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ABSTRACT: Protein arginine deiminase activity (PAD) is increased in cancer,
rheumatoid arthritis, and ulcerative colitis. Although the link between abnormal
PAD activity and disease is clear, the relative contribution of the individual PADs to
human disease is not known; there are 5 PAD isozymes in humans. Building on our
previous development of F- and Cl-amidine as potent pan-PAD irreversible
inhibitors, we describe herein a library approach that was used to identify PAD-
selective inhibitors. Specifically, we describe the identification of Thr-Asp-F-
amidine (TDFA) as a highly potent PAD4 inactivator that displays ≥15-fold
selectivity for PAD4 versus PAD1 and ≥50-fold versus PADs 2 and 3. This
compound is active in cells and can be used to inhibit PAD4 activity in cellulo. The
structure of the PAD4·TDFA complex has also been solved, and the structure and
mutagenesis data indicate that the enhanced potency is due to interactions between
the side chains of Q346, R374, and R639. Finally, we converted TDFA into a
PAD4-selective ABPP and demonstrated that this compound, biotin-TDFA, can be used to selectively isolate purified PAD4 in
vitro. In total, TDFA and biotin-TDFA represent PAD4-selective chemical probes that can be used to study the physiological
roles of this enzyme.

Over the past decade, aberrant protein citrullination has
emerged as an important post-translational modification

(PTM) that is associated with human disease.1,2 Although this
PTM is best known to be elevated in rheumatoid arthritis
(RA)3 and to a lesser extent multiple sclerosis (MS),4 recent
data suggests that elevated protein citrullination is a hallmark of
multiple additional human diseases including ulcerative colitis
(UC), ankylosing spondylitis (AS), osteoarthritis (OA),
Crohn’s disease, glaucoma, and cancer.1−9 This PTM, which
is generated by the Protein Arginine Deiminases (PADs),
converts peptidyl-arginine into peptidyl-citrulline; as such this
modification is alternatively termed citrullination or deimina-
tion. Among the five PAD isozymes, dysregulated PAD2 and
PAD4 appear to be most associated with the aforementioned
diseases. For example, PADs 2 and 4 are overexpressed in RA,
MS, cancer, AS, OA, and glaucoma.3−9 Furthermore, mutations
in PAD4 are associated with an elevated risk of developing both
RA and Crohn’s Disease.7,10 With respect to RA, a chronic,
inflammatory, autoimmune disease that affects 1% of the
world’s population,11,12 one of the main connections between
dysregulated PAD activity and this disease is the fact that RA
patients produce anticitrullinated peptide antibodies (ACPA)
and these autoantibodies are highly specific for RA.13,14

Additionally, the RA susceptibility locus (HLA-DRB*0401)
binds with strong affinity to citrullinated peptides.15 With
respect to MS, myelin basic protein, which is the main
component of the myelin sheath, is highly citrullinated, and this
increased citrullination is associated with the overexpression of
both PAD2 and PAD4.4,16

In addition to its roles in RA and MS, PAD4 is overexpressed
in a number of tumors including breast adenocarcinomas,
colorectal adenocarcinomas, and endometrial carcinomas, as
well as a variety of cancer derived cell lines.1,6 It has also been
found that PAD4 is present in the blood of cancer patients and
that its levels decrease after tumor resection.6 In total, these
data suggest that PAD inhibition, and in particular the
inhibition of PAD2 and PAD4, represents a novel therapeutic
approach for a host of human diseases.
Previously, we reported the synthesis and characterization of

two of the most potent PAD inhibitors, F- and Cl-amidine.17,18

The structures of these compounds mimic the structure of
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benzoyl arginine amide (BAA), a small molecule PAD
substrate, except that the guanidinium group is replaced with
a haloacetamidine warhead that covalently modifies an active
site Cys that plays a critical role in nucleophilic catalysis.
Inactivation likely proceeds via a multistep mechanism that
involves nucleophilic attack by Cys645 (PAD4 numbering) on
the iminium carbon of the warhead.19 Subsequent protonation
of the resulting tetrahedral intermediate by His471 stabilizes
this intermediate, which helps to facilitate the displacement of
the halide, thus forming the inactivated thioether adduct. F- and
Cl-amidine are active in cells, and most significantly, Cl-amidine
reduces disease severity in animal models of RA, UC, and
neuron degeneration,20−22 thereby helping to validate the
PADs as therapeutic targets. However, both compounds inhibit
all four of the active PAD isozymes (PAD6 activity has not
been detected) with similar IC50 values (Table 1), thereby
illustrating the need for PAD-specific inhibitors that can be
used to address the relative contribution of individual PAD
isozymes to human disease.18,20,23,24 Additionally, such
compounds will be useful chemical probes to dissect their
physiological roles in normal cells. To develop such isoform-
specific compounds, we describe herein the parallel solid phase
synthesis and screening of a 264-member fluoroacetamidine
containing peptide library, which led to the identification of
TDFA as a highly specific PAD4 inactivator (Figure 1).
Inspired by the work of Lawrence and colleagues,25 the

