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ABSTRACT: Protein arginine deiminase 4 (PAD4) is a transcriptional coregulator that catalyzes the calcium-
dependent conversion of specific arginine residues in proteins to citrulline. Recently, we reported the
synthesis and characterization of F-amidine, a potent and bioavailable irreversible inactivator of PAD4.
Herein, we report our efforts to identify the steric and leaving group requirements for F-amidine-induced
PAD4 inactivation, the structure of the PAD4-F-amidine‚calcium complex, and in vivo studies with
N-R-benzoyl-N5-(2-chloro-1-iminoethyl)-L-ornithine amide (Cl-amidine), a PAD4 inactivator with enhanced
potency. The PAD4 inactivators described herein will be useful pharmacological probes in characterizing
the incompletely defined physiological role(s) of this enzyme. In addition, they represent potential lead
compounds for the treatment of rheumatoid arthritis because a growing body of evidence supports a role
for PAD4 in the onset and progression of this chronic autoimmune disorder.

Protein arginine deiminase 4 (PAD4)1 is a 663-amino acid,
74 kDa, human protein whose deiminating activity [Argf
Cit (Figure 1)] appears to be dysregulated in rheumatoid
arthritis (RA). Specific evidence linking the dysregulation
of this enzyme to RA includes the following: (i) The PAD4
gene has been identified as a RA susceptibility locus in the
Japanese and Korean population (1, 2). (ii) PAD4 and Cit-
containing proteins colocalize in RA synovial tissues, and
the level of their expression is correlated to the severity of
the disease (3). (iii) A RA-associated major histocompat-
ibility complex II molecule (HLA-DRB1*0401) binds pref-
erentially to Cit-containing peptides (4). (iv) RA patients
produce autoantibodies that recognize Cit-containing peptides
(5-11), and these autoantibodies can often be detected prior
to the onset of clinical symptoms (12). Although speculative,
it has been suggested that an elevated PAD4 activity causes

an overproduction of deiminated proteins that initially leads
to a break in self-tolerance and eventually causes the immune
system to attack its own tissues (13). On the basis of this
model, we and others have suggested (14-17) that PAD4
represents a novel therapeutic target for RA and that
inhibition of PAD4 would reduce the levels of deiminated
proteins and consequently suppress the immune response
directed toward these antigens.

In addition to its presumed role in RA, PAD4 is thought
to play a regulatory role in a number of human cell signaling
pathways, including differentiation, apoptosis, and gene
transcription (18-22). Of these various pathways, the best
characterized is its incompletely defined role in human gene
regulation. For example, PAD4 deiminates multiple tran-
scriptional regulators, including p300, a histone acetyltrans-
ferase (HAT) (23) that acts as a transcriptional coactivator,
and histones H2A, H3, and H4 (24, 25). Interestingly, the
deimination of p300 and the histone proteins appears to have
opposite effects on transcriptional regulation; i.e., the

† This work was supported in part by the startup funds from the
University of South Carolina Research Foundation (P.R.T.) and National
Institutes of Health Grant DK55274 to M.R.S.

‡ Coordinates and structure factors have been deposited with the
Protein Data Bank as entry 2DW5.

* To whom correspondence should be addressed: Department of
Chemistry and Biochemistry, University of South Carolina, 631 Sumter
St., Columbia, SC 29208. Telephone: (803) 777-6414. Fax: (803) 777-
9521. E-mail: Thompson@mail.chem.sc.edu.

§ University of South Carolina.
| Yokohama City University.
⊥ University of Southern California.
1 Abbreviations: PAD, protein arginine deiminase; Cit, citrulline;

RA, rheumatoid arthritis; BAEE, benzoylL-arginine ethyl ester; BAA,
benzoyl L-arginine amide; DTT, dithiothreitol; GST, glutathione
S-transferase; TCEP, tris(2-carboxyethyl)phosphine hydrochloride;
HEPES,N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid; Orn,
ornithine; Fmoc, 9-fluorenylmethyloxycarbonyl; Dde, 1-(4,4-dimethyl-
2,6-dioxocyclohex-1-yldine)ethyl.

FIGURE 1: PAD4 hydrolyzes the guanidinium group of an Arg
residue to form citrulline (Cit) and ammonia, which is subsequently
protonated to form the ammonium ion. R) peptide backbone.
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modification of p300 enhances its ability to activate the
expression of an artificial reporter construct (23), whereas
the deimination of histones H3 and H4 represses the
expression of genes under the control of the estrogen receptor
(20, 21).

As a part of our ongoing efforts to develop PAD4-targeted
therapeutics, we recently reported the synthesis and charac-
terization of N-R-benzoyl-N5-(2-fluoro-1-iminoethyl)-L-or-
nithine amide [1, F-amidine (Figure 2A)], a PAD4 inactivator
that is significantly more potent than either paclitaxel (IC50

∼ 5 mM) (26) or 2-chloroacetamidine [kinact/KI ) 35 M-1

min-1 (16)], each a known PAD inhibitor. In vitro studies
with F-amidine revealed that it irreversibly inactivates PAD4
in a calcium-dependent manner via the specific modification
of Cys645 (vide infra), an active site residue that is critical
for catalysis; Cys645 acts as a nucleophile to form a
thiouronium intermediate that is ultimately hydrolyzed to
form Cit. The inhibitory properties of F-amidine have also
been evaluated in vivo, and the results indicate that this
compound is bioavailable (17). In an effort to identify the
effects of warhead positioning and the identity of the leaving
group, we synthesized a series of analogues (compounds
2-9) in which the length of the side chain and the identity
of the halide were systematically varied. Herein, we report
the results of these studies, as well as the identification of a

significantly more potent PAD4 inactivator,N-R-benzoyl-
N5-(2-chloro-1-iminoethyl)-L-ornithine amide [2, Cl-amidine
(Figure 2A)], that like the parent compound is bioavailable.
The structural basis for the inactivation of PAD4 by
F-amidine is also reported.

