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Introduction

Human severe acute respiratory syndrome (hSARS)—the first
major new infectious disease of this century—is unusual in its
high mortality and infectivity rates. It is an acute respiratory ill-
ness that is caused by infection with the human SARS corona
virus (hSARS-CoV), and probably originates from a wild reser-
voir. It is a novel corona virus that is related to other previously
documented corona viruses, which are largely confined to do-
mestic and other animal species.[1–4] It has now crossed the
species barrier with a new variant form. The spread of this new
extremely virulent SARS virus infection in humans led to the
first global pandemic of the 21st century, during which over
8000 people became infected and more than 900 died. Intense
research led to the complete genome sequence of SARS-CoV
within six months of it being reported.[5,6] As a prevention
strategy for SARS infection, attention has been drawn to the
development of an effective vaccine for the virus,[7] but it is
also necessary to have therapeutic options available for those
who have already been infected. Currently, there is no treat-
ment available for this rapidly spreading infection. Normally,
patients who have contracted this syndrome are administered
common antiviral drugs with minimal or no results, and are
kept in isolation or quarantine. Research during the past three
years has indicated that among many targets, the fusogenic
envelope glycoprotein of SARS-CoV, also called spike (S) pro-

tein, is a major target for therapy.[8–10] Spike protein mediates
viral fusion and the delivery of the viral genome into the host
cell. Consequently, a S protein-targeted approach, when ap-
plied at the initial stage of infection is likely to reduce infection
within and beyond the respiratory organs. We recently report-
ed[11] that S protein is proteolytically processed by membrane-
bound furin, a member of mammalian subtilase proprotein
convertases (PCs).[12,13] This cleavage occurs at the RNTR761flEV
site,[11] and leads to the formation of two mature fragments: N-
terminal S1 and C-terminal S2 (Figure 1); each fragment has

Human severe acute respiratory syndrome coronavirus (hSARS-
CoV) is the causative agent for SARS infection. Its surface glyco-
protein (spike protein) is considered to be one of the prime tar-
gets for SARS therapeutics and intervention because its proteolyt-
ic maturation by a host protease is crucial for host–virus fusion.
Using intramolecularly quenched fluorogenic (IQF) peptides
based on hSARS-CoV spike protein (Abz-755Glu-Gln-Asp-Arg-Asn-
Thr-Arg-Glu-Val-Phe-Ala-Gln766-Tyx-NH2) and in vitro studies, we
show that besides furin, other PCs, like PC5 and PC7, might also
be involved in this cleavage event. Through kinetic measurements
with recombinant PCs, we observed that the peptide was cleaved
efficiently by both furin and PC5, but very poorly by PC7. The
cleavage could be blocked by a PC-inhibitor, a1-PDX, in a dose-

dependent manner. Circular dichroism spectra indicated that this
peptide possesses a high degree of sheet structure. Following
cleavage by furin, the sheet content increased, possibly at the ex-
pense of turn and random structures. 1H NMR spectra from 2D
COSY and ROESY experiments under physiological buffer and pH
conditions indicated that this peptide possesses a structure with
a turn at its C-terminal segment, close to the cleavage site. The
data suggest that the cleavable peptide bond is located within
the most exposed domain; this is supported by the nearby turn
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detected, and a 3D structure of the spike IQF peptide that con-
tains the crucial cleavage site R761flE has been proposed.

[a] Prof. A. Basak, Dr. S. Basak, C. Pasko, Dr. M. Chr<tien
Hormone, Growth, and Development Program
Regional Protein Chemistry Center, Ottawa Health Research Institute
University of Ottawa, 725 Parkdale Ave. , Ottawa, ON K1Y 4E9 (Canada)
Fax: (+1)613-761-4355

[b] Prof. A. Mitra+

Department of Chemistry and Biochemistry
Manhattan College/College of Mount Saint Vincent
Riverdale, NY 10471 (USA)

[c] Prof. P. Seaton+

Department of Chemistry and Biochemistry, University of North Carolina
Wilmington, NC 28403 (USA)

[+] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.

