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ABSTRACT: Protein arginine deiminase 4 (PAD4) is a Ca2+-dependent enzyme that catalyzes the
posttranslational conversion of arginine to citrulline (Argf Cit) in a number of proteins, including histones.
While the gene encoding this enzyme has been implicated in the pathophysiology of rheumatoid arthritis
(RA), little is known about its mechanism of catalysis, its in vivo role, or its role in the pathophysiology
of RA; however, recent reports suggest that this enzyme can act as a transcriptional corepressor for the
estrogen receptor. Herein, we report our initial kinetic and mechanistic characterization of human PAD4.
Specifically, these studies confirm that PAD4 catalyzes the hydrolytic deimination of Arg residues to
produce Cit and ammonia. The metal dependence of PAD4 has also been evaluated, and the results indicate
that PAD4 activity is highly specific for calcium. Calcium activation of PAD4 catalysis exhibits positive
cooperativity withK0.5 values in the mid to high micromolar range. Evidence indicating that calcium
binding causes a conformational change is also presented. Additionally, the steady-state kinetic parameters
for a number of histone H4-based peptide substrates and benzoylated Arg derivatives have been determined.
Km values for these compounds are in the high micromolar to the low millimolar range withkcat values
ranging from 2.8 to 6.6 s-1. The ability of PAD4 to catalyze the deimination of methylated Arg residues
has also been evaluated, and the results indicate that these compounds are poor PAD4 substrates (V/K e
31.3 M-1 s-1) in comparison to other substrates. These findings suggest that the full-length enzyme does
not catalyze this reaction in vitro and possibly in vivo either. Collectively, the studies described herein
will provide a firm foundation for the future development of PAD4 selective inhibitors.

Protein arginine deiminases (PADs)1 are a group of
calcium-dependent vertebrate enzymes that catalyze the
posttranslational conversion of arginine to citrulline (Argf
Cit) in a variety of different proteins (Figure 1). Recently,
PAD research has come into focus because the gene encoding
PAD4 has been suggested as a susceptibility locus for
rheumatoid arthritis (RA) in the Japanese population (1).
While a conclusive link between PAD4 and RA in French,
German, and English populations has yet to be demonstrated
(2-4), the preponderance of evidence from serological and
biochemical studies suggests that PAD activity, in general,

plays a role in the onset and progression of RA (5-17).
These data include the fact that the RA-associated HLA-
DRB1*0401 MHC class II molecule binds with high affinity
to a Cit-containing peptide (17). While the precise role of
PAD4, and/or other PADs [e.g., PAD2 (5)], in the patho-
physiology of RA is largely speculative, studies suggest that
an elevated PAD activity is disease-causing in at least a
subset of the patient population.

The finding that PAD4 catalyzes the deimination of
histones H2A, H3, and H4 (18, 19) has also drawn the atten-
tion of a broader community of scientists who are interested
in characterizing the role of histone modifications in regulat-
ing gene transcription. In fact, Kouzarides, Coonrod, Allis,
and their colleagues have recently demonstrated that PAD4
acts as a transcriptional corepressor of estrogen receptor
signaling and that the ability of PAD4 to alter gene transcrip-
tion is peculiar to its catalytically active form (20, 21).
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FIGURE 1: Reaction catalyzed by PAD4. R1 ) substrate protein
sequences.
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PAD4 is a 663 amino acid, 74 kDa, protein that was
initially identified as a protein whose expression was induced
in HL-60 cells treated with differentiating agents (22).
However, beyond the research discussed above, little is
known about PAD catalysis, substrate specificity, regulation,
or in vivo role. In fact, the entire PAD family of enzymes
has been poorly characterized at themolecular level; and
while partial enzymatic characterizations of nonhuman PAD
isoforms purified from various tissue sources were performed
in the 1970s and 1980s (e.g., rat epidermis, bovine brain,
rabbit skeletal muscle, and guinea pig hair follicles) (23-
27), these studies failed to address the molecular mechanisms
of catalysis, substrate recognition, regulation, and in vivo
roles of these enzymes using highly purified enzyme
preparations. Furthermore, even though the three-dimensional
structure of PAD4 is known (28), detailed molecular
characterizations of human PAD catalysis, substrate recogni-
tion, and regulation have not been performed.

To begin to redress these deficiencies, we and others (29)
have initiated studies to quantitatively characterize PAD4
activity using purified recombinant enzyme. The information
derived from these studies is expected to aid the design and
synthesis of PAD4 selective inhibitors that can be used to
study the role of histone deimination in physiologically
relevant pathways [e.g., estrogen receptor regulated tran-
scription (20, 21)], as well as the role of this enzyme in the
onset and progression of RA. The development of such
pharmacological tools is important because the in vivo role
of PAD4, and other human PADs, is poorly defined. This is
especially true with regard to their putative role in cell
signaling.

MATERIALS AND METHODS

Chemicals. N-R-Benzoyl-L-arginine ethyl ester (BAEE),
dithiothreitol, HEPES, glutathione, ammonium iron(III)
sulfate dodecahydrate, and Trizma-HCl were acquired from
Sigma (St. Louis, MO).N-R-Benzoyl-L-arginine methyl ester
(BAME) and NG-methyl-L-arginine acetate were obtained
from MP Biomedicals (Irvine, CA).NG,NG′(symmetric)-
dimethyl-L-arginine dihydrochloride andNG,NG(asymmetric)-
dimethyl-L-arginine dihydrochloride were obtained from
Calbiochem (San Diego, CA). Pbf-protected Fmoc-mono-
methyl-L-Arg and Fmoc-NG,NG(asymmetric)-dimethyl-L-Arg
were obtained from EMD Biosciences (Darmstadt, Germany)
and BACHEM (King of Prussia, PA), respectively. Glu-
tathione-Sepharose and PreScission protease were purchased
from Amersham Biosciences (Piscataway, NJ). Diacetyl
monooxime (DAMO),N-R-benzoyl-L-arginine (BA), and
N-R-benzoyl-L-arginine amide (BAA) were obtained from
Acros (Hampton, NH). Thiosemicarbazide was procured
from Aldrich (Milwaukee, MI), and [18O]water (95%) was
obtained from Cambridge Isotopes (Andover, MA). The anti-
modified Cit antibody was from Upstate Cell Signalling
(Lake Placid, NY).

Purification of PAD4. To characterize the molecular
mechanism of PAD4, a recombinant human PAD4Escheri-
chia coli expression system was obtained from the Yamada
group. This expression system (22) encodes full-length PAD4
with an 8-residue N-terminal linker that is fused in frame to
a PreScission protease cleavable GST tag. The predicted
molecular mass of PAD4 including this 8-residue linker is

74879 g/mol. The PAD4 expression construct was trans-
formed into E. coli Rosetta cells (EMD Biosciences) for
protein expression. The GST-PAD4 purification procedure
described herein was adapted from previously described
methods (30). Briefly, overnight cultures were used to
inoculate 4× 2 L of 2YT [16 g/L bacto-tryptone, 10 g/L
bacto-yeast extract, and 5 g/L NaCl], and these cultures were
grown at 37°C and 220 rpm until the cultures reached an
OD600 of 0.6. PAD4 expression was induced by the addition
of IPTG (0.5 mM final) and allowed to proceed overnight
at 16°C and 220 rpm. Cells were harvested by centrifugation
at 5000 rpm for 10 min at 4°C. The pellet was resuspended
in 70 mL of lysis buffer (20 mM Tris-HCl, pH 8.0, 1 mM
EDTA, 1 mM DTT, 10% glycerol, and 0.5 mM PMSF) and
lysed by five cycles of sonication (duty cycle 50%, output
4). The supernatant was immediately applied to a glu-
tathione-Sepharose column preequilibrated with low salt
buffer (20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 mM DTT,
10% glycerol, and 200 mM NaCl). Initial binding was carried
out for 10 min at 4° C with gentle rocking. The column was
washed with 50 mL of low salt buffer, followed by 50 mL
of high salt buffer (20 mM Tris-HCl, pH 8.0, 1 mM EDTA,
1 mM DTT, 10% glyercol, and 500 mM NaCl). Beads were
resuspended in roughly 15 mL of low salt buffer, and 30µL
of PreScission protease was added to perform an on-column
cleavage reaction (16 h at 4°C). PAD4 was eluted with 75
mL of low salt buffer, and 25 mL fractions were collected.

