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ABSTRACT: The enzyme dimethylargininase (also known as dimethylarginine dimethylaminohydrolase or
DDAH; EC 3.5.3.18) catalyzes the hydrolysis of endogenous nitric oxide synthase inhibitors,Nω-methyl-
L-arginine andNω,Nω-dimethyl-L-arginine. Understanding the mechanism and regulation of DDAH activity
is important for developing ways to control nitric oxide production during angiogenesis and in many
cases of vascular endothelial pathobiology. Several possible physiological regulation mechanisms of DDAH
depend upon the presence of an active-site cysteine residue, Cys249 inPseudomonas aeruginosa(Pa)
DDAH, which is proposed to serve as a nucleophile in the catalytic mechanism. Through the use of
pH-dependent ultraviolet and visible (UV-vis) difference spectroscopy and inactivation kinetics, the pKa

of the active-site Cys249 in the resting enzyme was found to be unperturbed from pKa values of typical
noncatalytic cysteine residues. In contrast, the pH dependence ofkcat values indicates a much lower apparent
pKa value. UV-vis difference spectroscopy between wild-type and C249S DDAH shows absorbance
changes consistent with Cys249 deprotonation to the anionic thiolate upon binding positively charged
ligands. The proton from Cys249 is lost either to the solvent or to an unidentified general base. A mutation
of the active-site histidine residue, H162G, does not eliminate cysteine nucleophilicity, further arguing
against a pre-formed ion pair with Cys249. Finally, UV-vis and X-ray absorption spectroscopy revealed
that inhibitory metal ions can bind at these two active-site residues, Cys249 and His162, and also stabilize
the anionic form of Cys249. These results support a proposed substrate-assisted mechanism forPaDDAH
in which ligand binding modulates the reactivity of the active-site cysteine.

In humans, the plasma concentration of asymmetricNω,Nω-
dimethyl-L-arginine (ADMA)1 is a biochemical marker
associated with serious cardiovascular risk factors including
hypercholesterolemia, hyperhomocysteinemia, diabetes, and
hypertension (1). This alkylated arginine residue and the
related compoundNω-methyl-L-arginine are endogenous
inhibitors of nitric oxide (‚NO) synthase (2, 3). A growing
body of evidence indicates that these arginine derivatives
can regulate‚NO production in vivo and that increases in
plasma ADMA levels may actually mediate the vascular
endothelial pathobiology common to many of these disorders

(1). The enzyme dimethylargininase (also known as dim-
ethylarginine dimethylaminohydrolase or DDAH; EC 3.5.3.18)
catalyzes the guanidino hydrolysis of theseNω-alkylated
arginine residues to yield citrulline and alkylamine products
(Scheme 1) and may serve as a control point for regulating
the concentration of ADMA and, in turn,‚NO production
(1). The ability of DDAH isoforms to control levels of
ADMA and ‚NO production has also been linked to
angiogenesis (4). For example, the overexpression of rat
DDAH-1 in a C6 rat glioma cell line was found to increase
‚NO synthesis, increase expression and secretion of vascular
endothelial cell growth factor (VEGF, a growth factor known
to stimulate angiogenesis), induce angiogenesis [particularly
the early stages of vasculogenesis (5)], and lead to tumors
that grow twice as fast as the wild type (6). Therefore, new
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inhibitors that control DDAH activity are of significant
interest (7).

Several physiological mechanisms for regulating DDAH
activity have been proposed, including inhibition by S-
nitrosylation as feedback inhibition during‚NO overproduc-
tion (8, 9), covalent bond formation withL-homocysteine
(10) andS-nitroso-L-homocysteine (11) during oxidative and
nitrosative stress, and metal binding (9, 12-14). All of these
mechanisms involve key interactions with the active-site
cysteine residue of DDAH, although there appears to be some
differences between isoforms (8, 9). Understanding the
reactivity of the active-site cysteine and its role in catalysis
and regulation are clearly important for determining how
these enzymes control ADMA levels, thereby setting the
stage for future drug design.

The active-site cysteine (Cys249) is essential in the
proposed mechanism of DDAH (Scheme 1), which proceeds
through the attack of this cysteine residue on the guanidinium
carbon of the substrate. The collapse of the resulting
tetrahedral adduct expels the alkylamine leaving group and
generates a covalent thiouronium intermediate with sp2

hybridization (Scheme 1). Subsequent hydrolysis of this
intermediate yields the product citrulline. This mechanism
is thought to be similar to other enzymes in the amidi-
notransferase superfamily in which covalent intermediates
are involved (15-18). Mutagenesis (19), crystallography
(19), and intermediate-trapping experiments (20) support the
role of the active-site cysteine (Cys249) inPseudomonas
aeruginosa(Pa) DDAH as the catalytic nucleophile, but the
mechanisms of cysteine deprotonation and intermediate
hydrolysis are not as clear. In general, DDAH isoforms are
active at neutral and acidic pH values, yet there are no protein
residues obviously positioned to lower the pKa of the active-
site cysteine to enhance its nucleophilicity. Also, at least two
different mechanisms for hydrolysis of the covalent inter-
mediate have been proposed for enzymes in this superfamily
(21, 22). Finally, zinc binds very tightly to the active-site
cysteine of bovine DDAH-1, which may regulate enzyme
activity and protect against S-nitrosylation (9, 13). However,
the S-nitrosylation patterns in bovine andPaDDAH isoforms
appear to be different; bovine DDAH-1 is easily nitrosylated
on two cysteine residues (9), but Pa DDAH is only readily
nitrosylated at the active-site cysteine (8). These observations
suggest that, despite similar sequences, there may be
significant functional differences between DDAH active sites.

In this work, we report results indicating that the active-
site cysteine is protonated in the resting enzyme but is
deprotonated when cationic ligands, such as substrate, lysine,
or metal ions, are bound. The proton from Cys249 is lost
either to the solvent or to an unidentified general base. We
also report results indicating that the active-site histidine
residue is essential for deprotonating the water used to

hydrolyze the covalent thiouronium intermediate. These find-
ings are consistent with a substrate-assisted mechanism for
Pa DDAH, which can be competitively inhibited by metal
binding at the active site. These mechanistic details illustrate
how Pa DDAH uses ligand binding to alter the nucleophi-
licity of the active-site cysteine and may help to illuminate
differences in physiological regulation between DDAH
isoforms.

