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Abstract

SARS main protease is essential for life cycle of SARS coronavirus and may be a key target for developing anti-SARS drugs.

Recently, the enzyme expressed in Escherichia coli was characterized using a HPLC assay to monitor the formation of products from

11 peptide substrates covering the cleavage sites found in the SARS viral genome. This protease easily dissociated into inactive

monomer and the deduced Kd of the dimer was 100lM. In order to detect enzyme activity, the assay needed to be performed at

micromolar enzyme concentration. This makes finding the tight inhibitor (nanomolar range IC50) impossible. In this study, we

prepared a peptide with fluorescence quenching pair (Dabcyl and Edans) at both ends of a peptide substrate and used this

fluorogenic peptide substrate to characterize SARS main protease and screen inhibitors. The fluorogenic peptide gave extremely

sensitive signal upon cleavage catalyzed by the protease. Using this substrate, the protease exhibits a significantly higher activity

(kcat ¼ 1:9 s�1 and Km ¼ 17lM) compared to the previously reported parameters. Under our assay condition, the enzyme stays as an

active dimer without dissociating into monomer and reveals a small Kd value (15 nM). This enzyme in conjunction with fluorogenic

peptide substrate provides us a suitable tool for identifying potent inhibitors of SARS protease.

� 2004 Elsevier Inc. All rights reserved.
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Beginning in late 2002, approximately a thousand

cases had been reported for patients mostly in China,

Hong-Kong, Taiwan, and Canada, who showed the

severe acute respiratory syndrome (SARS) and died due

to the infection by human coronavirus [1–4]. Since then,

much effort has been devoted in sequencing the whole

genome of the virus [5,6], studying the origin of the virus
by comparative genetics [7,8], solving the crystal struc-

ture of the essential main protease and performing
qAbbreviations: SARS, severe acute respiratory syndrome; Dab-

cyl, 4-(4-dimethylaminophenylazo)benzoic acid; Edans, 5-[(2-amino-

ethyl)amino]naphthalene-1-sulfonic acid; FRET, fluorescence

resonance energy transfer; PCR, polymerase chain reaction; Ni–

NTA, nickel–nitrilotriacetic acid; Tris, tris(hydroxymethyl)amino-

methane; EDTA, ethylenediaminetetraacetic acid; SDS–PAGE,

sodium dodecyl sulfate–polyacrylamide gel electrophoresis, b-ME,

b-mercaptoethanol; DTT, dithiothreitol; sqrt, square root.
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computer modeling for structure-based design of its in-

hibitors [9–11], and examining the mechanism of viral

infection to identify the human receptor angiotensin-

converting enzyme 2 for viral attachment [12–14]. The

main protease which is responsible for maturation of

polyproteins in the life cycle of the virus has been pro-

posed as a key target for development of anti-SARS
drug [9–11]. This protein is a chymotrypsin-like protease

but uses a Cys rather than a Ser as the nucleophile in the

active site, so it is also called chymotrypsin-like or 3C-

like protease.

The main protease had been cloned and overexpres-

sed by using Escherichia coli as a host for characteriza-

tion, which contained the hexa-His tag in its C-terminus

[15]. From this previous study, the enzyme existed as a
mixture of monomer and dimer at 4mg/mL (�118 lM)

protein concentration and exclusively monomer at lower

protein concentration 0.2mg/mL (�6 lM) as revealed

by analytical gel filtration. The deduced dissociation
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constant Kd of the dimer was estimated to be 100 lM. It
was concluded that only the dimer is active from the plot

of the kinetic parameter kcat=Km versus the enzyme

concentration [15]. The substrate specificity of the

protease was established by measuring the kinetic pa-

rameters of the enzyme for the 11 peptides which are 11-

amino acid long with sequences found as possible

cleavage sites for the protease in the SARS genome.

