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ABSTRACT: The enzymes dimethylargininase [dimethylarginine dimethylaminohydrolase (DDAH); EC
3.5.3.18] and peptidylarginine deiminase (PAD; EC 3.5.3.15) catalyze hydrolysis of substituted arginines.
Due to their role in normal physiology and pathophysiology, both enzymes have been identified as potential
drug targets, but few useful inhibitors have been reported. Here, we find that 2-chloroacetamidine
irreversibly inhibits both DDAH fromPseudomonas aeruginosaand human PAD4 in a time- and
concentration-dependent manner, despite the nonoverlapping substrate specificities and low levels of amino
acid identity of their catalytic domains. Substrate protection experiments indicate that inactivation occurs
by modification at the active site, albeit with modest affinity. Mass spectral analysis demonstrates that
irreversible inactivation of DDAH occurs through selective formation of a covalent thioether bond with
the active-site Cys249 residue. The mechanism of inactivation by 2-chloroacetamidine is analogous to
that of chloromethyl ketones, a set of inhibitors that have found wide application because of their specific
covalent modification of active-site residues in serine and cysteine proteases. Likewise, 2-chloroacetamidine
may potentially find wide applicability as a general pharmacophore useful in delineating characteristics
of the amidinotransferase superfamily.

The amidinotransferase superfamily contains a diverse set
of enzymes, including hydrolases, dihydrolases, and
amidinotransferases, that all use substrates structurally related
to L-arginine (1, 2). Although the particular substrates and
products of these enzymes differ, their catalytic mechanisms
are proposed to proceed through similar covalentS-alkyl-
thiouronium intermediates formed by nucleophilic attack of
an active-site Cys residue (1). Several of the enzymes in this
superfamily have been suggested as potential drug targets
(1-4), but in general, there have been few useful inhibitors
reported (5-8). Here, we will focus on the inhibition of two
diverse members of this superfamily, dimethylargininase
[dimethylarginine dimethylaminohydrolase (DDAH);1 EC
3.5.3.18] and peptidylarginine deiminase (PAD; EC 3.5.3.15).

In humans, DDAH isoforms regulate concentrations ofNω-
methyl-L-arginine (1) and Nω,Nω-dimethyl-L-arginine that
serve as endogenous nitric oxide synthase inhibitors by
hydrolyzing these compounds to citrulline (2) and their
corresponding alkylamine (Scheme 1A) (3). Dysregulation
of nitric oxide production is implicated in numerous disease

states, including septic shock, neuronal damage during stroke,
and angiogenesis (3), so understanding the normal physi-
ological control mechanisms of nitric oxide production is of
significant interest as is the ability to modulate the concen-
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Scheme 1: Hydrolysis Reactions Catalyzed by DDAH (A)
and PAD (B)
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selective inhibition of DDAH activity. The bacterium
Pseudomonas aeruginosa(Pa) also harbors a DDAH (9) that
may be related to its pathogenicity; one report suggests that
nitric oxide may mediate respiratory tissue damage during
infection, an effect limited byNω,Nω-dimethyl-L-arginine
(10), but possibly enhanced byPaDDAH. Hence, inhibitors
for both human and microbial DDAH isoforms are desired.
Inhibitors known to target the active site specifically include
L-citrulline (11, 12), L-homocysteine (6), S-nitroso-L-ho-
mocysteine (5), zinc(II) (13), and synthetic arginine ana-
logues (8). However, few specific irreversible inhibitors have
been described (5).

Human PAD isoforms hydrolyze peptidylarginine residues
(3) to peptidylcitrulline (4) and ammonia (Scheme 1B) and,
unlike DDAH isoforms, are regulated by calcium (4). PAD
activity has been linked to disease states, including multiple
sclerosis and rheumatoid arthritis, and one human isoform,
PAD4, has been under intense study for its reported role in
removing methylamine from nuclear receptor coactivators
and histones previously methylated by the protein arginine
methyltransferases (4, 14-17). Although inhibition of PAD
activity has also been proposed as a therapeutic goal, less
work has been reported describing inhibitory compounds (7,
18). Notably, paclitaxel is a noncompetitive inhibitor of one
mammalian PAD (18).

