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Abstract: The 3C-like proteinase (3CLpro) of severe acute
respiratory syndrome (SARS) coronavirus is a key target for
structure-based drug design against this viral infection. The
enzyme recognizes peptide substrates with a glutamine residue
at the P1 site. A series of keto-glutamine analogues with a
phthalhydrazido group at the R-position were synthesized and
tested as reversible inhibitiors against SARS 3CLpro. Attach-
ment of tripeptide (Ac-Val-Thr-Leu) to these glutamine-based
“warheads” generated significantly better inhibitors (4a-c,
8a-d) with IC50 values ranging from 0.60 to 70 µM.

Human coronaviruses (HCoVs) are widespread caus-
ative agents of upper respiratory tract illness in hu-

mans.1 It has recently been revealed that a previously
unknown HCoV causes severe acute respiratory syn-
drome (SARS), a life-threatening form of atypical pneu-
monia that is rapidly spreading from its likely origin
in southern China to several countries in other parts of
the world.2 SARS is characterized by high fever, mal-
aise, rigor, headache, and nonproductive cough or dys-
pnea and may progress to generalized interstitial infil-
trates in the lung, requiring intubation and mechanical
ventilation.3

Because of the functional importance of SARS 3C-like
proteinase (3CLpro) in the viral life cycle, it has been
recognized as a key target for structural-based drug
design against SARS.4 The 3CLpro enzyme has a Cys-
His catalytic dyad (Cys-145 and His-41).4,6 The sub-
strate specificity of 3CLpro is determined mainly by the
P1, P2, and P1′ positions.5 The P1 position has a well-
conserved Gln residue, and the P2 position has a
hydrophobic amino acid residue.

Currently, no effective small molecule antiviral agent
has been reported to treat SARS. A number of com-
pounds have been shown to inhibit viral replication in
vitro, including some drugs used to treat other viral
infections. In most cases, the mode of action of these
compounds is unknown. Several groups have developed
compounds targeting either the spike protein7 to inhibit
viral entry or 3CLpro to inhibit polyprotein process-
ing.6,8-10 For example, a recent screen of >10 000
compounds to inhibit viral replication identified two
anti-HIV agents that target SARS viral entry and
3CLpro, respectively.8 The latter, a peptidic inhibitor
designed as a transition state analogue of the HIV
protease inhibited 3CLpro with a Ki of 0.6 µM. Modeling
studies indicate that this compound binds specifically
to the active site of the SARS protease. CMK, another
peptidic inhibitor, also targets the enzyme’s active site
but binds irreversibly.6 In contrast, bifunctional aryl
boronic acid compounds reversibly inhibit 3CLpro and
appear to target a cluster of serine residues close to the
enzyme’s active site.9 Finally, Blanchard et al. identified
five promising 3CLpro inhibitors (IC50 values of 0.5-7
µM) from a library of 50 000 compounds.10 However, it
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is unknown how these compounds interact with the
protease. Further work on all of these and other
compounds will facilitate the development of effective
therapeutic agents to treat SARS.

Our previous studies on picornaviral 3C proteinases
have focused on synthesis and evaluation of several
glutamine analogues as effective inhibitors of these
enzymes from human rhinovirus-14 (HRV-14) and
hepatitis A virus (HAV).11 In particular, we have
recently reported11a,b that keto-glutamine analogues
with the phthalhydrazido group at R-position (e.g. 1a,b,
Figure 1) are good reversible inhibitors of HAV 3C

proteinase, with IC50 values in the low micromolar
range. This is probably due to the combined effect of
the â and â′ amino functionalities adjacent to the keto
group as well as intramolecular hydrogen bonding to
the carbonyl, which makes it more electrophilic and
susceptible to hemithioacetal formation with the active
site cysteine. In this paper, we report the evaluation of
a series of new compounds of this class as potent
inhibitors of SARS 3CLpro.

Initially, we focused on the N,N-dimethylglutamine
analogues (4a-c, Scheme 1) with leucine, threonine,
and valine at the P2, P3, and P4 positions, respectively.