Fractions containing PAD4 activity were applied to a
Mono Q HR5/5 strong anion-exchange column (Amersham
Biosciences) preequilibrated with 20 mM Tris-HCl, pH 8.5.
A linear gradient of 0-100% buffer B (20 mM Tris-HCl,
pH 8.5, plus 1 M NaCl) wasused to further purify full-length
GST-cleaved PAD4. The flow rate was 0.5 mL/min, and 2
mL fractions were collected. Fractions from the Mono Q
were analyzed by SDS-PAGE and PAD activity assays (see
below for details). Fractions containing pure full-length
PAD4 were pooled and concentrated using a Centricon
concentrator (Millipore Corp., Bedford, MA) with a 10 kDa
nominal molecular mass cutoff. Concentrated protein was
then dialyzed (20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 500
mM NaCl, 1 mM DTT, and 10% glycerol), flash frozen in
liquid nitrogen, and stored at-80 °C. PAD4 stored in this
manner was stable for several months.

18O Studies.18O incorporation into BAEE was assayed by
performing large-scale PAD4-catalyzed deimination reactions
in either normal or18O-labeled water. For these experiments,
PAD4 (0.2µM final) was incubated at 37°C in a reaction
buffer containing 5 mM BAEE, 50 mM Tris-HCl, pH 7.6,
10 mM CaCl2, 5 mM DTT, and 50 mM NaCl. The reaction
buffer was made with either normal or18O-labeled water.
For the18O experiments, the mole percentage of18O-labeled
water was 73% final. After 3 h of incubation, the reaction
mixture was desalted, using a C18-Zip tip (Millipore), per
the manufacturer’s instructions, at which point the deiminated
product was analyzed by ESI mass spectrometry using a
Waters Micromass quadrupole-time-of-flight (Q-TOF) tan-
dem mass spectrometer in the positive ion mode. Formic
acid (0.1%) was used as the organic modifier.

Kinetic Assay.The PAD4 assay carried out in this study
has essentially been described previously (31). Briefly, this
is a discontinuous colorimetric assay that measures the
formation of ureido-containing compounds i.e., Cit, urea,
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methylurea, etc. Steady-state kinetic parameters were deter-
mined with variable amounts of the benzoylated Arg deriva-
tives in a reaction buffer containing 100 mM Tris-HCl, pH
7.6, 50 mM NaCl, 2 mM DTT, and 10 mM CaCl2 (60 µL
final volume). TRIZMA base, minimum 99.9% titration, was
used for kinetic studies to minimize the presence of
contaminating metal ions in the assay buffer. The trace
element composition of the buffer solutions was measured
by ICP-AES with a Perkin-Elmer Plasma 400 (Perkin-Elmer,
Norwalk, CT), using aqueous standards (High-Purity Stan-
dards, Charleston, SC) and a three-point calibration graph.
The concentrations of barium, manganese, magnesium, and
strontium were all below the limit of detection, approximately
0.01µM. Calcium, samarium, and zinc were detectable, but
their concentrations were less than 0.15µM. Thus, the
starting concentrations of metal ions in our solutions do not
make a significant contribution to their final assay concentra-
tions, which are in the high micromolar to millimolar range.

The reaction mixtures described above were preincubated
for 10 min at 37°C, at which point PAD4 was added to a
final concentration of 0.2µM to initiate the reaction.
Reactions were quenched by flash freezing in liquid nitrogen.
For color development, 200µL of freshly prepared COLDER
solution [2.25 M H3PO4, 4.5 M H2SO4, 1.5 mM NH4Fe-
(SO4), 20 mM diacetyl monoxime, and 1.5 mM thiosemi-
carbazide] was added to the quenched reaction, vortexed to
ensure complete mixing, and then incubated for 30 min at
95 °C. The absorbance at 540 nm was then measured and
compared to a Cit standard curve to determine the concentra-
tion of Cit produced during the course of the reaction.

All kinetic studies were performed in the linear range of
PAD4 activity with respect to time and enzyme concentra-
tion. Assays were performed in duplicate, and agreement
within 20% was required for inclusion in this study. The
initial rates obtained from these experiments were fit to eq
1, using the Kaleidagraph version 3.09 software package.

pH Dependence.The pH dependence of PAD4 was
characterized under pseudo-V/K conditions. Briefly, the
ability of PAD4 to deiminate BAEE (1 mM final concentra-
tion) was evaluated over a broad pH range (pH 4.5-9.0),
using a multicomponent buffering system containing 50 mM
Tris-HCl/50 mM Bis-Tris/100 mM sodium acetate, 50 mM
NaCl, 2 mM DTT, and 10 mM CaCl2. Assays were
preincubated for 10 min at 37°C, at which point PAD4 (0.2
µM final concentration) was added to initiate the reaction.
The rates obtained from these experiments were plotted
versus pH and fit to eq 2, using the Kaleidagraph version
3.09 software package.

The time course of BAEE deimination (10 mM final) was
also evaluated at the indicated pH values to ensure that the
loss of activity associated with the pH changes was due to
a change in the protonation state of the enzyme and not due
to pH-induced denaturation of the enzyme. Cit production
was measured using the methodology outlined for the kinetic
assay.

Ammonia Production.Ammonia production was verified
by performing time course experiments and measuring both
the ammonia and the Cit produced. BAEE was used as the
substrate (10 mM final) in a reaction buffer containing 100
mM HEPES, pH 8.0, 50 mM NaCl, 2 mM DTT, and 10
mM CaCl2. After a 10 min preincubation of the reaction
buffer and substrate at 37°C, PAD4 (0.2µM) was added to
initiate the reaction. Aliquots of 60µL were removed from
the reaction mixture at 0, 2, 4, 6, 10, and 15 min after the
initiation of the reaction. The reaction was quenched by the
addition of 3 volumes of 50 mM EDTA. Concentrations of
ammonia were determined by the fluorometric method of
Sugawara and Oyama (32). Cit production was measured in
parallel using the methodology outlined above for the kinetic
studies.

Calcium Dependence.The calcium dependence of PAD4
was determined at or near saturating concentrations (>5Km)
for all substrates (10 mM final) except BA. The calcium
dependence of this substrate was determined at 5 mM
because of solubility issues associated with this substrate.
Reactions were performed in assay buffer containing 100
mM Tris-HCl, pH 7.6, 50 mM NaCl, 2 mM DTT, and
varying concentrations of CaCl2 (0-10 mM). Assays were
preincubated for 10 min at 37°C, and the reaction was
initiated by the addition of PAD4 (0.2µM final). After 20
min, the reaction was quenched, and the amount of Cit
produced was quantified using the methodology outlined
above for the kinetic assay. In all cases, product formation
did not exceed 10% turnover. Data were plotted to eq 3,
using the Kaleidagraph version 3.09 software package.

The pH dependence of calcium activation was evaluated
between pH 6.0 and pH 8.5 using a multicomponent
buffering system containing 50 mM Tris-HCl/50 mM Bis-
Tris/100 mM sodium acetate, 50 mM NaCl, 2 mM DTT,
and 10 mM BAEE. Assays were preincubated for 10 min at
37 °C, at which point PAD4 (0.2µM final concentration)
was added to initiate the reaction. Data were fit to eq 3, using
the Kaleidagraph version 3.09 software package.