library was synthesized on cystamine-modified Tentagel resin,
which allows for facile cleavage of the linker with DTT to
facilitate in vitro screening of the inhibitors. The X and Y linkers
present in the library (Figure 1A), which explore length,
flexibility, aromaticity, polarity, and ionic interactions, were
coupled to the resin using standard Fmoc-based solid phase
peptide synthesis methods. In the first step of the synthesis
(Supplementary Scheme S1) Boc-protected cystamine dihydro-
chloride was coupled to the Tentagel resin. Once the Boc

group was removed, Fmoc-Orn(Dde) was coupled, the Fmoc
group was removed, and then the resin was divided into 24
tubes where the X linkers were subsequently coupled. Once
again the Fmoc group was removed, and each of the 24 tubes
was divided into 11 wells of a 96-well filter plate. The N-
terminus was acetylated upon removal of the Fmoc group, and
the Dde protecting group of Orn was removed with 2%
hydrazine in DMF. The fluoroacetamidine warhead was then
coupled to Orn, followed by deprotection of the side chains
and cleavage from the resin in DTT-containing HEPES buffer.
Cleavage of the library members into a buffered solution
allowed these inhibitors to be assayed directly after cleavage. To
initially screen the library, individual library members were
preincubated with PAD4 for 15 min, and then residual activity
was measured at a saturating concentration of substrate. Under
these conditions, cystamine modified F-amidine (FASH), the
parent compound, yields 50% inhibition. Compounds that were
more potent than FASH were considered hits. Although these
conditions may discriminate against slow binding inhibitors,
they provide a good balance between increases in potency that
are due to increased affinity versus rate of inactivation, thereby
enabling the selection of inhibitors with improved potency via
an overall increase in the efficiency of inactivation. As can be
seen in Supplementary Figure S1, the results of the screen
identified a number of compounds that appeared to be more
potent than FASH.
The top 10 hits identified from the initial screen were

synthesized on a larger scale and purified by HPLC, masses
were confirmed by MS, and IC50 values were determined
(Supplementary Figure S2). On the basis of the results of the
screen, inhibitor 67 was the most potent compound (IC50 = 1.5
± 0.3 μM) (Figure 1B). Once identified, the amide version of
67, i.e., Thr-Asp F-amidine (TDFA), was synthesized and
characterized (Figure 1B). For this compound, the synthesis
was performed on Rink Amide resin in order to better mimic

Table 1. Summary of Inactivators

PAD1 PAD2 PAD3 PAD4

TDFA
IC50 8.5 ± 0.8 71 ± 4.4 26 ± 7.4 2.3 ± 0.2
KI (μM) ND ND 180 ± 60 16 ± 10
kinact (min

−1) ND ND 0.06 ± 0.009 0.4 ± 0.1
kinact/KI (M

−1 min−1) 1,700 500 400 26,000
fold selectivity 15 52 65 1

TDCA
IC50 2.8 ± 0.2 59 ± 6.6 32 ± 11 3.4 ± 0.5
KI (μM) 60 ± 20 ND 37 ± 16 34 ± 6
kinact (min

−1) 1.2 ± 0.2 ND 0.03 ± 0.004 0.8 ± 0.1
kinact/KI (M

−1 min−1) 21,000 300 920 24,000
fold selectivity 1.1 80 26 1

F-amidine
IC50 30 ± 1.3 51 ± 9.0 ≥350 22 ± 2.1
KI (μM) 110 ± 40 ND 290 ± 190 330 ± 90
kinact (min

−1) 0.30 ± 0.03 ND 0.05 ± 0.01 1.0 ± 0.1
kinact/KI (M

−1 min−1) 2800 380 170 3000
fold selectivity 1.1 8 18 1

Cl-amidine
IC50 0.8 ± 0.3 17 ± 3.1 6.2 ± 1.0 5.9 ± 0.3
KI (μM) 62 ± 11 ND 28 ± 7.3 180 ± 33
kinact (min

−1) 2.3 ± 0.1 ND 0.06 ± 0.005 2.4 ± 0.2
kinact/KI (M

−1 min−1) 37,000 1,200 2000 13,000
fold selectivity 0.4 11 7 1
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the structure of F-amidine.17,18 Significantly, the IC50 value
obtained for TDFA represents an ∼10-fold enhancement in
potency relative to F-amidine. Note that the IC50 values were
almost identical for 67 and TDFA (1.5 ± 0.3 and 2.3 ± 0.2 μM,
respectively), which indicates that the thiol moiety in 67 does
not make a significant contribution to the observed enhance-
ment in potency. Given that the replacement of the fluoro
group in F-amidine with a chloro group led to the more potent
Cl-amidine, we also synthesized the chloro-containing analogue
of TDCA. Interestingly, the IC50 value for this compound,
denoted Thr-Asp Cl-amidine (TDCA) (3.4 ± 0.5 μM), is not
significantly different than that of TDFA (Table 1). We
speculate that the lack of enhanced potency is due to an
inability to properly position the warhead for nucleophilic
attack on the iminium carbon, as we have previously shown that
proper positioning of the warhead is critical for efficient enzyme
inactivation.17,19,23