EXPERIMENTAL PROCEDURES

Chemicals.HOBt, HBTU, and Rink Amide AM resin
(200-400 mesh) were purchased from Novabiochem. Fmoc-
Orn(Dde)-OH, Fmoc-Lys(Dde)-OH, and Fmoc-Dab(Dde)-
OH were obtained from AnaSpec Inc. (San Jose, CA).
Fluoroacetonitrile, chloroacetonitrile, hydrogen chloride (1.0
M in ether), dithiothreitol (DTT), benzoylL-arginine ethyl
ester (BAEE), N-(2-hydroxyethyl)piperazine-N′-2-ethane-
sulfonic acid (HEPES), 1,3-diisopropylcarbodiimide (DIC),
and benzoyl chloride were acquired from Sigma-Aldrich (St.
Louis, MO). Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) was obtained from Fluka.

Synthesis of PAD4 Inhibitors and/or InactiVators. Com-
plete synthetic methods for compounds2-11, as well as their
structural characterization, are available as Supporting
Information. Briefly, the (halo)acetamidine-based PAD4
inhibitors and/or inactivators described herein were synthe-
sized in a manner analogous to that of the synthesis of
F-amidine (17). Briefly, a 9-fluorenylmethyloxycarbonyl
(Fmoc)-protected (main chain) and 1-(4,4-dimethyl-2,6-
dioxocyclohex-1-yldine)ethyl (Dde)-protected (side chain)
diamino acid, e.g., ornithine, is coupled to Rink Amide AM
resin via a standard uronium-based coupling method. Sub-
sequently, the Fmoc group is removed with 20% piperidine
and the resulting freeR-amino group is benzoylated with
benzoyl chloride. The side chain amine was then deprotected
with 2% hydrazine and reacted with either ethyl fluoroace-
timidate, ethyl chloroacetimidate, or ethyl acetimidate hy-
drochloride to form the (halo)acetamidine-based warhead.
The acetimidates are readily derived from their corresponding
acetonitrile derivatives in a one-step synthesis that involves
a reaction between the acetonitrile derivative and ethanol in
acidified ether (1 M HCl in ether) (27). Final compounds
were subsequently cleaved from the resin and purified by
reverse phase HPLC, and their structures were confirmed
by NMR (1H and13C) and HR-ESI-MS.

Protein Purification. Recombinant human PAD4 was
expressed and purified using a previously described expres-
sion system and established methodologies (14).

IC50 and Time Course Assays.IC50 values for compounds
2-11were determined in a manner identical to the methods
used to determine the IC50 for F-amidine,1 (17). IC50 values
were determined by fitting the concentration-response data
to eq 1

using Grafit version 5.0.11 (28). The concentration of an
inhibitor that corresponds to the midpoint (fractional activity
) 0.5) is termed the IC50; [I] is the concentration of inhibitor
or inactivator. The calcium dependence of the IC50 was
determined identically, except that CaCl2 was omitted during
the initial preincubation step and then added (final concentra-
tion of 10 mM) with BAEE to initiate the reaction.

To initially evaluate the inhibitory properties of compounds
H2-, H-, and H4-amidine, progress curves were generated.

FIGURE 2: Structures of (halo)acetamidine-based PAD4 inhibitors
and/or inactivators and potential mechanisms of inactivation. (A)
Structure of BAA and the (halo)acetamidine-based inhibitors and
inactivators of PAD4. (B) Two potential mechanisms of PAD4
inactivation. Mechanism 1 involves direct substitution of the halide,
whereas mechanism 2 involves the formation of a tetrahedral
intermediate, which first evolves into a three-membered sulfonium
ring and subsequently rearranges to the thioether with the collapse
of the tetrahedral intermediate. The latter mechanism is invoked to
account for the poor leaving group potential of fluoride.

fractional activity of PAD4) 1/(1 + [I]/IC 50) (1)
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For these experiments, inhibitors were preincubated for 10
min at 37 °C in assay buffer containing 2 mM BAEE.
Reactions were then initiated by addition of PAD4 to a final
concentration of 0.2µM. At various time points, a 60µL
aliquot was withdrawn from an individual reaction, enzyme
activity quenched by flash-freezing, and the amount of Cit
produced quantified. The data obtained for H2-, H-, and H4-
amidine were fit to a simple linear equation. For Cl-amidine,
values forkinact, KI, andkinact/KI were obtained by multiplying
the apparentkobs.appvalues by the transformation 1+ [S]/Km

to obtain the pseudo-first-order rate constant,kobs (29), and
these values were plotted versus inhibitor concentrations and
fit to eq 2

using GraFit version 5.0.11.kinact is the maximal rate of
inactivation;KI is the concentration of inactivator that yields
half-maximal inactivation, and [I] is the concentration of
inactivator.

