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Abstract

The Protein Arginine Deiminases (PAD), which catalyze the hydrolysis of peptidyl-arginine to
form peptidyl-citrulline, play important roles in a variety of cell signaling pathways including
apoptosis, differentiation, and transcriptional regulation. In addition to these important cellular
roles, PAD activity is dysregulated in multiple human diseases (e.g., Rheumatoid Arthritis (RA),
Cancer, and Colitis), and, significantly, PAD inhibition with Cl-amidine has been shown to reduce
disease severity in the Collagen Induced Arthritis model of RA. Although these enzymes play
important roles in human cell signaling and disease, the mechanisms that regulate PAD activity
under both physiological and pathological conditions are poorly understood. One possible
mechanism for regulating PAD activity is autodeimination, which we and others have shown that
PAD4 is subject to in vitro and in vivo. Herein, we demonstrate that PAD4 autodeimination does
not alter the activity, substrate specificity, or calcium dependence of this isozyme. However, the
results of these studies indicate a novel role for autodeimination in modulating the ability of PAD4
to interact with Histone Deacetylase 1 (HDACL), citrullinated histone H3 (Cit H3), and Protein
Arginine Methyltransferase 1 (PRMT1).

Protein arginine deiminases (PADs) are a small group of protein modifying enzymes that
catalyze the hydrolysis of arginine residues to citrulline (Figure 1). This particular
modification has gained much attention in recent years because of its apparent role in
rheumatoid arthritis (RA) and, more recently, in cancer, multiple sclerosis, and colitis (1).
Although multiple PAD isozymes (e.g., PADs 2 and 4) likely play a role in the
aforementioned diseases, the fact that mutations in PAD4 confer an increased risk of
developing RA in Asians, as well the fact that PAD4 is overexpressed in the disease
associated tissues (2, 3), has focused most research, at the both the molecular and
organismic level, on this isozyme. For example, inhibition of PAD activity with Cl-amidine,
an inhibitor developed by our lab (4), has been shown to reduce disease severity in the
murine Collagen Induced Arthritis model of RA (5). Cl-amidine treatment or sSiRNA
knockdown of PADA4 has also been shown to induce either apoptosis or differentiation of a
number of cancer derived cell lines, including U20S osteosarcoma cells (apoptosis), HL60
leukemic cells (differentiation), and HT29 colon cancer cells (differentiation) (6-9).
Additionally, PAD4 activity appears to play an important role in the innate immune
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response as the activity of this isozyme is required for the formation of Neutrophil
Extracellular Traps (NETS) (10-13). Finally, PAD4 is known to be recruited to the
promoters of numerous genes where it deiminates histones H3 and H4, and this modification
is associated with the decreased transcription of those genes via an as yet to be defined
mechanism (6, 7, 14, 15).

Although our knowledge of the physiological roles of the PADs is improving, particularly
with the development of inhibitors and chemical probes targeting these enzymes (4, 16-21),
our understanding of the mechanisms that regulate PAD activity are less clear, even though
these enzymes are known to be calcium dependent. This is particularly true when one
considers the fact that high micromolar to millimolar concentrations of calcium are required
to observe PAD activity in vitro. Such concentrations are far higher than the nanomolar to
low micromolar concentrations of calcium found in a cell, where the PADs are clearly active
(20). Thus, it seems likely that additional factors regulate PAD activity in vivo. Potential
higher level regulatory mechanisms that could modulate PAD activity, as well as the amount
of calcium required for in vivo activity, include both PAD interacting proteins and PTMs.
The latter possibility seems particularly plausible when one considers the fact that numerous
cell signaling proteins are subject to multiple PTMs (e.g., phosphorylation, acetylation, and
methylation) that regulate protein-protein interactions, enzymatic activity, and cellular
localization. Given the putative role of PAD4 in human disease, understanding the
mechanisms that regulate its deiminating activity, under both physiological and pathological
conditions, is critical for a complete understanding of PAD4 function; as such knowledge
will ultimately assist in the development of inhibitors targeting this enzyme.

