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ABSTRACT: SARS 3C-like proteinase has been proposed to be a key enzyme for drug design against SARS.
Lack of a suitable assay has been a major hindrance for enzyme kinetic studies and a large-scale inhibitor
screen for SARS 3CL proteinase. Since SARS 3CL proteinase belongs to the cysteine protease family
(family C3 in clan CB) with a chymotrypsin fold, it is important to understand the catalytic mechanism
of SARS 3CL proteinase to determine whether the proteolysis proceeds through a general base catalysis
mechanism like chymotrypsin or an ion pair mechanism like papain. We have established a continuous
colorimetric assay for SARS 3CL proteinase and applied it to study the enzyme catalytic mechanism.
The proposed catalytic residues His41 and Cys145 were confirmed to be critical for catalysis by mutating
to Ala, while the Cys145 to Ser mutation resulted in an active enzyme with a 40-fold lower activity.
From the pH dependency of catalytic activity, the pKa’s for His41 and Cys145 in the wild-type enzyme
were estimated to be 6.38 and 8.34, while the pKa’s for His41 and Ser145 in the C145S mutant were
estimated to be 6.15 and 9.09, respectively. The C145S mutant has a normal isotope effect in D2O for
general base catalysis, that is, reacts slower in D2O, while the wild-type enzyme shows an inverse isotope
effect which may come from the lower activation enthalpy. The pKa values measured for the active site
residues and the activity of the C145S mutant are consistent with a general base catalysis mechanism and
cannot be explained by a thiolate-imidazolium ion pair model.

A novel form of coronavirus has been attributed as the
major cause of severe acute respiratory syndrome (SARS)
that broke out in early 2003 (1, 2). The genome of SARS
coronavirus has been sequenced within a short period of time
after isolation of the virus (3, 4). Coronaviruses are members
of positive-stranded RNA viruses featuring the largest viral
RNA genomes known to date. Translation of the SARS
coronavirus replicase gene produces two proteins with
overlapping sequences, polyproteins 1a (∼450 kDa) and 1ab
(∼750 kDa), which are conserved both in length and in
amino acid sequence to other coronavirus replicase proteins.
Polyproteins 1a and 1ab are cleaved by the internally encoded
3C-like proteinase (3CL) to release functional proteins
necessary for virus replication. SARS 3CL1 proteinase is fully
conserved among all released SARS coronavirus genome
sequences and is highly homologous with other coronavirus
3CL proteinases. Due to its functional importance in the viral
life cycle, SARS 3CL proteinase has been proposed to be a
key target for structure-based drug design against SARS (5).

Homology modeling for the SARS 3CL proteinase has been
performed by various groups (5-7), and the conformational
flexibility of the substrate binding site has been studied (7).
Virtual screening of small molecule libraries has predicted
possible inhibitors (6). An 8-mer peptide has been docked
on the model of SARS 3CL proteinase to study the
interaction of SARS 3CL with its substrates (8).

Two crystal structures of coronavirus 3CL proteinase from
transmissible gastroenteritis virus (TGEV) (9) and human
coronavirus (hCoV) 229E have been reported (5). Recently,
the crystal structure of SARS coronavirus 3CL proteinase
has also been solved by two groups, with the coordinates
deposited in the Protein Data Bank (http://www.rcsb.org).
In addition, Z. H. Rao’s group also elucidated the complex
structure of SARS 3CL proteinase with a covalent bonded
substrate analogue, which provided insights on the substrate
binding site (10). All of the reported structures of coronavirus
3CL proteinases are similar. The first two domains form a
chymotrypsin fold which is responsible for the catalytic
reaction, and the third domain isR helical with unclear
biological function. Coronavirus 3CL proteinase shares the
chymotrypsin fold with the 3C proteinases from other viruses
such as rhinovirus, picornavirus, and hepatitis A virus (11-
13). The 3C proteinase of rhinovirus has been targeted to
develop drugs against the common cold (14-20).