MATERIALS AND METHODS

Materials.Unless noted otherwise, all chemicals are from
Sigma-Aldrich Chemical Co. (St. Louis, MO). All enzymes,
including wild-typePaDDAH and the catalytically inactive
C249S and H162GPa DDAH mutants, were purified and
assayed as described previously (20, 23-25).

pH Dependence of Pa DDAH-Catalyzed Hydrolysis of
S-Methyl-L-thiocitrulline. Because thiol reactivity changes
with pH, the continuous assay for DDAH based on 5,5′-
dithiobis-(2-nitrobenzoic acid) (24) was not used for these
experiments. Instead, a new assay based on the inherent
spectral differences betweenS-methyl-L-thiocitrulline and the
products, methanethiol andL-citrulline, was used to directly
monitor substrate hydrolysis in a continuous manner by
following absorbance decreases in the UV spectrum. Multiple
wavelengths were monitored to quantify different concentra-
tion ranges, typically using 260 nm for high substrate
concentrations (0.6-8 mM), 245 nm for lower concentrations
(0.125-0.6 mM), and 235 nm for the lowest concentrations
(0.015-0.125 mM). Standard curves were prepared either
usingS-methyl-L-thiocitrulline or using equimolar mixtures
of L-citrulline and methanethiol to quantify the observed
absorbance changes. Including methanethiol in these standard
curves is particularly important at alkaline pH values because
thiolates have a higher absorbance than protonated thiols.
The accuracy of this method was verified through a
comparison with parallel reactions at one selected pH (7.3),
which were assayed using both a discontinuous assay for
citrulline production (23) and a continuous spectrophoto-
metric assay (24). Typically, reactions ofPa DDAH (1-
3.5µM) with S-methyl-L-thiocitrulline (concentrations from
0 to 10× KM) were prepared at various pH values (4.5-9.5)
using the following buffers: at pH 4.5-5, sodium acetate
(250 mM); at pH 5.5-6.5, 2-morpholinoethanesulfonic acid
(MES) (250 mM); at pH 7-7.5, 4-(2-hydroxyethyl)-1-
piperazineethane sulfonic acid (HEPES) (250 mM); at pH
8-8.5, Tris-HCl (250 mM); and at pH 9-9.5, sodium borate
(250 mM). All buffers contain KCl (250 mM). All reactions
were done at least in triplicate at each pH value, and the
observed rates were fit to the Michaelis-Menten equation
using the software Kaleidagraph (Synergy) to obtain the
steady-state rate constants.

pH Dependence of Pa DDAH-Catalyzed Hydrolysis of Nω-
Methyl-L-arginine. A previously published discontinuous
assay forL-ctirulline production (23) was used to determine
the steady-state rate constants forPa DDAH-catalyzed
hydrolysis ofNω-methyl-L-arginine using the same conditions
as described forS-methyl-L-thiocitrulline. All reactions were
performed at least in triplicate, and the observed results were
fit directly to the Michaelis-Menten equation.

Fitting the Steady-State pH-Rate Data.Fits to the resulting
kcat/KM values andkcat values for hydrolysis of both substrates

Scheme 1: Proposed Mechanism for DDAH-Catalyzed
Hydrolysis of AsymmetricNω,Nω-Dimethyl-L-arginine
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at each pH were calculated as described below. Bell-shaped
curves were fit with a two pKa model (eq 1), rearranged as
shown in eq 2, in whichy is substituted by eitherkcat/KM or
kcat, accordingly (26), and a lower limiting term,ymin, was
added to allow for a nonzero plateau at low pH values. This
ymin term was fixed at 0 when fitting data fromNω-methyl-
L-arginine hydrolysis but was left unconstrained to obtain
good fits to data fromS-methyl-L-thiocitrulline hydrolysis.
Because fits to two pKa values closer than 3.5 units tend to
underestimateymax, Segel’s method (eqs 3 and 4) was used
to calculate corrected pKa values for each limb of thekcat/
KM profiles (26).

Fits to thekcat values forS-methyl-L-thiocitrulline hydroly-
sis at each pH were calculated using a single pKa model
including a lower limiting term,kmin, to account for the
nonzero plateau at low pH as described in eq 5.

UltraViolet and Visible (UV-Vis) Difference Spectroscopy
of Apoproteins.Stock solutions of hexahistidine affinity tag
(His6)-taggedPaDDAH (70 µM) and His6-taggedPaC249S
DDAH (120 µM) were prepared as described earlier (20)
and then diluted to final concentrations of 8.3 and 14.1µM,
respectively, using various buffers with pH values between
6 and 10. The following buffers were used at the pH ranges
as indicated: at pH 5.5-6.5, MES (20 mM); at pH 7-8,
HEPES (20 mM); and at pH 8.5-10, 2-(cyclohexylamino)-
ethylsulfonic acid (CHES) (20 mM). All buffers contain KCl
(100 mM). The absorbance of each sample at 240 and 280
nm was measured in at least three separate experiments using
a quartz microcuvette and a Cary 50 UV-vis spectropho-
tometer (Varian, Inc., Walnut Creek, CA), after the baseline
correction using the appropriate buffer as a blank. The
resulting absorbance values at 240 nm were normalized using
the 280 nm readings and then averaged for each pH value.
The (Abs240/Abs280) ratio for the C249S mutant was then
subtracted from the (Abs240/Abs280) ratio determined for wild-
type Pa DDAH at each pH and then multiplied by the
calculated native extinction coefficient forPa DDAH (ε280

) 20 240 M-1 cm-1) to determine the observed∆ε240 values
at each pH. The Grubbs test, calculated with anR value of
0.05 using the GraphPad outlier calculator available free of
charge from http://www.graphpad.com/quickcalcs/
Grubbs1.cfm, was used to remove any outlying data points.
To determine the observed pKa for the absorbance changes
at 240 nm, the program KaleidaGraph (Synergy Software,

Reading, PA) was used to fit eq 6, in a procedure similar to
that reported previously (27).

pH Dependence of Pa DDAH InactiVation by Iodoaceta-
mide. Preincubation mixtures ofPa DDAH (11 µM) with
varying concentrations of iodoacetamide (0-2.5 mM) were
prepared at various pH values (5.5-10) in the buffers
described above. At pH values from 5.5 to 7.5, aliquots of
the preincubation mixtures were withdrawn at successive
time points, diluted 26-fold into an assay buffer containing
an excess of the alternative substrateS-methyl-L-thiocitrulline
(1 mM), potassium phosphate (100 mM), ethylenediamine-
tetraacetic acid (EDTA) (1 mM), and 5,5′-dithiobis-(2-
nitrobenzoic acid) (200µM) at pH 7.3, and the remaining
enzyme activity was monitored using a continuous spectro-
photometric assay as described previously (25). Under these
conditions, the diluted iodoacetamide does not significantly
interfere with the activity assay. At pH values greater than
8, only single time points were assayed because of the
increased rate of inactivation. A form of the second-order
rate equation (eq 7) was used to obtain rate constants for
inactivation in a procedure similar to that described elsewhere
(28). Actobs and Actinital are the observed and initial percent
enzyme activities, [I] is the initial iodoacetamide concentra-
tion, andt is the preincubation time.

To determine the observed pKa for inactivation by iodoac-
etamide, the resultingkinact(obs)values, determined at each pH,
were fitted with a single apparent pKa value (eq 8). All
experiments and controls were performed at least in triplicate.

Mass Spectrometry of Quenched Reactions.Typically,
steady-state reactions withPa DDAH (final concentration
of 50 µM) and substrate (5 mM) were incubated for 20-30
s at 25°C before the addition of trifluoroacetic acid (final
concentration of 1 M), which quenches the reactions during
turnover and traps any acid-stable covalent intermediates that
accumulate. Incubations at two different pH values were
prepared in the following buffers: at pH 5.5, MES (200 mM)
and at pH 8, Tris-HCl (200 mM). Both buffers contain KCl
(200 mM). Quenched reactions were analyzed by electro-
spray ionization-mass spectrometry (ESI-MS) as described
previously (20). Incubations with the H162G mutant (25-
50 µM) were also completed using slightly more substrate
(5-10 mM), longer reaction times (3-10 min), and even
repeated at a higher pH (9.5) to maximize the chance of
trapping potential intermediates during incubations with
Nω,Nω-dimethyl-L-arginine.