Partial Proteolysis Experiments.Purified GST-cleaved
PAD4 (∼1 µg) was incubated in the absence or presence of
subtilisin (3.3µg/mL final concentration) for partial pro-
teolysis reactions. These reactions were allowed to proceed
for 90 min on ice. Reactions were quenched by the addition
of phenylmethanesulfonyl fluoride to a final concentration
of 5 mM. The proteolytic fragments generated by this
procedure were then separated by 15% SDS-polyacrylamide
gel electrophoresis. Reaction buffers consisted of a solution
of 100 mM Tris-HCl, pH 7.6, 50 mM NaCl, and 5 mM DTT
in a final volume of 20µL. Barium, calcium, magnesium,
manganese, samarium, strontium, zinc, and BAEE were used
for substrate and metal ion protection studies at a final
concentration of 10 mM. Control reactions, using BSA in
place of PAD4, revealed that none of the metal ions used
for the protection studies inhibited the activity of subtilisin.

Synthesis of N-R-Benzoyl-NG-monomethylarginine (5a). A
solution of 0.02 mL (0.15 mmol) of benzoyl chloride in 5
mL of methylene chloride was added to a solution of 25 mg
(0.13 mmol) ofNG-monomethylarginine in 10 mL of ddH2O
containing 500 mg (6 mmol) of sodium bicarbonate. The

V ) Vmax[S]/(Km + [S]) (1)

log(kcat/Km)app) log[kcat/Km(1 + H/K1 + K2/H)] (2)

V/Vmax ) [Ca2+]n/(Kd + [Ca2+]n) (3)
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mixture was stirred vigorously for 16 h at room temperature.
The reaction mixture was then acidified, and the organics
were removed under vacuum. The remaining solution was
applied to a preparative C18 reverse-phase column, andN-R-
benzoyl-NG-monomethylarginine was purified by high-
performance liquid chromatography, using a linear H2O/
acetonitrile/0.1% trifluoroacetic acid gradient. A white solid
was obtained (82.3% yield). ESIHRMS (M+ H+) calcd for
C14H20N4O3 293.1613, found 293.1621.1H NMR (400 MHz,
DMSO-d6) δ 8.66 (d, 1H), 7.90 (d, 2H), 7.58-7.46 (m, 5H),
7.41 (m, 1H), 7.34 (m, 1H), 4.41 (m, 1H), 3.17 (m, 2H),
2.73 (d, 3H), 1.88 (m, 2H), 1.59 (m, 2H).13C NMR (400
MHz, DMSO-d6) δ 173.5, 166.5, 156.2, 133.8, 131.3, 128.2,
127.4, 52.1, 48.5, 27.8, 27.6, 25.4.

Synthesis of N-R-Benzoyl(asymmetric)-NG,NG-dimethyl-
arginine (6a). The above procedure was carried out using
25 mg (0.09 mmol) ofNG,NG-dimethylarginine. A white solid
was obtained in 78.2% yield. ESIHRMS (M+ H+) calcd
for C15H22N4O3 307.1770, found 307.1776.1H NMR (400
MHz, DMSO-d6) δ 8.66 (d, 1H), 7.90 (d, 2H), 7.58-7.47
(m, 5H), 7.37 (m, 1H), 4.43 (m, 1H), 3.19 (m, 2H), 2.94 (s,
6H), 1.89 (m, 2H), 1.64 (m, 2H).13C NMR (400 MHz,
DMSO-d6) δ 173.5, 166.5, 155.6, 133.8, 131.4, 128.2, 127.3,
52.1, 41.3, 38.0, 27.7, 25.4.

Synthesis of N-R-Benzoyl(symmetric)-NG,NG′-dimethylargi-
nine (7a). The above procedure was carried out using 25
mg (0.09 mmol) ofNG,NG′-dimethylarginine. A white solid
was obtained in 83.7% yield. ESIHRMS (M+ H+) calcd
for C15H22N4O3 307.1770, found 307.1772.1H NMR (400
MHz, DMSO-d6) δ 8.67 (d, 1H), 7.90 (d, 2H), 7.57-7.48
(m, 5H), 7.41 (m, 1H), 4.42 (m, 1H), 3.16 (m, 2H), 2.74 (d,
6H), 1.89 (m, 2H), 1.62 (m, 2H).13C NMR (400 MHz,
DMSO-d6) δ 174.0, 167.0, 155.7, 134.3, 131.8, 128.7, 127.9,
52.6, 40.9, 28.4, 28.2, 25.8.

Synthesis of N-R-Benzoyl- NG-monomethylarginine Ethyl
Ester (5b). Fischer esterification was carried out onN-R-
benzoyl-NG-monomethylarginine.N-R-Benzoyl-NG-monom-
ethylarginine (25 mg, 0.08 mmol) was dissolved in 10 mL
of ethanol. Three drops of concentrated sulfuric acid were
added to the reaction mixture which was then refluxed for 3
h. The reaction mixture was cooled and applied to a
preparative C18 reverse-phase column.N-R-Benzoyl-NG-
monomethylarginine ethyl ester was purified by high-
performance liquid chromatography using a linear H2O/
acetonitrile/0.05% trifluoroacetic acid gradient. A white solid
was obtained in 87.5% yield. ESIHRMS (M+ H+) calcd
for C15H22N4O3 321.1912, found 321.1926.1H NMR (300
MHz, DMSO-d6) δ 8.74 (d, 1H), 7.86 (d, 2H), 7.56-7.44
(m, 5H), 7.39 (m, 1H), 7.31 (m, 1H), 4.42 (m, 1H), 4.08 (q,
2H), 3.14 (m, 2H), 2.71 (d, 3H), 1.79 (m, 2H), 1.55 (m, 2H),
1.17 (t, 3H).13C NMR (400 MHz, DMSO-d6) δ 171.9, 166.6,
156.1, 133.7, 131.5, 128.2, 127.4, 60.5, 52.3, 48.5, 27.8, 27.5,
25.3, 14.0.

Synthesis of N-R-Benzoyl-NG,NG(asymmetric)-dimethyl-
arginine Ethyl Ester (6b). Fischer esterification was carried
out as described above using 22 mg (0.07 mmol) ofN-R-
benzoyl-NG,NG(asymmetric)-dimethylarginine. A white solid
was obtained in 86% yield. ESIHRMS (M+ H+) calcd for
C17H27N4O3 335.2083, found 335.2079.1H NMR (400 MHz,
DMSO-d6) δ 8.76 (d, 1H), 7.87 (d, 2H), 7.57-7.49 (m, 5H),
7.41 (m, 1H), 4.46 (m, 1H), 4.13 (q, 2H), 3.19 (m, 2H), 2.94
(s, 6H), 1.87 (m, 2H), 1.62 (m, 2H), 1.20 (t, 3H).13C NMR

(400 MHz, DMSO-d6) δ 172.0, 166.6, 155.6, 133.7, 131.4,
128.2, 127.4, 60.5, 52.2, 41.2, 38.0, 27.5, 25.2, 14.0.

Synthesis of N-R-Benzoyl-NG,NG′(symmetric)-dimethylargi-
nine Ethyl Ester (7b). Fischer esterification was carried out
as described above using 23 mg (0.08 mmol) ofN-R-benzoyl-
NG,NG′(symmetric)-dimethylarginine. A white solid was
obtained in 99% yield. ESIHRMS (M+ H+) calcd for
C17H27N4O3 335.2083, found 335.2084.1H NMR (300 MHz,
DMSO-d6) δ 8.75 (d, 1H), 7.87 (d, 2H), 7.55-7.42 (m, 5H),
7.37 (m, 1H), 4.41 (m, 1H), 4.13 (q, 2H), 3.12 (m, 2H), 2.72
(d, 6H), 1.80 (m, 2H), 1.58 (m, 2H), 1.20 (t, 3H).13C NMR
(300 MHz, DMSO-d6) δ 172.8, 167.4, 155.9, 134.4, 132.2,
129.0, 128.1, 61.2, 53.0, 41.1, 28.7, 28.6, 25.9, 14.8.

