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Mechanism-based, irreversible enzyme inhibition has proven to
be an effective strategy for the development of therapeutic drugs.1

Our work in this area focuses on the development of suicide
substrate-type inhibitors2 targeting members of theL-arginine-
metabolizing, guanidino-transferring enzyme superfamily.3 Several
members of this family have direct relevance to the treatment of
cancer as well as immunological and infectious diseases.4 A
common catalytic strategy, involving active-site cysteine-mediated
guanidino-group transfer,3 is used by these enzymes. This provides
the opportunity for the design of inhibitors which are substrate
analogues that participate in the first partial reaction to form the
covalent enzyme-Cys-alkylthiouronium ion intermediate but fail
to or only slowly undergo the ensuing transfer step necessary to
regenerate the enzyme catalyst. Here we report the discovery of a
novel “slow substrate” inhibitor of the antibiotic target arginine
deiminase (ADI), which catalyzes the conversion ofL-arginine to
L-citrulline and ammonia (Scheme 1). This biological process,

together with ensuing transformations catalyzed by ornithine
transcarbamylase and carbamate kinase, constitutes theL-arginine
dihydrolytic degradation pathway,5 which is essential to cell growth
in microbial pathogens6 but which is notably absent in humans.

L-Canavanine (Scheme 1) is known to be a competitive inhibitor
and alternative substrate for mostL-arginine-utilizing enzymes,7

including the ADI from Streptococcus faecalis.8 By using the
Pseudomonas aeruginosaADI (PaADI) for inhibitor development,9-11

we have discovered thatL-canavanine is a slow substrate inhibitor.
Evidence for this conclusion derives from enzyme inactivation
studies. PaADI9 (10µM) in 20 mM MgCl2 and 50 mM K+(2-N-
morpholinoethanesulfonate (pH 5.6 and 25°C) was preincubated
with different concentrations ofL-canavanine (0.2, 0.5, 1.0, 4.0,
and 10 mM). After various time periods, 10µL aliquots were mixed
with 5 mM L-arginine in 1 mL of 20 mM MgCl2 and 50 mM K+-
(2-N-morpholinoethanesulfonate (pH 5.6, 25°C) and then assayed
for ADI activity by measuringL-citrulline production.12 The rates
of inactivation at variousL-canavanine concentrations were deter-
mined by fitting the enzyme activity data to the single-exponential
equation ln(Vt/V0) ) -kobst, whereVt is the enzyme activity at time
t, V0 is the rate at time zero, andkobs is the inactivation rate (Figure
1A). Data from a plot of first-order rate constant versusL-

canavanine concentration (Figure 1B) were fitted tokobs )
(kinact[I])/( Ki + [I]) to yield the inactivation rate constant of 0.31(
0.03 min-1 and binding affinity dissociation constantKi of 1.7 (
0.5 mM.

The time course of enzyme activity following incubation of
PaADI at subsaturatingL-canavanine (1 mM) is shown in Figure
1C. While catalysis by PaADI is inhibited over a∼35 min period,
its catalytic activity is regained over longer times. Electrospray
ionization mass spectrometric analysis was conducted on HCl-
quenched (final concentration 0.1 M) aliquots removed at time
intervals during the inactivation-regeneration phases of the reaction
of 10 µM ADI and 1 mM L-canavanine. The data show that an
enzyme of mass of 46,307 Da, corresponding to the mass of starting
recombinant ADI,9 is present att ) 0. Mass spectral analysis of
quenched reaction mixtures shows that a labeled protein with a
mass 160 Da higher than that of ADI forms and then disappears
over the time range of 0-12 h (see Supporting Information). The
new protein has a mass expected for an intermediate formed by an
ammonia-releasing reaction of PaADI withL-canavanine (Scheme
1).

