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ABSTRACT: The protein arginine deiminases (PADs) are
known to play a crucial role in the onset and progression of
multiple inflammatory diseases, including rheumatoid arthritis,
inflammatory bowel disease, and cancer. However, it is not
known how each of the five PAD isozymes contributes to
disease pathogenesis. As such, potent, selective, and bioavail-
able PAD inhibitors will be useful chemical probes to elucidate
the specific roles of each isozyme. Because D-amino amino
acids often possess enhanced in cellulo stability, and perhaps
unique selectivities, we synthesized a series of D-amino acid
analogues of our pan-PAD inhibitor Cl-amidine, hypothesizing
that this change would provide inhibitors with enhanced
pharmacokinetic properties. Herein, we demonstrate that D-Cl-amidine and D-o-F-amidine are potent and highly selective
inhibitors of PAD1. The pharmacokinetic properties of D-Cl-amidine were moderately improved over those of L-Cl-amidine, and
this compound exhibited similar cell killing in a PAD1 expressing, triple-negative MDA-MB-231 breast cancer cell line. These
inhibitors represent an important step in our efforts to develop stable, bioavailable, and highly selective inhibitors for all of the
PAD isozymes.
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Proteins undergo a host of post-translational modifications,
including acetylation, phosphorylation, methylation, ubiq-

uitination, and citrullination.1 Catalyzed by the protein arginine
deiminase (PAD) family of enzymes, citrullination or
deimination is the hydrolysis of peptidyl-arginine to peptidyl-
citrulline. There are five PAD isozymes in humans and other
mammals (PAD 1−4 and 6), and all five PADs are calcium-
dependent enzymes.2,3 The PADs are distributed throughout
several tissue types, and while all of the isozymes are
cytoplasmic, only PAD2 and PAD4 are expressed in both the
cytoplasm and the nucleus,2−7 where they alter gene tran-
scription via their ability to citrullinate histones H3 and H4.8

The PADs are particularly intriguing given their role in a host
of autoimmune and inflammatory diseases, including rheuma-
toid arthritis (RA), ulcerative colitis, cancer, and Alzheimer's
disease, among others.2,3

We and others have developed a number of halo-
acetamidine-based PAD inhibitors;9−15 the halo-acetamidine
warhead covalently modifies the active site cysteine in the
PADs to irreversibly inhibit enzyme activity. Of the first

generation PAD inhibitors, Cl-amidine has proven most
useful.13 This pan-PAD inhibitor reduces disease severity in
the collagen-induced arthritis (CIA) model of RA,16 as well as
in a mouse model of ulcerative colitis.17 Furthermore, Cl-
amidine was used to confirm that PAD4 plays an essential role
in neutrophil extracellular trap (NET) formation; Cl-amidine
prevents histone citrullination, chromatin decondensation, and
subsequent NET formation.18,19 Further testing and character-
ization of these inhibitors led to the identification of a PAD3
selective inhibitor, Cl-4-amidine.11 With the goal of producing
more potent inhibitors, second generation Cl-amidine ana-
logues were synthesized, using the principles of rational design
and structure−activity relationships. This work determined that
incorporation of an ortho-carboxylate on the benzoyl moiety of
Cl-amidine dramatically increased the potency (by up to 65-
fold) of these inhibitors.9
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Although these compounds are potent PAD inhibitors, their
L-amino acid-based structures leave them potentially susceptible
to proteolysis.20 For this reason, they have relatively short in
vivo half-lives and lose cellular potency quite rapidly. Given the
precedent of utilizing D-amino acids in peptide-based
compounds to improve stability,20−23 we hypothesized that
next generation Cl-amidine analogues incorporating D-amino
acids would produce PAD inhibitors with improved stability
and unique selectivities. To this end, a series of eight D-amino
acid-based Cl-amidine analogues were synthesized and tested
against PADs 1−4 to characterize their potency and selectivity.
The best inhibitors from this series are D-Cl-amidine and D-o-F-
amidine, as they exhibit enhanced selectivity for PAD1 over
PADs 2−4 and improved in cellulo efficacy in MDA-MB-231
cells and show a moderate increase in stability. Herein, we also
report for Cl-amidine, D-Cl-amidine, and D-o-F-amidine the
maximum tolerable dose (MTD) and the results of in cellulo
and pharmacokinetic studies.
Given that F-amidine, Cl-amidine, o-F-amidine, and o-Cl-