The best substrate TSAVLQSGFRK-NH2 displayed
a kcat=Km ¼ 10:6mM�1 min�1 (kcat ¼ 12:2min�1 and

Km ¼ 1:15mM). These kinetic assays were performed

using HPLC to monitor the cleavage of the peptide

substrate into two product fragments. Due to the poor

enzyme activity, the assay needed to be performed at

micromolar enzyme concentration. It is impossible to

obtain the tight-binding inhibitors with IC50 at nano-

molar range using this assay format.
In this study, we have developed a 12-amino acid

peptide substrate (TSAVLQSGFRKM) plus Lys and

Glu for attachment of 4-(4-dimethylaminophenyl-

azo)benzoic acid (Dabcyl) and 5-[(2-aminoethyl)ami-

no]naphthalene-1-sulfonic acid (Edans) in N- and

C-termini, respectively. The two fluorophores form a

quenching pair and exhibit fluorescence resonance en-

ergy transfer (FRET) within the peptide [16,17]. When
the peptide is cleaved by the SARS main protease, the

FRET disappears and the fluorescence increases. By

monitoring the increase of the fluorescence, the enzyme

activity can be detected at sub-nanomolar protein con-

centration with sufficient sensitivity. The screening for

the nanomolar IC50 inhibitors thus can be performed at

the very low enzyme concentration. This assay using

fluorescence plate reader also offers the advantage of
higher throughput over the HPLC assay.
Fig. 1. SDS–PAGE analysis of the SARS main protease at different

stages of purification procedure. Lane 1 represents the molecular mass

markers which are 220, 97, 66, 46, 30, 21.5, and 14.3 kDa. Lanes 2 and

3 show the cell lysate without and with IPTG induction to overexpress

SARS main protease with tag, respectively. Lane 4 is the tagged pro-

tease after Ni–NTA column chromatography. Lane 5 represents the

protease treated with FXa to remove the tag. Two extra bands, intact

protease and the tag at lower molecular mass, appear on SDS–PAGE.

Lane 6 shows the purified untagged protease after using the second

Ni–NTA column.
Materials and methods

Materials. Fluorogenic peptide substrate Dabcyl-KTSAVLQSGF

RKME-Edans was prepared by Biogenesis (Taiwan). The peptide was

purified to a single peak by using HPLC. The plasmid mini-prep kit,

DNA gel extraction kit, and Ni–NTA resin were purchased from

Qiagen. FXa and the protein expression kit (including the pET32Xa/

LIC vector and competent JM109 and BL21 cells) were obtained from

Novagen. DTT was purchased from Pierce. 1-Hydroxypyridine-2-

thione zinc was purchased from Sigma. All commercial buffers and

reagents were of the highest grade.

Expression and purification of SARS main protease. The gene en-

coding SARS main protease was cloned from viral whole genome

obtained from National Taiwan University [8] by using polymerase

chain reaction (PCR) and the primers (forward primer 50-GGT

ATTGAGGGTCGCAGTGGTTTTAGG-30 and reverse primer 50-

AGAGGAGAGTTAGAGCCTTATTGGAAGGTAACACC-30) into

the pET32Xa/Lic vector using the same strategy as previously reported

[18]. The recombinant protease plasmid was then used to transform E.

coli JM109 competent cells that were streaked on a Luria–Bertani (LB)

agar plate containing 100lg/mL ampicillin. Ampicillin-resistant colo-

nies were selected from the agar plate and grown in 5mL LB culture

containing 100lg/mL ampicillin overnight at 37 �C. The correct
construct was subsequently transformed to E. coli BL21 for protein

expression. The 5-mL overnight culture of a single transformant was

used to inoculate 500mL of fresh LB medium containing 100lg/mL

ampicillin. The cells were grown to A600 ¼ 0:6 and induced with 1mM

isopropyl-b-thiogalactopyranoside. After 4–5 h, the cells were

harvested by centrifugation at 7000g for 15min.