ChemBioChem 2007, 8, 1029 – 1037 @ 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1029



distinct biological functions. Following cleavage, S1, the globu-
lar part of S protein mediates binding to the host cell-surface
receptor, angiotensin converting enzyme 2 (ACE2).[14] A 193-
amino-acid segment (from residues 318–510) of S protein has
been identified as the receptor-binding domain.[15] S2, a more
conserved domain, forms the membrane-anchored stalk region
and mediates virus–host cell fusion.[16] Ex-vivo studies with
FD11 and Vero E6 cells also revealed that two other mem-
brane-bound PCs, namely PC5B and PC7, cleave S protein; but
a comparative study of their efficacies was not made either
with the membrane-bound or soluble C-terminal-truncated
forms. In this regard, more work is needed because these PCs
have been implicated in the proteolytic maturation of a large
number of other viral glycoproteins that contain a PC-recogni-
tion motif at the cleavage site.[17] In this work, we have con-
ducted an in vitro comparative study on the cleavage of
hSARS S protein with the soluble forms of furin, PC5, and PC7
by using an intramolecularly quenched model fluorogenic
(IQF) peptide that was derived from the S protein cleavage
site. We have also investigated the ability of a PC inhibitor to
block this cleavage. Moreover, we examined the solution-
phase structure of this peptide by using circular dichroism
(CD) and 2D 1H NMR spectroscopy studies, and have found
ACHTUNGTRENNUNGimportant structural and conformational features of S protein
near the crucial activation site. While CD spectroscopy[18] was
used to determine the secondary structure of several SARS-
CoV-derived peptides under various conditions,[19,20] NMR
data[21] were more useful for determining its solution-phase
structure under conditions that mimic a physiological environ-
ment.

Results

Selection of SARS-spike peptides

A number of IQF peptides based on potential PC cleavage
sites of hSARS-CoV spike protein were prepared by using solid-
phase Fmoc chemistry (see the Experimental Section). The lo-
cation of these peptides and the various important domains of
spike protein, including the heptad repeat and transmembrane
domains are shown in Figure 1 by using IQF QSARS-4 as a
model peptide. The chemical synthesis of IQF QSARS-4 peptide

was carried out with solid-phase Fmoc chemistry and was
based on various steps of repetitive Fmoc deprotections and
amide couplings by using HATU and DIEA (Figure S1A and C).
In this peptide, electron transfer takes place from the donor
Abz function to the acceptor nitrotyrosine moiety; this leads to
the quenching of its fluorescence property (Figure S1B). The
selection of the above peptides was guided primarily by the
presence of a PC sequence recognition motif, and sizes of the
cleaved bands obtained in coinfection experiments with full-
length hSARS-CoV spike protein and individual full-length
PCs.[13] Among all of the IQF peptides tested, only QSARS-4
was found to be cleaved significantly by furin, PC5, and PC7
(vide infra), and therefore this peptide was further subjected to
investigation for evaluation of its conformation and secondary
structure.

In vitro digestion of QSARS-4 peptide by furin, PC5, and PC7

An initial comparative study on the digestion of QSARS-4 pep-
tide by the soluble forms of convertases, furin, PC5 and PC7
was achieved by RP-HPLC analysis of each crude digest. Thus,
it was evident that both furin and PC5, which have similar
levels of enzyme activity compared to PC7 (as determined by
active-site titration with the inhibitor Dec-RVKR-cmk and
assay), cleave QSARS-4 peptide efficiently at the correct physio-
logical site (R761flE) as confirmed by mass spectra data of the
HPLC peaks (Figure 2). Thus, upon cleavage QSARS-4 (Abz-
755Glu-Gln-Asp-Arg-Asn-Thr-Arg-Glu-Val-Phe-Ala-Gln766-Tyx-NH2;
retention time (tR) 38.4 min; Mw 1818 Da) generated two addi-
tional peaks at tR 23.6 and 36.1 min for the N-terminal frag-
ment (NT), Abz-Glu-Gln-Asp-Arg-Asn-Thr-Arg-OH (Mw 1036 Da)
and the C-terminal fragment (CT), Glu-Val-Phe-Ala-Gln-Tyx-NH2

(Mw 801 Da), respectively. The peak areas that correspond to
the NT and CT fragments were significantly higher in furin and
PC5 digests compared to PC7 digest. In fact, the intensities of
these fragment peaks were very weak in the HPLC chromato-
gram of the PC7 digest. Based on peak heights or areas, it is
estimated that about 18–25% of the peptide is cleaved by
furin and PC5, and only about 1% is cleaved by PC7 under
identical conditions (Figure 2, Table 1). This amount of cleav-
age, though small, is still considered to be significant when
compared to that observed in other similar systems.[11,17,22]