In order to determine that both TDFA and TDCA
irreversibly inhibit PAD4, an excess of each inhibitor was
incubated with enzyme to form the PAD4·inactivator complex.
After 20 h of dialysis, activity was measured. The results of
these experiments showed no recovery of activity (Supple-
mentary Figure S3), thereby indicating that these compounds
are irreversible inactivators. To ensure that the inability to
recover activity was due to a modification of an active site
residue, substrate protection experiments were performed. For
these experiments, product formation was measured as a

function of time with both TDFA and TDCA at two different
concentrations of substrate. Consistent with the modification of
the active site Cys, the rates of inactivation are considerably
lower at the higher concentration of substrate (Supplementary
Figure S4).
To evaluate inhibitor selectivity, IC50 values were also

determined for PADs 1−3 with both TDFA and TDCA (Table
1). On the basis of the IC50 values, TDFA is ≥4-fold selective
for PAD4 relative to the other PADs. On the other hand,
TDCA inhibits both PAD1 and PAD4 with ≥20-fold selectivity
as compared to the other PADs. Given that IC50 values are
dependent on both the substrate concentration as well as an
isozyme’s affinity for that substrate, we also determined the
kinact, KI, and kinact/KI values for all of the isozymes to better
gauge inhibitor selectivity. For PAD4, the KI, kinact, and kinact/KI
values with TDFA are 16 ± 10 μM, 0.4 ± 0.1 min−1, and
26,000 M−1 min−1, respectively (Supplementary Figure S5).
For TDCA, the KI, kinact, and kinact/KI values are 34 ± 6 μM, =
0.8 ± 0.1 min−1, and 24,000 M−1 min−1, respectively
(Supplementary Figure S5). These values are consistent with
the IC50 values in that they show that TDFA and TDCA are
equipotent PAD4 inhibitors. The KI, kinact, and kinact/KI values
for the remaining isozymes are summarized in Table 1. On the
basis of these results, TDFA inhibits PAD4 with ≥15-fold
selectivity as compared to the other PADs. Most impressively,
this compound inhibits PAD4 over PAD2 with ≥52-fold
selectivity. This shows an improved selectivity when compared

Figure 1. (A) Structure of library compounds. (B) Top hit from the library screen.
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to the first generation inhibitors, F- and Cl-amidine (Table 1).
Interestingly, TDCA inhibits both PAD1 and PAD4 with ≥26-
fold selectivity as compared to PAD3 and an impressive ≥80-
fold selectivity over PAD2. The lack of selectivity between
PADs 1 and 4 likely reflects the greater leaving group potential
of the chloro group and the role that warhead positioning plays
in enzyme inactivation.
To explore the molecular basis for enhanced potency of

TDFA and TDCA, we synthesized the corresponding substrate
analogue, i.e., a peptide with the sequence Ac-TDR-NH2, and
evaluated its ability to act as a substrate for PADs 1, 2, 3, and 4.
Interestingly, this peptide is an excellent substrate for both
PADs 1 and 4 but a relatively poor PAD2 and 3 substrate
(Supplementary Table S1), which is consistent with the data
obtained for the inhibitors. We also determined the structure of
the PAD4·TDFA complex to 2.98 Å resolution. In comparison
to the PAD4·F-amidine complex, the structures are virtually
superimposable (rmsd = 0.367 Å for comparable 623 Cα).
Although electron density was not detected for the Thr residue
in TDFA, the position of the aspartyl group was well resolved
and suggested that the enhanced potency observed with this
compound is due to potential interactions between the Asp
carboxylate and Q346, R374, and R639 (Figure 2). We
confirmed that these residues play a role in TDFA binding by
determining IC50 values for TDFA with the Q346A, R374Q,
and R639Q mutants. The results indicate that the values are
increased by 1.9-, 5.2-, and 2.9-fold, respectively (Supplemen-
tary Table S2). Thus, the enhanced potency is most likely due
to interactions between TDFA and both R374 and R639, as
R374 is conserved in PADs 1 and 4 (it is a glycine in PADs 2
and 3 and an alanine in PAD6) and R639 is unique to PAD4
(R639 is a leucine in PADs 1 and 3, a phenylalanine in PAD2,
and a glutamate in PAD6). This conclusion is supported by the
fact that F-amidine is an equipotent inhibitor of PADs 1 and
PAD4, whereas TDFA preferentially inhibits PAD4 over PAD1
by 15-fold. Although Q346 is also unique to PAD4, the lack of a
more dramatic effect with the Q346A mutant is not altogether
unsurprising as this structure represents a dead-end complex
and indicates that this residue contributes minimally to the
binding of the initial encounter complex.
To evaluate cellular activity, we examined whether TDFA