Kinetic Analysis of N-R-Benzoylated Methylarginine De-
riVatiVes.Variable concentrations ofN-R-benzoylated me-
thylarginine derivatives were assayed in duplicate using the
methodology described above for the kinetic assay. When
possible, experimentally determined initial rates were plotted
to the equation

using the Kaleidagraph version 3.09 software package.
Correlation coefficients for the linear fits were typically
greater than 0.99. On the basis of the assumptions that the
ethyl esters were completely racemized during esterification
and that theR enantiomers are neither substrates nor
inhibitors of the enzyme, the concentrations of these com-
pounds were halved for the calculation ofV/K.

Peptide Synthesis.Peptides were synthesized on the
automated peptide synthesizer, PS3 (Protein Technologies).
Upon completion of synthesis, the resin was washed three
times each with dimethylformamide (DMF), ethanol, and
methylene chloride. Cleavage was accomplished by rotation
of the resin with 20 mL of reagent K [trifluoroacetic acid:
phenol:H2O:thioanisole:ethanedithiol (35:2:2:2:1)] for 2 h at
room temperature, at which point peptides were precipitated
with ice-cold diethyl ether. The precipitate was isolated by
centrifugation (3000g, 10 min) and washed twice with ice-
cold diethyl ether. The product was then flash frozen and
lyophilized. The lyophilized powder was resuspended in H2O
and purified by high-performance liquid chromatography
using ddH2O/acetonitrile/0.05% TFA as the mobile phase.
The structures of the peptides synthesized for these studies
were confirmed by electrospray mass spectrometry: ESIMS
(M + H+) calcd for H4-13 1141.3, found 1142; ESIMS
(M + H+) calcd for H4-15 1286.4, found 1287; ESIMS
(M + H+) calcd for H4-15 R3MMA 1300.4, found 1301;
ESIMS (M+ H+) calcd for H4-15 R3ADMA 1314.4, found
1315; ESIMS (M+ H+) calcd for H4-21 2090.4, found
2091; ESIMS (M+ H+) calcd for H4-21 R3K 2062.4,
found 2063.

RESULTS

Protein Expression and Purification.PAD4 was expressed
as a GST fusion protein and purified analogously to published
methods (30). The GST tag was removed with PreScission
protease, thereby affording the purification of the GST-
cleaved form of the enzyme in modest yield (∼0.25 mg/L
of E. coli cell culture) but high purity. MALDI mass spectra
of purified GST-cleaved PAD4 revealed a minimal (0.3%)
difference between the expected and observed masses [m/z

V ) Vmax/Km[S] (4)
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74879, 74639 (exp, obsd)]. This is consistent with the
purification of intact full-length PAD4, although it should
be noted that the slight mass difference could represent the
loss of one to two amino acids after the removal of the GST
tag.

PAD4 Is a Hydrolase.Hydrolytic and oxidative mecha-
nisms of deimination were differentiated by performing large-
scale PAD4-catalyzed deimination reactions in either normal
or 18O-labeled water, because a 2 unit difference will be
apparent in mass spectra if water is the source of molecular
oxygen. Deimination reactions, using BAEE as the substrate
(Figure 2), were incubated for 3 h at 37°C; at this point,
the deiminated product was isolated by reverse-phase chro-
matography and analyzed by mass spectrometry. For the
PAD4-catalyzed reaction, a 2 unit mass difference was
observed (Table 1). These studies therefore establish that the
source of molecular oxygen in the product is H2O, demon-
strating that PAD4 catalyzes the hydrolytic deimination of
Arg residues in proteins.

PAD4 Catalyzes the Production of Ammonia.On the basis
of the structure of PAD4 and mechanistic data from related
systems (28, 33-35), we favor a mechanism in which a low
pKa active site Cys (Cys645) acts as a nucleophile to generate
a tetrahedral adduct, which collapses to form a stable
amidino-Cys intermediate and ammonia. Hydrolysis of the
intermediate leads to the formation of Cit (Figure 3). Because
the first tetrathedral intermediate in the PAD4-catalyzed
reaction could also collapse to form ornithine, as is the case
in the reaction catalyzed by amidinotransferase [a PAD4
structural homologue (36)], the ability of PAD4 to catalyze
the formation of ammonia, and not ornithine, was examined
using a previously described fluorometric assay (32). For
these studies, the amounts of both ammonia and ureido-

containing compounds produced during time course experi-
ments were quantified in parallel. The results of these studies
(Figure 4) indicate that ammonia and the ureido-containing
compound are produced in equimolar amounts, thereby
confirming that PAD4 catalyzes the hydrolytic deimination
of Arg residues to produce ammonia and Cit.

Metal Dependence of PAD4. While calcium is a known
regulator of PAD4 activity, the general metal dependence
of this enzyme is poorly characterized. Therefore, the ability
of several cations to enhance PAD4 activity was evaluated.
These metal ions included barium, calcium, magnesium,
manganese, samarium, strontium, and zinc. Barium, mag-
nesium, and strontium were tested because they, like calcium,
are group 2 metals. Manganese and zinc were tested because
they are physiologically relevant divalent cations. Samarium
was tested because it is often used as a replacement for
calcium in crystallographic studies (37-39). For these
experiments the amount of Cit formation was monitored.
Care was taken to ensure that none of the metal ions tested
interfered with the assay. Using this assay, the activity
associated with these metal ions was minimal (e2.5% of
control) when compared to the levels of activation afforded
by calcium (Table 2). Thus, PAD4 activity is highly calcium
specific.

Calcium Dependence of PAD4.To further characterize the
calcium dependence of PAD4, the concentration dependence
of PAD4 activation by this metal ion was determined for a
number of benzoylated Arg derivatives (Table 3). The
calcium dependence of PAD4 with BAEE, a representative
example, is depicted in Figure 5. The data were fit to a
sigmoidal curve, indicating positive cooperativity, and the
concentrations of calcium that yield half-maximal activity
(K0.5) are in the mid to high micromolar range. The fact that
the Hill coefficients range from 1.5 to 3.0 indicates that
multiple calcium ions are required for PAD4 activation,
consistent with structural studies on PAD4 (28).

Partial Proteolysis Studies on PAD4.Because calcium
could regulate PAD4 activity by triggering a conformational
change, partial proteolysis was used to probe for the existence
of a calcium-induced conformational change. Incubation of
PAD4 with limiting amounts of subtilisin, in the absence of
calcium, results in the formation of one major and two minor
fragments with apparent molecular masses of 63.5, 36.0, and

FIGURE 2: Structures of N-R-benzoylated arginines used in these studies.

Table 1: PAD4 Catalyzes the Hydrolytic Deimination of BAEEa

predicted [M+ Na+]+

reaction type H216O H2
18O obsd [M+ Na+]+

hydrolytic 330 332 332
oxidative 330 330
a Recombinant human PAD4 was used to catalyze in vitro deimi-

nation reactions in either normal or18O-labeled water. BAEE was used
as the substrate.
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21.5 kDa; whereas in the presence of calcium, and to a lesser
extent BAEE, partial proteolysis of PAD4 is inhibited (Figure
6). These results are consistent with calcium binding causing
a conformational change. To identify the specific domains
encompassing these fragments, we have attempted N-terminal
sequencing of the bands observed on SDS-PAGE gels.
Unfortunately, interpretable N-terminal sequencing data have
not been forthcoming. While this difficulty is likely due to
the relatively nonspecific sequence specificity of subtilisin,
it is further complicated by our inability to purify PAD4 in
sufficient quantities to ease these, and related, analyses.
Partial proteolysis with other more specific proteases (e.g.,
V8 protease and trypsin) has been attempted, but we have
been unable to detect a calcium-dependent conformational
change with these proteases.