As 3C proteinases and the catalytic domain in 3CL
proteinases are all cysteine proteinases with a chymotrypsin
fold, it is interesting to know whether they follow a thiolate-
imidazolium ion pair catalytic mechanism as found with
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papain (21-24). It was recently shown that 3C proteinases
from picornain virus, poliovirus, and sortase fromStaphyl-
ococcus aureusdo not contain a thiolate-imidazolium ion
pair in their active site (25-27). Compared to the catalytic
triad in 3C proteinase, only two catalytic residues were found
in 3CL proteinases of coronaviruses (5, 9, 28). Whether 3CL
proteinase of coronavirus follows an ion pair mechanism or
a general base catalytic mechanism is important to understand
the kinetic mechanism and to carry out structural and/or
mechanism-based drug design. On the basis of our previous
study on the cloning, expression, and substrate specificity
of SARS 3CL proteinase (29), we have established a
colorimetric assay using a synthetic substrate for SARS 3CL
proteinase and characterized its enzyme catalysis mechanism.
While His41 and Cys145 were confirmed to be crucial for
catalysis by mutating to Ala, the substitution of Cys145 with
Ser resulted in an active enzyme. From pH-dependent
catalytic activities, the calculated pKa values for His41 and
Cys145 in the wild-type enzyme and for His41 and Ser145
in the C145S mutant indicated that the enzyme catalysis
follows a general base catalysis mechanism and does not
contain a thiolate-imidazolium ion pair in its active site.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis of SARS-CoV 3CL Proteinase.
The construction of the plasmid pET 3CLP-21x and the
expression and purification of the C-terminal His-tagged
SARS-CoV 3CL proteinase have been reported previously
(29). The H41A, C145A, C145S mutants in SARS-CoV 3CL
proteinase were prepared with the QuikChange site-directed
mutagenesis kit (Stratagene) using pET 3CLP-21x as a
template. The nucleotide sequences of primers used for site-
directed mutagenesis are listed in Table 1. The mutations
were verified by sequencing. The 3CL proteinase mutants
were expressed inEscherichia coli, purified, and analyzed
using a similar procedure for the wild-type protein (29).
Briefly, appropriate plasmids were transformed intoE. coli
BL21(DE3) cells. Cultures were grown at 37°C in 1 L of
LB containing ampicillin (100µg/mL) until the OD at 600
nm reached 0.8 and induced with 0.5 mM IPTG at 30°C
for 3 h. Harvested cell pellets were suspended in buffer A
(40 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM imidazole,
7.5 mM BME) at1/50th of the original culture volume. After
sonication, the cell lysate was centrifuged at 24000g for 20
min. After filtration, the supernatant was applied to a Ni-
NTA column (Qiagen) equilibrated with 50 mL of buffer
A. After being washed with 100 mL of buffer A, 3CL
proteinase was eluted with a gradient of 1-100% buffer B
(40 mM Tris-HCl, pH 8.0, 100 mM NaCl, 250 mM
imidazole, 7.5 mM BME). The eluted enzyme was concen-
trated and loaded on a gel filtration column, Sephacryl S-200
HR (Pharmacia), equilibrated by 180 mL of buffer C (40
mM Tris-HCl, pH 8.0, 100 mM NaCl, 7.5 mM BME) and

eluted with another 180 mL of buffer C. The purity of each
mutant was verified by SDS-PAGE. Secondary and tertiary
structures of the mutants were determined to be essentially
the same as the wild-type enzyme (data not shown) as
monitored by far- and near-UV CD.

Construction of Plasmid pET 3CLP-21h, Protein Expres-
sion, and Purification.The non-His-tagged SARS 3C-like
proteinase was amplified by PCR from the plasmid pET
3CLP-21x using primers 3CLP-Nhe(5′-CACTGCTAGCG-
GTTTTAGGAAAATGGCATTCCC-3′) and 3CLP-Hind (5′-
CCTCAAGCTTATTGGAAGGTAACACCAGAGC-3′). The
PCR product was inserted into theNheI andHindIII sites of
pET21a DNA. The resulting plasmid pET 3CLP-21h was
transformed intoE. coli BL21(DE3) cells for expression. The
recombinant 3CLP-21h was purified by fractional precipita-
tion with ammonium sulfate and further purified by using
an anion-exchange column, HiTrap Q HP (Amersham
Bioscience), and a gel filtration column, Sephacryl S-200
HR (Amersham Bioscience).