Inhibition of Pa DDAH byL-Lysine.The steady-state rates
of Pa DDAH (670 nM) catalyzed hydrolysis ofS-methyl-
L-thiocitrulline (8-1000 µM) were determined in varying
concentrations ofL-lysine (1.25-15 mM) in K2HPO4 (0.1
M) buffer and EDTA (1 mM) at 25°C and pH 7.3 using a
continuous assay as described earlier (24). All reactions were

log[yobs] ) log[ymax] - log[1 +
[H+]
K1

+
K2

[H+]] (1)

log[yobs] ) log[ymin +
(ymax - ymin)

(1 + 10(pKa1-pH) + 10(pH-pKa2))] (2)

1[H
+]1/2 + 2[H

+]1/2 ) K1 + 4[H+]opt (3)

[H+]opt ) xK1K2 (4)

log[kcat] ) log[kmin +
(kmax - kmin)

(1 + 10(pKa-pH))] (5)

ε240(obs)) ε240(min)+
(ε240(max)- ε240(min))

(1 + 10(pKa-pH))
(6)

Aobs) Ainitiale
-k[I] t (7)

kinact(obs))
(kinact(max))

(1 + 10(pKa-pH))
(8)
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done in triplicate, and the results were directly fit using
KaleidaGraph software (Synergy) to eq 9 for competitive
inhibition (29), whereR ) (1 + [I]/ Ki)

UV-Vis Difference Spectroscopy of Ligand-Bound Pro-
teins.Using a quartz microcuvette and a Cary 50 UV-vis
spectrophotometer (Varian, Inc.), absorbance scans (230-
300 nm) were recorded for wild-type and C249S mutantPa
DDAH (4-5 µM) in K2HPO4 buffer (100 mM) and EDTA
(1 mM) at pH 7.3 in the presence of eitherL-lysine (10 mM)
or L-citrulline (20 mM) at concentrations required to achieve
approximately 70% saturation. Baseline corrections were
made using control solutions in which the protein component
was omitted. All experiments were repeated at least in
triplicate, and an average observed extinction coefficient was
calculated at each wavelength as described above. The
ligand-dependent changes in the observed extinction coef-
ficient at each wavelength were then calculated for both wild-
type and C249S mutantPaDDAH by subtracting the results
from the L-citrulline-bound proteins from those of the
L-lysine-bound proteins at each wavelength.

Inhibition of Pa DDAH by Zinc(II). The concentration of
zinc(II) required to inhibit 50% ofPa DDAH activity (IC50)
was determined by assaying the hydrolysis rates forS-
methyl-L-thiocitrulline (50µM) in the presence ofPaDDAH
(840 nM), Tris-HCl buffer (250 mM), and KCl (250 mM)
at 25° and pH 7.5 with increasing concentrations of zinc
acetate (0-10 µM) using a continuous assay as described
previously (24). Using the determined IC50 value, aKi value
for zinc(II) inhibition of Pa DDAH was estimated using eq
10 (30), assuming competitive inhibition, and using aKM

for S-methyl-L-thiocitrulline (46( 4 µM) determined under
identical conditions.

Extended X-ray Absorption Fine Spectroscopy (EXAFS)
of Zinc(II)-Bound Pa DDAH.Samples for EXAFS [∼1 mM,
20% (v/v) glycerol] were loaded into Lucite cuvettes with 6
µm polypropylene windows and frozen rapidly in liquid
nitrogen. X-ray absorption spectra were measured at the
National Synchrotron Light Source (NSLS), beamline X9B,
with a Si(111) double-crystal monochromator; harmonic
rejection was accomplished using a Ni focusing mirror.
Fluorescence excitation spectra for all samples were mea-
sured with a 13-element solid-state Ge detector array.
Samples were held at∼15 K in a Displex cryostat. EXAFS
data collection and reduction were performed according to
published procedures (31) using the software package
Sixpack (32).

Nonlinear least-squares fits to Fourier-filtered EXAFS data
are reported in Table 2; fits to unfiltered data gave similar
results. Theoretical amplitude and phase functions,As(k)-
exp(-2Ras/λ) andφas(k), were calculated using FEFF version
8.00 (33, 34). The Zn-N (0.78) and Zn-S (0.91) scale
factors and the threshold energy (∆E0 ) -21 eV) were held

fixed at experimentally determined values. Fits were obtained
for all reasonable coordination numbers, allowing for only
the internuclear distance,Ras, and the Debye-Waller factor,
σas

2, to vary for each shell of atoms. Multiple-scattering
contributions from histidine ligands were approximated using
published procedures (31). The four paths reported in Table
2 represent the sum of multiple-scattering contributions of
140 total paths. No physical label can be meaningfully
applied to these combined paths.

UV-Vis Spectroscopy of Cobalt(II)-Bound Pa DDAH.
Using a quartz microcuvette and a Cary 50 UV-vis
spectrophotometer (Varian, Inc.), absorbance scans (300-
800 nm) were recorded for wild-type (260µM) and C249S
mutant (190µM) Pa DDAH in HEPES buffer (10 mM) and
KCl (100 mM) at 25°C and pH 7.3 upon the addition of
CoCl2 (40-860µM). Baseline corrections were made using
control solutions prepared without the protein component.
To obtain difference spectra, the absorption values of the
protein samples were subtracted, at each wavelength, from
the resulting absorbance values after the addition of CoCl2.
To determine the apparent extinction coefficients for absor-
bance changes at 340 and 600 nm and to obtain the apparent
dissociation constant for cobalt(II) binding, the absorbance
changes at each of these two wavelengths, determined in
three separate experiments, were fit to Beer’s law (eq 11),
where l is the path length of the cuvette (1 cm) and [E‚
Co2+] is defined by eq 12 because the protein and ligand
concentrations are of similar magnitude

RESULTS

pH Dependence of Pa DDAH-Catalyzed Substrate Hy-
drolysis. The kcat/KM values determined forS-methyl-L-
thioctirulline andNω-methyl-L-arginine hydrolysis (Figure
1A) both showed a bell-shaped pH dependence that was fit
to two apparent pKa values. The fitted pKa values for
S-methyl-L-thiocitrulline were 7.4( 0.2 for the ascending
limb (slope of 0.8) and 8.8( 0.2 for the descending limb,
with a limiting nonzero plateau (0.2 s-1 mM-1) at low pH.
The fitted pKa values forNω-methyl-L-arginine were 7.9(
0.3 for the ascending limb (slope of 1) and 9.3( 0.6 for the
descending limb. Because these pairs of fitted pKa values
are closer than 3 units, Segel’s method was used to calculate
corrected pKa values of 8.0 and 8.2 forS-methyl-L-thio-
citrulline hydrolysis and 8.5 and 8.7 forNω-methyl-L-arginine
hydrolysis.

The kcat values determined forNω-methyl-L-arginine hy-
drolysis (Figure 1B) showed bell-shaped pH dependence and
were fit to two apparent pKa values: 6.1( 0.1 for the
ascending limb (slope of 1) and 9.4( 0.1 for the descending
limb. Thekcat values determined forS-methyl-L-thiocitrulline
hydrolysis (Figure 1B) were best fit to one apparent pKa of
5.6( 0.1 for the ascending limb (slope of 0.2) and a limiting
nonzero plateau (kmin ) 0.6 s-1) at low pH values.PaDDAH
showed linear initial rates for substrate hydrolysis between
pH values of 4.5-9.5, but at more acidic or alkaline pH

V )
kcat[S][E]total

(RKM + [S])
(9)

Ki )
IC50

(1 +
[S]
KM

) (10)

Abs ) εl[E‚Co2+] (11)

[E‚Co2+] ) [([E] + [CoCl2] + Kd) -

x([E] + [CoCl2] + Kd)
2 - 4[E][CoCl2]]/2 (12)
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values, the enzyme was not active or displayed nonlinear
kinetics, suggesting enzyme inactivation.