Measurements of kinetic parameters, Vmax, Km, and Kcat

Michaelis–Menten plots for the determination of Vmax and Km
for the digestion of QSARS-4 peptide by soluble recombinant
furin, PC5, and PC7 are shown in Figure 3. The measured kinet-
ic parameters are presented in Table 1. The amount of active
enzyme (Eo) in each PC sample was determined with active-site
titration by using the covalent inhibitor Dec-RVKR-cmk, and by
assuming that each PC enzyme was inactivated in a 1:1 stoi-
chiometric ratio, as in the case of trypsin by TLCK (tosyl lysine
chloromethyl ketone).[23] Our data show that among the three
soluble PCs examined, furin was the most potent enzyme in
cleaving QSARS-4 at the R761flE site in vitro; the measured Kcat/
Km ratio for furin digestion was 92.4 mm�1h�1. This was ~2.4

Figure 1. Schematic representation of the amino acid sequence of spike gly-
coprotein from human SARS corona virus and its potential site of activation.
Various other characteristic functional domains are also shown; SP: signal
peptide; S1 and S2: cleaved fragments of spike protein; FP: fusion peptide
domain; HR-N: heptad repeat domain amino terminal; HR-C: heptad repeat
domain carboxy terminal; TMD: transmembrane domain; CT: cytosolic tail ;
vertical double arrow: site of cleavage by PCs.
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and 24.3-fold better than the corresponding values for PC5
and PC7 digestions, respectively. It was further noted that the
lowest Km value was obtained with furin; this suggests a stron-
ger interaction between the substrate and QSARS-4. Moreover,
the highest Kcat value was obtained for PC5 and the lowest for
PC7; this indicated a rapid and slow turnover for the two en-
zymes, respectively.

Effect of PC inhibitor a1-PDX on QSARS-4 cleavage

When QSARS-4 (40 mg) was digested with furin (0.2 UmL�1) for
2 h in the presence of increasing amounts of PC inhibitor, a1-
PDX,[22] cleavage gradually diminished. This was confirmed by
the gradual decrease in peak intensity of the CT-cleaved frag-
ment (tR=47.5 min) in the RP-HPLC chromatogram as the
amount of PC inhibitor a1-PDX gradually increased from 0 to
10 mm (Figure 4). This suggests that a1-PDX blocked the PC-
mediated cleavage of QSARS-4 peptide. The observed differen-
ces in the retention times of peptide peaks of this HPLC and
that shown in Figure 2 were due to differences in the HPLC

Table 1. Measured kinetic parameters and their comparisons for the
cleavage of QSARS-4 peptide by soluble recombinant furin, PC5, and PC7
enzymes under identical conditions. The underlined value indicates the
most potent cleavage.

Enzyme Concentration,
Eo [mm]

Vmax, Vmax/Eo
[mmh�1]

Km
[mm]

Kcat
[h�1]

Kcat/Km
[h�1mm�1]

ACHTUNGTRENNUNG(Kcat/
Km)relative

furin 0.01082 6.03 2.64 244.0 92.4 24.3
PC5 0.0436 16.43 10.02 376.9 37.6 9.9
PC7 0.0886 1.64 4.86 18.5 3.8 1

Figure 3. Michaelis–Menton plots for furin, PC5, and PC7-mediated cleavages
of QSARS-4 peptide at varying concentrations.

Figure 2. Overlay of RP-HPLC chromatograms of QSARS-4 and after 4 h di-
gestion with furin, PC5, and PC7. The table indicates the percentage of pep-
tide cleaved based on chromatogram peak areas or heights.
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column type and the gradient method that was used. It was
noted that 10 mm a1-PDX was almost sufficient to block furin-
mediated (0.2 UmL�1) cleavage of QSARS-4 peptide (40 mg)
completely over a 2 h period. The identities of the undigested
and cleaved CT-fragment peptides were fully confirmed by
mass spectrometry after HPLC purification.

Circular dichroism spectra

CD spectroscopy was performed on QSARS-4 peptide in aque-
ous medium at various concentrations to analyze the depend-
ency of its secondary structure on concentration. As shown in
Figure 5A, the overall spectral profile did not change signifi-
cantly with concentration; this suggests that the secondary
structure of the peptide remained largely unchanged. As ex-
pected, only the peak intensity changed with concentration.
Upon software analysis of the CD spectra, it was found that
there was no helical structure present in the peptide at the
concentrations used. QSARS-4 possessed a predominantly
b sheet structure with ~76% content at 1 mgmL�1; this in-
creased only marginally to ~80% as the concentration was
ACHTUNGTRENNUNGdecreased to 0.25 mgmL�1. This occurred mostly at the expense
of the random structure, which decreased from ~20 to ~15%
as the concentration of QSARS-4 decreased from 1 to
0.25 mgmL�1. In all of our subsequent digestion experiments,
the concentration of QSARS-4 peptide was fixed at 1 mgmL�1