The requisite “warheads” 3a-c were synthesized as
previously reported.11a,b Removal of Boc group in 3a,b
and coupling with the tripeptide Ac-Val-Thr(OBn)-Leu-
OH generates the tetrapeptides 4a (33% yield) and 4c
in (28% yield). Removal of benzyl protection in 4a (H2,
Pd-C) and 4c (TFA, TMS-OTf) affords tetrapeptides 4b
(80% yield) and 4d (quant.) respectively, with free
threonine at P3.

A series of cyclic glutamine analogues (8a-d) were
also prepared by following an analogous route (Scheme
2). Thus, N-Boc-L-glutamic acid dimethylmethyl ester
(5) can be converted into cyclic glutamine derivative 6
by a modified literature procedure (final cyclization step
simplified: satd aq NaHCO3/CH2Cl2, rt, 70% yield).12

The phthalhydrazides 7a-c were synthesized using a
reaction sequence previously reported by us.11a Removal
of Boc group in 7a,b and coupling with the tripeptide
Ac-Val-Thr(OBn)-Leu-OH produces the tetrapeptides 8a
and 8c in 21-25% yield. Removal of benzyl protection
in 8a (H2, Pd-C) and 8c (TFA, TMS-OTf) affords
tetrapeptides 8b and 8d respectively, in quantative
yields and with free threonine at P3.

To probe the effect of tetrapeptide moiety in 8a-d,
compound 9 was prepared without the keto-phthalhy-
drazide “warhead”, as outlined in Scheme 3.

Compounds 3c, 4a-c, 7a-c, 8a-d, and 9 were tested
as inhibitors of SARS 3CLpro using a continuous fluo-
rometric assay and a His-tagged protease essentially as
described previously.10 Briefly, cleavage reactions (700
µL) were performed at 22 °C in a solution containing

Figure 1. Keto-glutamine analogue as a potent inhibitor of
HAV 3Cpro.11a,b

Scheme 1a

a Reagents and conditions: (a) TFA:CH2Cl2 1:1, 0 °C, 1.5 h,
quant. (b) Ac-Val-Thr(OBn)-Leu-OH, HBTU, DIPEA, DMF, rt, 28-
33%. (c) H2 (1 atm), Pd-C%, MeOH/H2O, rt, 6 H, 80%. (d) TFA:
TMS-OTf 2:1, 0 °C, 2 h, quant.

Scheme 2

a Reagents and conditions: (a) TFA:CH2Cl2 1:1, 0 °C, 1.5 h,
quant. (b) Ac-Val-Thr(OBn)-Leu-OH, HBTU, DIPEA, DMF, rt, 21-
25% (c) H2 (1 atm), Pd-C%, MeOH, rt, 6 h, quant. (d) TFA:TMS-
OTf 2:1, 0 °C, 2 h, quant.

Scheme 3a

a Reagents and conditions: (a) TFA:CH2Cl2 1:1, 0 °C, 1.5 h,
quant. (b) Ac-Val-Thr(OBn)-Leu-OH, HBTU, DIPEA, DMF, rt, 35%
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100 mM KH2PO4/K2HPO4 at pH 7.5, 2 mM EDTA, 10
µM fluorogenic substrate (Abz-SVTLQSG-Tyr(NO2)R,
purity: 92.6% approximately), 1.5 µM of protease, and
1% DMSO. Increase in fluorescence (λex 340 nm, λem 415
nm) was monitored using a Shimadzu RF5301 spectro-
fluorometer. Samples were not preincubated with in-
hibitor. Initial rates were calculated using the first 3
min of the progress curves. All tested componds dis-
played reversible inhibition. The results are sum-
marized in Table 1.

As outlined in Table 1, the shorter keto-glutamine
analogues 3c, 7a-c (entries 1, 6-8) as well as the
tetrapeptide ester 9 (entry 13) show poor inhibition of
3CLpro. However, the corresponding extended tetrapep-
tides 4a-d and 8a-d (entries 2-5, 9-12) are much
more potent, indicating that both the tetrapeptide and
keto-phthalhydrazide moieties are required for inhibi-
tion. Also, the cyclic glutamine analogues 8a-d (entries
9-12) exhibit better inhibition compared to the acyclic
derivatives (compounds 4a-d, entries 2-5). The tet-
rapeptide with a benzyl protecting group on threonine
(8a, entry 9) and the deprotected compounds 8d and
8b (entries 10 and 12) are approximately equipotent.
Interestingly, in the case when the nitro group is
introduced with the benzyl group present there is a
4-fold improvement of the inhibition constant (8c, entry
11).