Substrate Specificity of C145S.Three substrate peptides
derived from the natural cleavage sites of the SARS-CoV
polyprotein were used in this study and were synthesized as
previously described (29). Their sequences are listed in Table
3. The SARS 3CL proteinase C145S mutant was incubated
with different substrates in 40 mM Tris-HCl buffer, pH 7.3,
with a final enzyme concentration of 76.9µM. The concen-
trations of substrate peptides were 0.4 mM for S01 and S06
and 0.2 mM for S09. The reaction mixture was analyzed by
RP-HPLC using a 15 min, 0-50% linear gradient of
acetonitrile with 0.1% trifluoroacetic acid after 25 h.kcat/Km

was calculated using the equation:

where PA was the peak area of the substrate peptide in the
reacting mixture after 25 h, PA0 was the origin peak area of
the substrate peptide, andCE was the total concentration of
3C-like proteinase.

Continuous Colorimetric Enzyme Assay.A colorimetric
substrate, Thr-Ser-Ala-Val-Leu-Gln-pNA, of HPLC purity
was purchased from GL Biochemistry Ltd. The first six
residues of the substrate correspond to the N-terminal self-
cleavage site of the SARS 3CL proteinase. Colorimetric
measurements of SARS 3CL activity were performed in 96-
well microtiter plates using a multiwell ultraviolet spectrom-
eter (Spectra Max 190; Molecular Device). This substrate is
cleaved at the Gln-pNA bond to release free pNA, resulting
in an increase of absorbacne at 390 nm. To verify the
cleavage site on the substrate, the two products were purified
by semipreparative RP-HPLC using a 15 min, 0-50% linear
gradient of acetonitrile with 0.1% TFA and lyophilized. The

Table 1: Primers Used to Generate SARS 3CL Proteinase Mutants

mutants sequence

H41A sense primer: 5′-CAGTATACTGTCCAAGAGCAGTCATTTGCACAGCAGAAGAC-3′
antisense primer: 5′-GTCTTCTGCTGTGCAAATGACTGCTCTTGGACAGTATACTG-3′

C145A sense primer: 5′-CTTTCCTTAATGGATCAGCAGGTAGTGTTGGTTTTAAC-3′
antisense primer: 5′-GTTAAAACCAACACTACCTGCTGATCCATTAAGGAAAG-3′

C145S sense primer: 5′-CTTTCCTTAATGGATCATCTGGTAGTGTTGGTTTTAAC-3′
antisense primer: 5′-GTTAAAACCAACACTACCAGATGATCCATTAAGGAAAG-3 ′

ln PA ) ln PA0 - kcatCEt/Km (1)
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molecular weight of the hexapeptide product was identified
by MALDI-TOF-MS (BIFLEX III time-of-flight mass
spectrometer; Bruker). The MW of cleaved pNA was
confirmed by EIMS (Micromass GCT mass spectrometer,
Manchester, England). The amount of pNA released from
proteolysis can be calculated with a standard curve generated
using analytical grade pNA. A sample of preheated substrate
stock solution (2 mM water solution) was added to the
preheated reaction mixture, containing 155µL of standard
buffer (75 mM Tris-HCl, 25 mM NaOAc, 25 mM Bis-Tris,
25 mM glycine, 5 mM EDTA, and 1 mM DTT, pH 7.4) and
20 µL of enzyme stock solution. The kinetic curve was
recorded for 20 min. The enzyme concentration was calcu-
lated from absorbance at 280 nm with 1.08 mg/OD.

Kinetic Measurements.The pH dependence of rate con-
stants was measured at 37°C in the standard buffer, adjusted
to the required pH with HCl or NaOH solution. The second-
order rate constant (kcat/Km) was calculated by dividing the
pseudo-first-order constant by the enzyme concentration. The
data were fitted by Origin 6.0 (OriginLab) using the equation:

in which k0 is the pH-independent rate constant and pKa1

and pKa2 are the values of catalytically competent functional
groups, i.e., side chain of His41 and Cys145 or Ser145.

