respectively). However, the 3D
02] model of Spiga et al. for S1 may be unreasonable. (i) They
on] b modeled the structure taking the S1 protein as an entire
02 ] = domain, but S1 consists of two major domains, as has been
’ 00 05 10 15  zo 25 30 indicated in Figure 1. (ii) The percentages whelix and

Ratio pB-sheet encoded in their 3D model (PDB entry 1Q4Z) are
Ficure 6: Relaxation time determined using the stopped-flow not in agreement with the secondary structure prediction
method. (a) Comparison of the relaxation times at the volume ratio (Tab.le 2) because their 3D model does n_ot showﬁlfmheet. .
of protein to unfolding buffer (black columns) in the unfolding dominates the secondary structure, their model containing
phase with that of the fully unfolded protein to refolding buffer only a few percent ofi-helix ands-sheet. (i) They modeled
(white columns). (b) Plot of relaxation time vs the volume mixing the structures of S1 and S2 on the basis of the hypothesis
M GuHCI. The original data points weré fited by the sigmoidal " CD13 1S the binding receptor of the SARS protein
method. fhe two beelines direct the middle poin)t/ of the curve. ,bu,t re(,:en_tly it was demonStrate_d ?Xp,e”menta”y that ACE-2
is its binding receptor2p, 29). This indicates that the crystal
Table 2: Contributions of the Secondary Structure of SARSb structure ofC. botulinumneurotoxin B is not a good template
(%) for modeling the 3D structure for the S1 protein in general
and for the S1b domain in particular. Accordingly, we
divided the S1 protein into two domains, S1la and S1b (Figure

estimations from CD data  secondary structure prediction

_ method® method2 this study refl4 1), and modeled their structures separately. In this paper,
E'Qﬁgét 126394 1355-61 5?500 §é60 we report the predicted 2D and 3D structures of SAS3b
other 54.7 293 620 64.4 (Table 2 and Figures 7 and 8).

@ Results estimated using the Yang method encoded in the software As listed in Table 2, the percenFagesoehellx (3%) and
of the CD instrument (Jasco 81®)Results estimated using the Jfit p-sheet (35%)_ fqr SAR-S_Slb obtained from the secondary
method (http://www-structure.linl.gov/cd). structure prediction in this study are extremely close to the
data reported by Spiga et all4), although a different
chemical denaturation produced a different end state com-prediction method was used in this study. Meanwhile, the
pared with those obtained with the heat treatment. This resultsecondary structure was also estimated from the CD spectra
was also reflected in the results of CD measurements, which(43). In comparison with the percentages of secondary
showed that the chemical denaturation of SARS®. b broke structure components for SARS1b listed in Table 2, the
more secondary structures than the thermally induced obvious difference between the prediction and CD estimation
unfolding (Figure 4). lies on theo-helix component. We intend to accept the

Correlation of Denaturation between Equilibrium and predicted data rather than CD spectral curve fitting data,
Kinetic ConditionsThe chemical denaturation of SARS1b because the estimation program for CD spectra is often weak
was assessed at the steady state in the presence of a seriegen tested on polypeptides made up of one dominant
of discontinued concentrations of denaturants. At the samesecondary structuré{). In addition, the 3D model has also
time, the kinetic features of refolding and unfolding of revealed that SARSS1b is most likely to be an aff-sheet
SARS_S1b were monitored by a real-time stopped-flow globular protein, which coincides with the reported result
instrument with a CD detector, on the basis of which was that the coronavirus spike protein S1 subunit is the globular
calculated the observed reaction rate,d using eq 1, and  part of S protein Z0). Tryptophan fluorescence and CD
the reaction relaxation time) of the kinetic reaction could  spectra (Figures 2 and 3) revealed that some of the tryp-
be thus derived o = 1/kqpg. Since ther value is only tophans are located on the surface of the globular protein,
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FIGURE 7: (a) Secondary structure prediction of SARS1b. (b) Sequence alignment between SAR3b and the template proteins (PDB
entries 1AOF and 1NIR).

which is in agreement with our 3D model (Figure 8). The that there are 14 mutation sites, i.e., Gly311, Lys344, Phe360,
consistency between the experimental results and the strucArg426, Asn437, Tyrd42, Arg444, Leud72, Asp480, Thr487,
tural predictions enhanced the reliability of our 3D model Phe501, Ser577, Ala609, and Asp613 (Figure S1 of the
of SARS_Sl1b. Supporting Information). Among these 14 residues, the 10
To further verify the reliability of our 3D model of residues from Lys344 to Phe501 are positioned in the ACE-2
SARS_S1b, we mapped the structure feature of the model binding fragment and the last three residues are located in
with the current experimental resul8 30). Wong et al. the major immunodominant site. It is interesting that most
determined that a 193-amino acid fragment (residues-318 of the residues at mutation sites are located on the surface
510) of the SARS S1b domain is essential for the associa- of our 3D model. This is why these resides can be altered,;
tion between the S1 protein and ACEZ8). This fragment  they are more likely to interact with other proteins (receptor
occupies approximately half the volume of the structure of or antibody). Moreover, Glu452Ala and Asp454Ala muta-
SARS_S1b (Figure 8a,b, left part colored purple). In tions interfere with or abolish binding of the S1 protein to
addition, He et al. found that the fragment consisting of ACE-2 (29). These two acidic residues are located on the
residues 528635 is a major immunodominant epitope; this surface of our 3D model, and their side chains are exposed
part fills ~25% of the structural space of SARS1b (Figure in the solvent (Figure 8a,b). A primary SARS1b-ACE-2
8a,b, right part colored red). Sequence alignment for the S1bdocking simulation (data not shown) indicates that ACE-2
proteins isolated from different strains of SARS-CoV shows may probably interact with the patch around Asp454
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Ficure 8: 3D model of the SARSS1b domain that resulted from
homology modeling. (a) Top view of the structure. (b) Side view
of the structure. (c) Electrostatic surface for the possible ACE-2
binding site composed by Asn437, Tyr438, Pro488455, Thr487,
lle489, and Phe501Leu503. The four tryptophans are represented
as the CPK model, and the three residues (Glu452, Arg453, and
Asp454) that are important for ACE-2 binding9d) are represented

as a ball-and-stick model. The ACE-2 association part (residues
318-510) and the major immunodominant epitope (residues-528
635) are colored purple and red, respectively. N and C denote the
N- and C-termini, respectively. Panels a and b were constructed
and rendered using VMD4§) and Raster3D46), respectively.
Panel ¢ was generated using WebLab ViewerR. (

Biochemistry, Vol. 44, No. 5, 20051461

composed by Asn437, Tyr438, Pro45(e455, Thr487,
le489, and Phe506iLeu503 (Figure 8c). The Asp335
Ala342 loop of ACE-2 may fit into the binding patch, and
the side chains of Glu452 and Asp454 of SARSLb form
hydrogen bonds with GIn340 of ACE-2. This SARS1b—
ACE-2 interaction model is in good agreement the mutagen-
esis result?9). These data demonstrate again the reliability
of our 3D model, suggesting that it can be used for further
biological study and drug discovery targeting the S protein.

SUPPORTING INFORMATION AVAILABLE

Sequence alignment for the variations of the SAFS3b
fragment and the locations of the mutation residues of the
variations on the 3D model of SARSS1b. This material is
available free of charge via the Internet at http://pubs.acs.org.
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