Modeling studies (Figure 2) of 3CLpro with covalently
bound inhibitors 8a-d were conducted based on the
previously solved structures of a 3CLpro/inhibitor com-
plex,6 a rhinovirus 3C protease/inhibitor complex,13 and
a glutamic acid specific serine protease/inhibitor com-
plex.14 Graphical manipulations were done using Xtal-
View,15 and energy minimizations were completed using
CNS v1.1.16 Additional force field parameters for the
inhibitor were derived from the Cambridge Structural
Database.17 Graphics were produced using MolMol18

and POV-Ray v3.5. As a comparison, the protease with
no inhibitor was also modeled. The inhibitor is shown
binding in an extended conformation, forming a partial
â-sheet interaction with residues 163-166 in the pro-
teinase and a hydrogen bond between residue His163
and the P1 side chain. This last hydrogen bond is
responsible for the protease specificity for glutamine in
the P1 position. The modeling studies indicate that the
active site of the enzyme has enough room to accom-

modate the bulky phthalhydrazide group. Minimal
rearrangements of the protein, in particular residue

Table 1. Evaluation of Compounds 3c, 4a-c, 7a-c, 8a-d,
and 9 as Reversible Inhibitors of SARS 3CLpro

entry compounds IC50 values,a µM % inhibitiona,b

1 3c 9 ((2)
2 4a 64
3 4b 28
4 4c 70
5 4d 53
6 7a 15 ((3)
7 7b 24 ((5)
8 7c 9 ((2)
9 8a 2.7

10 8b 2.9
11 8c 0.60
12 8d 3.4
13 9 33 ((7)

a 1.5 µM HAV 3C, 10 µM Abz-SVTLQSG-Tyr(NO2)R, 2 mM
EDTA, 100 mM KH2PO4/K2HPO4 at pH 7.5, 22 °C, no preincuba-
tion of the enzyme with inhibitor. The IC50 values reported are
within (10% error. b Inhibition at [I] ) 100 µM.

Figure 2. Modeling studies indicating inhibitors 8a-d (A-
D, respectively) in the active site of 3CLpro. Key active site side
chains are shown in two shades: lighter for the protease/
inhibitor complex and darker for the enzyme in the absence
of inhibitor. Side chains from the protein are also labeled in
bold.
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Glu166, are required to accommodate the extra bulk on
the P1 residue. Gln189, near the P3 side chain, also
moves slightly to accommodate the different substitu-
ents.

Specific interactions relating to the different substit-
uents on the inhibitors were noted during the modeling,
particularly with the nitro group attached to the ph-
thalhydrazide (8c,d) and the benzyl group on the
threonine (8a,c). The oxygens on the nitro group are in
a position to hydrogen bond to the side chain nitrogen
of Asn142. The benzyl group, attached to the threonine
at P3, fits into a small pocket above the leucine at P2.
In addition to filling a small hydrophobic pocket, the
phenyl ring forms a favorable aromatic-aromatic stack-
ing interaction with the phthalhydrazide group of the
inhibitor. For the inhibitors with no benzyl group (8b,d),
the free hydroxy group on the threonine side chain is
in a position to form a hydrogen bonding interaction
with Glu166.

In light of the interactions in the models, it is possible
to rationalize the increased inhibition of 8c relative to
8b. The nitro group on the phthalhydrazide, in addition
to an interaction with Asn142, may contribute to the
binding of 8c by presenting the hydrophilic atoms
toward the solvent. These three major effects, the
increased hydrophilicity of the phthalhydrazide moiety,
the packing of a hydrophobic pocket, and the aromatic-
aromatic stacking may explain the synergistic contribu-
tions to inhibition parameters for these two chemical
groups.