because the CD spectra at this concentration were strong
enough for a good structural evaluation. Upon digestion of
QSARS-4 (1 mgmL�1) for 30 min with increasing amounts of
furin, the sheet content increased slightly, mainly at the ex-
pense of turn structures, and then remained more or less con-

stant (Table 2). This was also dis-
played in overlay CD spectra
(Figure 5B). Even when the incu-
bations were performed for a
longer period of time, such as
4 h, not much change was no-
ticed in the CD spectra. Thus,
the most significant change oc-
curred immediately following ini-
tial contact with furin. Further
addition of furin did not seem to
alter the CD spectra to any sig-
nificant extent. The CD spectra
shown in Figure 5A or 5B were
the net spectra that were ob-
tained following the subtraction
of the appropriate control spec-
tra. Our data indicate that even
after a long period of digestion
(4 h), the mixture of undigested
QSARS-4 and its cleaved frag-
ments still exhibited a predomi-
nantly sheet structure. The pres-
ence of a high sheet content in
the peptide, as found by the CD
studies was not in full agree-

ment with the NMR results (vide infra) possibly because of the
differences in the peptide concentrations, and other differing
conditions that were used in the two studies (see the Experi-
mental Section).

Peptide NMR assignments and correlations

The protons of each amino acid were assigned based on analy-
sis of COSY, HSQC, TOCSY, and ROESY spectra. Aromatic pro-
tons were assigned based primarily on COSY correlations. Al-
though sometimes there were partial overlaps among individu-
al peptide protons and the protons of the buffer, all amino
acid protons could be assigned from their TOCSY patterns. The
positions of various a, b, g, d, aromatic and backbone NH
amide protons are shown in Figure S2 in the Supporting Infor-
mation. The amide a-proton of N-terminal glutamic acid (E1)
was assigned to 8.56 ppm based on a ROESY correlation be-
tween this and the Abz aromatic ortho-proton, to the glutamic
acid amide (NH) proton (Figure S3 in the Supporting Informa-
tion). Due to the similarity of TOCSY patterns (Figure S4 in the
Supporting Information) for the spin systems that originate
from the amide protons at 8.56 and 8.49 ppm, these two
amino acids were assigned as glutamic acids E1 and E8, re-
spectively. Analogously, the two-spin systems that originate
from the amide protons at 8.19 and 8.05 ppm were assigned
as glutamines Q2 and Q12. The two glutamines (Q1 and Q12)
and two arginines (R4 and R7) were distinguished based on
ROESY correlations between the amide and a-protons of the
neighboring amino acids (Figure S5 in the Supporting Informa-
tion). In addition to the assignments of all the amino-acid pro-
tons, ROESY correlations between neighboring or distant

Figure 4. RP-HPLC chromatograms of furin digested QSARS-4 peptide in absence and presence of varying concen-
trations of a1-PDX—a potent inhibitor of furin.
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amino acids are also listed in Figure 6, and are indicated by
arrows between the interacting protons. Although there was
significant overlap between some of the contours, based on

the above assignments, ROESY correlations between 1) E1 and
E8, 2) Q2 and V9 and E8, and 3) E8 and D3 indicate the pres-
ence of a bend in the peptide (Figure 6). Additionally, there
was a very small ROESY correlation (Figures S3–S5 in the Sup-
porting Information) between the NH of C-terminal glutamic
acid (E1) and one of the b-protons of phenylalanine (F10),
which provides further evidence for a bend in the peptide.

Discussion

Based on RP-HPLC analysis of crude digests and measured ki-
netic parameters, it was observed that QSARS-4 peptide was
cleaved efficiently by both soluble furin and PC5 forms at the
correct physiological R761flE site. Soluble PC7 also cleaved the
peptide, but with very poor efficiency. This was reflected in the
very low Kcat/Km value for PC7 compared to those for furin and
PC5. Interestingly, the Kcat and Km values were high for PC5
cleavage compared to furin cleavage, but the overall catalytic
efficiency of furin based on the Kcat/Km ratio was nearly 2.5-fold
better than that for PC5. These in vitro results indicate that
PC5 and furin are the major host candidate enzymes involved
in QSARS-4 cleavage.

Figure 5. A) Overlay of CD spectra of QSARS-4 peptide in water at various
concentrations. B) Overlay of CD spectra of QSARS-4 peptide in water follow-
ing 30 min incubation with or without various amounts of recombinant
furin enzyme.