UV-Vis Difference Spectroscopy of Apoproteins. To
follow the absorbance changes that occur at 240 nm because
of pH-induced deprotonation at the thiol side chain of
Cys249, differences in absorbance at 240 nm between wild-
type and a C249S mutantPaDDAH were determined (Figure
2A). A pH-dependent increase in absorbance at 240 nm was
observed with an apparent pKa of 8.9 ( 0.2 and∆ε240(max)

of 3600( 100 M-1 cm-1. These experimentally determined
values are consistent with typical pKa values for unperturbed
noncatalytic cysteine residues (29) and withε240 values for
1 equiv of thiolate (35).

pH Dependence of Pa DDAH InactiVation by Iodoaceta-
mide. Under our experimental conditions, plots of the pseudo-
first-order inactivation rate constants with respect to the
iodoacetamide concentration were linear, indicating second-
order kinetics. Consequently, the second-order rate constants
for inactivation at various pH values were determined. The
addition ofNω-methyl-L-arginine (2.5 mM) to an incubation
mixture at pH 8.5 can prevent inactivation by iodoacetamide

(Supporting Information), indicating that inactivation is due
to modification at the active site. The rate ofPa DDAH
inactivation by iodoacetamide increased at higher pH values
(Figure 2B) and showed one apparent pKa value of 8.7(
0.1, matching the apparent pKa observed for the active-site
Cys249 using UV-vis difference spectroscopy (Figure 2A).
Fits of these data to a two pKa model did not result in a
statistically significant improvement (F-test). Using similar
methods, attempts to obtain pseudo-first-order rate constants
for inactivation by 2-chloroacetamidine, a known affinity
label (25), were unsuccessful because of the rapid inactivation
rates at high pH.

Mass Spectrometry of Quenched Reactions. Previous
studies have shown that steady-state reactions ofPa DDAH
with an activated substrate,S-methyl-L-thiocitrulline, can be
acid-quenched to trap a transient covalent adduct of+157
Da that accumulates during turnover and may be a catalytic
intermediate in the enzymatic mechanism (Scheme 1) (20).
Here, incubation mixtures of both the wild-type and H162G
proteins with the activated substrateS-methyl-L-thiocitrulline
show the presence of the+157 Da adduct, within error
(Table 1). However, incubation of these proteins with the
naturally occurring substrateNω,Nω-dimethyl-L-arginine only
resulted in accumulation of a+157 Da adduct with the wild-
type protein. Incubations of this natural substrate with the
H162G mutant only resulted in a mass matching that of the

FIGURE 1: pH-rate profiles for substrate hydrolysis by wild-type
Pa DDAH. (A) kcat/KM values forS-methyl-L-thiocitrulline (b) are
fit to two corrected apparent pKa values of 8.0 and 8.2, and the
kcat/KM values forNω-methyl-L-arginine (O) are fit to two corrected
pKa values of 8.5 and 8.7 (see the Materials and Methods for
details). (B)kcat values for hydrolysis ofS-methyl-L-thiocitrulline
(b) are fit to one apparent pKa of 5.6 for the ascending limb (slope
of 0.2) and a nonzero plateau (0.6 s-1) at low pH. Thekcat values
for hydrolysis ofNω-methyl-L-arginine (O) are fit to apparent pKa
values of 6.1 for the ascending limb (slope of 1) and 9.4 for the
descending limb.

FIGURE 2: Determination of the pKa of Cys249. (A) UV-vis
difference spectroscopy at 240 nm between wild-typePa DDAH
and the C249S mutant, showing a pH-dependent increase in
absorbance with an apparent pKa of 8.9 because of thiolate
formation. (B) Observed rates for inactivation of wild-typePa
DDAH by the thiol modification reagent iodoacetamide, showing
a pH-dependent increase with an apparent pKa of 8.7.
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unmodified enzyme, even when incubations were repeated
at a pH value (9.5) higher than an unperturbed thiol pKa.

This trapping technique was also used to identify the major
species that accumulate during steady-state turnover by wild-
type Pa DDAH at two different pH values (Figure 3).2 At
pH 5.5, trapping steady-state reactions ofNω-methyl-L-
arginine during turnover results only in protein that does not
contain the+157 Da adduct (Figure 3A). However, when
repeated at pH 8.0, trapping of these reactions results in a
significant fraction of the enzyme in which the+157 Da
covalent adduct accumulates (Figure 3B). At pH 5.5, trapping
of reactions withS-methyl-L-thiocitrulline shows that a
mixture of unmodified enzyme and covalent adduct is present
(Figure 3D), but in reactions at a higher pH (8.0), almost all
of the enzyme is trapped as the+157 Da covalent adduct
(Figure 3E). At pH 8.0, trapping of reactions withNω,Nω-
dimethyl-L-arginine (Figure 3C) also result in trapping almost
all of the enzyme with the covalent adduct. Because the
amount of covalent adduct that accumulates at high pH varies

with the substrate, thekcat andKM values forNω-methyl-L-
arginine (0.59( 0.01 s-1, 44 ( 4 µM), Nω,Nω-dimethyl-L-
arginine (1.27( 0.04 s-1, 39 ( 9 µM), and S-methyl-L-
thiocitrulline (1.30 ( 0.04 s-1, 26 ( 4 µM) were all
determined at a single pH of 8.0 for comparison.

Inhibition of Pa DDAH byL-Lysine.L-Lysine was exam-
ined as a potential competitive inhibitor. A double-reciprocal
plot of (1/Vo)×[E] versus 1/[S], determined at different
L-lysine concentrations showed linear fits that intersect at
they axis, consistent with competitive inhibition (Supporting
Information). Nonlinear fits to a competitive inhibition model
determined aKi for L-lysine inhibition of 4.0( 0.3 mM at
pH 7.3. Previously,L-citrulline was determined to be a
competitive inhibitor ofPa DDAH (19) with a Ki of 8.4 (
0.5 mM at pH 7.3 (24).

UV-Vis Difference Spectroscopy of Ligand-Bound Pro-
teins. Changes in absorbance near 240 nm, which are
reflective of thiol deprotonation (35), were determined by
subtracting spectra ofL-citrulline-boundPa DDAH from
L-lysine-boundPa DDAH. The ligand concentrations used
were 2.5-fold higher than theirKi values as determined by
competitive inhibition, resulting in∼70% saturation. These
difference spectra showed a relative increase in absorbance
with a λmax near 235 nm and an apparent extinction
coefficient of 3000 M-1 cm-1 (calcd 4300 M-1 cm-1 at full
occupancy), consistent with deprotonation of 1 equiv of thiol
uponL-lysine binding (Figure 4). Parallel experiments with
the C249S mutant did not show a similar increase in
absorbance, indicating that Cys249 is likely the thiol that
becomes deprotonated upon ligand binding. The structure
of C249SPaDDAH has previously been reported and shows
that this protein structure is comparable to the wild type and
capable of bindingL-citrulline at the active site (19).