amidine have been the most useful PAD inhibitors,9,13 we
initially synthesized their direct derivatives using D-ornithine, as
opposed to L-ornithine, as the starting material (Figure 1 and

Scheme S1 in the Supporting Information). These compounds
are designated D-F-amidine, D-Cl-amidine, D-o-F-amidine, and
D-o-Cl-amidine; the “D” indicates the altered stereochemistry.
To evaluate their in vitro potency, kinact/KI values were
determined for each compound with all four active PAD
isozymes, that is, PADs 1−4 (Figure 2). Note that PAD6 was
not tested because it shows no activity in vitro. On the basis of

this analysis, D-Cl-amidine and D-o-F-amidine are the most
potent and selective compounds from this initial series. For
example, these compounds preferentially inhibit PAD1, by
≥10-fold, with kinact/KI values of 13500 and 12100 M−1 min−1,
respectively (Figure 2). Given the altered stereochemistry and
preference for PAD1, we used dialysis experiments and
competitive activity-based protein profiling (ABBP) to confirm
that they irreversibly inhibit this isozyme (Figures S1 and S2 in
the Supporting Information, respectively). No enzymatic
activity was observed postdialysis, and the compounds
effectively competed labeling by rhodamine-conjugated Cl-
amidine (RCA), an active site-directed ABPP. It should also be
noted that D-Cl-amidine and D-o-F-amidine exhibited sigmoidal
inhibition curves when the inhibition experiments were
performed with PAD1 (Figure S3 in the Supporting
Information). Although this type of inhibition has not been
observed for any other previously reported PAD inhibitor, the
PADs are known to dimerize,24 and it is possible that these
compounds induce intrasubunit cooperativity, via a conforma-
tional change upon inhibition of one subunit of the dimer, that
makes the second subunit more susceptible to inhibition.
Further studies are required to confirm this hypothesis.
Although D-Cl-amidine and D-o-F-amidine are generally less

potent than their L-counterparts, the D-series compounds
exhibit enhanced PAD1 selectivity versus their L-amino acid
counterparts (Figure 2). For example, L-Cl-amidine is only 3-
fold selective for PAD1 over PAD4, whereas D-Cl-amidine
shows roughly 10-fold selectivity between these two isozymes.
The increased selectivity for PAD1 is not restricted to PAD4, as
the inversion of stereochemistry also boosts selectivity against
PADs 2 and 3 to 50- and 200-fold, respectively. Similar
selectivity trends are observed with D-F-amidine, albeit with
reduced potency, consistent with the data for L-F-amidine; the
kinact/KI for PAD1 is only 1220 M−1 min−1. Interestingly, D-o-
Cl-amidine and D-o-F-amidine displayed the opposite potency
trends, with D-o-Cl-amidine showing limited inhibition toward
any of the PADs, whereas D-o-F-amidine was the second most
potent PAD1 inhibitor tested among the D-analogues. Even
though chloride is a better leaving group than fluoride, this
result is not unprecedented (e.g., Thr-Asp-F-amidine shows
higher potency and selectivity than Thr-Asp-Cl-amidine)10 and
likely reflects the steric constraints of the active site favoring the
smaller leaving group, as a result of the inversion of
stereochemistry. More significantly, D-o-F-amidine preferen-
tially inhibits PAD1 by 35-, 3900-, and 225-fold versus PADs 2,
3, and 4, respectively, making it the most selective PAD1
inhibitor ever discovered (Figure 2).
Previous studies demonstrated that the linker length between