The close structural similarity betweenL-arginine and L-
canavanine suggests that an analogous pathway is responsible for
the inactivation-reactivation cycle. The product formed from
L-canavanine by way of a thiouronium intermediate isO-ureido-
homoserine, which we have identified by mass spectrometric

Scheme 1

Figure 1. (A) Time-dependent inactivation (ln(% remaining activity in 10
µM PaADI) vs incubation time) as a function ofL-canavanine concentration.
(B) Concentration dependence ofkobs for inactivation of PaADI by
L-canavanine. (C) Percent remaining PaADI activity in reaction of 10µM
ADI and 1 mM L-canavanine.
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analysis (m/z 178.0825 observed vsm/z 178.0828 for C5H11N3O4),
consistent with previous observations.8 The mass spectral and
kinetic data were combined to generate a time course for formation
and hydrolysis of the covalent enzyme adduct (E-I) in the reaction
with canavanine (Figure 2). The data were fitted to the kinetic model
shown in eq 1, by using the simulation program KINSIM13 to define

the microscopic rate and kinetic constants derived from Figure 2,
to define the microscopic rate constants for the inactivation-
reactivation steps. Accordingly, in the canavanine casek2 ) 0.12
min-1 for E-I formation is 12-fold larger than thek3 ) 0.01 min-1

for E-I hydrolysis. The corresponding rate constants for formation
and hydrolysis of the Cys-alkylthiouroninum intermediate (Scheme
1, proven by X-ray analysis)9b in single-turnover reaction of PaADI
with [14C]L-arginine10 are k2 ) 13 s-1 and k3 ) 6.5 s-1,
respectively.10

These results show that substitution of an oxygen for the
methylene group in arginine reduces the rates of formation and
hydrolysis of the covalent enzyme adduct. However, because the
change more greatly retards the hydrolysis step, the enzyme is
temporarily inactivated. This phenomenon has great potential for
the design of new inhibitors to modulate the level of active ADI in
the cell in a defined manner. Whereas it is desirable to shut down
ADI permanently in human pathogens, this is not the case for the
homologous human peptidylarginine deiminase.4d Here, it would
be desirable to block only the excessive activity that leads to
deimination of protein arginine side chains and hence production
of arthritis-causing antigens. A time-controlled inhibitor would
allow the ADI activity to be attenuated but not eliminated, thus
preserving some normal function.

The next step in the development of inhibitors for the guanidino-
transferring enzyme family is to understand, and then exploit, the
oxygen-substituent effect. The known structures of the ADI-
arginine and ADI-thioalkyluronium ion intermediate9 show that
the relative orientation of the reaction center and attacking

nucleophile is governed by the guanidine binding residues Asp166
and Asp280. The presence of oxygen in the chain connecting the
amino acid and guanidine moieties inL-canavanine and the
thiouronium ion intermediate could alter the orientation of the
reaction center to impair the hydrolysis step more than the cysteine
addition and ammonium ion elimination steps. Alternatively, the
electronic effect14 of oxygen on the electrophilicity of the guani-
dinium carbon atom might be the controlling factor, amplified in
the second partial reaction where water, a weak nucleophile, is
involved.

In conclusion, we have shown thatL-canavanine is a slow
substrate inhibitor ofP. aeruginosaarginine deiminase that
functions by covalent modification of the active-site Cys406 residue
in the form of a thiouronium salt. Thus, our earlier proposed10

strategies for the design of ADI inhibitors that rely on mechanism-
based covalent modification of the active-site Cys406 are feasible.
The synthesis and evaluation of guanidinium group and chain-
modifiedL-arginine derivatives as slow substrate inhibitors having
time-controlled enzyme release properties are underway.

Acknowledgment. Financial support provided to D.D.M.,
P.S.M., and Osnat Herzberg for this work by NIH grant AI59733
and to J.R.E. by NIH grants GM-070950 and P20-RR016480 is
gratefully acknowledged.

Supporting Information Available: Mass spectra of mixtures of
PaADI and canavanine. This material is available free of charge via
the Internet at http://pubs.acs.org.

References
(1) See for example: (a) Mandel, S.; Weinreb, O.; Amit, T.; Youdim, M. B.

Brain Res. Brain Res. ReV. 2005, 48, 379-387. (b) Bratoeff, E.; Cabeza.
M.; Ramirez, E.; Heuze, Y.; Flores, E.Curr. Med. Chem. 2005, 12, 927-
943.