The enzyme purification was conducted at 4 �C. The cell paste

obtained from 2-L cell culture was suspended in 80mL lysis buffer

containing 12mM Tris–HCl, pH 7.5, 120mM NaCl, and 0.1mM

EDTA in the presence of 7.5mM b-ME, 1mM DTT plus 7.5mM

b-ME, 2mMDTT, or 17.5mM b-ME. French-press instrument (AIM-

AMINCO spectronic Instruments) was used to disrupt the cells at

12,000 psi. The lysis solution was centrifuged and the debris was dis-

carded. The cell free extract was loaded onto a 20mL Ni–NTA column

which was equilibrated with 12mM Tris–HCl, pH 7.5, 120mM NaCl,

0.1mM EDTA, and 5mM imidazole containing different combina-

tions of reducing agents (7.5mM b-ME, 7.5mM b-ME plus 1mM

DTT, 17.5mM b-ME, or 2mM DTT). The column was washed with

5mM imidazole followed by 30mM imidazole-containing buffer. His-

tagged protease was eluted with 12mM Tris–HCl, pH 7.5, 120mM

NaCl, 0.1mM EDTA, and 300mM imidazole containing the afore-

mentioned reducing agents. The protein solution was dialyzed against

2� 2L buffer (12mM Tris–HCl, pH 7.5, 120mM NaCl, 0.1mM

EDTA, and the reducing agents).

His-tagged protease was then digested with FXa protease to remove

the tag and the mixture was loaded onto Ni–NTA. The untagged pro-

tease in flowthrough (12mM Tris–HCl, pH 7.5, 120mMNaCl, 0.1mM

EDTA, and 5mM imidazole containing the reducing agents) was highly

pure according to SDS–PAGE (Fig. 1) and was dialyzed to buffer

(12mM Tris–HCl, pH 7.5, 120mM NaCl, and 0.1mM EDTA

with reducing agents) for storage. The purified protein was confirmed

by N-terminal sequencing and mass spectrometry. The enzyme



864 C.-J. Kuo et al. / Biochemical and Biophysical Research Communications 318 (2004) 862–867
concentration used in all experiments was determined from the absor-

bance at 280 nm.

Activity assay of the protease using the fluorogenic substrate. The

kinetic measurements were performed in 20mM Bis–Tris (pH 7.0) at

25 �C. Enhanced fluorescence due to cleavage of the fluorogenic sub-

strate peptide (Dabcyl-KTSAVLQSGFRKME-Edans) was monitored

at 538 nm with excitation at 355 nm using a fluorescence plate reader

(Fluoroskan Ascent from ThermoLabsystems, Sweden). The enzyme

concentration used in measuring Km and kcat values was 50 nM and the

substrate concentrations from 0.5- to 5-fold Km value were used.

Substrate concentration was determined by using the extinction coef-

ficients 5438M�1 cm�1 at 336 nm (Edans) and 15,100M�1 cm�1 at

472 nm (Dabcyl). The initial rate within 10% substrate consumption

was used to calculate the kinetic parameters using Michaelis–Menten

equation fitting by the KaleidaGraph computer program.

Enzyme concentration ranges of 5–150 or 50–3000nM with 60 lM
fluorogenic substrate were used to determine the apparent dimer–

monomer dissociation constant Kd. The Kd values were obtained by

fitting the plot of reaction rates versus enzyme concentration to the

following equations assuming the dimer is active and the monomer is

inactive [19].

Kd ¼ ½M�2=½D�; ð1Þ

½D� ¼ 1=8½Kd þ 4½E�t � sqrtðK2
d þ 8Kd½E�tÞ�; ð2Þ

v ¼ Asf1=8½Kd þ 4½E�t � sqrtðK2
d þ 8Kd½E�tÞ�g: ð3Þ

In these equations, ½D� is the dimer concentration, ½M� is the monomer

concentration, the total enzyme concentration ½E�t ¼ ½M� þ 2½D�, v is

the observed reaction rate, and As is the activity of dimer.