Metal Inhibition of PAD4.To further examine the metal
dependence of PAD4 activity, the ability of specific cations

to inhibit PAD4 activity was evaluated. For these studies 1
mM CaCl2 was used to activate PAD4 in the presence of
various concentrations of the indicated metal ions, and IC50s
were determined (Table 2). Manganese, samarium, and zinc
strongly inhibited the calcium-induced activation of PAD4,
whereas smaller levels of inhibition were observed for
barium, magnesium, and strontium. The results of these metal
inhibition studies are generally consistent with observations
obtained for a PAD isozyme purified from rat epidermis (23).

While the reasons for these effects were unclear, it seemed
likely that one or more of the inhibitory metal ions exerted
their effect by preventing the calcium-induced conformational
change that is required for PAD4 activation or, alternatively,
permit a conformational change but do not allow PAD4 to

FIGURE 3: Proposed PAD4 catalytic mechanism. A low pKa active
site Cys is the nucleophile in this reaction, leading to the formation
of an amidino-Cys intermediate (steps 1 and 2). While His471 is
drawn as the general base, a plausible alternative mechanism
involves product-assisted catalysis i.e., deprotonation of a water
molecule by ammonia (steps 3 and 4). Asp350 is appropriately
positioned to accept a proton from the tetrahedral intermediate and
thereby promote the anti elimination of the Cys nucleophile (step
5). Asp350 could donate this proton to bulk solvent to regenerate
the initial form of the enzyme (step 6).

FIGURE 4: PAD4 catalyzes the formation of Cit and ammonia in
equimolar amounts. Time course experiments were performed in
parallel at 37°C, and the amounts of Cit and ammonia produced
were quantified (see Materials and Methods for experimental
details).

Table 2: Metal Dependence of PAD4a

metal % activityb IC50(mM)c
partial

proteolysisd

calcium 100 NI P
barium e2.5 4.0 NP
magnesium <1.0 10.0 NP
manganese e1.3 0.75 P
samarium e2.2 0.04 P
strontium e2.0 10.0 NP
zinc e2.0 0.75 P
a PAD4 is a Ca2+-specific enzyme. Samarium sulfate and the chloride

salts of calcium, barium, magnesium, manganese, strontium, and zinc
were used for these studies.b Metal dependence assays were performed
in the presence of the indicated metal ions (10 mM final).c IC50s were
determined using variable concentrations of the indicated metal ions
and a fixed concentration of calcium (1 mM final; NI) no inhibition).
d The results of the partial proteolysis studies are summarized (P)
protection, NP) no protection).

Table 3: PAD4 Calcium Dependence for Benzoylated Arg
Substratesa

substrate K0.5(µM)b nc

BAEE 560( 40 3.0( 0.1
BAME 670 ( 120 2.0( 0.3
BA 260 ( 40 1.5( 0.1
BAA 130 ( 100 2.2( 0.4

a Activity assays were performed in duplicate at 37°C, and these
generally agreed within 20%.b K0.5 is the concentration of calcium that
yields half-maximal activity.K0.5 is equal to then(Kd)1/2. c n is the Hill
coefficient.
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adopt a conformation that is catalytically competent. These
possibilities were investigated by partial proteolysis studies
(Table 2), and it was determined that only manganese,
samarium, and zinc, three of the strongest inhibitors of
calcium activation, prevent the partial proteolysis of PAD4
to an extent that is similar to the level afforded by calcium.
None of the metal ions utilized in these studies could inhibit
the subtilisin-catalyzed proteolysis of BSA (data not shown),
thereby indicating that these metal ions cause PAD4 to adopt
a conformation that is not catalytically competent.

pH Optimum of PAD4 ActiVity. To identify the pH
optimum, the pH dependence of PAD4 activity was evaluated
over a broad pH range (pH 4.5-9.0), using BAEE at a fixed
concentration of 1 mM (0.74Km). These studies indicate that
the pH rate profiles are bell shaped and, assuming a model
with two ionizable groups, suggest the existence of two
catalytically important residues with pKa values of∼6.2 and
∼7.9 (Figure 7A). The pH optimum was pH 7.6. Cit
production at each of the pH values was linear with time,
indicating that the pH-dependent decrease in activity is due
to changes in the protonation state of the enzyme and not
due to denaturation of the enzyme. Because optimum activity
was observed at pH 7.6, further kinetic studies were carried
out at this pH.

The pH dependence of calcium activation was evaluated
between pH 6.0 and pH 8.5, using a multicomponent
buffering system. This pH range was chosen because the
greatest change in PAD4 activity is observed between these
pH values. The results obtained indicate that the calcium
dependence of PAD4 is essentially pH-independent over this
range (the change inK0.5 is less than 3-fold), which is
consistent with the fact that the residues lining the known

metal binding sites (i.e., Asp, Asn, and Glu) do not possess
side chains that typically ionize between pH 6.0 and pH 8.5.
The small change inK0.5, which correlated with increasing
basicity, could be due to the greater difficulty in desolvating
calcium hydroxide species at higher pH values.

Kinetic Characterization of PAD4 ActiVity. The steady-
state kinetic parameters of the enzyme were determined for
BAEE, BAME, BAA, and BA (Figure 2, Table 4) using a
discontinuous assay that monitors ureido group formation.
Activity assays, which were linear with respect to time and
enzyme concentration, were performed in duplicate and the
values typically agreed within 20%.Km values for benzoy-
lated Arg derivatives range from 0.25 to 1.66 mM withkcat

values ranging from∼2.8 to 5.9 s-1. These values are in
reasonable agreement with values previously obtained for
recombinant PAD4 (22, 29) and nonhuman PAD activities
purified from a variety of tissue sources including rat
epidermis, bovine brain, rabbit skeletal muscle, and guinea
pig hair follicles (23-27). Kinetic parameters for either Arg
or Arg ethyl ester could not be accurately determined with
PAD4 because these compounds are such poor substrates
(V/K e 2 M-1 s-1), thereby indicating that N-acylation is
absolutely required for the productive recognition of sub-
strates by PAD4.

FIGURE 5: Calcium dependence of PAD4. Activity assays were
performed in duplicate with saturating amounts of BAEE and the
data fit toV/Vmax ) ([Ca2+]n)/(Kd + [Ca2+]n).

FIGURE 6: Partial proteolysis of full-length (fl) PAD4. Subtilisin
(0.33µg/mL) was incubated with∼1 µg of PAD4 for 90 min on
ice in the absence or presence of the indicated components.
Reactions were separated by 15% SDS-PAGE and proteins
visualized with Coomassie Brilliant Blue.

FIGURE 7: pH dependence of PAD4 activity and calcium activation.
(A) The pH dependence of PAD4 activity was evaluated using a
multicomponent buffering system (see Materials and Methods for
experimental details). Activity assays were performed in duplicate
using a fixed concentration of BAEE as the substrate (1 mM BAEE,
0.74Km). pKa values were estimated by fitting the data to log(kcat/
Km)app ) log[kcat/Km(1 + H/K1 + K2/H)]. (B) The pH dependence
of calcium activation was determined by measuring the concentra-
tion of calcium required to activate PAD4 between pH 6.0 and pH
8.5, analogously to the methods described in Figure 5, except that
the multicomponent buffering system was used for these studies.
Experimentally derived values forK0.5 are plotted against pH. While
Hill coefficients were comparable to those obtained for BAEE and
other PAD4 substrates, they were somewhat variable, ranging from
2.3 to 3.6, but showed no obvious trend with changes in pH.

10576 Biochemistry, Vol. 44, No. 31, 2005 Kearney et al.



Kinetic Characterization of Peptide Substrates.A series
of peptides, based on the N-terminus of histone H4, were
synthesized by standard Fmoc-based solid-phase peptide
synthesis and purified by preparative HPLC. Histone H4
peptides were chosen for these studies because (1) the
majority of known histone modifications occur in the
N-terminal tails of histone proteins (40-42), (2) peptides
based on histone N-termini are often used for such kinetic
analyses (43-45), and (3) Arg3 in histone H4 is known to
be modified by PAD4 in vivo (20, 46).