The amino acid sequences of theR/â propeller domains
of DDAH and PAD are only 18% identical, and as often
observed among diverse members of a superfamily, these
enzymes do not effectively hydrolyze each other’s substrates.
However, both of these enzymes do have strong similarities
at their active sites, including a cysteine residue that is
proposed as the catalytic nucleophile, an aspartate residue
that binds two of the three nitrogens in the substrate’s
guanidinium, and a histidine residue also thought to play a
role in catalysis (Figure 1) (11, 19). Because of these strong
active-site similarities, it is reasonable to propose that a
general inhibitor for this class of enzymes can be developed.
On the basis of the observation that the active-site Cys of
DDAH forms a covalent adduct during turnover by attacking
the substrate (20), we reasoned that placing a good leaving
group on a substrate-like ligand may result in covalent
inactivation. Therefore, 2-chloroacetamidine, having a

substrate-like amidinium group and a chloromethylene
moiety, seemed to be a likely candidate. This compound is
analogous to the chloromethyl ketone inactivators that have
found wide application because of their specific covalent
modification of active-site residues in serine (21) and cysteine
(22) proteases (23, 24). Here, we report that 2-chloroaceta-
midine is indeed an irreversible, time- and concentration-
dependent, active-site-directed inactivator of bothPaDDAH
and human PAD4. The mechanism of DDAH inactivation
is studied in detail, and the process is found to occur by
selective modification of the active-site Cys residue. To our
knowledge, this work describes the first inactivator that
works on diverse members of the amidinotransferase super-
family.

MATERIALS AND METHODS

Materials. Synthetic DNA primers were from Sigma-
Genosys (The Woodlands, TX). Restriction enzymes and
dNTPs were from New England Biolabs (Beverly, MA).
Triplemaster polymerase was from Eppendorf (Westbury,
NY). Qiaquick purification kits were from Qiagen (Valencia,
CA). Glu-C endoproteinase was from Roche (Indianapolis,
IN). 2-Chloroacetamidine was from Lancaster (Windham,
NH). Chelex-100 was from Bio-Rad (Hercules, CA). Unless
noted otherwise, all other chemicals and buffers are from
Sigma-Aldrich Chemical Co. (St. Louis, MO).

Construction of an Expression Vector for Mutant H162G
DDAH, Protein Expression, and Purification.Two comple-
mentary mutagenic oligonucleotides, (forward) 5′-CGCCTG-
GAAAAGGTCCTGggcCTGAAGACCGGGCTCGCC-3′ and
(reverse) 5′-GGCGAGCCCGGTCTTCAGgccCAGGAC-
CTTTTCCAGGCG-3′, were designed to introduce a mutant
codon (lowercase) encoding a H162G mutation in the DDAH
sequence by overlap extension PCR (25). Briefly, a 3′ H162G
megaprimer was produced by PCR amplification from a
pETpaDH template (20) using the forward mutagenic primer
and an outside T7 terminator primer (New England Biolabs)
in an MJ Research (Waltham, MA) PTC 200 thermocycler,
along with dNTPs, Triplemaster polymerase, and Hi-Fidelity
Buffer (Eppendorf), with a temperature program of 95°C
for 5 min, followed by 30 cycles of 95°C for 30 s, 52°C
for 30 s, and 72°C for 1 min. Construction of the 5′ H162G
megaprimer required slightly different conditions to optimize
product. Amplification was carried out by the PCR using
pETpaDH as a template, the reverse mutagenic primer
described above, a specific outside primer described previ-
ously (20), dNTPs, Triplemaster polymerase, and tuning
buffer according to protocols for GC-rich templates (Eppen-
dorf) by using a temperature program of 98°C for 5 min,
followed by 45 cycles of 98°C for 20 s, 53°C for 10 s, and
72 °C for 90 s. After Qiaquick purification, the 5′ and 3′
megaprimers, the specific outside end primers described
previously, dNTPs, Triplemaster polymerase, and tuning
buffer were combined for a PCR with a temperature program
of 98 °C for 5 min, followed by 45 cycles of 98°C for 20
s, 53°C for 10 s, and 72°C for 90 s. The resulting H162G
Pa DDAH coding sequence was subsequently cloned be-
tween theNdeI andEcoRI restriction enzyme sites of a pET-
28a expression vector as described previously (20). Expres-
sion and purification of mutant H162GPa His6-DDAH as
well as C249S and wild-typePaHis6-DDAH were completed
as described previously (20).