Rapid Dilution Time Course Assays.To determine whether
F2-, F4-, Cl2-, Cl-, and Cl4-amidine are irreversible PAD4
inactivators, rapid dilution time course experiments were
performed to test for the recovery of enzymatic activity after
rapid 100-fold dilution of preformed enzyme-inactivator
complexes into assay buffer. For these experiments, the
preformed enzyme-inactivator complex was generated by
incubating PAD4 with F2-, F4-, Cl2-, Cl-, and Cl4-amidine
(6 mM for F2-, F4-, and Cl2-amidine, 250µM for Cl-
amidine, and 3 mM for Cl4-amidine) at 37°C for 30 min.
Reactions were then initiated by adding 6µL of the
preformed complex to assay buffer containing 10 mM BAEE
(final volume of 600µL). At various time points (0, 2, 4, 6,
10, and 15 min), 60µL of the reaction mixture was
withdrawn and quenched by flash-freezing in liquid nitrogen.
Cit production was then quantified according to previously
established methodologies (14).

Dialysis Experiments.To verify that Cl-amidine is an
irreversible PAD4 inactivator, preformed enzyme-Cl-ami-
dine complexes were generated and then dialyzed against
20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 500 mM NaCl, 1
mM DTT, and 10% glycerol. Aliquots were taken at 0, 3.5,
and 20 h, and the activity present in these samples was
quantified and compared to that of control reaction mixtures
that were treated identically.

H-Amidine Inhibition Assays.Initial rates were determined
in the absence and presence of various amounts of H-amidine
(0, 5, and 10 mM), using BAEE as the substrate. BAEE and
H-amidine were preincubated in assay buffer for 10 min at
37 °C. Reactions were initiated by the addition of PAD4 to
a final concentration of 0.2µM. After incubation at 37°C
for 15 min, the reactions were quenched and the amount of
Cit produced was quantified. The initial rates derived from
these experiments were fit by a nonlinear least-squares fit
to equations representing linear competitive inhibition (eq
3) and linear noncompetitive inhibition (eq 4), using GraFit
version 5.0.11.

whereKii represents theKi intercept andKis represents the
Ki slope. Comparisons of the standard errors derived from
fits of the data to eqs 3 and 4 are most consistent with
H-amidine being a linear competitive inhibitor.

In ViVo Studies.Transient transfection assays were per-
formed in a manner analogous to previously described
methods (17, 23). Briefly, transfections were allowed to
proceed for 3 h, at which point, the medium was removed
and replaced with fresh DMEM and 10% FBS. Cl-amidine,
dissolved in 10 mM Na-HEPES (pH 7.0), was then added
over a range of concentrations (from 0 to 200µM).
Luciferase activity present in cell extracts was then quantified
after 40 h. Note that these assays were performed in parallel
to those reported in ref17.

Crystal Preparation and Structure Determination.Crystals
of F-amidine in complex with wild-type PAD4 were prepared
by soaking this compound into previously prepared crystals
of wild-type PAD4. Crystals of the wild-type enzyme were
prepared according to previously established methods (30,
31). Subsequently, these crystals were transferred to fresh
crystallization buffer [0.1 M imidazole (pH 8.0), 0.2 M Li2-
SO4, and 10% PEGMME] containing 5 mM CaCl2 and 5
mM F-amidine for 8 h. Diffraction data were then collected
on BL41XU at SPring-8, indexed, and then scaled using
HKL2000 (32). Crystallographic data are listed in Table 1.
The initial structure of the PAD4-F-amidine‚calcium com-
plex was derived from the atomic coordinates of the
PAD4C645A‚BAA ‚calcium complex (Protein Data Bank
entry 1WDA). The structure was refined at 2.3 Å resolution
using CNS (33), and manual construction was performed
using O (34). At this stage, the F-amidine moiety in the
complex was identified on the|Fo| - |Fc| maps. The structure
was further refined by simulated annealing, energy minimi-
zation, andB-factor individual refinement using CNS and
finally converged after several further cycles of refinement
with REFMAC (35). The final refinement statistics are listed
in Table 1.

RESULTS

Design of PAD4 Inhibitors and/or InactiVators. The initial
design of F-amidine was based in part on its structural

kobs) kinact[I]/( KI + [I]) (2)

V ) Vm[S]/[Km(1 + [I]/ Kis) + [S]] (3)

V ) Vm[S]/[Km(1 + [I]/ Kis) + [S](1 + [I]/ Kii )] (4)

Table 1: Crystallographic Data and Refinement Statistics

crystallographic data
space group C2
cell dimensions a ) 146.3 Å,b ) 60.5 Å,

c ) 115.0 Å,â ) 124.2°
resolution range (Å) 50.00-2.30
no. of total observations 109379
no. of unique observations 31719
completeness (%) 85.0 (47.6)a

Rmerge(%)b 3.4 (19.5)a

〈I/σ(I)〉 15.9
refinement statistics

resolution (Å) 50.00-2.30
Rwork/Rfree (%)c 19.8/25.4
root-mean-square deviation

bond lengths (Å) 0.017
bond angles (deg) 1.706

meanB value (Å2) 56.5
a Values in parentheses are for the highest-resolution shell.b Rmerge