The steady-state kinetic parameters for these peptides were
determined using the methodology described above for the
kinetic characterization of the benzoylated arginine deriva-
tives. The results of these experiments (Table 5) revealed
that the kinetic values for peptide substrates are comparable
to those obtained for BAEE (theV/K for the H4-21 peptide
is only 2.2-fold higher than theV/K for BAEE), suggesting
that benzoylated Arg residues are good models for character-
izing PAD4 activity.

The observation that the H4-13 peptide, whose sequence
consists of a free amino groupR to Arg3, is such a poor
PAD4 substrate (V/K < 27.0 M-1 s-1) is consistent with the
fact that freeL-Arg and Arg ethyl ester are very poor PAD4
substrates. These results thereby confirm that a minimum
of one additional amino acid N-terminal to the site of
deimination is absolutely required for productive deimination
of substrates by PAD4.

The fact that the H4-15 peptide, which contains only a
single Arg residue, is a PAD4 substrate indicates that H4
Arg3 is deiminated in vitro, consistent with this residue being
a major site of deimination in vivo (20, 46). The 23-fold
decrease in theV/K for the H4-21 R3K peptide, relative to
the V/K for the H4-21 peptide, is also consistent with H4
Arg3 being a major site of deimination by PAD4. While the
kinetic values obtained for the H4-21 R3K peptide also
suggest that H4 Arg17 and H4 Arg19 are deiminated in vitro,
the significant decrease in theV/K for this peptide indicates
that PAD4 can modify Arg residues regioselectively within
the context of a peptide substrate.

Methylated Arg Residues Are Poor PAD4 Substrates.It
has been suggested that PAD4 possesses the ability to
catalyze the deimination of posttranslationally methylated
Arg residues as a mechanism to reverse the physiological

effects of Arg methylation (47). While such an activity was
recently noted for PAD4 (20, 21), the rate at which this
reaction is catalyzed has not been quantified.

Therefore, benzoylated methyl-Arg derivatives were syn-
thesized to quantitatively examine the rate at which PAD4
catalyzes their deimination. These compounds were synthe-
sized under Schotten-Baumann conditions (48), as outlined
in Scheme 1, using near stoichiometric amounts of benzoyl
chloride to minimize side reactions with the guanidinium
group. The synthesis and purification of these Arg derivatives
and their ethyl esters were facile and occurred in good yield
(typically >75%), and the structures were confirmed by
NMR and mass spectrometry.

The ability of PAD4 to catalyze the deimination of
compounds5a, 6a, and 7a was evaluated, and the results
indicate that theV/Ks for these compounds are 4.5× 103-
fold to 2.0× 104-fold worse than theV/K for benzoyl-Arg
(BA), the unmethylated analogue (Table 4). The ethyl esters
of these compounds (5b, 6b, and7b) were also evaluated;
and while the rates at which they are deiminated are
improved (∼5- to 30-fold relative to5a, 6a, and7a), they
are still poor substrates: theV/Ks are decreased 150-1000-
fold relative to BAEE, the unmethylated analogue. These
data could suggest that methylated Arg residues are not
physiologically relevant substrates of PAD4.

To further examine the ability of this enzyme to catalyze
the deimination of methylated substrates, peptides that
incorporate either monomethylated (MMA) (H4-15 R3MMA)
or asymmetrically dimethylated Arg (ADMA) (H4-15
R3ADMA) at a single position were synthesized. The
sequence of these peptides was chosen because the H4-15
peptide is a good PAD4 substrate that contains only a single
Arg residue that is known to be deiminated both in vitro
and in vivo. Monomethylated and asymmetrically dimethy-
lated Arg were incorporated at H4 Arg3 because protein
arginine methyltransferase 1 (PRMT1) asymmetrically dim-
ethylates this residue in vitro (49) and this residue is known
to be monomethylated in vivo (50). The ability of PAD4 to
catalyze the deimination of the H4-15 R3MMA and H4-
15 R3ADMA peptides was evaluated, and the results indicate
that theV/Ks for these peptides are decreased by at least
585-fold, relative to theV/K for the H4-15 peptide (Table
5). Thus, methylated Arg residues are quite poor substrates
for full-length PAD4 in vitro, regardless of whether this
residue is in the context of a small molecule or a peptide
substrate.

DISCUSSION

While the contribution of PAD activity, and PAD4 in
particular, to the onset and progression of RA is currently
unclear, the preponderance of genetic, biochemical, and
serological evidence indicates that there is a link between a
dysregulated PAD activity and this debilitating autoimmune
disorder, thereby illustrating the importance of characterizing
the in vivo role of PAD activity. One approach to studying
the in vivo role of an enzyme is the development of specific
molecular probes that prevent catalysis. Therefore, studies
of PAD4 catalysis were initiated to identify important
mechanistic features that could be exploited for the design
and synthesis of potent and selective PAD4 inhibitors, in
this way aiding our ultimate goal of developing such
compounds.

Table 4: PAD4 Steady-State Kinetic Parameters for Benzoylated
Arg Substratesa

substrate Km (mM) kcat(s-1) kcat/Km (s-1 M-1)

BAEE 1.36( 0.19 5.94( 0.26 4400
BAME 1.66( 0.26 5.57( 0.28 3300
BA 0.41( 0.04 3.35( 0.12 8100
BAA 0.25 ( 0.06 2.76( 0.16 11000
Arg NDb ND <0.01
Arg ethyl ester ND ND <2.0
5a ND ND <1.8c

5b ND ND <31.3c

6a ND ND <3.6c

6b ND ND <9.0c

7a ND ND <0.4c

7b ND ND <4.6c

a Kinetic parameters were determined in duplicate at 37°C. PAD4
activity was linear with time and enzyme concentration in the range
employed.b ND ) not determined.c TheV/K for these compounds was
determined using the equationV ) kcat/Km([Et][S]), when possible.
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PAD4 Reaction Mechanism.On the basis of historical
precedent, it was expected that PAD4 would catalyze the
hydrolytic deimination of Arg residues to produce ammonia
and Cit. Nevertheless, experiments to establish the reaction
catalyzed by this enzyme were undertaken because the
substrates and products of this enzyme have not been fully
established. This was an important line of investigation
because a number of Arg-modifying enzymes (e.g., arginase,
arginine deiminase, nitric oxide synthase, and amidinotrans-
ferase) catalyze reactions at the side chain guanidinium,
generating a variety of products, including Cit, ornithine,
ammonia, nitric oxide, and urea.

Initial studies focused on identifying the source of mo-
lecular oxygen (i.e., H2O or O2). Hydrolytic and oxidative
deimination reactions were distinguished by performing
large-scale deimination reactions in normal and18O-labeled
water and then analyzing the products of the reaction by
electrospray mass spectrometry. The results of these experi-
ments clearly indicate that18O from water is incorporated
into the product of the reaction. Our results are consistent
with a recent proteomic study (51) that used18O from solvent
to identify the PAD4-catalyzed sights of deimination in
human fibrinogen. Thus, PAD4 catalyzes the hydrolytic
deimination of benzoylated Arg derivatives to produce18O-
labeled Cit.

While peaks corresponding to benzoylated ornithine ethyl
ester were not apparent in mass spectra of the reaction
products, these experiments could not rule out the possibility
that PAD4 catalyzes the formation of ornithine and urea in
appreciable amounts. This is an important question because
PAD4 belongs to a superfamily of Arg-modifying enzymes
[e.g., amidinotransferase (AT), arginine deiminase (ADI), and
dimethylamine dimethylarginine hydrolase (DDAH)] (28, 36,
52) that share a common amidino-Cys intermediate (Figure
3) that can break down to form either ammonia, methy-
lamine, dimethylamine (and Cit), or ornithine (and urea).
Moreover, these experiments were necessary because our
assay for Cit production will also measure urea production.
Therefore, the ability of PAD4 to catalyze the formation of
ammonia was directly evaluated. The results of these

experiments clearly indicate that ammonia and an ureido-
containing compound (i.e., Cit) are produced in equimolar
amounts. This result is consistent with previous studies using
a PAD from rabbit skeletal muscle (25) and indicates that
PAD4 also catalyzes the hydrolytic deimination of Arg
residues to produce Cit and ammonia.