Inhibition of Pa DDAH by Zinc(II).Initial rates were used
to determine the IC50 value (8.8( 0.4 µM) for zinc acetate
inhibition of PaDDAH-catalyzed hydrolysis at subsaturating
conditions of the substrate. Additional studies (below) show
that the inhibitory metal-binding site is at the active site;
therefore, assuming competitive inhibition and using theKM

determined forS-methyl-L-thiocitrulline, the Ki value for

2 In each figure panel, there is an additional component (marked by
an asterisk) that is due to nonenzymatic N-terminal gluconoylation of
Pa DDAH, which occurs during protein expression but does not
adversely affect catalysis. This modification has previously been
described in detail and is not considered further here (20, 36).

Table 1: Summary of Major Ions Observed in ESI-MS Spectra of
Acid-Quenched Steady-State Reactions with Wild-Type or H162G
Pa DDAH and Various Substrates

substrate used in
incubations

incubations with
wild-typePaDDAHa

observed mass (Da)b

incubations with
H162GPaDDAHa

observed mass (Da)b

control (without substrate) 30 495 30 415
Nω,Nω-dimethyl-L-arginine 30 652 30 416
S-methyl-L-thiocitrulline 30 653 30 573

a The theoretical calculated mass for wild-typePaDDAH is 30 403,
and the theoretical calculated mass for H162G mutantPa DDAH is
30 423.b The major ion peaks from deconvoluted ESI-MS spectra are
reported with errors of(10 Da. All reactions were completed at pH 8
prior to the acid quench.

FIGURE 3: Deconvoluted ESI-MS spectra of trapped reactions with
wild-typePaDDAH. Steady-state reactions of wild-typePaDDAH
andNω-methyl-L-arginine at pH 5.5 (A) and pH 8.0 (B),Nω,Nω-
dimethyl-L-arginine at pH 8.0 (C), andS-methyl-L-thiocitrulline at
pH 5.5 (D) and 8.0 (E) were acid-trapped and then analyzed by
ESI-MS to detect any accumulation of a covalent adduct during
turnover. Marked (*) peaks are attributable to a smaller fraction of
nonenzymatically NR-gluconoylated protein modified during ex-
pression. The calculated mass for unmodified wild-typePaDDAH
after removal of the N-terminal methionine is 30 503 Da. The
expected mass of the proposed covalent intermediate is 30 660 Da.
Representative ESI-MS plots are shown and typically have an error
of (10 Da.

FIGURE 4: UV-vis difference spectra ofPa DDAH upon ligand
binding. Spectra ofL-citrulline-bound proteins are subtracted from
L-lysine-bound proteins using both wild-type (b, s) and C249S
mutant (9, - - -) Pa DDAH, indicating an increase of absorbance
at 235 nm uponL-lysine binding to wild-typePa DDAH at pH
7.3.
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zinc(II) was estimated to be 4.2( 0.2 µM (30). This value
is quite similar to theKi of 2.0 ( 0.8 µM initially reported
for competitive inhibition of bovine DDAH-1 (12), although
the zinc(II) dissociation constant for binding to bovine
DDAH-1 was later determined to be 4.2 nM (13).

EXAFS of Zinc(II)-Bound Pa DDAH.Examination of the
Zn K-edge EXAFS of Zn-DDAH shows a broad first shell
peak (Figure 5A), indicative of heterogeneity in the coor-
dination sphere of the metal. Also apparent are a series of
features to higherR consistent with imidazole coordination.
Fits to Fourier-filtered first shell data with only low-Z (N/
O) scatterers indicate an average coordination number of 4
with an average bond length of 2.04 Å. This fit inadequately
reproduced the breadth of the first shell peak in the FT.
Inclusion of a single sulfur donor, while maintaining an
overall coordination number of 4, resulted in a dramatic
improvement in the visual quality of the fit and a 6-fold
reduction in the fit residual (fits 1 and 2 in Table 2). Multiple-
scattering fits including a mixed first shell of three N/O and
one S donor and varying numbers of imidazole ligands
indicate the presence of 1( 0.5 histidine ligands to the
Zn ion. The fits shown in Figure 5 correspond to fit 3 in
Table 2.

UV-Vis Spectroscopy of Cobalt(II)-Bound Pa DDAH.
Spectral changes upon the addition of CoCl2 to Pa DDAH
show the formation of a new absorbance band at 340 nm
and a broad absorption band at 500-650 nm (Figure 6A).
The features at 340 and 600 nm both appear to saturate with
matching apparentKd values for cobalt(II) binding of 80(

10 and 80( 20 µM, respectively (Figure 6B). The apparent
extinction coefficient at 340 nm is calculated to be 860(
30 M-1 cm-1, similar in magnitude to the extinction
coefficients reported for 1 equiv of thiolate binding to cobalt-
(II) (37-39). Additionally, the broad feature between 500
and 650 nm has a calculated extinction coefficient at 600
nm of 270( 10 M-1 cm-1, which has a magnitude consistent
with 4- or 5-coordinate cobalt(II) complexes (37, 38, 40, 41).
Parallel experiments with a C249S mutant do not show either
of the spectral features at 340 or 600 nm (Figure 6C),
indicating that cobalt(II) binding likely occurs at the active
site. Precipitation is obvious at concentrations of CoCl2

greater than 1 mM, precluding experiments at higher metal
concentrations.

DISCUSSION

Enzymes in the amidinotransferase superfamily have been
proposed to share similar catalytic mechanisms (21). In these
mechanisms, an active-site cysteine residue (Cys249 inPa
DDAH) acts as a catalytic nucleophile that attacks the
guanidino carbon of each substrate to form a covalent
thiouronium intermediate. For example, a transient covalent
adduct between Cys249 and a substrate of DDAH has been
trapped and characterized, consistent with the proposal that
this residue serves as a nucleophile (20). Covalent intermedi-
ates with active-site cysteine residues have also been
characterized in other superfamily members (15-18). How-
ever, because the activity of these enzymes is generally
measured at neutral or acidic pH values, it is not clear why
the active-site cysteine residue is a good nucleophile or which
residues are responsible for lowering its pKa to facilitate
deprotonation to the anionic thiolate. In most cysteine
proteases, active-site cysteine and histidine residues make a
pre-formed ion pair, resulting in a deprotonated thiolate with
a pKa of 3-4, which is activated in the resting enzyme and
poised for attack on the substrate (42). A pre-formed ion-
pair mechanism has been suggested as one possibility inPa
DDAH (19), but this mechanism is problematic. The crystal
structure ofPaDDAH (19) indicates that there are no protein
residues neighboring Cys249 that would be expected to lower
the pKa of this cysteine. In fact, the active-site His162 is
more than 6 Å away from the side chain of a C249S
mutation, and the product binds directly between these two
residues. This long distance makes the proposal of a pre-
formed Cys-His ion pair inPaDDAH an unlikely prospect
unless there are conformational changes in the ligand-free
wild-type protein. The ionization state of Cys249 in the
resting enzyme has not previously been reported, but

FIGURE 5: Fourier transforms (A) of experimentalk3-weighted
EXAFS data (B) for Zn-DDAH (s) and best fit (]).