Figure 6. Proposed secondary structure of QSARS-4 peptide based on NMR
data. All ROESY correlations are indicated by specific lines. Curved solid lines
indicate correlations between neighboring amino acids, solid straight lines
show long-range interactions. The dotted bent line shows week correlations
between the amide NH of glutamic acid-1 (E1) and b-H of phenyl alanine-10
(F10). The asterisk indicates the PC-cleavage site.

Table 2. Effect on the secondary structure of QSARS-4 peptide following
incubation with increasing amounts of soluble recombinant furin
enzyme. Fh: frequency of helix, Fb: frequency of b-pleated sheet, Ft : fre-
quency of turn, and Fr: frequency of random structures.

Amount of Incubation Fh [%] Fb [%] Ft [%] Fr [%]
furin [mL] time

0 30 min 0 76 5 19
1 30 min 0 87.8 1 11.2
2 30 min 0 85 2.5 12.5
4 30 min 0 86 1 13
8 30 min 0 85 2.5 12.5
0 4 h 0 76 5.5 18.5
1 4 h 0 77.3 4.3 18.4
2 4 h 0 81 4.3 14.7
4 4 h 0 77.5 5 17.5
8 4 h 0 81 4 15.3
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In order to further study the kinetics and specificity of the
above-described digestions experiments were performed to
examine the effect of a PC inhibitor on QSARS-4 peptide cleav-
age. Our data show that cleavage could be blocked in vitro in
a dose-dependent manner by a1-PDX—a known potent furin
and PC inhibitor. a1-PDX is a bioengineered variant of a1-anti-
trypsin (AT) the cleavage sequence for which (AIPM382) was mu-
tated to RIPR382 to mimic the PC/furin recognition motif. Sever-
al studies have demonstrated the ability of a1-PDX to block
proteolytic events mediated by PCs, including furin, in both in
vitro and in vivo models.[22, 24–27] These proteolytic events play a
crucial role in tumorigenesis, cancer metastasis, obesity, bacte-
rial, and viral infections. Therefore, PC inhibitors are likely to
find important biochemical and therapeutic applications in
some of these metabolic conditions. However, further studies
with full-length spike protein will be needed to examine its po-
tential application in the study of SARS infection. Our previous
study demonstrated that the other PC inhibitor, Dec-RVKR-
cmk[11] is able to diminish SARS viral infectivity in Vero E6 cell
lines. In this regard, it will be of great interest to study and
compare the ability of various other PC inhibitors, including
small peptide and nonpeptide molecules[28] to suppress SARS
S protein processing and its consequences.
Our CD data suggest that the QSARS-4 peptide, which con-

tains the crucial SARS-CoV spike protein cleavage site
(RNTR761flEV) possesses a largely b-sheet structure with few
turn and random structures. Even though it is an in vitro as-
sessment based on a model peptide, this study will be valua-
ble for future investigation of the 3D crystal structure of full-
length S protein. In order to establish the relevance of our ob-
servations to physiological events, a theoretical analysis of the
secondary structure of several segments of the hSARS spike
protein were performed by using software (Peptide Compan-
ion) as well as web-based programs (http://www.expasy.ch).
These segments were selected from regions 731–800, 741–790,
751–780, and 721–810 of S protein, all of which contain the se-
quence 755–766 that comprises QSARS-4 peptide. Based on
the Chou–Fasman conformational parameters for these poly-
peptides, it is predicted that there is a turn conformation
within the 757DRNT760 segment, with a high conformation po-
tential (magnitude 1.23). There is no preferred type of structure
directly next to the turn on either side, although a few sheet
and helical regions up- and downstream were noted. These
structural predictions around the cleavage region were consis-
tent with the measured CD and 1H NMR data.
This study showed that the relative content of the b sheet

structure can be useful for monitoring the cleavage of QSARS-
4. After 30 min incubation with enzyme the b sheet content of
the peptide increased only slightly; however, after an extended
period of time the percentage of b sheet structure decreased.
This suggests that as furin binds to QSARS-4 prior to cleavage,
it promotes a structure with more b sheet content. In contrast,
as furin cleaved the peptide, there was overall less b sheet
structure. Even though these changes are small, they are still
significant.
Our NMR data suggest that the QSARS-4 peptide was mostly

linear with a possible b turn at the N terminus. This structure is

most likely stabilized by the participation of hydrogen bonds
between several residues at the N terminus. These include the
amino acid residues around the cleavage site, as indicated in
the sequence Glu-Gln-Asp-Arg-Asn-Thr-Arg761flGlu; the under-
lined residues indicate the exact region of the turn. Thus, the
crucial P4 Arg758 residue is situated in the turn structure while
the other critical P1 Arg761 residue is present immediately fol-
lowing the turn structure. Many short and long-distant pro-
ACHTUNGTRENNUNGton–proton interactions that were shown by NMR spectrosco-
py (Figure 6 and Supporting Information) support this struc-
ture. It is likely that these and other close-range interactions
help to stabilize the proposed structure around the cleavage
site of S protein.
It is important to point out that because of the similarities

between the SARS glycoprotein processing and those of HIV,[29]

H5N1 type avian,[17] Ebola,[17] and Chickungunya viruses,[30]

these viral glycoproteins might also possess similar structural
features at their cleavage sites. Studies are in progress in our
laboratory to investigate this hypothesis.