The isotope effect on catalysis was tested in deuterium
oxide. The deuterium oxide content of each reaction was
more than 98%. The p2H of heavy water buffer solution (75
mM Tris-HCl, 25 mM NaOAc, 25 mM Bis-Tris, 25 mM
glycine, 5 mM EDTA, and 1 mM DTT, p2H 8.1) can be
calculated from p2H ) pH(meter reading)+ 0.4 (27).

The temperature dependence of the enzyme reaction was
studied. A sample of the preheated substrate was added to a
reaction mixture to get a final concentration of 2.8µM SARS
3CL or 21.4µM C145S and 125-250µM substrate. To get
kcat andKm at different temperatures, data at each temperature
were fitted using eq 3 by Origin 6.1 (OriginLab):

whereE andSare the concentrations of enzyme and substrate
andV is the initial rate of the reaction, which is gotten from
the average velocity before 10% of the substrate was
hydrolyzed.

Activation parameters can be calculated using the equation:

whereR is the gas constant (8.314 J‚mol-1‚K-1), T is the
absolute temperature,NA is Avogadro’s number, andh is
the Planck constant. The enthalpy of activation∆H* )
-(slope)× 8.314 J‚mol-1, and the entropy of activation∆S*
) (intercept-23.76)× 8.314 J‚mol-1‚K-1. The activation
free energy can be calculated from the equation:

Km is the dissociation constant of the substrate when the
dissociation velocity of the ES complex is much faster than
product formation. Since SARS 3CL proteinase is a catalyti-
cally inefficient enzyme compared to other proteases, we
assumed thatKm for proteolysis represents the affinity of

the initial Michaelis-Menten complex. Thus, thermodynamic
parameters can be calculated from a linear plot of ln(1/Km)
versus 1/T:

The enthalpy of binding∆H(bind) ) -(slope) × 8.314
J.mol-1, and the entropy of binding∆S(bind) ) intercept×
8.314 J‚mol-1‚K-1.

RESULTS AND DISCUSSION

DeVelopment of a Continuous Assay for SARS 3CL
Proteinase.Most reported enzyme assays for coronavirus
3CL proteinase use natural peptide substrates for cleavage
and HPLC for analysis (5, 28). Rather than using peptides
modified with chromophores or fluorophores, HPLC assay
allows the use of natural peptide substrate. But the analysis
is relatively time-consuming and difficult for kinetic studies
and for a high-throughput screen for inhibitors. Clearly, a
high-throughput enzyme assay for SARS 3CL proteinase will
speed up discovery of novel inhibitors. Fluorescent and
colorimetric assays have been successfully developed for 3C
proteinases, including rhinovirus, poliovirus, etc. Enzyme
kinetic studies and inhibitor screening were carried out
successfully using these assay formats (30-32). We have
developed a colorimetric assay for SARS 3CL proteinase
which uses a colorimetric peptide with the six amino acid
residues mapped from the N-terminal self-cleavage site of
SARS 3CL proteinase attached by a pNA group. This
modified peptide was found to be successfully cleaved by
SARS 3CL proteinase at the designated site (Gln-pNA) as
verified by HPLC and mass spectroscopy with experimental
(M + Na)+ of 640 and (M) of 138, respectively, which were
identical to the theoretical (M+ Na)+ of the hexapeptide
and (M) of pNA. The measuredkcat and Km (Table 4) for
this pNA peptide are comparable to an 11-mer natural peptide
substrate mapped from the same site of the polyprotein (29).
With a multiplate reader, this assay can be applied to enzyme
kinetics studies and to high-throughput screening of inhibi-
tors.