FIGURE 1: Active-site comparison of DDAH and PAD. Superim-
posed structures of a citrulline-bound C249S mutantPa DDAH
(coordinates from PDB entry 1H70) andNR-benzoyl-L-arginine
amide-bound C645A mutant PAD4 (PDB entry 1WDA) show close
alignment of active-site residues (11, 19). Labels list the residue
identification numbers of DDAH above those of PAD.
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Construction of an Expression Vector for PAD4.The
human peptidylarginine deiminase-IV (PAD4) coding se-
quence and an additional 75 untranslated base pairs following
the stop codon were amplified from cDNA in an IMAGE
clone template (ATCC 8417075) using PCR and two specific
end primers, 5′-CCGAATTCATGGCCCAGGGGACAT-
TGA-3′ and 5′-CCGAATTCGCGGCCGCGAGCTCTTGCT-
TGCCACAC-3′, that were first described elsewhere (26).
The forward primer contains anEcoRI restriction site
(underlined) followed by 19 bases corresponding to the
coding sequence of the PAD4 gene. The reverse primer
contains aNotI restriction site (underlined) followed by 19
bases corresponding to the 3′-untranslated region. Amplifica-
tion of the PAD4 coding sequence was carried out by PCR
using an MJ Research PTC 200 thermocycler, along with
the primers mentioned above, template DNA, dNTPs, and
Triplemaster PCR reagents, following a temperature pro-
gram: 95°C for 5 min, followed by 30 cycles of 95°C for
30 s, 52°C for 30 s, and 72°C for 1.5 min. The amplified
sequence was purified using a Qiaquick kit, combined with
pGEX-6P1 (Amersham Biosciences, Piscataway, NJ) in a
6:1 insert:vector ratio, and incubated at 37°C for 4 h with
NotI andEcoRI restriction enzymes. The resulting digestion
products were purified using a Qiaquick kit and ligated
together by incubation with T4 DNA ligase (Fisher, Pitts-
burgh, PA) for 10 h at 14°C. The ligation mixture was
concentrated by pellet paint precipitation (Novagen, San
Diego, CA), and Escherichia coli DH5RE cells were
transformed with the resulting plasmid (pGEX-hPAD4) for
purification, sequencing, and storage.

OVerexpression and Purification of PAD4.An overnight
culture (10 mL) of codon-optimizedE. coli Rosetta cells
(Novagen, Madison, WI) harboring the pGEX-PAD4 expres-
sion plasmid was used to inoculate TB medium (1 L)
containing ampicillin (50µg/mL) and chloramphenicol (20
µg/mL) and was incubated in 4 L baffled flasks with shaking
(300 rpm) at 37°C until the cell density reached an OD600

of 1. The cultures were then cooled to 27°C, and isopropyl
â-D-thiogalactopyranoside (0.3 mM) was added to induce
expression. After 15 h of continued expression at 27°C, cells
were harvested by centrifugation and the cell pellets frozen
at -20 °C. Frozen cell pellets from 1 L of culture medium
were resuspended in 300 mL of binding buffer [140 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4

(pH 7.3)] containing 1 mL of a protease inhibitor cocktail
for bacterial cells (Sigma-Aldrich Chemical Co.). Cell
suspensions were sonicated on ice for 10 cycles of a 15 s
pulse followed by a 120 s cooling interval. Cell debris was
removed by centrifugation at 23500g for 30 min. The
resulting supernatant was diluted with 200 mL of binding
buffer, loaded onto a 10 mL glutathione-Sepharose-4 fast
flow affinity resin column (Amersham Biosciences), and
washed with 10 column volumes of binding buffer. The
GST-PAD4 fusion protein was then eluted with reduced
glutathione (10 mM) in Tris-HCl buffer (50 mM) and
dithiothreitol (1 mM) at pH 8.0. Fractions containing active
GST-hPAD4 fusion protein were pooled and dialyzed
against three changes of 4 L of Tris-HCl (100 mM, pH 7.6)
to remove excess glutathione, frozen in 0.25 mL aliquots
(using liquid N2), and stored at-80 °C. From 1 L ofculture
medium, this procedure yields 22 mg of purified GST-
PAD4 fusion protein that is>90% homogeneous as assessed

by SDS-PAGE stained with Pierce (Rockford, IL) GelCode
Blue stain reagent.

Time-Dependent InactiVation of DDAH by 2-Chloro-
acetamidine (5). Purified recombinant His6-taggedPaDDAH
(7.9 µM) was incubated with KCl (100 mM) and 2-chloro-
acetamidine (5, 0-10.5 mM) at pH 6.2 and 25°C in MES
buffer (10 mM) that was previously treated with Chelex-
100 (Bio-Rad) to remove trace metal ions.