Conclusions

The present in vitro study with a model fluorogenic spike pep-
tide confirms the crucial role of host proprotein convertases
furin and PC5 in the cleavage of hSARS-CoV S protein; this
leads to the formation of two functionally active distinct frag-
ments: S1 and S2. The study also revealed that PC5 is almost
as effective as furin in cleaving the peptide, but PC7 is not
likely to be involved in this proteolytic event. It was also dem-
onstrated that the cleavage could be blocked in a dose-depen-
dent manner by a1-PDX. A NMR study under near physiologi-
cal pH conditions showed the possible presence of a b turn in
close proximity to the cleavage site. This type of secondary
structure could represent a unique common feature of most
viral glycoprotein processing by host PCs. To the best of our
knowledge, this is one of the first attempts to demonstrate the
presence of a specific secondary structure near the cleavage
site by NMR and CD studies. Further studies with other viral
glycoproteins will be required to confirm the general applica-
bility of this hypothesis. The concept that SARS intervention
might be feasible with PC or furin inhibitors is challenged by
several observations that furin cleavage of the glycoprotein of
the related Ebola virus is not important for in vitro infectivity
and function.[31,32] This raises questions about the therapeutic
potentials of furin inhibitors in SARS infection.

Experimental Section

General : All Fmoc (fluorenyl methoxy carbonyl) l-amino acids,
resins such as Fmoc-PAL-PEG-PS resin (polyamide linker polyethy-
lene glycol polystyrene; PAL: 5-[4-fmoc-aminomethyl-3,5-dime-
thoxy-phenoxy] valeric acid), solvents, coupling reagents, like HATU
(O-hexafluorophospho-[7-azabenzotriazol-1-yl]-N,N,N’,N’-tetrameth-
ACHTUNGTRENNUNGyluronium) and DIEA (diisopropyl ethyl amine), and TFA (trifluro-
ACHTUNGTRENNUNGacetic acid) were purchased from Novabiochem-Calbiochem (San
Diego, CA, USA), ChemImpex International (Wood Dale, IL, USA),
Applied Biosystems Inc (Framingham, MA, USA), and Bachem Inc.
(King of Prussia, PA, USA). Energy absorbing matrices for MALDI-
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TOF mass spectrometry, namely CHCA (a-cyano-4-hydroxycinnamic
acid) and DHB (1,2-dihydroxybenzoic acid) were purchased from
Aldrich Chemical Co. (Milwaukee, WI, USA). Peptide standards for
the calibration of mass spectra were purchased from Sigma Chemi-
cal Co. (St. Louis, MO, USA). The furin inhibitors, a1-PDX and dec-
anoyl (Dec)-RVKR-cmk (chloromethyl ketone) were purchased from
ABR-Affinity BioReagents (Golden, CO, USA). The fluorogenic sub-
strate Boc-RVKR-MCA (MCA: 4-methyl coumarin-7-amide) and free
AMC (7-amino-4-methylcoumarin) were purchased from Bachem
Inc.