Table 2: EXAFS Curve-Fitting Results for Zn-DDAHa

fit model Zn-N/O Zn-S Zn-Hisb Rf
c Ru

1 4 N/O 2.04 (3.6) 129 197
2 3 N/O+ 1 S 2.01 (3.2) 2.23 (4.2) 21 87
3 3 N/O+ 1 S

(1 His)
2.01 (4.1) 2.23 (4.9) 2.92 (5.0), 3.19 (5.0)

4.11 (8.2), 4.41 (17)
38 49

a Distances (Å) and disorder parameters [in parentheses,σ2 (10-3

Å2)] derive from integer coordination number fits to filtered EXAFS
data: ∆k ) 1-13 Å-1, ∆R ) 0.8-2.1 Å (fits 1-2) and∆R ) 0.1-
4.5 Å (fit 3). b Multiple-scattering paths represent the combined paths
described in the Materials and Methods.c Goodness of fit (Rf for fits
to filtered data andRu for fits to unfiltered data) defined as 1000∑i)1

N(øicalc/
øiobs)

2, whereN is the number of data points.
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determining the pKa of this residue is important for under-
standing the catalytic mechanism and designing specific

inhibitors. Moreover, the nucleophilicity of this residue will
influence its sensitivity to oxidation, nitrosation, and metal
binding in proposed physiological regulatory mechanisms.

Our hypothesis is thatPaDDAH uses a substrate-assisted
mechanism (43) in which Cys249 is protonated and neutral
in the resting state but that binding of the positively charged
guanidinium of the substrate adjacent to Cys249 depresses
the pKa of this residue and induces its deprotonation to the
thiolate, thereby activating the catalytic nucleophile. The
proton from Cys249 is lost either to the solvent or to an
unidentified general base. To test this model, we investigated
the protonation state of the active-site Cys249 in the resting
enzyme and in the substrate- (and inhibitor-) bound enzyme
and also tested the importance of the neighboring His162
residue.

The pH-dependent behavior ofkcat/KM (Figure 1A) was
used to follow ionizations in the ligand-free enzyme and the
free substrate. An activated substrate,S-methyl-L-thiocitrul-
line, and a naturally occurring substrate,Nω-methyl-L-
arginine, both display narrow bell-shaped curves, with
apparent pKa values of 8 and 8.5 for the ascending limbs
and 8.2 and 8.7 for the descending limbs, respectively. The
S-methyl-L-thiocitrulline data is best fit with a nonzero
plateau at low pH, suggesting that two ionization forms of
PaDDAH are active with this substrate. With both substrates,
the apparent pKa for the ascending limb is 8 or higher,
consistent with Cys249 being predominantly neutral at pH
7. Without additional data, specifically assigning one of the
apparent pKa values to Cys249 ionization is somewhat
problematic because of the possibility of reverse protonation
states or a pH-dependent change in the rate-limiting step (44).

To circumvent these problems, we directly determined the
pKa of the active-site cysteine in the resting enzyme by using
UV-vis difference spectroscopy between wild-typePa
DDAH and a C249S mutant. Thiolate anions absorb more
strongly (ε240 ≈ 4000 M-1 cm-1) than neutral protonated
thiols (ε240 ≈ 50 M-1 cm-1) (35), and UV-vis difference
spectroscopy of wild-type and C249S mutant enzymes allow
for the measurement of absorbance differences specifically
because of changes in ionization at Cys249, eliminating
interference from other protein residues. This technique has
been used to determine the pKa of specific cysteine residues
in a variety of other enzymes (27, 45, 46). After measuring
the difference spectra at different pH values wherePaDDAH
remains stable, we observed a pH-dependent absorption
difference at 240 nm with an apparent pKa of 8.9, which
can be assigned to the active-site cysteine (Figure 2A). We
also determined a similar apparent pKa value of 8.7 for
inactivation ofPa DDAH by the neutral inactivator iodoac-
etamide (Figure 2B). All of our results indicate that the pKa

of the active-site cysteine is not significantly perturbed from
that of typical noncatalytic cysteine residues. At pH 7, the
neutral protonated form of the active-site cysteine predomi-
nates.

To determine the pH dependence ofPa DDAH catalysis
when the substrate is bound at the active site, the pH-rate
dependence for hydrolysis of two substrates,S-methyl-L-
thiocitrulline andNω-methyl-L-arginine, was measured under
kcat conditions (Figure 1B). Both of these substrates show
similar ascending limbs with apparent pKa values of 5.6 and
6.1, respectively. However, onlyNω-methyl-L-arginine shows
a descending limb at alkaline pH values. One possible

FIGURE 6: UV-vis spectra of cobalt(II) binding toPaDDAH. (A)
UV-vis difference spectra are determined by subtracting the
spectrum of apoPa DDAH from samples containingPa DDAH
(260 µM) and 40, 160, 320, 470, and 540µM CoCl2, resulting in
increasing absorbance values. (B) Increases in absorbance at 340
nm (b) and 600 nm (9) upon the addition of CoCl2 to Pa DDAH
are fit as described in the Materials and Methods to yield apparent
extinction coefficients ofε340 (860( 30 M-1 cm-1) andε600 (270
( 10 M-1 cm-1) and aKd (80 ( 20 µM) for cobalt(II) binding.
(C) UV-vis difference spectroscopy subtracting the spectrum of
apo C249SPa DDAH from samples containing C249SPa DDAH
(190µM) and 220, 430, and 640 mM CoCl2. Some precipitation is
observed at higher CoCl2 concentrations as evidenced by the
increase in the baseline.
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interpretation of these pH-rate profiles is that they reflect
ionization of essential groups in the enzyme-substrate
complex and that the apparent pKa of the ascending limb is
due to the ionization of Cys249, which would be expected
to have a substantially shifted pKa value when the positively
charged guanidinium of the substrate is held in close
proximity. If this interpretation is correct, then binding of
the substrate would be responsible for lowering the Cys249
pKa value by 2.8 units (from 8.9 to 6.1) reflecting a∆∆GKa

of 3.8 kcal/mol, similar to the typical range of∆∆G values
(3-5 kcal/mol) reported for buried salt bridges (29) and
smaller than the 5-6 pH unit shift seen in the imidzaolium-
thiolate ion pair of most cysteine proteases (42). It is likely
that the active-site Glu65 and Asp66 residues could attenuate
the full positive charge of bound ligands.

Alternatively, instead of reflecting the ionization of
particular groups, steady-state pH-rate curves can also reflect
kinetic pKa values, which are instead due to changes in the
rate-limiting step of the overall reaction (29). This seems
likely for S-methyl-L-thiocitrulline, which has a slope
considerably less than 1. A change in the rate-limiting step
may also occur withNω-methyl-L-arginine. Acid-quenched
steady-state reactions withNω-methyl-L-arginine show that
at low pH values (5.5) only the unmodified enzyme is present
(Figure 3A) but, at higher pH values (8.0), a significant
amount of covalent adduct is detected (Figure 3B). Ac-
cumulation of the covalent adduct at higher pH values
suggests that intermediate decay becomes at least partially
rate-determining under these experimental conditions. None-
theless, these results are still consistent with the activation
of the catalytic nucleophile in the saturated enzyme at pH
values lower than the pKa determined for Cys249 in the
resting enzyme. It should be noted that, at the pH optimum
of Pa DDAH, we are able to trap a covalent adduct that
accumulates during steady-state turnover ofNω-methyl- and
asymmetricalNω,Nω-dimethyl-L-arginine (parts B and C of
Figure 3), indicating that the proposed covalent intermediate
can be trapped using naturally occurring substrates and not
only with an activated artificial substrate (20). Reactions with
S-methyl-L-thiocitrulline show a similar pH-dependent in-
crease in the amount of trapped intermediate, but the presence
of some intermediates at low pH and the nonzero plateau of
the kcat pH curve may indicate that the neutral thiol retains
a lower level of activity toward this activated substrate. The
varying peak ratios of the unmodified to the intermediate-
trapped enzyme in these steady-state trapping experiments
are likely due to differences in the rates of intermediate
formation and will be explored in future transient kinetic
studies.