pH Dependence of the Specific ActiVity of SARS 3CL Wild
Type and the C145S Variant.The recombinant protein SARS
3CL (21X) contains a C-terminal His tag. This was thought
to have no effect on the enzyme activity as both of the
C-terminals in the crystal structures of TGEV 3CL and SARS
3CL proteinase are far from the active site and disordered.
To confirm that the C-terminal His tag of SARS 3CL (21X)
have no effect on the activity of the enzyme, we compared
the specific activites with that of non-His-tagged protein
[SARS 3CL (21H)] over a large pH range. Table 2 shows
that SARS 3CL proteinase with a C-terminal His tag and
that without the His tag have similar activity and optimum
pH both in water and in heavy water, confirming that the
C-terminal His tag does not have notable effects on the
enzyme activity. As the enzyme with His tag is easier to
express and purify, the C-terminal His-tagged enzyme is used
in all of the other experiments in this paper. Figure 1 shows
the pH-rate profile of SARS 3CL proteinase. The optimum
pHs are 7.38 and 7.60 for the wild type and the C145S
variant, respectively. The two edges of the bell-shaped curve
are associated with pKa’s of the catalytic histidine and

k ) k0[1/(1 + 10pKa1-pH + 10pH-pKa2)] (2)

E/V ) (Km/kcat)/S+ 1/kcat (3)

ln(kcat/KmT) ) ln(R/NAh) + ∆S*/R - ∆H*/RT (4)

∆G* ) ∆H* - T∆S* (5)

ln(1/Km) ) -∆G(bind)/RT) ∆S(bind)/R -
∆H(bind)/RT (6)
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cysteine or serine. By fitting the curves with eq 2, the pKa’s
for His41 and Cys145 in the wild-type enzyme were
calculated to be 6.38( 0.02 and 8.34( 0.02, and the pKa’s
for His41 and Ser145 in the C145S mutant are 6.15( 0.05
and 9.09( 0.04 (Table 2). Although there is not much
difference in pKa for His41 in the wild type and the mutant,
there is a shift of about 0.7 pH unit of the pKa for C145
when mutating to S145. The right limb of the pH-rate profile
decreases sharply for the wild-type enzyme above 8.6 due
to the dissociation of the thiol group which is essential for
catalysis. The thiol proton should be transferred to the
imidazole ring to work as a general acid; subsequently, it
will protonate the leaving group of the tetrahedral intermedi-
ate. Due to the higher pKa of the OH group in serine, the
pH-rate profile for the C145S variant decreases slowly on
the high pH side. This phenomenon is similar to what has
been observed for poliovirus proteinase 3C (27), indicating
that SARS 3CL proteinase takes a similar catalytic mecha-
nism.

The SARS 3CL C145S Mutant Is ActiVe with Reduced
Specific ActiVity. In the ion pair mechanism of cysteine
proteinases, a positive histidine and a negative cysteine are
mandatory for the active site. The active site His and Cys
are conserved among 3CL proteinases of coronavirus. His41
and Cys145 have been predicted to be the active site residues
of SARS 3CL proteinase (3). We have mutated His41 and
Cys145 to Ala, respectively, and both of the mutants were
found to be inactive, which confirmed that these two residues
are involved in the enzyme catalysis. We also mutated
Cys145 to Ser, but the resulting enzyme remains active with
a specific activity 40-fold lower than that of the wild-type
enzyme at the concentration of 2.8µM at 37 °C (data not
shown). As we have discussed before that the activity of

SARS 3CL proteinase changes with the enzyme concentra-
tion due to dimerization (29), the relative activity of the
mutant and the wild-type enzyme are only compared at a
given concentration. The products of the mutant C145S are
the same as the wild-type enzyme as verified by HPLC. This
implies that SARS 3CL proteinase undergoes a different
mechanism other than the ion pair mechanism. Mutational
studies for the active site Cys to Ser have been carried out
on the 3CL proteinases from other coronaviruses and have
shown that the mutants are not active (28, 33). This
discrepancy may come from the less sensitive HPLC assay
used in the previous study. With a continuous colorimetric
assay, we have shown here that the C145S mutant is active
over a large range of pH (Figure 1) though with a 40-fold
lower activity compared to the wild-type enzyme.

We also studied the substrate specificity of the C145S
mutant. Thekcat/Km values of substrates S01 and S06 obtained
by HPLC assay at room temperature are 5.25× 10-3 and
7.48× 10-4 mM-1 min-1, respectively.kcat/Km of substrate
S09 is too low to determine. Substrate specificities of the
wild-type enzyme and the C145S mutant are summarized in
Table 3. The order of substrate utilization by both wild-type
and C145S enzymes is S01> S06> S09, suggesting that
substitution of the active site thiol group by a hydroxyl group
does not noticeably modify substrate specificity.