the peptide backbone and the halo-acetamidine warhead lends
inhibitors unique selectivity.11 As such, the D-amino acid
versions of Cl2-amidine (two methylene linker) and Cl4-
amidine (four methylene linker) were also synthesized (Figure
1). However, these compounds were quite poor inhibitors
(kinact/KI < 150 M−1 min−1) for all of the PADs tested (Figure
2). This stresses the importance of linker length in the design of
PAD inhibitors, that is, the distance between the halo-
acetamidine warhead, which reacts with the active site cysteine,
and the peptide backbone is critical for potent inhibition. Given
that the carboxylate moiety of L-o-F-amidine and L-o-Cl-
amidine interacts favorably with Trp347 in PAD49 and that
inversion of the stereocenter for the D-amino acid inhibitors
may flip the orientation of the inhibitor in the enzyme active
site, we hypothesized that a negative charge on the C terminus

Figure 1. Structures of D-series compounds.

Figure 2. Inhibitor selectivity. kinact/KI values, determined with purified
enzyme, are displayed graphically and in table format (inset) for the D-
series compounds, as well as certain L-amino acid analogues, indicating
potency and selectivity for PADs 1−4.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml300288d | ACS Med. Chem. Lett. 2012, 3, 1081−10851082



of the D-amino acid inhibitors may increase the potency of
these inhibitors. For this reason, D-Cl-amidine-OH and D-Cl-
amidine-Gly were synthesized (Figure 1). However, these
compounds were also poor PAD inhibitors (Figure 2; kinact/KI
< 230 M−1 min−1). Although this result could suggest that the
inhibitors do not bind to the enzyme in the opposite
orientation, relative to their L-amino acid counterparts,
structural studies will be necessary to confirm their true
binding modes. While D-Cl-amidine-OH turned out to be a
rather poor inhibitor for all of the PADs, it is interesting to note
that for PAD1 the amide isostere is 60-fold more potent. Thus,
if hydrolysis of the C-terminal amide occurs at an appreciable
amount during the initial breakdown of these compounds, the
hydrolysis of this bond in vivo would result in a significant loss
of potency, with consequent effects on in vivo efficacy. The fact
that L-Cl-amidine-OH is also a poor PAD inhibitor (Figure S4
in the Supporting Information) suggests that a similar
breakdown pathway would decrease the in vivo efficacy of Cl-
amidine. Given that core structure of L-Cl-amidine is similar to
benzoyl-arginine amide, a classical substrate for multiple
arginine directed proteases, we hypothesize that the C-terminal
amide may be proteolyzed in vivo.
Having identified D-Cl-amidine and D-o-F-amidine as the

most promising PAD1 inhibitors in this series, we examined the
pharmacokinetics and pharmodynamics of these two com-
pounds. L-Cl-amidine was used as a reference. Initially, we
determined the MTD to examine the physiological effects of
these compounds on mice when given orally. The total body
weight changes, as well as observable changes in physiology of
mice that received varying doses of these compounds, given per
os, are shown in Tables S1−S3 in the Supporting Information.
Many of the mice in these studies exhibited signs of toxicity
(e.g., soft and bloody stool) at higher concentrations of
inhibitor, with the most significant observable toxicity being in
group 6 of L-Cl-amidine, where mice were notably shaking,
anxious, hunching, and breathing heavily from 1 to 4 h after
treatment. Thereafter, such signs and symptoms dissipated, and
these mice developed diarrhea or soft stool that lasted 2−3
days. Mice receiving 100 mg/kg (group 5) and 150 mg/kg
(group 6) L-Cl-amidine had significant weight loss 4 days (96
h) after consuming L-Cl-amidine (Figure 3). However, mice