To test for time-dependent loss of activity, aliquots were
removed from these incubations at time points (0-40 min)
and diluted into an assay solution containing an excess (1
mM) of the alternative substrate,S-methyl-L-thiocitrulline
(20). The remaining enzyme activity was assayed by detect-
ing methanethiol release upon substrate hydrolysis using
dithiobis(2-nitrobenzoic acid), as described elsewhere (12).
Inactivation rates in preincubation mixtures, including en-
zyme,5, and an excess of the substrateNω-methyl-L-arginine
(10 mM), were assessed to determine whether5 acts at the
active site of the enzyme. To avoid errors inherent in fitting
linearized semilog plots, the observed pseudo-first-order
inactivation rate constants (kobs) were determined by direct
fitting of the inactivation plots to a single-exponential
equation. The resultingkobs values were plotted against
inactivator concentration and directly fit to the equationkobs

) (kinact[I])/( KI + [I]) to obtain KI andkinact values (23). All
fits were calculated using KaleidaGraph (Synergy Software,
Reading, PA). To further assay the irreversibility of inhibition
by 5, fully inhibited DDAH was dialyzed for 24 h at 4°C
with MES buffer (10 mM) and KCl (100 mM) at pH 6.2,
and the resulting activity was assayed as described above.
Control reactions were conducted in parallel to ensure that
uninhibited DDAH retained activity under these conditions.

Time-Dependent InactiVation of PAD4 by5. Incubations
of purified recombinant GST-PAD4 fusion protein (2.4
µM), dithiothreitol (5 mM), CaCl2 (10 mM), and5 (0-30
mM) were tested for time-dependent loss of activity by
removing aliquots (10µL) from inactivation mixtures at each
time point, and measuring the remaining enzyme activity by
diluting into an assay solution (200µL) containing an excess
(5 mM) of substrate,NR-benzoyl-L-arginine ethyl ester, and
dithiothreitol (5 mM) in Tris-HCl buffer (100 mM) at pH
7.6 and 37°C. Activity assays were incubated for 10 min
each and then reactions quenched upon addition of 5µL of
trichloroacetic acid (6 M). Formation of product,NR-benzoyl-
L-citrulline ethyl ester, was assessed by derivatization and
quantification of the resulting chromophore at 540 nm using
a Cary 50 UV-vis spectrophotometer (Varian, Inc., Walnut
Creek, CA) as described elsewhere (12, 27, 28). Assays were
preformed at least in triplicate, and the resulting data were
fit as described above.

Mass Spectral Analysis of InactiVated DDAH and DDAH
Mutants.To characterize any covalent adducts formed during
enzyme inactivation, 30 min incubations of5 (1 mM) with
Pa His6-tagged DDAH were carried out at 25°C under the
same conditions used in the preincubations described above
and quenched with 0.5 M trichloroacetic acid. Similar
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incubations were carried out using the C249S and H162G
mutant DDAH enzymes, and a wild-type DDAH that had
previously been denatured in MES buffer (20 mM) contain-
ing 8 M urea at pH 6.2. Control reactions omitting5 were
also carried out in parallel. Samples were then desalted and
analyzed by ESI-MS on a ThermoFinnigan LCQ (San Jose,
CA) ion trap mass spectrometer as described previously (20).

Identification of a CoValently Modified DDAH Peptide.
To determine the amino acid that is modified by5, the
inactivated DDAH was exchanged into 50 mM ammonium
acetate buffer (pH 4) by being passed through a Sephadex
G-10 spin column, digested with Glu-C endoproteinase, and
the products were analyzed using MALDI-TOF and MALDI-
PSD on an Applied Biosystems Voyager-DE Pro as previ-
ously described (20, 29). Theoretical digest masses were
calculated by the MS-Digest program in the Protein Prospec-
tor suite using two missed cleavages (30).

Incubation of DDAH with 2-Chloroacetamide.Incubations
containing DDAH (30µM), KCl (100 mM), and 3 mM
2-chloroacetamide, a neutral analogue of5, were prepared
at pH 6.2 and 25°C in MES buffer (10 mM) that was
previously treated with Chelex-100 to remove trace metal
ions. To test for time-dependent loss of activity, aliquots were
removed from these incubations at time points between 0
and 15 min and assayed as described above. Control reactions
were completed in the absence of 2-chloroacetamide. All
reactions were performed at least in triplicate, and the data
were fit as described above.

RESULTS

Cloning, Expression, and Purification of Mutant and Wild-
Type DDAH Enzymes.DNA sequencing of the H162G
mutant indicated that the desired mutagenic codon was
successfully incorporated, and no inadvertent mutations were
introduced into the protein coding region. The resulting
vector was used to express mutant H162G DDAH in BL21-

(DE3) E. coli. This mutant, as well as the C249S and wild-
type DDAH, was purified using published procedures (20)
to greater than 95% homogeneity as assessed by SDS-PAGE
and determined to contain less than 0.01 equiv of zinc by
inductively coupled plasma mass spectrometry (Department
of Geological Sciences, The University of Texas) (20).