Gel filtration determination of protein form. The molecular species of

the SARS protease was determined on a pre-packed Sephadex G-200

column (1 cm� 20 cm, Amersham–Pharmacia Biotech) by comparing

the elution volume of the protease with those of protein molecular

mass standards including aldolase (170 kDa), bovine serum albumin

(67 kDa), ovalbumin (43 kDa), and chymotrypsinogen A (25 kDa). The

same buffer used in Ni–NTA column was used to elute the proteins at a

flow rate of 0.5mL/min.

Inhibition assay. The IC50 value of 1-hydroxypyridine-2-thione zinc

was measured in a reaction mixture containing 50 nM SARS protease,

6 lM fluorogenic substrate in a buffer of 12mM Tris–HCl, pH 7.5,

120mM NaCl, 0.1mM EDTA, and 1mM DTT plus 7.5mM b-ME in

the presence of various concentrations of the inhibitor which ranged

from 0 to 50lM. The fluorescence change resulted from the reaction

was followed with time using the 96-well fluorescence plate reader.

The initial velocities of the inhibited reactions were plotted against the

different inhibitor concentrations to obtain the IC50 by fitting with the

following equation:

AðIÞ ¼ Að0Þ � f1� ½I=ðI þ IC50Þ�g: ð4Þ

In this equation, AðIÞ is the enzyme activity with inhibitor concen-

tration I ; Að0Þ is the enzyme activity without inhibitor; and I is the

inhibitor concentration.
Fig. 2. Measurements of kinetic parameters of SARS main protease.

The reaction initial rates of the protease under a variety of different

substrate concentrations were plots against substrate concentrations to

obtain the Vmax and Km values of the enzyme. KaledaGraph computer

program was used to fit the kinetic data using Michaelis–Menten

equation.
Results

Expression and purification of SARS main protease

SARS protease encoding gene was amplified using

PCR method and inserted into commercial vector

pET-32Xa/LIC for expression of the enzyme with thio-

redoxin, hexa-His tag, and FXa protease cleavage site
on the N-terminus. The engineered plasmid in E. coli

BL21 host cell under the control T7 promoter yielded

large quantity of recombinant His-tagged SARS prote-
ase. The Ni–NTA column was employed for the His-
tagged protease purification. After the tag cleavage by

FXa protease, the mixture was loaded onto another

Ni–NTA. The flowthrough thus contained highly pure

untagged protease as shown by reducing SDS–PAGE

(Fig. 1). Unlike the previously prepared SARS protease,

which contains the C-terminal hexa-His tag, our SARS

protease is intact without any tag. The final recovery

yield for purified protein was approximately 50mg/L
culture, which is about 3- to 5-fold higher than 10 or

15mg/L obtained by using the pET21a or PQE30 vector

as described previously [15,18].

Effect of reducing agents on enzyme activity

It is notable that the inclusion of b-ME or DTT with

sufficient reducing power is required to obtain highly

active protease. With only 7.5mM b-ME presence dur-

ing the purification, the enzyme activity was 3-fold

lower. Addition of 2mM DTT, 7.5mM b-ME plus

1mM DTT, or 17.5mM b-ME during the purification

was found sufficient to produce highly active enzyme
with the Km ¼ 17� 4lM and the kcat ¼ 1:9� 0:1 s�1 (see

below). These values are significantly higher than re-

ported values obtained from the SARS protease that

contained C-terminal hexa-His tag and was purified

under 7.5mM b-ME [15].

Kinetic and equilibrium constants of the protease

The peptide cleavage reaction of SARS main protease

can be easily monitored in real time by using the fluo-

rescence plate reader. For the fluorogenic substrate

Dabcyl-KTSAVLQSGFRKME-Edans, the Km value

was measured to be 17� 4 lM and the kcat value was
1.9� 0.1 s�1 (Fig. 2). The enzyme prepared and assayed



Fig. 3. Dependence of SARS protease reaction rate on enzyme concentration. The 5–150 nM SARS main protease as shown in (A) and 50–3000nM

as shown in (B) with 60 lM fluorogenic substrate were used to determine the Kd value of dimer–monomer equilibrium. From (A), the Kd was de-

termined to be 15� 4 nM by fitting the data to Eq. (3) (see Materials and methods). At the protein concentrations from 50 to 3000 nM (significantly

larger than the Kd value), the fitting curve is almost linear.