) ∑h∑i|I(h)i - 〈I(h)〉|/∑h∑iI(h)i. c Rwork/Rfree ) ∑||Fo| - |Fc||/∑|Fo|,
where Rwork and Rfree are calculated by using the working and free
reflection sets, respectively.Rfree reflections (5% of the total) were held
aside throughout the refinement.
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homology toN-R-benzoyl Arg amide [BAA (Figure 2A)],
one of the best small molecule PAD4 substrates [kcat/Km )
1.1 × 104 M-1 s-1 (14)], and can be considered to consist
of two major moieties, a fluoroacetamidine-based warhead
and a specificity determinant that was expected to target the
warhead to the active site of PAD4, where it will react with
C645 to form a stable thioether adduct via one of two
potential mechanisms (Figure 2B) (14). To identify PAD4
inhibitors with enhanced potency and to gain insights into
the steric and leaving group requirements for PAD4 inactiva-
tion, we synthesized a series of compounds in which both
the length of the side chain and the leaving group were
varied. The lengths of the side chains ranged from two to
four methylene units, thereby allowing us to evaluate the
importance of positioning to inactivation, and the fluoro
group was replaced with a chloro group. The fluoro group
was also replaced with hydrogen to evaluate the requirement
for a leaving group.2 Three potential scenarios were envi-
sioned for H2-, H-, and H4-amidine [compounds6, 3, and
9, respectively (Figure 2A)], which are detailed here. (i) The
iminium carbon of the acetamidine moiety would not possess
sufficient reactivity with the active site thiolate, and the
compounds would be competitive inhibitors. (ii) The iminium
carbon would react with the active site thiolate to form the
first tetrahedral intermediate and thereby generate a transition
state analogue. (iii) The iminium carbon would react with
the active site thiolate to form the first tetrahedral intermedi-
ate. Subsequently, the intermediate would collapse, resulting
in the loss of benzoylated ornithine, and the formation of an
irreversible imidothioic acid adduct.

Structure-ActiVity Relationships.The inhibitory properties
of compounds2-9 were initially evaluated by determining
the concentration of compound that yielded the half-maximal
activity, i.e., the IC50, and comparing the results of these
studies to the IC50 value obtained for F-amidine; IC50 values
were determined under conditions that were identical to those
used to determine the IC50 for F-amidine. The results of these
initial studies (Table 2) indicated that Cl-amidine is a
significantly more potent inhibitor than F-amidine; the
detailed inhibitory properties of Cl-amidine are discussed
below. Interestingly, H-amidine, the acetamidine-containing
isostere of F-amidine (and BAA), is a very poor inhibitor of
PAD4 (IC50 > 1000 µM). Time course experiments with
H-amidine, and related compounds H2- and H4-amidine
(compounds6 and9, respectively), were linear with respect
to time (see Figure S1 of the Supporting Information),
thereby indicating that on the time scale of these experiments
the acetamidine-bearing compounds are reversible PAD4
inhibitors. Note that even extended incubations (2 h) of
H-amidine with PAD4 did not result in PAD4 inactivation,
and full activity could be restored after overnight dialysis
(not shown). The reversible nature of the inhibition rules
out the possibility that these compounds react with the active
site Cys to form the postulated imidothioic acid adduct. The
fact that these compounds are such poor inhibitors suggests
that an additional electron-withdrawing group is required to

promote reactions between Cys645 and the iminium carbon,
i.e., form the first transition state.

Cl2-, F4-, and Cl4-amidine were also relatively poor PAD4
inhibitors with IC50 values in the 500µM range. To determine
if these compounds were irreversible inactivators, Cl2-, F4-,
and Cl4-amidine were preincubated with PAD4 and then
rapidly diluted into assay buffer containing an excess of
substrate. The results of these experiments (see Figure S2
of the Supporting Information) show no recovery of activity,
suggesting that these compounds are, like F-amidine, ir-
reversible PAD4 inactivators. The fact that compounds with
side chains of two or four methylene units are significantly
less potent inhibitors and/or inactivators than either F-amidine
or Cl-amidine indicates that the proper positioning of the
reactive warhead is critical for reaction with the active site
thiolate.

In contrast to the results obtained for Cl2-amidine, its
isostere, F2-amidine, which contains the fluoroacetamidine
rather than the chloroacetamidine warhead, was a signifi-
cantly less potent PAD4 inhibitor; at 1000µM F2-amidine,
the observed activity was 93% of the control. Consistent with
its lack of potency is the fact that time courses were linear
with respect to time (not shown) and the rapid dilution time
course experiments demonstrated complete recovery of
activity (Figure S2), thereby indicating that this compound
is neither a slow binding nor irreversible inactivator of PAD4.
The finding that F2-amidine does not irreversibly inactivate
PAD4 likely reflects the fact that the side chain of this
compound is too short to appropriately position the fluoro-
acetamidine warhead for reaction of the iminium carbon with
Cys645 via mechanism 2 in Figure 2B; this compound is
unlikely to react via mechanism 1 due to the intrinsically
poor leaving group potential of fluoride. The fact that Cl2-
amidine is an irreversible inactivator could reflect the intrinsic
reactivity of the chloro group or alternatively that chloro-
acetamidines can react with the active site thiolate through
either mechanism 1 or 2 in Figure 2B whereas fluoroaceta-
midines can react through only mechanism 2.