A direct approach was used to confirm that binding of
cationic ligands can induce deprotonation of Cys249. Dif-
ference UV-vis spectroscopy ofPaDDAH with a positively
charged ligand bound and with a neutral ligand bound is
used to reveal differences in the protonation state of cysteine.
Toward these ends, we demonstrate thatL-lysine, which has
a positively charged side chain at pH 7.3, can serve as a
competitive inhibitor ofPa DDAH. A competitive inhibitor
with a neutral side chain,L-citrulline, has already been
reported forPa DDAH (19, 24). This pair of ligands was
used for UV-vis difference spectroscopy and shows that
binding a cationic ligand to wild-typePa DDAH results in
an increase of absorbance near 240 nm relative to the binding

of a neutral ligand, and the magnitude of this increase is
consistent with the deprotonation of one cysteine side chain
(Figure 4). Difference spectroscopy of these two ligands with
a C249S mutant showed no such change, indicating that this
thiolate is formed at the active site. These results directly
show that binding a positively charged ligand stabilizes the
anionic form of Cys249 and are consistent with a substrate-
assisted mechanism, where binding of a cationic ligand
lowers the pKa of the active-site cysteine, favoring depro-
tonation and activation of this residue as a catalytic anionic
nucleophile. It has not yet been determined whether a general
base assists in deprotonation of this thiol or if the proton is
lost directly to the solvent.

We also investigated whether binding cationic metal ions
could stabilize the anionic Cys249 thiolate. Various divalent
metals have been reported as inhibitors of mammalian
DDAH isoforms (13, 14) and also of human peptidylarginine
deiminase (22). Here, we report that zinc(II) can inhibitPa
DDAH with an estimatedKi of 4 µM. Bovine DDAH-1
appears to be much more sensitive to zinc inhibition with a
dissociation constant of 4.2 nM (13). Knipp et al. propose
that, upon significant conformational rearrangement, a zinc-
binding site in bovine DDAH-1 is formed, which consists
of the active-site cysteine (bovine Cys273) that corresponds
to Pa DDAH Cys249, a distant cysteine (bovine Cys221)
that is also conserved inPa DDAH (Cys205), and two N/O
ligands, with no evidence for a coordinating histidine (9, 13).
Because of the large difference in zinc affinity observed
between bovine and bacterial DDAH isoforms, we used
EXAFS to determine whether the inhibitory metal ion is
bound at the active-site Cys249 ofPa DDAH or at a distant
site.

The EXAFS data clearly indicate the presence of one
cysteine thiolate and one histidine imidazole in the coordina-
tion sphere of the inhibitory zinc ion. The overall average
bond length is most consistent with four coordination of the
zinc ion, with the two remaining ligands most likely being
water molecules or neighboring carboxylates, although no
clear Zn-C interaction could be identified in the EXAFS.
The unusually short Zn-S bond length is consistent with
direct coordination to the active-site cysteine, reflecting the
nucleophilicity of the DDAH active-site sulfur.

Building on the experimental finding that the zinc-binding
site ofPaDDAH contains one cysteine residue, one histidine
residue, and two (N/O) ligands, the structure ofPa DDAH
(19) was used to find pairs of cysteine and histidine residues
that occur close in space without requiring significant
conformational rearrangement. Using this criteria, only two
pairs of cysteine and histidine residues were identified as
likely zinc-binding sites: the active-site Cys249/His162 pair
and a Cys74/His148 pair that is found more than 20 Å from
the active site and is also distant from the dimerization
interface (47). To determine which of these two possible sites
may be responsible for inhibitory metal binding, we used
cobalt(II) as a spectroscopic probe. Thiolate-cobalt(II)
interactions result in the appearance of a ligand-to-metal
charge transfer (LMCT) band near 340 nm (37-39). Hence,
UV-vis spectroscopy was used to follow absorbance
changes because of the binding of cobalt(II) toPa DDAH.
Using this method, an increase in absorbance at 340 nm was
observed with a magnitude consistent with cobalt(II) binding
to one thiolate (Figure 6). Also, the weak features observed
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between 500 and 650 nm upon cobalt(II) binding toPa
DDAH are indicative of Laporte-forbidden cobalt(II) d-d
transitions and have an extinction coefficient of 270 M-1

cm-1, consistent with a 4- or 5-coordinate cobalt(II) site (37,
38, 40, 41). The apparent dissociation constant for cobalt-
(II) appears to be higher than that measured for zinc(II);
however, cobalt is often used as a spectroscopic probe for
zinc-binding sites, and differences in affinity between these
two metals are not unusual. Notably, when difference
spectroscopy of a C249S mutant is measured (Figure 6), no
LMCT band is observed upon the addition of cobalt(II),
indicating that the active-site Cys249/His162 pair is the major
metal-binding site inPaDDAH. Therefore, binding of metal
ions to the bacterialPaDDAH leads to inhibition of substrate
turnover by competing for binding near the active-site
residues, Cys249 and His162, and not to a more distant site
as postulated in the mammalian bovine DDAH isoform (9).
Importantly, binding of this cationic metal ion can also
stabilize the active-site cysteine thiolate as evidenced by the
appearance of the LMCT band, which requires a thiolate
anion (37, 38, 40). In summary, binding cationic ligands at
the active site can stabilize the formation of the anionic
Cys249 thiolate.

The pH-rate behavior can also provide additional insight
into the DDAH catalytic mechanism. Thekcat pH profiles
for the two substrates tested here are markedly different at
alkaline pH values. Thekcat values ofNω-methyl-L-arginine
show a descending limb with an apparent pKa of 9.4, but
those ofS-methyl-L-thiocitrulline do not have a correspond-
ing descending limb (Figure 1B). The major difference
between these two substrates is their respective leaving
groups, methylamine and methanethiol. While the methyl-
amine leaving group likely requires protonation prior to or
concomitant with C-N bond cleavage, protonation of the
methanethiol leaving group may not be essential. This
difference in leaving groups is likely reflected in their
different response to changes in pH, with hydrolysis ofNω-
methyl-L-arginine slowing under alkaline conditions because
of a lack of protonation of the leaving group. A similar
technique of installing a thiol leaving group to overcome
the need for general-acid catalysis was recently used in the
study of hepatitis delta virus ribozyme (48). The residue
responsible for protonating the leaving group duringPa
DDAH catalysis has been proposed as His162 based on the
crystal structure of the enzyme (19). This residue is well-
placed to serve as a general acid during turnover. After the
His162 residue protonates the leaving group, it may also play
a second role as a general base to deprotonate a crystallo-
graphically observed water molecule, generating hydroxide
for hydrolysis of the covalent thiouronium intermediate. This
proposal is consistent with structural overlays ofPa DDAH
and Mycoplasma argininiarginine deiminase (16). When
overlayed, a crystallographic water molecule inPa DDAH
nearly superimposes with one of the terminal heteroatoms
of the trapped tetrahedral intermediate in arginine deiminase,
indicating that the observed water is indeed well-placed for
attack on the covalent intermediate.