(2) Walsh, C. T.Annu. ReV. Biochem.1984, 53, 493-535.
(3) Shirari, H.; Blundell, T. L.; Mizuguchi, K.Trends Biochem. Sci.2001,

26, 465-468.
(4) (a) Smith, R. S.; Iglewski, B. H.Curr. Opin. Microbiol.2003, 6, 56-60.

(b) Murray-Rust, J.; Leiper, J.; Mcalister, M.; Phelan, J.; Tilley, S.; Maria,
J. S.; Vallance, P.; Mcdonald, N.Nat. Struct. Biol.2001, 8, 679-683. (c)
Mcgraw, W. T.; Potempa, J.; Farley, D.; Travis, J.Infect. Immun.1999,
67, 3248-3256. (d) Arita, K.; Hashimoto, H.; Shimizu, T.; Nakashima,
K.; Yamada, M.; Sata, M.Nat. Struct. Mol. Biol.2004, 11, 777-783.

(5) (a) Dong, Y.; Chen Y. Y.; Snyder, J. A.; Burne, R. A.Appl. EnViron.
Microbiol. 2002, 68, 5549-5553. (b) Zuniga, M.; Perez, G.; Gonzalez
Candelas, F.Mol. Phylogenet. EVol. 2002, 25, 429-444. (c) Knodler, L.
A.; Sekyere, E. O.; Stewart, T. S.; Schofield, P. J.; Edwards, M. R.J.
Biol. Chem.1998, 273, 4470-4477.

(6) Schofield, P. J.; Edwards, M. R.; Matthews, J.; Wilson, J. R.Mol. Biochem.
Parasitol.1992, 51, 29-36.

(7) (a) Luzzi, S. D.; Marletta, M. A.Bioorg. Med. Chem. Lett.2005, 15,
3934-3941. (b) Blethen, S. L.; Boeker, E. A.; Snell, E. E.J. Biol. Chem.
1968, 243, 8, 1671-1677. (c) Dabir, S.; Dabir, P.; Somvanshi, B.Int. J.
Biol. Sci.2005, 1, 114-122.

(8) Kihara, H.; Snell, E. E.J. Biol. Chem.1957, 226, 485-495.
(9) (a) Galkin, A.; Kulakova, L.; Sarikaya, E.; Lim, K.; Howard, A.; Herzberg,

O. J. Biol. Chem.2004, 279, 14001-14008. (b) Galkin, A.; Lu, X.;
Dunaway-Mariano, D.; Herzberg, O.J. Biol. Chem.2005, 280, 34080-
34087.

(10) Lu, X.; Galkin, A.; Herzberg, O.; Dunaway-Mariano, D.J. Am. Chem.
Soc.2004, 126, 5374-5375.

(11) Das, K.; Butler, G. H.; Kwiatkowski, V.; Clark, A. D., Jr.; Yadav, P.;
Arnold, E. Structure (Cambridge)2004, 12, 657-667.

(12) Prescott, L. M.; Jones, M. E.Anal. Biochem.1969, 32, 408-419.
(13) Barshop, B. A.; Wrenn, R. F.; Frieden, C.Anal. Biochem.1983, 130,

134-145.
(14) (a) Hudson, R. F.Angew. Chem., Int. Ed. Engl.1973, 12, 36. (b) Gerstein,

J.; Jencks, W. P.J. Am. Chem. Soc.1964, 86, 4655-4663. (c) This effect
is proposed to be responsible for cysteine protease inhibition by azapeptide
analogues (ref 14d). (d) Magrath, J.; Abeles, R. H.J. Med. Chem.1992,
35, 4279-4283.

JA056226P

Figure 2. Time course for formation and consumption ofS-alkylthiouro-
nium intermediate (E-I) calculated from mass spectral (O) and inactivation
kinetic (4) data by assuming [E-I] ) [Etotal]Elabeled/(Elabeled + Eunlabeled)
and [E-I] ) [Etotal] - [Etotal](Vt/V0), respectively. The curve was simulated
with KINSIM13 to define the kinetic constants of the kinetic model:K1 )
5.88× 10-4 µM-1, k2 ) 0.12 min-1, k-2 ) 0.05 min-1, k3 ) 0.01 min-1,
andk-3 ) 8.0 × 10-5 min-1.
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