Peptide synthesis and purification : Five intramolecularly
quenched fluorogenic peptides based on potential PC-cleavage
sites of SARS-CoV S protein, were selected. These were
QSARS-1789–802: Abz-789Pro-Asp-Pro-Leu-Lys-Pro-Thr-Lys-Arg797?Ser-
Phe-Ile-Glu-Asp802-Tyx-Ala; QSARS-2439–451: Abz-439Lys-Tyr-
Arg-Tyr-Leu-Arg444? His-Gly-Lys-Leu-Arg449?Pro-Phe451-Tyx-Ala;
QSARS-3177–188: Abz-177Gly-Asn-Phe-Lys-His-Leu-Arg183?Glu-Phe-Val-
Phe-Lys188-Tyx-Ala; QSARS-4755–766 : Abz-755Glu-Gln-Asp-Arg-Asn-Thr-
Arg761flGlu-Val-Phe-Ala-Gln766-Tyx-Ala; and QSARS-593–104 : Abz-93Glu-
Lys-Ser-Asn-Val-Val-Arg99?Gly-Trp-Val-Phe-Gly104-Tyx-Ala. The verti-
cal arrow (fl) is the confirmed cleavage site whereas the question
marks (?) indicate potential or possible cleavage sites, bold and
underlining represent unnatural and basic amino acids, respective-
ly. Synthesis of all IQF peptides was accomplished on Fmoc-PAL-
PEG polystyrene solid support by using an automated peptide syn-
thesizer (Pioneer, PE-PerSeptive Biosystems, Framingham, MA,
USA), following HATU/DIEA-mediated Fmoc chemistry.[13, 27] For
each coupling step an extended cycle (30 min) was used. After the
complete synthesis, peptides were cleaved and fully deprotected
from the resin as described previously.[13, 27] Crude peptides were
purified by RP-HPLC on a Rainin Dynamax instrument equipped
with SD-1 pump by using a 300 O C18 column (Jupiter, Phenomen-
ex), first semipreparative column (size: 1Q25 cm) followed by ana-
lytical column (size: 0.46Q25 cm). The buffer system comprised an
aqueous TFA (0.1%, v/v) solution and an organic phase of CH3CN,
which also contained TFA (0.1%, v/v). Peptides were eluted with a
1 %min�1 linear gradient (5–60%) of 0.1% aqueous TFA/CH3CN at
a flow rate adjusted to 1 mLmin�1 (for analytical run) or 2 mLmin�1

(for semipreparative run), following a 5 min isocratic at 5% of 0.1%
TFA/CH3CN. Peaks were detected by UV absorbency (optical densi-
ty measured at 214 nm), collected, lyophilized, and analyzed by
MALDI-TOF mass spectrometry; amino acid analysis and N-terminal
microsequencing was carried out to determine peptide identities.

Amino acid analysis : Amino acid analysis was performed by hy-
drolysis of each purified peptide (10–20 nmol) with HCl (6n ;
100 mL) in a sealed tube at 110 8C under vacuum for 24 h, followed
by ion chromatography (Dionex, Oakville, ON, Canada) as de-
scribed in reference [33]. For the detection of the two unnatural
amino acids Abz and Tyx, authentic samples were used as stand-
ards to confirm their exact elution time in the chromatogram.

N-terminal microsequencing : N-terminal microsequencing of each
purified peptide was conducted by using Edman degradation on a
Procise instrument (Applied Biosystems, Foster City, CA, USA). Typi-
cally 250–1000 pmol of each peptide was used for analysis, and in-
formation about the full amino-acid sequence was obtained. For
the two unnatural amino acids Abz and Tyx, authentic samples
were used as standards along with the mixtures of all natural
amino acids.[33]

Mass spectra measurement : MALDI-TOF MS were performed with
a Voyager DE pro (PE Biosystem Inc, Framingham, MA, USA) instru-

ment by using 1–2 mL of each sample and saturated CHCA or
DHB[34] as an energy-absorbing matrix.

Source of enzyme and active-site titrations : The soluble truncat-
ed form of recombinant human furin (hfurin; MW ~57 kDa, enzyme
activity 2 U per mL) was purchased from New England BioLabs (Ips-
wich, MA, USA). One unit of activity was defined as the amount of
furin that released 1 pmol of free AMC from the fluorogenic pep-
tide Boc-RVRR-MCA in a total reaction volume of 100 mL in one
minute (1 pmol of AMC per min) at 30 8C in HEPES (100 mm ;
pH 7.5 at 25 8C) with TritonX-100 (0.5%), CaCl2 (1 mm), and 2-mer-
captoethanol (1 mm). All studies were conducted with fivefold di-
luted stock furin with an enzyme activity of ~0.4 UmL�1. Two other
soluble truncated forms of recombinant PC5A and PC7 that were
used in this study were obtained from crude concentrated culture
media, followed by partial purification as described previously.[17,35]

Soluble PC5A and PC7 both lack transmembrane domains; soluble
PC5A is 915 amino acids long and soluble PC7 is 622 amino acids
long. These enzymes were appropriately diluted before use to pro-
duce nearly identical levels of enzyme activity (0.4 UmL�1). The
exact amount of active enzyme in each preparation was deter-
mined by active-site titration with a freshly prepared solution of
Dec-RVKR-cmk in the above-mentioned buffer.[23]