Fig. 4. Gel filtration study of the SARS protease. At 0.2 (dot-and-dash

line) and 4mg/mL (solid line), the SARS protease shows a major peak

corresponding to the dimer on the elution profile of gel filtration

column chromatography. The arrows indicate the positions for dimer

and monomer of the protease.
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under our conditions shows 9-fold larger kcat and 68-fold

smaller Km values than the previously reported values of

12.2min�1 and 1.15mM, respectively [15]. By measuring
the activity versus enzyme concentration as shown in

Fig. 3A, the apparent Kd value for the dimer–monomer

equilibrium of our enzyme was measured to be

15� 4 nM. This is based on the same assumption that

the dimer is active and monomer contains no enzyme

activity as proposed previously [15]. At protein con-

centration 50–3000 nM (significantly larger than the Kd

value), the fitting curve is almost linear (Fig. 3B). Thus,
the Kd (15 nM) is 6.7� 103 times smaller than that

(100 lM) previously estimated from analytical gel

filtration experiments [15]. The kcat=Km of protease

with respect to the fluorogenic substrate Dabcyl-

KTSAVLQSGFRKME-Edans is 0.11 lM�1 s�1, ap-

proximately 600 times larger than previously determined

10.6mM�1 min�1 (¼ 1.8� 10�4 lM�1 s�1) using shorter

and unlabeled TSAVLQSGFRK substrate and HPLC
assay. However, by considering the Kd (100 lM) as-

signed for the previous enzyme [15], the catalytic effi-

ciency kcat=Km ¼ 1:4� 103 mM�1 min�1 of that dimer is

only about 4-fold smaller than our measured value.

Gel filtration experiments

To see whether the SARS protease prepared in our

hand stays as an active dimer with Kd (15 nM) remark-

ably smaller than the previous value (100 lM), we have

used gel filtration to monitor the form (dimer versus

monomer) of the protease at the same concentrations

used previously [15]. As shown in Fig. 4, at the 0.2mg/
mL protein concentration, our SARS main protease

shows a major peak corresponding to the dimer form.

Under the same concentration of SARS protease, pre-

vious report showed that the enzyme was a monomer

exclusively. At 4mg/mL of our SARS protease, dimer

was also found (Fig. 4) but previous enzyme displayed a
mixture of monomer and dimer in this case. However,

formation of a small shoulder (<5% of the total absor-

bance) at the position of monomer may be due to the

partial dilution of the protein during the elution in the

column or other impurity. Compared to previous pro-
tease, the SARS protease prepared by us shows greater

tendency to form dimer, consistent with the much

smaller Kd value.

Use of the fluorogenic substrate to assay protease

inhibitors

The highly active enzyme in conjunction with the

sensitive fluorometric assay enables us to perform in-

hibitor screening using nanomolar SARS protease.

Screening from a panel of compounds, we found that

1-hydroxypyridine-2-thione zinc exhibited 0.8 lM IC50
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toward SARS protease by using this assay method. The
zinc ion itself at this concentration does not inhibit the

protease, indicating the specificity of the compound

against the SARS protease. This assay was completed in

a short period of time (10min) using a 96-well fluores-

cence plate reader.
Discussion

In this study, we have prepared the SARS main

protease with higher yield and activity compared to the

previous one [15]. The enzyme activity is dependent

upon the concentration of reducing agents used. The

inclusion of 1mM DTT in addition to 7.5mM b-ME (or

2mM DTT or 17.5mM b-ME) is sufficient for optimal

enzyme activity. Addition of excess DTT (10mM) did
not further increase the protease activity in our assay