Quite often, protein modifying enzymes also modify themselves. As we and others (22, 23)
have shown, PAD4 is subject to autodeimination (Figure 1). As this modification could
potentially regulate PAD activity, substrate specificity, calcium dependence, protein-protein
interactions, and protein stability, we sought to understand the regulatory effects of PAD4
autodeimination at the molecular level. Herein we report the identification of 7 sites of
autodeimination that occur both in vitro and in vivo. Site directed mutagenesis was then used
to probe the roles of these residues in regulating PADA4 activity, substrate specificity,
calcium dependence, and protein-protein interactions. In contrast to a recent report (22), the
results of these studies indicate that autodeimination has minimal effects on the activity,
substrate specificity, and calcium dependence of PAD4. However, we show for the first time
that autodeimination alters the ability of PADA4 to bind to HDACI, citrullinated histone H3
(Cit H3), and Protein Arginine Methyltransferase 1 (PRMT1). In addition, we also
investigated the effects of the RA-associated PAD4 haplotype, which consists of 4 exonic
single nucleotide polymorphisms that result in 3 amino acid substitutions: S55G, A82V, and
A112G (the fourth polymorphism is silent). The results of these studies indicate that these
substitutions also do not affect the activity, substrate specificity, or calcium dependence of
PAD4. On the other hand, the SNPs appear to increase the affinity of PADA4 for Cit H3, H3
and HDAC1.

Materials and Methods

Chemicals

Dithiothreitol (DTT), iodoacetic acid, protease inhibitor cocktail (Cat#P8465), and Benzoyl
L-arginine ethyl ester (BAEE) were acquired from Sigma-Aldrich (St. Louis, MO). Wild
type recombinant human PAD4 and wild type recombinant human PRMT1 were purified
using previously described methods (24, 25). Histones H3 and H4 were purified as
previously described (26). The synthesis and characterization of Biotin-conjugated F-
amidine (BFA), F-amidine-YNE, and TEV-biotin-azide have previously been described
(20).
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Construction of PAD4 mutants and purification of recombinant proteins

The Quik Change Mutagenesis Kit (Stratagene) was used to introduce point mutations into
the PAD4 gene. The sequences of the primers, which were obtained from IDT DNA
Technologies, are listed in Table S1. The entire open reading frame of each mutant gene was
sequenced to ensure that the appropriate mutation was obtained without incorporation of
undesired mutations. Expression and purification of the recombinant PAD4 mutants was
carried out as previously described (24, 27).

Purification of HDAC1 Fragment 1-90

A recombinant Escherichia coli expression system encoding residue 1-90 of human
HDAC1 (HDACL1 1-90) was the kind gift of Dr. Francois Fuks. Briefly, the HDAC1 1-90
expression construct, which encodes the first 90 residues of human HDACL fused in frame
to an N-terminal GST-tag, was transformed into E. coli Rosetta cells (EMB Biosciences). A
single colony was used to prepare starter cultures, which were used to inoculate 1L of TB
media containing ampicillin (50 pg/mL) and chloramphenicol (20 ug/mL) in a 4 L baffled
flask. Cells were incubated at 37 °C with shaking (250 rpm) until an ODggq of 0.8 was
reached. The culture was cooled to 16 °C and IPTG (0.3 mM final) was added to induce
protein expression. After overnight incubation, the cells were harvested by centrifugation
(5000 rpm, 10 min). The cell pellet was resuspended in 30 mL of lysis buffer (20 mM Tris-
HCl pH 8.0, 1 mM EDTA, 1 mM DTT, 400 mM NaCl, 20% glycerol, and protease inhibitor
cocktail) and incubated for 30 min at 4 °C with gentle stirring. The cell suspension was then
diluted with an additional 70 mL of lysis buffer and lysed by sonication (12 cycles for 15 sec
burst, duty cycle 10, 100% output with 60 sec intervals). Cellular debris was removed by
centrifugation (14,000 rpm, 30 min) and the supernatant was applied to a glutathione-
sepharose fast flow affinity column (GE Healthcare). The column was washed with 50 mL
of low salt buffer (20 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT, 250 mM NacCl, and
10% glycerol), followed by 50 mL of high salt buffer (20 mM Tris-HCI pH 8.0, 1 mM
EDTA, 1 mM DTT, 500 mM NacCl, and 10% glycerol). GST-HDAC1-1-90 was eluted from
the column with 25 mL of glutathione buffer (50 mM Tris-HCI pH 8.0, 1 mM DTT, and 10
mM reduced glutathione). Protein was dialyzed against 20 mM Tris-HCI pH 7.6, 1 mM
EDTA, and 2 mM DTT to remove any remaining glutathione. Dialyzed protein was applied
to a S200 size exclusion column (GE Healthcare) and fractions were collected and analyzed
by SDS-PAGE. GST-HDAC1-1-90 was pooled and dialyzed against long term storage
buffer (20 mM Tris-HCI pH 8.0, 2 mM DTT, 500 mM NacCl, and 10% glycerol), aliquoted,
and stored at —80 °C.