Cloning, Expression, and Characterization of PAD4.DNA
sequencing of pGEX-PAD4 indicated that there were no
undesired mutations and that the coding sequence for PAD4
was correctly inserted in-frame after the sequence for an
N-terminal glutathione transferase (GST) domain. From this
expression plasmid, the resulting N-terminal GST-tagged
protein was overexpressed inE. coli Rosetta cells (Novagen),
and a single affinity chromatography step resulted in greater
than 90% homogeneous wild-type GST-PAD4 fusion
protein as assessed by SDS-PAGE (Supporting Informa-
tion). The purified fusion protein hydrolyzesNR-benzoyl-L-
arginine ethyl ester withkcat (1.6( 0.1 s-1) andKM (0.95(
0.09 mM) values at pH 7.6 and 37°C similar to those
reported previously for PAD4 without an N-terminal GST
fusion (27), so the affinity tag was retained for the experi-
ments reported here.

Time-Dependent InactiVation of DDAH by 5 and by
2-Chloroacetamide.Preincubation mixtures of DDAH with
5 result in time- and concentration-dependent enzyme
inactivation, withKI andkinact values of 3.1( 0.8 mM and
1.2( 0.1 min-1, respectively (Figure 2). Coincubation with
excess substrate [uninhibited,kcat ) 19 min-1, KM ) 670
µM (20)] protects against inactivation, indicating that5 acts
at the active site of the enzyme. Inhibition is observed after
dilution of the preincubation mixtures into a large excess of
substrate and after dialysis to remove noncovalently bound
inhibitors, consistent with an irreversible mechanism. Pre-

FIGURE 2: Time- and concentration-dependent inactivation of DDAH by5. (A) Exponential fits to the observed inactivation at pH 6.3 and
25 °C by different concentrations of5: 0 (b), 0.05 (9), 0.075 ([), 0.1 (2), 0.15 (filled right triangle pointing left), 0.25 (filled right
triangle pointing right), 0.5 (O), 0.75 (0), 3.2 (]), 3.7 (4), 4.2 (empty right triangle pointing left), 5.3 (empty right triangle pointing right),
8 (equilateral triangle pointing left), and 10.5 mM (equilateral triangle pointing right). The dashed line (1) indicates fits to inactivation by
5 (0.1 mM) in the presence of 10 mM substrate,Nω-methyl-L-arginine. (B) Concentration dependence of the pseudo-first-orderkobs values
for inactivation.
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incubations with the neutral 2-chloroacetamide did not show
any time-dependent inactivation relative to controls.

Time-Dependent InactiVation of PAD4 by5. Inactivation
of PAD4 by 5 occurred withKI andkinact values of 20( 5
mM and 0.7( 0.1 min-1, respectively (Figure 3). Addition
of an excess of substrate (10 mM) to preincubation mixtures
containing PAD4 and5 (15 mM) drastically decreases the
observed inactivation rate, indicating that substrate protects
against inactivation and that5 acts at the active site.

Mass Spectrum Analysis of InactiVated DDAH and DDAH
Mutants. The deconvoluted mass spectrum of a control
reaction mixture that included wild-type DDAH but no
inactivator results in one major peak at 30 499( 10 Da,
matching the mass calculated from the protein sequence, after
removal of the N-terminal methionine residue (30 503 Da)
(Table 1). Fully inactivated DDAH results in one major peak
at a different mass of 30 556( 10 Da, indicating the addition
of a covalent adduct of 57( 10 Da. Incubation mixtures
with 5 and C249S DDAH, or urea-denatured DDAH, does
not result in peaks that differ significantly from that predicted
for the unmodified protein (Table 1). However, incubation
mixtures with5 and H162G DDAH do result in one major
peak at 30 471( 10 Da, indicating a mass increase (56(
10 Da) over control incubations that do not contain inacti-
vator (30 415( 10 Da).

Identification of a CoValently Modified DDAH Peptide.
To determine which amino acid of DDAH is modified during
inactivation, and to obtain a more precise mass of the

covalent adduct, inactivated wild-type DDAH containing the
+56 Da adduct was digested with Glu-C endoproteinase and
the resulting peptides were detected using MALDI-TOF.
Sixteen different peptides were identified by comparison with
peptide molecular masses calculated from a theoretical digest.
The observed peptides cover 66% of the total protein
sequence and include active-site residues Cys249, His162,
Glu114, and Thr165 (Table 2). The digestion mixture also
shows a peptide atm/z 1789.1, which does not correspond
to the mass of any predicted peptide after digestion, but is
56.1( 0.2 Da higher than that of the C-terminal peptide of
DDAH (240YRKIDGGVSCMSLRF254) after digestion by
Glu-C endoproteinase. This proposed adduct is consistent
with the 57( 10 Da adduct found in undigested inactivated
DDAH using ESI-MS. Similar mass increases were not

FIGURE 3: Time- and concentration-dependent inactivation of PAD4 by5. (A) Exponential fits to the observed inactivation of PAD4 at pH
7.6 and 37°C with different concentrations of5: 0 (b), 5 (9), 8 ([), 15 (2), 25 (right triangle pointing left), and 30 mM (right triangle
pointing right). The dashed line (1) indicates fits to inactivation by5 (15 mM) in the presence of 10 mM substrate,NR-benzoyl-L-arginine
ethyl ester. (B) Concentration dependence of the pseudo-first-orderkobs values for inactivation.