The importance of a positively charged warhead for
inactivator potency was also evaluated by synthesizing the
neutral isosteres of F- and Cl-amidine, i.e.,N-R-benzoyl-
N5-(2-fluoroacetyl)ornithine amide, compound10, andN-R-

2 Note that the compounds’ names are based on the identity of the
leaving group, i.e., Cl, F, or H, and the number of methylene units in
the side chain (two to four). Compounds containing three methylene
units are simply termed Cl-, F-, and H-amidine to remain consistent
with the nomenclature described in ref17.

Table 2: IC50 Values of PAD4 Inhibitors and Inactivatorsa

compound no. IC50 (µM)

F-amidine 1 21.6( 2.1
Cl-amidine 2 5.9( 0.3
H-amidine 3 >1000
F2-amidine 4 >1000
Cl2-amidine 5 585( 65
H2-amidine 6 >1000
F4-amidine 7 655( 100
Cl4-amidine 8 640( 10
H4-amidine 9 >1000
F-acetamideb 10 >500
Cl-acetamideb 11 >500

a IC50 is the concentration of the inhibitor or inactivator that yields
half-maximal activity. IC50 values were determined by preincubating
PAD4 and the inhibitor or inactivator in the presence of 10 mM calcium
for 15 min prior to the addition of 10 mM BAEE to initiate the enzyme
assay. See Experimental Procedures for assay details.b No inhibition
was noted with these compounds even at the highest concentration that
was tested. Higher concentrations could not be tested because of
solubility issues.
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benzoyl-N5-(2-chloroacetyl)ornithine amide, compound11.
IC50 assays were performed with these compounds; however,
no inhibition was noted at even the highest concentration of
compound that was tested, i.e., 500µM, and higher concen-
trations were not tested because of solubility issues. The
simplest explanation for the lack of potency is that these
compounds do not form high-affinity interactions with the
PAD4 active site. This lack of affinity is most likely due to
the lack of a positively charged warhead. The presence of
hydrogen bond acceptors in the warhead, rather than
hydrogen bond donors, as is the case in the acetamidine
warhead, could also account for the lack of affinity.

In Vitro Characterization of H- and Cl-Amidine.The
detailed inhibitory properties of H-amidine and Cl-amidine
were also determined (see below) in an effort to gain
additional insights into both their potency and mechanism
of inhibition. We focused on characterizing these compounds
because they are both isosteric with F-amidine and Cl-
amidine is significantly more potent, whereas H-amidine is
significantly less potent.

To identify the mechanism of H-amidine inhibition, the
steady state kinetic parameters for the deimination of BAEE
were determined in the absence and presence of increasing
amounts of H-amidine. The results of these studies indicate
that H-amidine is a linear competitive inhibitor of PAD4 (see
Figure S3 of the Supporting Information) with aKis in the
low millimolar range (Kis ) 3.2 ( 0.9 mM). The reversible
nature of the inhibition and the lack of potency clearly

demonstrate the significant gains in binding energy that can
be achieved through covalent bond formation.

A series of experiments were also performed on Cl-
amidine. These experiments included assays to (i) evaluate
the calcium dependence of inactivation, (ii) determine if
substrate can protect against inactivation, (iii) confirm the
irreversible nature of the enzyme-Cl-amidine complex, and
(iv) more fully characterize the kinetics of inactivation.
Initially, the calcium dependence of the IC50 was determined.
For these studies, Cl-amidine was preincubated with PAD4
in the absence and presence of calcium, prior to the addition
of BAEE to initiate the enzyme assay; calcium was also
added to the sample preincubated in the absence of this metal
ion to activate PAD4. These experiments were performed
because binding of calcium to PAD4 triggers a conforma-
tional change that moves Cys645 into a position that is
competent for catalysis; thus, if Cl-amidine reacts with an
active site residue, one would expect it to preferentially
inactivate the calcium-bound form of the enzyme. The results
of these experiments, which are depicted in Figure 3A,
indicate that Cl-amidine preferentially inactivates the calcium-
bound form of the enzyme by>10-fold. This result is
consistent with previous results reported for F-amidine (17).

Substrate protection experiments were also performed by
monitoring product formation as a function of time for two
different concentrations of BAEE (2 and 10 mM) in the
absence and presence of Cl-amidine. The results of these
experiments (Figure 3B) clearly establish that the rate of

FIGURE 3: Calcium and substrate dependence of Cl-amidine-induced inactivation. (A) PAD4 was preincubated with increasing concentrations
of Cl-amidine in the absence and presence of calcium and then BAEE added to initiate the IC50 assay. Calcium was also added at this time
to the sample preincubated in the absence of this metal ion to upregulate the activity of PAD4. (B) Substrate protection was assayed by
observing the time-dependent inactivation properties of Cl-amidine (100µM). For these studies, product formation in the presence and
absence of Cl-amidine was quantified as a function of time using two different concentrations of BAEE (2 and 10 mM) as the substrate.

Inhibitors and Inactivators of PAD4 Biochemistry, Vol. 45, No. 39, 200611731



inactivation is higher at the lower substrate concentration.
Thus, substrate can protect against inactivation, consistent
with the preferential modification of an active site residue,
which on the basis of the precedents obtained for F-amidine,
and the related compound 2-chloroacetamidine (16), is most
likely Cys645.