In conclusion, the present work provides access to
several electrophilic keto-glutamine analogues that may
allow development of potent inhibitors of 3CLpro as
therapeutic agents for SARS infections. Although the
Ki values of these reversible inhibitors remain to be
determined, earlier studies7b have shown that the
parent compound 1 (Figure 1) is a competitive reversible
inhibitor of the HAV 3C enzyme with a Ki of 9 µM.
Additional studies with modified analogues and other
3Cpro will be reported in the future.

Acknowledgment. Financial support from The
Protein Engineering Network of Centres of Excellence
(PENCE), the Natural Sciences and Engineering Re-
search Council of Canada (NSERC), and the Canada
Research Chair in Bioorganic and Medicinal Chemistry
is gratefully acknowledged. P.D.F. and C.H. are recipi-
ents of NSERC postgraduate scholarships.

Supporting Information Available: (1) Experimental
procedures; (2) NMR spectra of the final compounds. This
material is available free of charge via the Internet at http://
pubs.acs.org.

References
(1) Myint, S. H. In The Coronaviridae; Siddell, S. G., Ed; Plenum

Press: New York, 1995; pp 389-401.
(2) (a) Drosten, C. et al. Identification of a Novel Coronavirus in

Patients with Severe Acute Respiratory Syndrome. N. Engl. J.
Med. 2003, 348, 1967-1976. (b) Ksiazek, T. G. et al. A Novel
Coronavirus Associated with Severe Acute Respiratory Syn-
drome. N. Engl. J. Med. 2003, 348, 1953-1966.

(3) Lee, N. et al. A Major Outbreak of Severe Acute Respiratory
Syndrome in Hong Kong. N. Engl. J. Med. 2003, 348, 1986-
1994.

(4) Anand, K.; Ziebuhr, J.; Wadhwani, P.; Mesters, J. R.; Hilgenfeld,
R. Coronavirus Main Protease (3CLpro) Structure: Basis for
Design of Anti-SARS Drugs. Science 2003, 300, 1763-1767. (b)
Thiel, V.; Ivanov, K. A.; Putics, AÄ .; Hertzig, T.; Schelle, B.; Bayer,

S.; Weissbrich, B.; Snijder, E. J.; Rabenau, H.; Doerr, H. W.;
Ziebuhr, J. Mechanisms and Enzymes Involved in SARS Coro-
navirus Genome Expression. J. Gen. Virol. 2003, 84, 2305-2315.
(c) Fan, K.; Wei, P.; Feng, Q.; Chen, S.; Huang, C.; Ma, L.; Lai,
B.; Pei, J.; Liu, Y.; Chen, J.; Lai, L. Biosynthesis, Purification,
and Substrate Specificity of Severe Acute Respiratory Syndrome
Coronavirus 3C-Like Proteinase. J. Biol. Chem. 2003, 279,
1637-1642.

(5) Hegyi, A.; Ziebuhr, J. Conservation of Substrate Specificities
among Coronavirus Main Proteases. J. Gen. Virol. 2002, 83,
595-599.

(6) Yang, H. et al. The Crystal Structures of Severe Acute Respira-
tory Syndrome Virus Main Protease and its Complex with an
Inhibitor. Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 13190-13195.

(7) Bosch, B. J.; Martina, B. E. E.; van der Zee, R.; Lepault, J.;
Haijema, B. J.; Versluis, C.; Heck, A. J. R.; de Groot, R.;
Osterhaus, A. D. M. E.; Rottier, P. J. M. Severe Acute Respira-
tory Syndrome Coronavirus (SARS-CoV) Infection Inhibition
Using Spike Protein Heptad Repeat-Derived Peptides. Proc.
Natl. Acad. Sci. U.S.A. 2004, 101, 8455-8460.

(8) Wu, C.-Y.; Jan, J.-T.; Ma, S.-H.; Kuo, C.-J.; Juan, H.-F.; Cheng,
Y.-S. E.; Hsu, H. H.; Huang, H.-C.; Wu, D.; Brik, A.; Liang, F.-
S.; Liu, R.-S.; Fang, J.-M.; Chen, S.-T.; Liang, P.-H.; Wong, C.-
H. Small Molecules Targeting Severe Acute Respiratory Syn-
drome Human Coronavirus. Proc. Natl. Acad. Sci. U.S.A. 2004,
101, 10012-10017.