Kinetic characterization of mutant enzymes

All enzymatic assays were carried out as previously described (24). Briefly, assays were
performed in Reaction Buffer containing 100 mM Tris-HCI pH 7.6, 50 mM NaCl, 2 mM
DTT, and 10 mM CaCl, (60 uL final volume). The reaction buffer containing the
appropriate substrate (e.g., H4, H3, or BAEE) was preincubated for 10 min at 37 °C,
followed by the addition of recombinant enzyme (0.2 uM final) to initiate the reaction.
Citrulline production was quantified as previously described (24, 28). Experiments were
performed at least in duplicate and the values generally agreed to within 20%. The kinetic
values (e.g., keat and Kpy,) were obtained by fitting the initial velocity data to the Michaelis-
Menten equation 1,

v=Vyax[ S1/ (K +[S]), (1)

using Graphit software version 5.0.11 (29).
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Calcium dependence

The calcium dependence of PAD4 mutants was characterized using methods that have
previously been established for wild type PAD4 (24). Briefly, Reaction Buffer, containing
100 mM Tris-HCI pH 7.6, 50 mM NaCl, 2 mM DTT, 10 mM BAEE, and varying
concentrations of CaCl, (0-10 mM), was preincubated for 10 min at 37 °C, followed by the
addition of recombinant enzyme (0.2 uM final) to initiate the reaction. After 15 min, the
reactions were quenched and citrulline production was quantified as previously described
(24). The data obtained were fit to equation 2,

"/me': [ Caz+]"/(KO.5+[Caz+]”)’ (2)

using Graphlt version 5.0.11 (29), where v is the initial rate, Vax is the maximum rate, and
Ko.5 is the concentration of calcium that yields half maximal activity.

Autodeimination of PAD4

Recombinant proteins were incubated in Reaction Buffer in the absence (no
autodeimination) or presence (autodeimination) of 10 mM CaCl, at 37 °C and analyzed over
a range of time points (0 to 60 min). Following this incubation, samples were boiled in SDS-
PAGE loading buffer, and subjected to electrophoresis on a 10% SDS-PAGE gel for 60 min
at 200 V. Proteins were then electrotransferred onto a polyvinylidene difluoride (PVDF)
membrane for 70 min at 80 V. Detection of autodeiminated PAD4 was accomplished using
the Anti-Modified Citrulline Detection Kit (Upstate, Temecula, Ca).

Partial Proteolysis experiments

The partial proteolysis of wild-type PAD4 and PAD4 mutants was carried out as previously
described (24). Briefly, wild-type PAD4 and PAD4 mutants (0.2 uM) were incubated in the
absence or presence of subtilisin (3.3 pg/mL) in Reaction Buffer on ice over a range of time
points (0-60 min). The proteolysis reaction was quenched by the addition of
phenylmethanesulfonyl fluoride (5 mM final). Proteolytic fragments were separated by
SDS-PAGE, and visualized with coomassie brilliant blue staining.