To confirm that Cl-amidine is an irreversible inactivator
of PAD4, rapid dilution time course experiments were
performed with this compound. Briefly, preformed PAD4-
Cl-amidine complexes were diluted 100-fold into assay buffer
containing 10 mM BAEE (7.5Km), and product formation
was monitored as a function of time (Figure 4A). The time
courses showed no recovery of PAD4 activity, consistent
with the irreversible inactivation of PAD4. Dialysis experi-
ments were also performed on preformed PAD4-Cl-amidine
complexes to assay for the recovery of enzymatic activity
over a longer time frame and, thereby, exclude the possibility
that Cl-amidine is a reversible slow binding inhibitor with a
very long half-life. Briefly, PAD4 was incubated with Cl-
amidine to effect enzyme inactivation, at which point the
enzyme-inhibitor complex was dialyzed for 3.5 h and the
buffer exchanged and then dialyzed for an additional 16.5 h
(20 h total). Activity measurements performed before and
after dialysis demonstrated that there was no recovery of
activity at either the 3.5 or 20 h time point, again consistent
with the irreversible inactivation of PAD4 (Figure 4B) and
ruling out the possibility that Cl-amidine is a slow binding
inhibitor.

To further define the inhibitory properties of Cl-amidine,
the rate constants for the inactivation process, i.e.,KI, kinact,

and kinact/KI, were determined. For these studies, product
formation was monitored as a function of time in the absence
and presence of different concentrations of Cl-amidine
(Figure 4C). The nonlinear progress curves were fit to eq 5

whereVi is the initial velocity,kobs is the apparent pseudo-
first-order rate constant for inactivation, and [Cit] refers to
the concentration of Cit produced during the time course.
The pseudo-first-order rate constants were then plotted versus
the concentration of Cl-amidine and the resulting curves fit
to eq 2. Using this analysis (Figure 4D), values forkinact and
KI of 2.4( 0.2 min-1 and 180( 33 µM, respectively, were
determined. The second-order rate constant (kinact/KI ) 13 000
M-1 min-1) is 4.3-fold higher than that observed for
F-amidine (17), roughly consistent with the 3.6-fold decrease
in the IC50 of Cl-amidine relative to that of the fluoroaceta-
midine-containing compound. Thekinact/KI obtained for Cl-
amidine is also 370-fold higher than that obtained for
2-chloroacetamidine, i.e., the warhead alone; thekinact/KI for
this compound (35 M-1 min-1) was recently reported by the
Fast group (16). Because the increase inkinact/KI is mostly
driven by a decrease inKI (20 mM for 2-chloroacetamidine
vs 180 µM for Cl-amidine), the improved inactivation
kinetics most likely result from the inclusion of the benzoy-
lated ornithine portion in the molecule, which would be
expected to provide additional binding energy for the
formation of the initial enzyme‚Cl-amidine complex, thereby
suggesting that further improvements to potency could be

FIGURE 4: Cl-amidine is an irreversible time- and concentration-dependent inactivator of PAD4. (A) Rapid dilution of the preformed
PAD4‚Cl-amidine complex, and controls containing no inhibitor, into assay buffer containing excess substrate did not show any recovery
of activity. (B) Dialysis of preformed PAD4-Cl-amidine complexes for 0, 3.5, and 20 h did not show any recovery of activity. (C) Plots
of product formation vs time in the absence and presence of increasing concentrations of Cl-amidine. (D) Plot ofkobs vs the concentration
of Cl-amidine.

[Cit] ) Vi(1 - e-kobst)/kobs (5)
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gained by tailoring this portion of the molecule to maximize
its interactions with the active site of PAD4.

In ViVo Studies with Cl-Amidine.The PAD4-catalyzed
deimination of the GRIP1 binding domain of p300 (p300GBD)
is known to enhance interactions between p300 and GRIP1,
a nuclear receptor coactivator (23). Because we previously
reported that F-amidine could antagonize this effect in vivo
(17) and because Cl-amidine displays enhanced in vitro
potency, we evaluated its ability to interfere with the PAD4-
mediated enhancement of the p300GBD-GRIP1 interaction.
For these studies, we utilized a previously described mam-
malian two-hybrid assay that monitors the efficiency of the
p300GBD-GRIP1 interaction as well as the effects of PAD4
on this system (Figure 5) (17, 23). Briefly, CV-1 cells were
transiently transfected with plasmids encoding a luciferase
reporter construct, p300GBD fused to the Gal4 DNA binding
domain, the p300 binding domain of GRIP1 (i.e., the AD1
domain) fused to the VP16 activation domain (AD), and
either wild-type PAD4 or the catalytically defective C645S
mutant. Cl-amidine (0-200µM) was then added to the cell
culture medium and the amount of luciferase activity in cell
extracts determined. The results clearly indicate that Cl-
amidine antagonizes the PAD4-mediated enhancement of the
the p300GBD-GRIP1 interaction in a dose-dependent man-
ner, and it is noteworthy that Cl-amidine treatment caused
only a minimal reduction in the efficiency of the interaction
in Cys645S-transfected cells, thereby indicating that the
inhibitory effect of this compound is not a nonspecific one
but is targeted at the active PAD4 enzyme. The small, though
significant, reduction in the efficiency of the p300GBD-
GRIP1 interaction observed in cells transfected with the
C645S mutant, as well as the reduction below baseline
observed with the wild-type construct, likely represents
inhibition of endogenous PAD4 because the efficiency of
the interaction is nearly identical for both wild-type and
mutant PAD4 transfections when identical amounts (100µM)

of Cl-amidine are added (Figure 5). The results depicted here
demonstrate that Cl-amidine is significantly more potent than
F-amidine, consistent with its improved in vitro potency.