Calcium Dependence of PAD4.While the calcium depen-
dence of PAD activity is well documented (25-27), the
general metal dependence of PAD4 activity is poorly
characterized; and it is unclear whether this dependence is
exclusive to calcium, i.e., whether PAD4 activity is depend-
ent on the charge, size, and/or ligand binding properties of
a particular activating metal ion. Therefore, the ability of
several metal ions to enhance PAD4 activity was evaluated.
These metal ions included barium, calcium, manganese,
magnesium, samarium, strontium, and zinc. While samarium
was not expected to activate PAD4, this metal ion was
examined because it is often used as a replacement for
calcium in crystallographic studies (37-39) and it was felt
that it might compete with and inhibit calcium binding. The
fact that significant levels of activity were only observed in
the presence of calcium indicates that the activation of PAD4
is highly dependent on, and highly specific for, calcium. The
fact that manganese, samarium, and zinc strongly inhibited
the calcium-induced activation of PAD4, whereas smaller
levels of inhibition were observed for barium, magnesium
and strontium, suggests that relatively smaller, softer ions
are better inhibitors of PAD4 than larger, harder ions.

In an effort to further characterize the calcium dependence
of PAD4, the concentration dependence of calcium activation
was evaluated for a variety of benzoylated Arg derivatives.
Interestingly, theK0.5 values are substrate-dependent and
significantly higher (approximately 5-10-fold) than values
(∼50µM) obtained for rabbit skeletal muscle PAD (27). The
elevatedK0.5 values could either reflect intrinsic differences
between rabbit skeletal muscle PAD and recombinant PAD4
or be due to the presence of contaminating PAD4 proteolytic
fragments that possess significantly lower Ca2+ activation
constants. We favor the latter possibility because PAD4 is
susceptible to proteolysis in situ and theK0.5 values for

Table 5: PAD4 Steady-State Kinetic Parameters for Peptide Substratesa

substrate peptide sequence Km (mM) kcat(s-1) kcat/Km (s-1 M-1)

H4-21 NH3
+-S1GRGKGGKGLGKGGAKRHRKV21-COO- 0.67( 0.03 6.55( 0.10 9700

H4-21 R3K NH3
+-S1GKGKGGKGLGKGGAKRHRKV21-COO- 1.23( 0.06 2.94( 0.20 420

H4-15 NH3
+-S1GRGKGGKGLGKGGA15-COO- 2.68( 0.16 3.13( 0.36 1170

H4-15 NH3
+-S1GXGKGGKGLGKGGA15-COO- NDb ND e30.0c

R3MMA X ) MMA d

H4-15 NH3
+-S1GXGKGGKGLGKGGA15-COO- ND ND e2.0c

R3ADMA X ) ADMA e

H4-13 NH3
+-R3GKGGKGLGKGGA15-COO- ND ND e27.0c

a Kinetic parameters were determined in duplicate at 37°C. PAD4 activity was linear with time and enzyme concentration in the range employed.
b ND ) not determined.c TheV/K for these compounds was determined using the equationV ) kcat/Km([Et][S]), when possible.d MMA ) monomethyl-
Arg. e ADMA ) asymmetric dimethyl-Arg.

Scheme 1: Synthesis of Asymmetric Dimethylbenzoyl-L-arginine Ethyl Ester (6b)
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partially proteolyzed PAD4 are similar to those reported for
rabbit skeletal muscle PAD (data not shown). Thus we note
that care must be taken in the preparation of PAD4 to
minimize its proteolytic degradation.

While the exact number of calcium ions required for
activation is unknown, the fact that the calcium activation
curves are sigmoidal suggests that the number must be greater
than or equal to the Hill coefficient. Since in our hands the
Hill coefficient ranged from 1.5 to 3.0, the minimum number
of calcium ions required for PAD4 activation is likely greater
than 3. This conclusion is consistent with structural studies
on PAD4, which revealed the presence of electron density
for up to five metal ions in the PAD4‚BAA ‚calcium com-
plex. However, it should be noted that the relative importance
of each of these putative metals ions, and their respec-
tive binding sites, to PAD4 activation is incompletely
established.

Calcium Binding Induces a Conformational Change in
PAD4. One possible mechanism of calcium activation is a
metal-dependent conformational change that converts an
enzyme from the inactive to active state. The existence of
such a calcium-dependent conformational change was probed
by partial proteolysis because such studies are often used to
monitor substrate- or metal-induced conformational changes
(53, 54). Our studies revealed that calcium protects PAD4
from proteolysis, consistent with calcium binding causing a
conformational change. Structural studies on the PAD4
apoenzyme and the PAD4‚calcium complex have confirmed
our results and have additionally demonstrated that this
conformational change involves a reorientation of active site
residues (e.g., Cys645 and Asp350) into positions that are
competent for substrate binding and catalysis (28). It should
be noted that the five sites of calcium binding are at sites
that are distant from the active site, thereby indicating that
calcium plays a regulatory, rather than catalytic, role.

Physiological Implications of the PAD4 Calcium Depen-
dence.It is noteworthy that the concentrations of calcium
required for maximum activity (Table 3) are not physiologi-
cally relevant. Intracellular concentrations of calcium typi-
cally increase from∼200 nM in resting cells to∼1 µM in
activated cells (55). The fact that the calciumK0.5 values
are significantly higher than this threshold suggests the
existence of alternative PAD4 activating mechanisms. At
least two possibilities exist: (1) proteolytic processing of
the enzyme results in its activation in vivo by altering the
calciumK0.5, or (2) interacting proteins modulate the calcium
dependence of PAD4. We are currently pursuing studies to
address each of these possibilities. While it is also possible
that the calcium dependence is substrate-dependent, a
phenomenon that we (Table 3) and others (56) have observed,
and that with specific substrates theK0.5 values become
physiologically relevant, we regard this as an unlikely
possibility because the calcium dependence of PAD activity
has been evaluated with a number of small molecule, peptide,
and protein substrates and, to date, none of these compounds
displayK0.5 values that are physiologically relevant.

Implications of pH Studies on the Catalytic Mechanism
of PAD4. As noted above, our pH studies suggest the
existence of two catalytically important residues with pKa

values of∼6.2 and∼7.9. Time course experiments indicate
that the pH-dependent decrease in activity is due to changes
in the protonation state of the enzyme and not due to

denaturation of the enzyme. Since theK0.5 values are
essentially pH-independent over this pH range, it seems likely
that these pKa values represent residues that play an intimate
role in catalysis. On the basis of the structure of PAD4, the
two pKas likely reflect the protonation states of Cys645 (pKa

∼ 6.2) and His471 (pKa ∼ 7.9), suggesting that for optimal
activity Cys645 is deprotonated and His471 is protonated in
the free form of the enzyme; i.e., the Cys645 thiolate is the
nucleophilic species in the first step of the reaction and
His471 acts as a general acid, donating a proton to aid the
formation of ammonia.

While His471 is drawn as a general base in step 4, a
plausible alternative mechanism involves product-assisted
catalysis, i.e., deprotonation of a water molecule by ammonia
to form the ammonium ion. Such a mechanism is consistent
with the structure of PAD4 (28), which shows that a number
of ordered water molecules are present in the direct vicinity
of the departing molecule of ammonia. Further studies are
being designed to validate the proposed mechanism of
catalysis and thereby distinguish between general base- and
product-assisted catalysis. These experiments are expected
to yield interesting insights into the catalytic mechanism of
PAD4 that will aid our design of PAD4 selective inhibitors.