Temperature Dependence and SolVent Isotope Effects.The
activity of 3CL was measured at different temperatures. All
data were fitted using eq 2 to getKm and kcat at that
temperature. The activity (kcat/Km) of 3CL increases with
temperature in the whole range we studied (Table 4). It is
necessary to point out that the enzyme equilibrates between
the monomeric and the dimeric forms and the dimer is the
main active form (29); thus all of the catalytic parameters
described here were apparent ones at given enzyme concen-
trations.

Kinetic deuterium effects are studied to understand the
general base-catalyzed processes, which should be slower
in deuterium oxide than in water as described for serine
proteinase. This is true for the C145S mutant with (kcat/
Km)H2O/(kcat/Km)D2O around 1.3 (Figure 2). It is interesting that
the wild-type enzyme has a large inverse isotope effect with
(kcat/Km)H2O/(kcat/Km)D2O around 0.4 (Figure 2), which is
similar to picornain 3C proteinase (27). The three-dimen-
sional structure of SARS 3CL proteinase also has flexible
loops near the active site (7) which may change conformation
upon substrate binding or get stabilized in heavy water. The
activity of SARS 3CL improved significantly (about 2 times)
when H2O is replaced by D2O (Table 4) in the whole
temperature range we studied. The enthalpy of activation in
H2O is higher than that in D2O, though the entropies of
activation are nearly the same (Table 5).

As theKm value is a measure of the affinity of the substrate
for the enzyme when the dissociation velocity of the ES

Table 2: Kinetic Parameters and pKa Values for SARS 3CL Wild
Type and the C145S Mutant from the Continuous Colorimetric
Assaya

variant solvent
k0

(mM-1 min-1) pKa1 pKa2

SARS 3CL H2O 7.8( 0.1 6.38( 0.02 8.34( 0.02
(21X) D2O 8.8( 0.2 6.24( 0.05 8.95( 0.06

SARS 3CL H2O 7.3( 0.2 6.25( 0.04 8.29( 0.04
(21H) D2O 8.6( 0.3 6.05( 0.06 8.73( 0.06

SARS 3CL H2O 0.28( 0.01 6.15( 0.05 9.09( 0.04
(21X) C145S D2O 0.20( 0.01 6.24( 0.07 9.58( 0.08
a All data were collected at 37°C. The concentration of SARS 3CL

(21X) and SARS 3CL (21H) measured in this experiment is 2.8µM
and of SARS 3CL (21X) C145S is 17.1µM.

FIGURE 1: The pH-rate profile for SARS 3CL wild type (9) and
C145S (0).

Table 3: Effect of the C145S Mutant on Substrate Specificity of
SARS 3CL Determined by the HPLC Assay

(kcat/Km)rel

substrate
SARS

3CL (29)
SARS

3CL C145S

S01 (P1/P2: TSAVLQSGFRK-NH2) 1.00 1.00
S06 (P6/P7: ATVRLQAGNAT) 0.22 0.14
S09 (P9/P10: NVATLQAENVT) 0.09 <0.02
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complex is much faster than product formation (thekcat is
quite small in this system), it is clear that the substrate
binding to SARS 3CL is better in D2O buffer. Km in H2O
increases much faster with temperature than in D2O (Figure
3A). kcat in H2O buffer is smaller at low temperatures and
increases more quickly than that in D2O buffer (Figure 3B).
The two curves have a cross at about 34°C. Our study has
shown that both the wild-type enzyme and the C145S mutant
undergo a general base catalysis mechanism, although the
serine proteinase (SARS 3CL C145S) and the cysteine
proteinase (SARS 3CL wild type) may differ in the rate-
limiting steps.