Table 1: Summary of Deconvoluted Protein Masses Observed in
ESI-MS Spectra of Control and Inactivated DDAH

DDAH
preparation

theoretical
calc’d

mass (Da)

control incubations
with no inactivator,
observed mass (Da)a

incubations
with 5, observed

mass (Da)a

wild-type 30 503 30 499 30 556
urea-denatured 30 503 30 497 30 495
C249S 30 487 30 478 30 479
H162G 30 423 30 415 30 471

a The masses obtained from deconvoluted ESI-MS spectra are
reported with errors of(10 Da.

Table 2: Summary of Proteolytic Cleavage of Inactivated DDAH
with Endoprotease Glu-Ca

DDAH sequence positions
plus leader (-18 to 0)

calc’d peptide
mass (Da)

observed peptide
mass (Da)b

-18 to 33 5657.4 5656.9
95-105 1324.5 1324.5
95-114 2277.6 2277.5
95-129 3914.5 3914.1
106-114 972.1 972.1
115-129 1655.9 1655.8
130-146 1832.1 1832.1
137-146 1102.3 1102.3
147-158 1282.5 1282.5
159-171 1485.8 1485.8
159-186 3093.6 3093.4
172-186 1626.8 1626.7
211-223 1546.8 1546.8
211-234 2846.4 2846.3
224-234 1318.6 1318.7
240-254 1733.1 1733.0
240-254+ Acamc 1789.2 1789.1

a Comparison of average calculated average peptide masses (MS-
Digest in Protein Prospector) for up to two missed cleavages with
experimental linear MALDI-TOF results. Amino acid numbering is
assigned to match that of Protein Data Bank entry 1H70 (11). b The
mass accuracy is 100 ppm, after smoothing of the spectrum and internal
calibration.c Acam stands for the acetamidine adduct shown in Figure
4.
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observed for any other peptides in the digest, including the
peptide containing the active-site histidine residue (His162).
A control Glu-C digest of DDAH lacking5 did not contain
any signal atm/z 1789, but did contain the unmodified
C-terminal peptide atm/z 1733.

Ions from MALDI post-source decay (PSD) fragmentation
spectra of the modified C-terminal peptide atm/z1789 were
used to provide information about the site of attachment
(Table 3 and Figure 4). Ions found atm/z 84 and 129 are
consistent with the singly charged multiple immonium and
related ions characteristic of lysine and glutamine residues
(31), but are both assigned here as lysine-derived ions (Table
3) because there are no glutamine residues found in the parent
peptide. Theb2-NH3, b5, andy5 daughter ions match those
expected from unmodified peptide. However, ay10* ion is
found as a fragment containing the 56.6( 1.7 Da adduct.
These results localize the adduct to a residue within the
245GGVSC249 sequence. Additional fragmentation shows a
neutral loss of 90 Da from they10* ion, providing additional
information about the site of attachment (see below).

DISCUSSION

On the basis of the active-site similarities of DDAH and
PAD (Figure 1), we proposed 2-chloroacetamidine (5) as a
potential irreversible inhibitor of both enzymes. Preincubation
mixtures ofPa DDAH with 5 result in time- and concentra-
tion-dependent enzyme inactivation, withKI andkinact values
of 3.1 ( 0.8 mM and 1.2( 0.1 min-1, respectively (Figure

2). Inhibition is observed after dilution of the preincubation
mixtures into a large excess of substrate and after dialysis
to remove any noncovalently bound inhibitors, consistent
with an irreversible mechanism. Coincubation with excess
substrate protects against inactivation, indicating that5 acts
at the active site of DDAH. Human PAD4 is also inactivated
by 5 in a time- and concentration-dependent manner, can be
protected from inactivation by excess substrate, cannot be
reactivated upon dilution, and exhibitsKI and kinact values
of 20 ( 5 mM and 0.7( 0.1 min-1, respectively (Figure 3),
indicating that5 is indeed capable of irreversibly inactivating
two diverse members of the amidinotransferase superfamily.
The higherKI values observed with PAD4 may arise from
the conformational flexibility of the active-site Cys and Asp
residues that are known to change position upon binding
calcium and substrate (19).