Kinetic Characterization of PAD4 ActiVity. The steady-
state kinetic parameters for a number of benzoylated Arg
derivatives have been determined; while these substrates are
not physiologically relevant, they have traditionally been used
to study in vitro PAD activity (23-27). As discussed below,
analyses with these compounds have provided useful insights
into the substrate specificity requirements of PAD4. The
current studies have revealed the critical requirement of
N-terminal acylation for the productive recognition of
substrates by PAD4: neither free Arg nor Arg ethyl ester
are deiminated at appreciable rates (V/K < 2.0 M-1 s-1).

On the basis of the structure of the PAD4‚BAA ‚calcium
complex (Figure 8), N-terminal acylation is likely required
because (1) the guanidinium group of Arg374 is appropriately
positioned to form an H-bond with the N-terminal main chain
carbonyl of the substrate and (2) electrostatic repulsions
between a positively charged N-terminalR-amino group and
the guanidinium group of Arg374, which is 5 Å distant,
would be expected to have a destabilizing effect on substrate
binding.

FIGURE 8: Active site of the PAD4‚Ca2+‚BAA complex. Important
active site residues, and the artificial substrate BAA, are high-
lighted in this figure. Dotted lines represent potential H-
bonds between neighboring groups (distances are<3.0 Å in all
cases). This figure was prepared with RasMol using the coordinates
for the PAD4‚Ca2+‚BAA complex (PDB ID: 1WDA).
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In contrast, C-terminal acylation does not appear to be
critical for substrate recognition, as evidenced by the fact
that theV/Ks for BA, BAEE, and BAA are quite similar.
Electrostatic attractions between theR-carboxylate of BA
and Arg374, which are less than 3 Å apart, likely explain
why BA is such a good substrate.

Peptides based on the N-terminus of histone H4 were also
synthesized, and their ability to act as PAD4 substrates was
evaluated because such histone-based peptides are often used
to characterize the substrate specificity of histone-modify-
ing enzymes (43-45). The results of these experiments
revealed that the kinetic parameters for histone-based pep-
tide substrates are comparable to those obtained for the small
molecule Arg derivatives examined in this study. Addition-
ally, the results obtained for the H4-13 peptide indicate that
N-terminal acylation is a critical requirement for substrate
recognition, consistent with the results obtained for freeL-Arg
and Arg ethyl ester. The fact that the kinetic parameters for
both small molecule and peptide substrates are comp-
arable indicates that the benzoylated Arg derivatives are
good models for studying the kinetics of the PAD4 reac-
tion.

On the basis of the results of these kinetic studies, one
would expect that PAD4 would be a nonspecific enzyme
that could deiminate any Arg residue regardless of sequence
context. However, this is not the case, as evidenced by the
fact that theV/K for the H4-21 R3K peptide is decreased
23-fold, relative to the H4-21 peptide. This result is striking
and indicates that PAD4 displays substrate selectivity.
Consistent with this finding are recent reports indicating that
PAD4 deiminates only a subset of the Arg residues in human
fibrinogen in vitro and that Arg3 in both histone H2A and
histone H4 is preferentially deiminated in vivo (29, 46).

Since the second-order rate constants (V/K) observed for
the deimination of peptide substrates are somewhat lower
(<7-fold) than those obtained for other histone-modifying
enzymes [e.g., the histone acetyltransferases p300 and PCAF
(45, 57)], it is possible that proteins are the preferred substrate
for PAD4 and that long-range interactions, provided by sites
far from the active site (>10 Å), are important for substrate
recognition by this enzyme. A similar phenomenon has been
observed for Cdc25, a protein phosphatase (58). While
kinetic studies with human fibrinogen (29) suggest that this
is not the case (theV/Ks for small molecules, peptides, and
fibrinogen are all in the 103-104 M-1 s-1 range), it should
be noted that kinetic parameters derived in that study (29)
are somewhat problematic because product formation ex-
ceeds substrate input. Thus further studies to address this
issue are required.

PAD4 Poorly Catalyzes the Deimination of Methylated Arg
Residues.Arg residues in a number of proteins are also
subject to posttranslational methylation reactions, generating
a variety of products, including monomethyl, asymmetric
dimethyl, and symmetric dimethyl Arg residues. Because
histones are subject to both Arg methylation and Arg
deimination, it was suggested that PAD4 activity could
represent a possible mechanism to reverse the physiological
effects of Arg methylation (47). In fact, Kouzarides, Coonrod,
Allis, and their co-workers have recently provided evidence
that PAD4 can catalyze the deimination of monomethylated
Arg residues in vivo (20, 21); and while these studies
elegantly suggest that PAD4 can catalyze the demethylimi-

nation of Arg residues, the rate of this reaction has not been
quantified. Therefore, the ability of PAD4 to catalyze the
deimination of methylated Arg residues was evaluated using
N-R-benzoylated derivatives of monomethyl, asymmetric
dimethyl, and symmetric dimethyl Arg.

Somewhat surprisingly, we observed that the second-order
rate constants for the deimination of these compounds are
150-fold to 2.0× 104-fold lower than the rate constants for
the deimination of their unmethylated analogues. This was
the case for both the free acids and the ethyl esters, as well
as for peptide substrates containing either a single mono-
methyl or a single asymmetrically dimethylated Arg residue.
Methylated Arg residues are likely poor substrates for full-
length PAD4 because the active site is too small to readily
accommodate the added bulk of the methyl groups.

Physiological Implications of the Slow Rate of Demeth-
ylimination. It is noteworthy that the in vitro rates of
demethylimination are quite slow relative to the rate at which
Arg residues are methylated. For example, the second-order
rate constant for the methylation of histone H3 by CARM1/
PRMT4 (59) is approximately 1000-fold faster than the
highest rate of demethylimination observed in our laboratory.
Thus, the ability of PAD4 to deiminate methylated Arg
residues could be a promiscuous rather than physiologically
relevant activity of PAD4.

However, immunofluoresence and chromatin immunopre-
cipitation data (20, 21), while not definitive, do suggest that
this reaction can occur in vivo, although we cannot rule out
the possibility that the deimination of Arg residues precedes,
and thereby antagonizes, the methylation of these residues,
as suggested by Kouzarides (21). If PAD4 catalyzes the
demethylimination reaction in vivo, there are at least three
possibilities that could explain our inability to observe high
rates of demethylimination in vitro. These possibilities
include the following: (1) PAD4 can remove methyl groups
from Arg residues only in the context of a protein substrate,
(2) interacting proteins enhance the ability of PAD4 to
catalyze this reaction in vivo, or (3) posttranslational
modification (e.g., proteolytic processing) of the enzyme
increases its ability to catalyze the demethylimination reac-
tion. The first possibility seems unlikely because the rates
of peptide and small molecule Arg deimination are quite
similar and peptides are generally felt to be good mimics of
histone N-termini. The latter two explanations are more
plausible, and we are currently pursuing studies to address
each of these possibilities.

Conclusions.In summary, an in vitro PAD4 assay has been
used to characterize the reaction mechanism, metal depen-
dence, calcium dependence, and substrate specificity of
PAD4. Through these studies, we have established that PAD4
catalyzes the hydrolytic deimination of Arg residues to
produce Cit and ammonia. Additionally, we have shown that
calcium is the preferred activating metal ion and that metal
binding to PAD4 causes a conformational change in the
enzyme. These studies have also demonstrated that non-
physiological concentrations of calcium are required for
enzyme activation, suggesting that additional layers of
regulation must exist to activate this enzyme in vivo.
Furthermore, the demonstration that methylated Arg residues
are poor PAD4 substrates indicates that methylated Arg
residues are unlikely to represent physiologically relevant
substrates of the full-length enzyme in the absence of an as
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yet unknown activating mechanism. Finally, the kinetic
studies described herein will form the basis for the future
design, synthesis, and evaluation of PAD4 selective inhibi-
tors. It is expected that such inhibitors will be useful for
deciphering the role of this enzyme in the various physi-
ologically relevant processes in which its enzyme activity
has been implicated (e.g., differentiation and transcriptional
regulation).
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