(9) Bacha, U.; Barrila, J.; Velazquez-Campoy, A.; Leavitt, S. A.;
Freire, E. Identification of Novel Inhibitors of the SARS Coro-
navirus Main Protease 3CLpro. Biochemistry 2004, 43, 4906-
4912.

(10) Blanchard J. E.; Elowe, N. H.; Fortin, P. D.; Huitema, C.;
Cechetto, J. D.; Eltis, L. D.; Brown E. D. High Throughput
Screening Identifies Inhibitors of the SARS Coronavirus Main
Proteinase. Chem. Biol., in press.

(11) (a) Jain, R. P.; Vederas, J. C. Structural Variations in Keto-
Glutamines for Improved Inhibition against Hepatitis A Virus
3C Proteinase. Bioorg. Med. Chem. Lett. 2004, 14, 3655-3658.
(b) Ramtohul, Y. K.; James, M. N. G.; Vederas, J. C. Synthesis
and Evaluation of Keto-Glutamine Analogues as Inhibitors of
Hepatitis A Virus 3C Proteinase. J. Org. Chem. 2002, 67, 3169-
3178. (c) Ramtohul, Y. K.; Martin, N. I.; Silkin, L.; James, M.
N. G.; Vederas, J. C. Synthesis of Pseudoxazolones and their
Inhibition of the 3C Cysteine Proteinase from Hepatitis A Virus
and Human Rhonivirus-14. J. Chem. Soc., Perkin Trans. 1 2002,
1351-1359. (d) Lall, M. S.; Ramtohul, Y. K.; James, M. N. G.;
Vederas, J. C. Serine and Threonine â-Lactones: A New Class
of Hepatitis 3C Cysteine Proteinase Inhibitors. J. Org. Chem.
2002, 67, 1536-1547. (e) Ramtohul, Y. K.; Martin, N. I.; Silkin,
L.; James, M. N. G.; Vederas, J. C. Pseudoxazolones, a New Class
of Inhibitors for Cysteine Proteinases: Inhibition of Hepatatis
A Virus and Human Rhinovirus 3C Proteinases. J. Chem. Soc.
Chem. Commun. 2001, 2740-2741.

(12) Tian, Q.; Nayyar, N. K.; Babu, S.; Chen, L.; Tao, J.; Lee, S.;
Tibbetts, A.; Moran, T.; Liou, J.; Guo, M.; Kennedy, T. P. An
Efficient Synthesis of a Key Intermediate of the Preparation of
the Rhinovirus Protease Inhibitor AG7088 via Asymmetric
Dianionic Cyanomethylation of N-Boc-L-(+)-glutamic Acid Di-
methyl Ester. Tetrahedron Lett. 2001, 42, 6807-6809.

(13) Matthews, D.; Dragovich, P. S.; Webber, S. E.; Fuhrman, S. A.;
Patick, A. K.; Zalman, L. S.; Hendrickson, T. F.; Love, R. A.;
Prins, T. J.; Marakovits, J. T.; Zhou, R.; Tikhe, J.; Ford, C. E.;
Meador, J. W.; Ferre, R. A.; Brown, E. L.; Binford, S. L.;
Brothers, M. A.; Delisle, D. M.; Worland, S. T. Structure-Assisted
Design of Mechanism-Based Irreversible Inhibitors of Human
Rhinovirus 3C Protease with Potent Antiviral Activity Against
Multiple Rhinovirus Serotypes. Proc. Nat. Acad. Sci. U.S.A.
1999, 96, 11000-11007 (PDB code 1CQQ).

(14) Nienaber, V. L.; Breddam, K.; Birktoft, J. J. A Glutamic-Acid
Specific Serine-Protease Utilizes a Novel Histidine triad in
Substrate-Binding. Biochemistry 1993, 32, 11469-11475 (PDB
code 1HPG).

(15) McRee, D. E. XtalView Xfit - A Versatile Program for Manipu-
lating Atomic Coordinates and Electron Density. J. Struct. Biol.
1999, 125, 156-165.
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