and TDCA could globally inhibit histone citrullination in HL-
60 granulocytes (Figure 3). The results indicate that
concentrations of TDFA and TDCA as low as 1 nM inhibit
histone citrullination to a greater extent than 100 μM Cl-

amidine. To evaluate histone citrullination on the p21 and
OKL38 promoters, whose expression is known to be repressed
by PAD4,26,27,29 chromatin immunoprecipitation (ChIP)
experiments were performed with MCF-7 cells. Briefly Cl-
amidine was diluted to a final concentration of 10 and 100 μM
in media, whereas TDFA and TDCA were diluted to
concentrations of 1 and 10 μM; PBS was used as a control.
All compounds as well as the PBS control were incubated for
48 h prior to harvesting for ChIP analysis. These results show
that both TDFA and TDCA are at least 10-fold more potent
than Cl-amidine (Figure 3). The enhanced cellular activity
indicates that TDFA and TDCA are more potent than Cl-
amidine both in vitro and in cell culture. It is also noteworthy
that micromolar amounts of TDFA and TDCA were required
to inhibit the citrullination of specific promoters, whereas
nanomolar amounts were required to inhibit global citrullina-
tion. A key difference between these studies is the incubation
time (30 min versus 48 h for the global citrullination and ChIP
assays, respectively), suggesting that TDFA and TDCA may be
subject to time-dependent degradation. Nevertheless, relative to
the 10-fold enhancement in in vitro potency, the ≥100-fold

Figure 2. Crystal structure of PAD4 with TDFA bound. (A) Active site residues of PAD4 with TDFA bound. (B) Overlay of PAD4 with TDFA
(elemental) and F-amidine (green) bound.

Figure 3. (A) Western blot analysis of HL-60 granulocytes treated
with either TDFA, TDCA, or Cl-amidine. (B) Chromatin
immunoprecipitation (ChIP) experiment to demonstrate the effects
of TDFA and TDCA on H3 Cit2/8/17 levels on the p21 and OKL38
promoters. Each ChIP experiment was conducted a minimum of three
times with independent chromatin isolates to ensure reproducibility.
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enhancement to in vivo activity on the shorter time scale may
be due to any one of a number of factors including increased
permeability.
Since TDFA is selective for PAD4, a biotin-conjugated probe

was synthesized (biotin-TDFA) to generate a PAD4-selective
activity-based proteomic probe or ABPP (Figure 4). Consistent
with the fact that the N-terminal Thr does not interact with
PAD4 in the crystal structure, the addition of the biotin moiety
did not affect the IC50 values. To initially evaluate its ability to
selectively isolate PAD4 over PAD2, biotin-TDFA was
incubated with equimolar amounts of PADs 2 and 4 for 1 h.
The reactions were quenched with 6x SDS-loading dye and
separated via SDS-PAGE. Protein was then transferred to a
nitrocellulose membrane and visualized with streptavadin-HRP
(Figure 3). Quantification of the bands using Image J indicates
that biotin-TDFA modifies PAD4 with 18-fold selectivity as
compared to PAD2. These results suggest that biotin-TDFA
will be a useful proteomic probe of PAD4 function. Future
experiments to test its ability to selectively isolate PAD4 in cell
culture are ongoing.
In summary, the synthesis and screening of a 264 compound

library was performed using Fmoc-based solid phase synthesis.
From this screen, a highly potent and selective PAD4 inhibitor
was identified (TDFA) and readily converted into a PAD4-
selective ABPP. This compound will undoubtedly prove to be a
useful tool for studying the in vivo roles of PAD4 in both
physiological and pathophysiological processes. Furthermore, a
unique facet of our approach is our ability to rapidly convert a
PAD selective inhibitor into an ABPP that can be used to
selectively label/isolate a particular PAD.

■ METHODS
Fmoc-protected amino acids and resins were purchased from EMD
(Gibbstown, NJ). PADs 1, 2, and 3 were purified by previously
established methods.23 PAD4 was purified as previously described.28

The peptide Ac-TDR-NH2 was synthesized using the Fmoc approach
and purified by reverse phase HPLC. Complete synthetic methods for
the library and all other compounds described herein are included in
the Supporting Information. Complete methods for the kinetic,

inhibition and cellular activity assays, as well as the structural studies,
are also included in the Supporting Information.
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