given D-Cl-amidine or D-o-F-amidine maintained healthy weight
gains, similar to those mice given no compound at all (Figure
3). Given the definition of the MTD (i.e., the highest dose of a
compound that does not cause weight loss or significant sign of
toxicity), we conclude from this study that the MTD of L-Cl-
amidine in mice is 75 mg/kg and the MTD of the two D-series
compounds tested is greater than 150 mg/kg, the highest dose
tested. Although unclear why compounds synthesized from D-
amino acids have higher MTD values, it is possible that
metabolism of L-Cl-amidine generates a toxic metabolite that is
not produced as rapidly for the D-series compounds. We note
that 100 mg/kg of L-Cl-amidine has been given to mice daily by
ip for up to 56 days in our previous studies with no observable
signs of toxicity.16,17

The efficacy of the two most potent inhibitors, D-Cl-amidine
and D-o-F-amidine, were next tested in MDA-MB-231 cells, a
triple negative breast cancer cell line. L-Cl-amidine was again
used as the reference compound. MDA-MB-231 cells were
chosen for these studies because these cells overexpress PAD1
(Figure S5 in the Supporting Information). All compounds
were tested at varying concentrations (i.e., 100, 200, and 400
μM), and various measures of drug efficacy were evaluated (i.e.,
percent cell viability, cell number, and caspase 3 activity; Figure
4) 96 h after administration. Both L-Cl-amidine and D-Cl-
amidine were effective in significantly decreasing cell viability at
concentrations of 200 and 400 μM (P value <0.01; Table S2 in
the Supporting Information). Similarly, both compounds
significantly decreased cell number at a concentration of 400
μM (P value <0.05; Table S2 in the Supporting Information).
Unfortunately, the most selective compound in vitro, D-o-F-
amidine, had little efficacy in cellulo; we observed no effect on
cell viability and only a small decrease in cell number at a
concentration of 400 μM (P value <0.05; Table S2 in the
Supporting Information). The negatively charged carboxylate
likely limits cellular uptake.
To elucidate whether these inhibitors were inducing

apoptosis and/or inhibiting proliferation, caspase 3 and Ki-67
activity was monitored in MDA-MB-231 cells. Increased
caspase 3 activity is a hallmark of apoptosis,25 whereas Ki-67
is required for maintaining cellular proliferation, and a decrease
in Ki-67, only seen during G0 phase, is indicative of cell cycle
arrest.26 All of the compounds tested (i.e., L-Cl-amidine, D-Cl-
amidine, and D-o-F-amidine) had no significant effect on Ki-67
levels (Figure S6 in the Supporting Information). Only
increased amounts of tunicamycin, a positive control of cell
cycle arrest, resulted in a decrease in Ki-67 levels. However,
both L-Cl-amidine and D-Cl-amidine increased caspase 3
activity, similarly, in a dose-dependent manner, with a
significant increase in activity at a concentration of 400 μM
(Figure 4C; P value <0.01; Table S1 in the Supporting
Information). Following the trend seen in cell number and
viability studies, D-o-F-amidine treatment did not result in an
increase in caspase 3 activity.
Taken together, these data indicate that while D-o-F-amidine

is modestly potent and highly selective in vitro, it has poor
efficacy in cellulo. The lack of in cellulo efficacy with this
compound is likely due to poor cellular uptake, which we
hypothesize is caused by the presence of the negatively charged
carboxylate and lack of hydrophobic character. The data also
indicate that although L-Cl-amidine and D-Cl-amidine have
modestly different in vitro potencies toward PAD1 (kinact/Ki =
37000 and 13500 M−1 s−1, respectively), these compounds have
relatively equal in cellulo potencies. The fact that D-Cl-amidine