Structural Basis for InactiVation.To gain further insights
into the inactivation properties of F-amidine, we determined
the structure of the wild-type PAD4-F-amidine‚calcium
complex (Figure 6). Crystals of the calcium-bound enzyme-
inactivator complex were obtained by soaking calcium-free
crystals in crystallization buffer containing 5 mM CaCl2 and
5 mM F-amidine. Diffraction data were then collected, and
the initial structure was derived by molecular replacement
using the coordinates of the previously determined PAD4‚
BAA ‚calcium complex.

The overall structure of the PAD4-F-amidine‚calcium
complex is comparable to the previously determined structure
of PAD4 bound to calcium and BAA; PAD4 consists of three
contiguous domains that include two immunoglobulin-like
folds that are present in the N-terminal half of the enzyme
and a C-terminal catalytic domain. The major difference
between these two structures is electron density correspond-
ing to a 1.63 Å covalent bond between Sγ in Cys645 and
the Cη atom of F-amidine (Figure 6); the presence of the
electron density for this covalent bond was confirmed by
analyzing the 2Fo - Fc andFo - Fc difference Fourier maps
with contour levels of more than 2σ. In contrast, no electron
density for the fluoride atom was apparent in the structure.
Note that electron density for F-amidine was only detected
at the active site of the enzyme; thus, this compound
specifically inactivates PAD4 by modifying Cys645.

In addition to the presence of electron density for an ideal
1.63 Å Cη-Sγ covalent bond, comparisons of the structures
bound to BAA and F-amidine revealed subtle conformational
changes in the side chain of F-amidine relative to BAA. For
example, in the PAD4‚BAA‚calcium complex, Asp350 forms
hydrogen bonds with both Nδ and Nω1 of the guanidinium
moiety, whereas in the PAD4-F-amidine‚calcium complex,

FIGURE 5: Cl-amidine inhibits the PAD4-mediated enhancement of the p300GBD-GRIP1 interaction in CV-1 cells. (A) Schematic depiction
of the mammalian two-hybrid assay used to evaluate the efficiency of the p300GBD-GRIP1 interaction. (B) CV-1 cells were transfected
with a luciferase reporter construct as well as plasmids encoding the proteins depicted in this panel. The indicated concentrations of Cl-
amidine were added to the cell culture medium and the mixtures incubated for 40 h. Cell extracts were then prepared, and the luciferase
activity present in these extracts was quantified. The catalytically defective PAD4 C645S mutant was also transfected into this system to
demonstrate that the decrease in the strength of the p300GBD-GRIP1 interaction is not a nonspecific effect.
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Asp350 is hydrogen bonded to only Nω1. Moreover, the
distance between Asp473 and Nω1 and Nω2 of the guani-
dinium group is increased in the F-amidine-containing
structure, resulting in the loss of the bifurcated hydrogen
bond network observed in the PAD4‚BAA ‚calcium complex
(Figure 7). The loss of these interactions between the enzyme
and the acetamidine moiety is likely caused by differences
in the torsion and dihedral angles of the warhead that result
upon reaction with the active site Cys; the plane of the
covalently bonded acetamidine moiety is roughly perpen-
dicular to the plane of the guanidinium in the enzyme-
substrate complex. These conformational changes are trans-
mitted through the rest of the molecule and result in the loss
of an additional hydrogen bond between the guanidinium
group of Arg374 and the main chain carbonyl of F-amidine;
Arg374 hydrogen bonds to the two main chain carbonyls of
the substrate in the PAD4‚BAA ‚calcium complex.

DISCUSSION

The deiminating activity of PAD4 has generated wide-
spread interest from both the academic and pharmaceutical
industry because current models predict that this enzyme is
dysregulated in RA, i.e., overactive, and further suggests that
PAD4 inhibitors will treat an underlying cause of the disease
rather than merely treating its symptoms. Building on our
initial success in developing F-amidine, a potent and bio-
available PAD4 inactivator, we synthesized a series of
analogues to identify the effects of positioning and leaving
group identity on inactivation.

The results of our studies clearly indicate that both factors
are critical determinants of inactivator potency. For example,
the fact that F2-, F4-, Cl2-, and Cl4-amidine are significantly
poorer inhibitors than either F- or Cl-amidine is consistent
with the idea that the correct positioning of the warhead is
important for inactivation. The decreased potency observed

FIGURE 6: Structure of the PAD4-F-amidine‚calcium complex. (A) The 2Fo - Fc (blue) andFo - Fc (red) electron density maps of the
active site, with contour levels of 1.0σ and 3.0σ, respectively. PAD4 and F-amidine are shown in stick format, colored yellow and white,
respectively. The green dotted line indicates the electron density for the covalent bond formed between Cys645 and F-amidine. (B) Active
site structure of the PAD4-F-amidine‚calcium complex. F-Amidine and PAD4 are shown in stick format (colored orange and white,
respectively). Red dashed lines indicate potential hydrogen bonds.