To determine how incubation with5 leads to enzyme
inactivation, the inhibition of DDAH was studied in more
detail. Electrospray ionization (ESI) mass spectrometry was
used to compare uninhibited and inactivated DDAH. The
deconvoluted mass spectrum of a control reaction without5
results in one major peak at 30 499( 10 Da, matching the
mass calculated from the protein sequence, after removal of
the N-terminal methionine residue (30 503 Da). Inactivated
DDAH results in one major peak at a different mass of
30 556( 10 Da, indicating the addition of a covalent adduct
of 57 ( 10 Da. This mass increase is consistent with the
covalent addition of only 1 equiv of5 with the loss of a Cl-

ion from 5, and a proton from the enzyme (56.08 Da).

On the basis of the known active-site structure of DDAH
(11) and the chemical similarity of5 to chloromethyl ketone
inhibitors, several reasonable inactivation mechanisms can
be proposed. Active-site cysteine or histidine residues are
most commonly targeted by chloromethyl ketones, although
alkylation of other residues has been reported (24). Accord-
ingly, the active-site His162 of DDAH may be covalently
modified by one of the pathways depicted in Scheme 2.
Alternatively, the active-site Cys249 may be covalently
modified by one of the pathways shown in Scheme 3.
Modification of the active-site His would be similar to the
mechanism of chymotrypsin inactivation by (2S)-N-acetyl-
L-alanyl-L-phenylalanylR-chloroethane (21). Modification
of the active-site Cys would be more similar to the mech-
anism of papain inactivation by chloromethyl ketones (22).
To distinguish between these two possibilities, incubations
of 5 with the H162G and C249S mutants of DDAH were
analyzed for their ability to form a covalent adduct in the
presence of either mutation. Both of these mutants are
catalytically impaired and do not show significant turnover
of the substrateNω,Nω-dimethyl-L-arginine (data not shown).
The structure of the C249S mutant has previously been
determined and shows only negligible differences from the
wild-type structure (11). Incubation of the C249S mutant with
5 does not result in formation of a covalent adduct,
suggesting that the nucleophilicity of this residue plays an
important role in the inactivation mechanism (Table 1).
However, incubation of5 with the H162G mutant does result
in formation of the+56 Da covalent adduct (Table 1). This
result indicates that His162 is not required for modification
by 5, making histidine-dependent inactivation mechanisms
(Scheme 2) unlikely.

Table 3: Summary of Major Ions Observed in MALDI-PSD
Fragmentation Spectra fromm/z 1789 Parent Ion
(YRKIDGGVSCMSLRF+ Acam)a

ion calcdm/z observedm/zb

R 70 70
K 84 84
I/L 86 86
K 129 129
Y 136 136
RK-NH3 268.3 268.1
b2-NH3 303.3 302.8
y5 653.8 653.3
b5 676.8 676.4
y10 1057.3 -
y10* + (Acam)a 1113.4 1113.9
y10* - (Acam+ S) 1023.2 1024.0
MH+ - (Acam+ S) 1699.0 1699.1

a Acam stands for the acetamidine fragment shown in Figure 4.b The
mass accuracy is 1500 ppm. Average masses are reported.

FIGURE 4: Summary of the fragmentation pattern from MALDI-
PSD. A 1789 Da peptide showsb2-NH3, b5, y5, andy10* fragments.
The y10* fragment ions have an additional mass shift of 56.6 Da
due to the presence of the acetamidine adduct. Secondary frag-
mentation involving neutral loss of the acetamidine-modified
cysteinyl sulfur implicates Cys249 as the point of attachment.
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To test further the proposed inactivation mechanisms, we
determined which residue of DDAH is modified by5 by
using protease digestion of control and inactivated wild-type
enzyme and subsequent MALDI-TOF MS to identify the
resulting peptide fragments. The linear MALDI spectrum of
inactivated DDAH gives a new peak at 1789.1( 0.2 Da,
corresponding to the mass of a C-terminal peptide containing
the active-site cysteine (240YRKIDGGVSCMSLRF254) with
an adduct of 56.1( 0.2 Da. Similar mass increases were
not observed for any other peptides in the digest, including
the peptide containing the active-site His162, and were not
observed in control incubations lacking5. This result
provides strong evidence that the single covalent modification
observed above is attached to a residue within this peptide,
most likely the active-site Cys249. The 100 ppm mass
accuracy of the MALDI-MS measurements also allows us

to distinguish between a covalent acetamidine adduct with
a calculated mass difference of 56.08 Da (Scheme 3A), and
a covalent acetamide adduct with a calculated mass addition
of 57.06 Da (Scheme 3B) in the singly charged peptide ions.
The acetamide adduct could potentially arise through hy-
drolysis of the amidine either before (Scheme 3B) or after
(not shown) inactivation. Although only a small difference
of 1 Da is predicted between these two adducts, accurate
MS measurements can easily distinguish the 1 Da difference
between arginine and citrulline residues arising from post-
translational modifications (32). Here, the observedm/z
increase of 56.1( 0.2 Da upon inactivation is consistent
with formation of a covalently attached acetamidine adduct
(Scheme 3A) and not consistent with an acetamide adduct
(Scheme 3B). In support of this conclusion, no time-
dependent inhibition was observed upon preincubation of