Figure 3. MTD studies. D-Series compounds are better tolerated in
vivo than L-Cl-amidine in MTD studies. Graph of percent change in
body weight of mice (n = 10) given varying doses of L-Cl-amidine, D-
Cl-amidine, and D-o-F-amidine. A significant decrease (*P value <0.05)
in weight is seen at higher doses of L-Cl-amidine but not with the D-
compounds tested.
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is more selective than L-Cl-amidine suggests that this
compound will be useful for studying in vivo PAD1 activity
because its use will minimize off target effects.
Because the stability of several L-amino acid-based inhibitors

has been improved by synthesizing D-amino acid based mimics,
we next compared the stability and pharmacokinetic properties
of L- and D-Cl-amidine. We focused on D-Cl-amidine because it
is the most potent in cellulo PAD1 inhibitor from the D-series
of compounds. Initially, the stability of L- and D-Cl-amidine was
tested in a murine hepatic microsome stability assay. This assay
utilizes liver microsomes, which possess many of the enzymes
responsible for drug metabolism in vivo, and are a common
initial predictor of drug clearance properties.27 The results from
this assay indicate that both L- and D-Cl-amidine have similar
half-lives (37 and 33 min, respectively) (Figure 5A), indicating
that inversion of the stereocenter did not improve the stability
of Cl-amidine in this assay. The pharmacokinetic properties of
both L- and D-Cl-amidine were then examined in mice by both
intravenous (iv) and intraperitoneal (ip) injection methods
(Figure 5B). These data indicate that L-Cl-amidine, when
administered iv at a dose of 10 mg/kg, is completely degraded

within 2 h. However, D-Cl-amidine, administered by iv at a dose
of 2.5 mg/kg, was still detected after 2 h in serum at a
concentration of ∼21 nM and at 4 h at ∼10 nM. L-Cl-amidine,
administered by ip at a dose of 10 mg/kg, was completely
degraded within 4 h. Similar to the results for iv, D-Cl-amidine
was still observed in the blood serum at a concentration of ∼10
nM at 4 h when administered by ip at a dose of 10 mg/kg.
These data indicate that D-Cl-amidine is significantly more
stable within a mouse model as compared to L-Cl-amidine. This
increase in stability is possibly due to decreased proteolysis of
the inverted stereocenter.
Taken together, these data represent a new class of PAD

inhibitors with increased selectivity for PAD1 and increased in
vivo stability and tolerance. Although found in the skin where it
plays an undefined role in the cornification of the skin, little else
is known regarding the normal and pathological roles of
PAD1.2 Thus, these PAD1 selective inhibitors will be important
tool compounds that can be used to gain insight into the
function of this isozyme. Herein, we have shown that of the
eight D-series compounds synthesized, D-Cl-amidine and D-o-F-
amidine, are moderately potent and highly selective for PAD1
in vitro. MTD studies indicate that these compounds are
tolerated better in animal models than L-Cl-amidine, perhaps
due to their inherent proteolytic stability. Furthermore, we
show that D-Cl-amidine, although less potent in vitro, is equally
potent in cellulo as compared to L-Cl-amidine and shows better
pharmacokinetics. These properties make D-amino acid-based
PAD inhibitors a viable option for improving upon future
classes of compounds. Current efforts are focused on expanding
on these findings to increase the half-life, bioavailability, and
cell permeability of both L- and D-amino acid-based PAD
inhibitors.

Figure 4. Cellular efficacy studies. L- and D-Cl-amidine show equal
potency against PAD1 overexpressing MDA-MB-231 cells, in
decreasing cell viability (A) and cell count (B). (C) Both L- and D-
Cl-amidine increase caspase 3 activity, indicating that inhibition of
PAD1 leads to an increase in apoptosis (*P value <0.05; **P value
<0.01). No significant effects are observed with D-o-F-amidine.

Figure 5. Stability and pharmacokinetic studies. (A) The stability of D-
Cl-amidine in mouse hepatic microsomes is similar to Cl-amidine. (B)
Mean plasma levels of Cl-amidine and D-Cl-amidine in mice over time,
administered by iv and ip injection.
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