These two proposed roles for His162 inPa DDAH
catalysis can be tested experimentally. A mutant protein
lacking this active-site histidine should be incapable of
substrate turnover [as was previously reported for a H162N
mutant (19)] but should be able to accumulate a stable

intermediate under certain conditions. If protonation of the
leaving group is not required for bond cleavage (as is
expected forS-methyl-L-thiocitrulline), then a mutant protein
lacking His162 should accumulate a stable thiouronium
adduct because the mutant would not be able to generate a
hydroxide for intermediate hydrolysis. However, if proto-
nation of the leaving group is required (as is expected for
Nω,Nω-dimethyl-L-arginine), then no covalent adduct should
accumulate because the leaving group would not be suf-
ficiently stabilized by the mutant protein and the overall
reaction would be blocked at an earlier step. This proposal
was tested by incubating a H162GPa DDAH mutant with
S-methyl-L-thiocitrulline, which resulted in the accumulation
of a stable covalent adduct that does not decay (Table 1).
Incubation of the H162G mutant with the cationic inactivator
2-chloroacetamidine results in facile labeling of Cys249 (25),
suggesting that His162 is not essential for maintaining the
nucleophilicity of Cys249 as would be the case in a pre-
formed ion-pair mechanism. In contrast to the results using
S-methyl-L-thiocitrulline, incubation of the H162G mutant
with Nω,Nω-dimethyl-L-arginine does not result in the ac-
cumulation of a covalent adduct (Table 1). These results are
consistent with a dual role for His162 in the catalytic
mechanism ofPaDDAH: this residue could act as a general
acid to protonate the leaving group of the substrate and
subsequently as a general base to deprotonate a water
molecule for hydrolysis of the covalent thiouronium inter-
mediate.

Just as cationic ligand binding can stabilize deprotonated
Cys249, the positive charge of the thiouronium intermediate
may also lower the pKa of the hydrolytic water molecule in
the second half of the reaction to assist deprotonation by
His162. The pKa values (49) of methylguanidine (13.4) and
S-methylthiourea (9.8) can be used to estimate the change
in pKa from the guanidine group of the substrate to the pKa

of the covalent thiouronium intermediate. This comparison
predicts a decrease of 3.6 units from that of the free substrate
upon intermediate formation, resulting in a thiouronium
adduct that is still positively charged at physiological pH
values. The presence of active-site carboxylates including
Glu65 and Asp66 may also attenuate this charge. Experi-
mental work with another superfamily member, arginine
deiminase, suggests that retaining a positive charge in the
covalent intermediate may be important for intermediate
hydrolysis. Arginine deiminase can hydrolyzeL-canavanine
as a slow substrate with a particularly stabilized covalent
intermediate that is only very slowly hydrolyzed to release
product (50). The pKa of L-canavanine (7.01) is significantly
lower than that of arginine (49). If the pKa drops an additional
3.6 units upon intermediate formation, then the resulting
covalent intermediate would be neutral at physiological pH
values, would be much less electrophilic, and would not be
able to favorably perturb the pKa of the adjacent hydrolytic
water molecule to facilitate hydrolysis, consistent with the
long lifetime (50) of this intermediate. These experimental
results argue that the positive charge of both the substrate
and the intermediate plays an important part in the mecha-
nism of these proteins.

Additionally, the substrate-assisted mechanism ofPa
DDAH may partially explain why this enzyme only catalyzes
hydrolysis of substituted guanidines to ureas and does not
catalyze the subsequent hydrolysis of substituted ureas to
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amines, a reaction that is catalyzed byN-succinylarginine
dihydrolase (51), another amidinotransferase superfamily
member. In the case ofPa DDAH, after formation of the
neutral product citrulline, there would be no cationic charge
left adjacent to the Cys249 to facilitate the activation of this
nucleophile. Presumably, dihydrolases have alternative mech-
anisms for catalyzing hydrolysis of neutral substrates. As
discussed elsewhere, the ionization properties of active-site
residues in this superfamily of proteins appear to be very
interdependent (52), and further studies will be required to
understand exactly how the interplay of these residues
promotes catalysis.

The results presented here support a substrate-assisted
catalytic mechanism forPaDDAH (Scheme 2) in which the
active-site cysteine remains neutral until binding of a cationic
substrate depresses the Cys249 pKa sufficiently to trigger
deprotonation and activation of this thiolate nucleophile. The
proton from Cys249 is lost either to the solvent or to an
unidentified general base. The active-site His162 appears to
play a dual role in the mechanism: first, as a general acid
to protonate the leaving group and, subsequently, as a general
base to generate a hydroxide for hydrolysis of the covalent
intermediate. In addition to providing a binding site for the
substrate, these two residues also form a binding site for
inhibitory metal ions that can stabilize the active-site thiolate.
Many of the active-site residues are strongly conserved
throughout the amidinotransferase superfamily, but it is not
yet known whether other superfamily members also use
substrate-assisted mechanisms. Despite conserved active-site
residues, the pH-rate behavior of these superfamily members
can be quite different. For example, arginine deiminase from
P. aeruginosashows optimum catalysis at pH values less
than 6 (52); arginine deiminase fromMycoplasma arthritidis
can function at pH values above 7 (53); and human
peptidylarginine deiminase-4 has a narrow pH optimum at
7.6 (22). Even other DDAH isoforms such as those from a
cow (13) and rat (54) appear to have different pH behavior
than the bacterial DDAH studied here. Therefore, the
generality of this mechanism is yet to be determined.

Ligand-induced cysteine deprotonation should be consid-
ered in the design of covalent inhibitors that target the active-
site cysteine of related enzymes. For example,Pa DDAH
inactivation rates are significantly higher for 2-chloroaceta-
midine at neutral pH than for iodoacetamide, despite the
presence of a worse leaving group (data not shown). The

related fluoroacetamidine affinity labels are much better
inhibitors of peptidylarginine deiminase than their neutral
analogues (55), and the possible role of electrostatics in the
inhibition of arginine deiminase by canavanine has been
proposed here and elsewhere (50). In addition to its
importance to inhibitor design, the substrate-assisted mech-
anism ofPa DDAH may have physiological significance.
S-Nitrosylation has been suggested as a physiological regula-
tion mechanism of mammalian DDAH isoforms (8, 9).
However, neutral thiols are much less reactive to oxidation
and nitrosation than anionic thiolates, suggesting that the
neutral cysteine residue found in the resting state of this
bacterial DDAH may be more resistant to inhibition by
cellular oxidants than would be the case if this enzyme used
a pre-formed ion pair in its mechanism. DDAH isoforms
also appear to have significant differences in the coordination
and affinity of inhibitory metal ions, and these differences
could have physiological relevance. Further studies will be
required to understand the origin and ramifications of the
functional differences between amidinotransferase super-
family members.

It should be noted that the use of ligand-assisted cysteine
deprotonation has also been proposed in unrelated enzymes.
For example, recent studies of ubiquitin-conjugating enzymes
suggest that a catalytic cysteine nucleophile is not deproto-
nated until the substrate is bound, and this mechanism was
suggested to protect against nonspecific mistargeting of
cellular proteins for degradation (56). The work presented
here provides a clear example of one enzyme in the
amidinotransferase superfamily,Pa DDAH, that uses a
substrate-assisted mechanism to modulate the reactivity of
an active-site cysteine nucleophile.

SUPPORTING INFORMATION AVAILABLE

Figure S1, showing competitive inhibition ofPa DDAH
by L-lysine, and Figure S2 and experimental details, showing
substrate protection against inactivation ofPa DDAH by
iodoacetamide. This material is available free of charge via
the Internet at http://pubs.acs.org.
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