Circular dichromism spectra : All CD spectra were recorded at am-
bient temperature (~25 8C) in water at pH 7.2 by using a Jasco-810
spectropolarimeter (Easton, MD, USA) and a 0.1 mm thick rectan-
gular quartz cell in a total volume of 100 mL. The peptide concen-
tration in all studies except the dose-dependent experiments was
maintained at 1 mgmL�1. All spectra were measured at 185–240 nm,
with recordings at 0.1 nm intervals. Each spectrum was recorded at
least three consecutive times, averaged, and the CD spectrum of
the blank buffer was subtracted. The final spectrum was then ana-
lyzed by using CD Estima software (Softsec Program, Softwood
Co., Brookfield, CT, USA) for determination of contents of various
secondary structures namely a helix, b pleated-sheet, b turn, and
random.[34] CD spectra were first measured for QSARS-4 peptide
alone at various concentrations to examine concentration effect on
secondary structures. Later, CD spectra were also measured for
QSARS-4 peptide at a fixed concentration of 1 mgmL�1 after incuba-
tion with increasing levels of soluble recombinant furin (1–8 mL,
0.2 U activity) for 30 min or 4 h.

Digestion of IQF peptides : In vitro digestion of each peptide
(20 mg) was carried at 37 8C for 4 h in buffer (100 mL) that consisted
of Tris (25 mm), MES (25 mm ; 2-(N-morpholino)ethanesulfonic acid),
CaCl2 (2.5 mm), pH 7.4 with soluble recombinant furin, PC5 or PC7
(2 mL, ~0.4 UmL�1 activity). The reaction was stopped by addition
of glacial acetic acid (2 mL). Each digest was then analyzed individ-
ually by RP-HPLC on a C18 analytical column under the conditions
described above, except that the rate of flow was maintained at
1 mLmin�1. The percentage of digestion was determined based on
peak area or height by using either the formula:

%digestionðareaÞ ¼ areaCTpeak
areaCTpeak þ areaQSARS4peak

or

%digestionðheightÞ ¼ heightCTpeak
heightCTpeak þ heightQSARS4peak

For this estimation the intensity of only the CT-cleaved fragment
was used because of its higher optical density.
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Effect of inhibitor on furin cleavage of QSARS-4 : QSARS-4 (20 mg)
was digested at 37 8C for 4 h with furin (20 mL, ~0.4 UmL�1 activity)
in the absence and presence of increasing amounts of a1-PDX (1–
20 mg; without preincubation). The resulting crude digests were
analyzed by using RP-HPLC and MALDI-TOF MS of each collected
peak.

Determination of kinetic parameters, Vmax, Km, and Kcat : For meas-
urements of Vmax, Km, and Kcat, each soluble enzyme (10 mL furin,
PC5, or PC7, which had almost identical levels of activity) was incu-
bated (4–8 h) with various concentrations of QSARS-4 peptide (25,
20, 15, 10, 5, 2.5, 1, 0.5, 0.25, 0.1, and 0.05 mm) in the above-men-
tioned buffer (100 mL) in a 96-well microtiter plate at 37 8C. The
rate of hydrolysis was measured from the changes in fluorescence
intensity, and values were transformed into mmolh�1 of peptide
cleaved by using standard curve and quenching corrections.[36]

Data were collected in duplicates, and each value was the mean of
three independent experiments; Vmax,, Km, and Kcat were then calcu-
lated as described.[17,36,37] To identify the site of cleavage, each
digest was analyzed with RP-HPLC by using a C18 analytical
column, followed by MALDI-TOF mass spectrometry of each isolat-
ed peak. Consistent with earlier studies, we noted a significant in-
termolecular quenching of the released fluorescent material by the
undigested substrate, especially at higher substrate concentrations.
This was corrected for by using a standard quenching curve as
ACHTUNGTRENNUNGdescribed in reference [36].

NMR spectroscopy : All 1D and 2D 1H NMR spectra of QSARS-4
were acquired on a Bruker Avance 600 MHz spectrometer (Bruker
Biospin, Boston, MA, USA) by using inverse detection. The peptide
(0.1 mm) was dissolved in buffer that consisted of Tris (25 mm),
MES (25 mm), CaCl2 (2.5 mm), pH 7.4, and D2O (10%). All spectra
were acquired at 298 8C by using solvent suppression techniques
with the following Bruker pulse programs: COSY, cosydfesgpphm;
HSQC, hsqcedetgp; TOCSY, mlevesgpph, and ROESY, roesygesgpph.
TOCSY and ROESY spectra were acquired by using a spin lock and
a mixing time of 70 ms and 300 ms, respectively. Assignments of
all protons were made through evaluation and comparison of all
1D and 2D NMR spectra.[21, 38,39]
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