FIGURE 7: Structural comparison of the PAD4‚Ca2+‚F-amidine and PAD4‚Ca2+‚BAA complexes.
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for F4- and Cl4-amidine is most likely the result of a
reduction in affinity for these inactivators because the side
chains are too long, which results in disruptions to the
hydrogen bond network that is formed between the backbone
of the inactivator and the main chain carbonyl of Arg639
and the guanidinium group of Arg374. In contrast, the
relative lack of potency observed for Cl2-amidine is likely
due to the inability to correctly position the warhead for
optimal reaction with the active site Cys while maintaining
the aforementioned hydrogen bonding network.

The role of warhead positioning in inactivator potency is
also highlighted by the fact that Cl2-amidine is an irreversible
inactivator whereas F2-amidine is not. These differences
likely reflect the very different leaving group potentials of
fluoride and chloride and suggest that the correct orientation
of the fluoroacetamidine warhead, relative to the active site
Cys, is absolutely required for the reaction of the latter
warhead with this residue. While not definitive, these results
are most consistent with our initial hypothesis (17) that
fluoroacetamidines inactivate PAD4 via an initial attack on
the iminium carbon to form a tetrahedral intermediate that
evolves into a three-membered sulfonium ring prior to its
rearrangement to form the thioether observed in the structure
of the PAD4-F-amidine‚calcium complex. In contrast, the
fact that Cl2-amidine is an irreversible inactivator, combined
with the expected increase in distance between Cys645 and
the chloroacetamidine warhead, suggests that this compound
can inactivate PAD4, albeit with reduced efficiency, via the
direct displacement of the halide, i.e., mechanism 1 in Figure
2. In total, these results indicate that the requirement for a
correctly positioned warhead will have to be taken into
account during the design of inhibitors with improved
potency. This will be especially important for compounds
containing a fluoroacetamidine warhead.

The results described herein also highlight the key require-
ment for an electron-withdrawing leaving group. For ex-
ample, the fact that H2-, H-, and H4-amidine are reversible
inhibitors demonstrates that reaction with the active site
thiolate requires an electron-withdrawing group to enhance
the electrophilicity of the iminium carbon. The lack of
potency observed for these compounds also highlights the
inherent challenges in developing reversible inhibitors target-
ing this enzyme, thereby providing a strong rationale for the
use of the haloacetamidine-based warhead in the development
of a PAD4-targeted therapeutic.

The identity of the leaving group also plays an important
role in inactivator potency. For example, Cl-amidine is a
significantly, ∼4-fold, more potent inactivator than F-
amidine. This likely reflects the greater leaving group
potential of chloride. However, it is interesting to note that
the increase in potency does not fully reflect the greater than
105-fold difference in leaving group potential. The lack of a
more significant effect may reflect the larger size of the
chloro group, which could sterically hinder optimum reaction
with the active site thiolate. Consistent with such a possibility
is the fact that methylated Arg residues are very poor in vitro
substrates for PAD4 (14), presumably because the added bulk
of the methyl group prevents the guanidinium group from
adopting an orientation that maximizes its reaction with the
active site Cys. Thus, the lack of a more significant
improvement in inhibitor potency may be due to an
improperly oriented warhead.

Although structural studies with F-amidine have demon-
strated that this compound specifically modifies Cys645, the
identification of the residue modified by Cl-amidine has
remained elusive; mass spectrometry experiments have failed
to definitively identify the residue modified by the latter
compound. However, our results with F-amidine, combined
with the Fast group’s finding that 2-chloroacetamidine
modifies the active site Cys in DDAH, strongly suggest that
Cl-amidine inactivates PAD4 via the modification of Cys645.
The modification of this active site residue is further
supported by the fact that inactivation is substrate- and
calcium-dependent.

As noted above, the calcium dependence of inactivation
likely arises because PAD4 is a calcium-dependent enzyme
whose in vivo activity can be regulated by the addition of a
calcium ionophore (19). In vitro, calcium binding is known
to cause a conformational change that moves Cys645 and
His471 into positions that are competent for catalysis and
presumably reaction with these inactivators. From a thera-
peutic standpoint, this discovery is highly significant because
it suggests that compounds bearing either the fluoro- or
chloroacetamidine warhead would preferentially modify the
enzyme only in those regions of the body, e.g., the synovial
joints of RA patients, in which PAD4 is activated, thereby
limiting the toxicity that might be expected to result if both
the active and inactive forms of the enzyme were to be
inactivated. The ability to preferentially modify the active
form of the enzyme should also facilitate the development
of biotin-tagged activity-based protein profiling reagents that
can be used to selectively enrich the active form of the
enzyme and thereby identify the numbers and types of post-
translational modifications that this enzyme undergoes in
vivo. These latter experiments are significant because they
will undoubtedly help identify the signaling pathways in
which PAD4 participates and should give clues about how
dysregulation of PAD4 could give rise to RA.

It is also noteworthy that the ease and versatility of the
solid phase synthetic methodology described in this report
will enable the identification of PAD4 inactivators with
enhanced potency and selectivity from focused chemical
libraries, thereby meeting our ultimate goal of developing a
PAD4-targeted pharmaceutical for RA treatment. In conclu-
sion, the haloacetamidine-based inactivators of PAD4,
described herein, are not only lead compounds for the
treatment of RA but also powerful chemical probes that will
ultimately help to identify and decipher the physiological
roles of this enzyme in human cell signaling and how this
relates to the onset and progression of RA.

SUPPORTING INFORMATION AVAILABLE

Figures S1-S3 and synthetic procedures and spectral
characterizations. This material is available free of charge
via the Internet at http://pubs.acs.org.
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