(data not shown). Since the enzyme is a chymotrypsin-

like protease but uses Cys as the nucleophile to attack its

substrate, the inclusion of the extra reducing agents may

help to maintain the free thiol form of the active site Cys

residue. However, it may also protect the correct protein

conformation by preventing the formation of the in-

correct disulfide bond in the enzyme. Indeed, the main
protease contains 12 Cys residues, totally reduced

without forming any disulfide linkage as revealed by its

crystal structure [10]. The enzyme was prepared with

1mM DTT in that structural study. This indicates that

the reducing power higher than that of 1mM DTT may

be sufficient to yield fully active enzyme.

The possible causes of more active SARS protease

(mainly dimeric) compared to the previous one may be
due to the use of the different fluorogenic substrates and

the absence of any tag on our protein. The substrate we

used contains Dabcyl and Edans FRET pair and the 12

amino acids of the protease’s preferred cleavage site plus

two amino acids for linking with the fluorophores, which

may increase the affinity (smaller Km value) of the sub-

strate to the enzyme. The previously used peptide sub-

strate only contains 11 amino acids (six in P and five in P0

positions). The hexa-His tag attached to C-terminus of

the enzyme may also interfere with the enzyme activity

(Chang et al., unpublished observation). The inclusion of

anti-chaotropic agents (10% glycerol and 0.5M Na2SO4)

as used previously to promote dimer formation in human

cytomegalovirus virus [20] in our buffer did not further

increase the SARS protease activity since the protease

already existed as a dimer under assay condition. The
analytical ultracentrifugation measurements of the Kd of

the protease in solution also support our finding (Chang

et al., personal communication).

As demonstrated in this study, our method of using

fluorogenic substrate and fluorescence plate reader ap-

pears to be a convenient and suitable one for inhibitor

assay. The protease prepared and assayed by us shows
only 4-fold larger kcat=Km value for the active dimer but
remarkably smaller Kd of the dimer compared to the

previously prepared enzyme [15]. From the 3-D struc-

ture of SARS protease, the N-terminus of one subunit

makes close contact with the active site of the other

subunit. The importance of the N-finger and dimeriza-

tion is supported by the fact that a deletion mutant of

the related TGEV main protease that lacks residues 1–5

is almost completely inactive [21]. However, the impor-
tance of the C-terminus in dimerization for 3CL prote-

ase has not been reported until now. In our solved X-ray

structure of SARS protease (Wang et al., unpublished

results), the C-terminus is indeed very close to the N-

terminus. The distance between Phe3Ca and Ser301Ca is

11.5�A (we cannot detect the electron density of first 2

amino acids in N-terminus and the last 5 amino acids in

C-terminus). His-tag in the C-terminus may interfere
with the dimer formation. Using our assay method with

active enzyme and fluorogenic substrate, we have shown

a sub-micromolar inhibitor as an example and other

inhibitors will be reported elsewhere in detail. This

sensitive method can be used in finding tight-binding

inhibitors of nanomolar and smaller IC50 for SARS

protease as leads for anti-SARS drug discovery.
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The publisher regrets that Fig. 1 is incomplete. The correct Fig. 1 is shown below with its legend.
Fig. 1. SDS–PAGE analysis of the SARS main protease at different

stages of the purification procedure. Lane 1 represents the molecular

mass markers which are 220, 97, 66, 46, 30, 21.5, and 14.3 kDa. Lanes 2

and 3 show the cell lysate without and with IPTG induction to over-

express SARS main protease with tag, respectively. Lane 4 is the

tagged protease after Ni–NTA column chromatography. Lane 5 rep-

resents the protease treated with FXa to remove the tag. Two extra

bands, intact protease and the tag at lower molecular mass, appear on

SDS–PAGE. Lane 6 shows the purified untagged protease after using

the second Ni–NTA column.
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