We have established a continuous colorimetric assay for
SARS 3CL proteinase and applied it to study the enzyme
catalytic mechanism. Cys145 and His41 were confirmed to
be the key catalytic residues. The His tag at the C-terminal
does not have a notable effect on the enzyme activity. When
Cys145 was mutated to Ser, the resulting enzyme remains
active with about 40-fold lower activity. Measurements of
pKa values for Cys145 and Ser145 agree with a general base/
acid mechanism for both the wild-type and the mutant

enzyme. Deuterium oxide has a normal effect on the C145S,
similar to other serine proteinases. The inverse effect of the
wild-type enzyme may come from the lower activation
enthalpy.
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Table 4: Temperature-Dependent Kinetic Parameters for SARS 3CL Wild Type and C145Sa

solvent

H2O D2O

enzyme
temp
(°C) Km (mM) kcat(min-1) kcat/Km (mM-1 min-1) Km (mM) kcat(min-1) kcat/Km (mM-1 min-1)

SARS 3CL (21X) 21 0.46( 0.05 1.3( 0.1 2.86( 0.09 0.42( 0.11 3.1( 0.6 7.30( 0.56
25 0.69( 0.14 2.7( 0.4 3.95( 0.15 0.43( 0.09 3.9( 0.6 9.06( 0.52
29 0.85( 0.41 4.4( 1.8 5.16( 0.40 0.44( 0.09 4.6( 0.7 10.47( 0.59
33 0.86( 0.2.3 5.5( 1.2 6.36( 0.26 0.45( 0.07 5.9( 0.7 13.18( 0.56
37 0.98( 0.36 6.4( 2.0 6.48( 0.33 0.46( 0.04 6.3( 0.4 13.72( 0.29
41 1.47( 0.75 10.6( 5.0 7.20( 0.36 0.47( 0.10 7.3( 1.2 15.72( 0.01

SARS 3CL (21X) C145S 21 0.68( 0.27 0.11( 0.04 0.16( 0.01 0.56( 0.07 0.08( 0.01 0.15( 0.01
25 0.75( 0.35 0.16( 0.06 0.21( 0.02 0.60( 0.15 0.09( 0.02 0.15( 0.01
29 0.89( 0.27 0.23( 0.06 0.26( 0.01 0.61( 0.08 0.12( 0.01 0.20( 0.01
33 1.03( 0.53 0.31( 0.14 0.30( 0.02 0.65( 0.15 0.15( 0.03 0.23( 0.01
37 1.14( 0.76 0.40( 0.23 0.35( 0.03 0.64( 0.16 0.16( 0.03 0.26( 0.01
41 1.28( 0.69 0.49( 0.24 0.38( 0.02 0.67( 0.23 0.20( 0.06 0.30( 0.02

a The concentration of SARS 3CL (21X) and of SARS 3CL (21X) C145S was 2.8 and 21.4µM, respectively.

Table 5: Thermodynamic Parameters for SARS 3CL and C145Sa

enzyme solvent
∆H(bind)
(kJ/mol)

∆S(bind)
[J/(mol‚K)]

∆G(bind)
(kJ/mol)

∆H*
(kJ/mol)

∆S*
[J/(mol‚K)]

∆G*
(kJ/mol)

SARS 3CL (21X) H2O -39.6( 4.9 -72 ( 16 -17.3 32.0( 5.2 -102( 17 63.6
D2O -3.5( 0.3 53( 1 -19.9 26.7( 2.4 -114( 8 62.0

SARS 3CL (21X) C145S H2O -24.9( 0.8 -24 ( 3 -17.5 29.5( 2.5 -134( 8 71.0
D2O -6.0( 1.0 42( 3 -19.0 26.0( 2.8 -147( 9 71.6

a ∆G and∆G* are calculated at 37°C. The concentration of SARS 3CL (21X) measured in this experiment is 2.8µM and of SARS 3CL (21X)
C145S is 21.4µM.

FIGURE 2: (kcat/Km)H2O/(kcat/Km)D2O measured at different temper-
atures. The concentration for WT (9) is 2.8µM, and the concentra-
tion for C145S (0) is 21.4µM.

FIGURE 3: Temperature dependence of the SARS 3CL proteinase
catalysis parameters. (A) Temperature dependence ofKm in H2O
(9) and D2O (0). (B) Temperature dependence ofkcat in H2O (9)
and D2O (0).
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