Scheme 2: Possible Mechanisms for Modification of His162 by5

Scheme 3: Possible Mechanisms for Modification of Cys249 by (A)5 or (B) 2-Chloroacetamide
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DDAH with the neutral 2-chloroacetamide under experi-
mental conditions similar to those used for inactivation of
DDAH by 5.

Ions from MALDI post-source decay (PSD) fragmentation
spectra of the modified C-terminal peptide atm/z 1789
provided additional information about the site of attachment
(Table 3 and Figure 4). Theb2-NH3, b5, andy5 ions match
those expected from the unmodified peptide, but they10*
ion represents a fragment containing a 56.6( 1.7 Da adduct,
further localizing the point of attachment to245GGVSC249.
Additional fragmentation shows a loss of 90 Da from the
y10* ion, representing the loss of the proposed covalent adduct
when secondary fragmentation occurs between a Câ-S bond,
thereby implicating the sole cysteine residue in this peptide,
Cys249 (the active-site cysteine), as the point of attachment
(Figure 4). These results support the proposal that inactivation
of DDAH occurs by either a direct attack of the active-site
Cys249 on the methylene carbon of5, displacing a Cl- ion
and resulting in a stable thioether bond (Scheme 3A, a), or
occurs through a sulfonium intermediate (Scheme 3A, b),
analogous to mechanisms proposed for halomethyl ketone
inactivation of some cysteine proteases (33).

The similarity of 5 to known DDAH substrates, its
saturation inactivation kinetics, and the selective modification
of the active-site Cys but not the four other Cys residues in
Pa DDAH suggest that5, despite its small size, is bound
specifically at the active site of the enzyme, albeit with
modest affinity. In other studies (34-37), 5 has been used
for the chemical rescue of proteins containing Arg (or Lys)
that have been mutated to Cys, but previously (34, 35), and
in this report,5 does not modify cysteine residues nonspe-
cifically, but rather targets cysteine residues with a neighbor-
ing binding site for a guanidinium group, formed either by
mutation, or, in the case of DDAH, by the natural substrate
binding site. To illustrate this point, we found that control
incubation mixtures containing5 and urea-denatured DDAH
do not result in adduct formation (Table 1). Also, the active-
site Cys249 does not react indiscriminately with electrophiles
such as the neutral 2-chloroacetamide or 5,5′-dithiobis(2-
nitrobenzoic acid) (12) when incubated under similar reaction
conditions. Active-site features which are conserved in the
amidinotransferase superfamily (Figure 1) likely allow the
inactivation of PAD4 by5 despite the low level of overall
amino acid identity (18%) between its catalytic domain and
Pa DDAH.

The inactivation of these enzymes by5 is similar to some
chloromethyl ketone-mediated inactivation mechanisms. In
general, the halomethyl ketones have proven to be extremely
helpful in elucidating catalytic mechanisms of purified serine
and cysteine proteases (23), in assaying distinct enzyme
activities in proteomic extracts (38), and in probing bio-
chemical pathways in living cells (39). One can envision
that5 and derivatives thereof may potentially serve a similar
role for the amidinotransferase superfamily. Techniques such
as SAR by NMR (40) and extended tethering (41) have
proved the usefulness of low-affinity fragments in developing
highly effective inhibitors. Hence, structural elaboration of
5 to increase affinity, selectivity, detectability, or bioavail-
ability may allow a wide range of applications. For example,
the DDAH isozymes are thought to be regulated by nitro-
sative stress (5, 42, 43), so the possibility of using derivatives
of 5 to track changes in enzyme activity in complex mixtures

is particularly attractive.
In summary, 2-chloroacetamidine is an active site-directed,

time-dependent inactivator that targets the active-site cysteine
residue of DDAH and likely inactivates PAD4 through a
similar mechanism. These results suggest that5 may serve
as a general pharmacophore for inactivating this superfamily
of enzymes and that incorporation of additional functional
groups could allow a wide range of applications in activity-
based protein profiling (44), investigation of biochemical
pathways and catalytic mechanisms, and the design of future
therapeutics.
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