Co-immunoprecipitations

Wild type PAD4 and PAD4 mutants (5 pg) were labeled with 1 uM BFA for 30 min at 37
°C in Reaction Buffer. Labeled protein (5 pg) was added to MCF-7 whole cell e xtracts (500
ug total protein) and applied to streptavidin-agarose beads (100 puL) and allowed to incubate
overnight at 4 °C with end over end rocking. The beads were washed three times with PBS
followed by three times with NET-2 buffer (150 mM NacCl, 0.05% NP-40, and 50 mM Tris-
HCI pH 7.4). Beads were boiled in SDS buffer (2% SDS, 62.5 mM Tris-HCI pH 6.8, and
10% glycerol), and then the eluted proteins were separated on a 12% SDS-PAGE gel and
subsequently transferred to a nitrocellulose membrane. Membranes were probed with a
mouse monoclonal anti-p53 antibody (Abcam, ab1101), a rabbit polyclonal anti-H3
antibody (Abcam, ab1791), anti-PRMT1 (Abcam, ab7027), anti-HDAC1 (Abcam,
ab19845), and an anti-citrullinated H3 antibody (Abcam, ab77164).

Stimulation of MCF7 cells

MCEF-7 cells were grown and maintained to 90% confluence in DMEM containing 10% FBS
at 37 °C, 5% CO,, at which point the media was exchanged with DMEM phenol red free
containing 10% charcoal stripped FBS. After 48 h incubation at 37 °C and 5% CO,
estrogen (0.1 pM) was added to stimulate the cells. After a 2 h incubation with estrogen,
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cells were rinsed in PBS and lysed in modified RIPA buffer (25 mM Tris-HCI pH 7.6, 150
mM NaCl, 1% NP-40, and 1% sodium deoxycholate) containing a complete protease
inhibitor tablet (Roche).

Identification of autodeimination sites in vitro

Purified recombinant PAD4 (100 ug) was deiminated at 37 °C for 2 h in a standard reaction
buffer containing 100 mM Tris-HCI pH 7.6, 50 mM NaCl and 2 mM DTT in the presence or
absence of 10 mM CaCls,. For reactions performed in 180-labelled water, the PAD4 protein
was lyophilized overnight, reconstituted in 180-labelled water, and incubated in reaction
buffer under similar conditions. Autodeiminated sites were determined from a tryptic digest
of the autodeiminated samples followed by mass spectrometry analysis on a Ultraflex
MALDI-TOF (Bruker Daltonics, Germany). Briefly, autodeiminated samples were
concentrated to 25 pL using micro spin columns (10000 MWCO, Millipore) and mixed with
50 uL of denaturing buffer (6 M Urea, 0.1 M MOPS and 1 mM EDTA, pH 7.2). Protein was
reduced and derivatized with 5 uM DTT (37 °C, 2 h) and 25 uM iodoacetamide (rt, 1 h)
respectively. All reactions were performed on column and the sample was mixed well by
thorough pipetting before each step. In order to reduce the urea concentration, the buffer was
washed off by centrifugation (5000 x g) and the column was then rinsed twice with 100 puL
of water. Sequence-grade trypsin (Promega), which was reconstituted in 100 mM NH4HCO3
pH 8.0, was then added at a final enzyme:protein ratio of 1:20. Digestion was carried out
overnight at 37 °C and peptides were collected in the flow through in a fresh collection tube
by centrifugation at 5000 x g for 20 min. Peptides were concentrated in a speedvac to a final
volume of ~30 pL, desalted using a C18 ZipTip (Millipore), and eluted in 2.5 pL of a-cyano
hydroxycinnamic acid for analysis.

Identification of autodeimination sites in vivo

HL-60 cells were differentiated along the granulocyte lineage with 1 uM all-trans retinoic
acid for 48 h. HL-60 granulocytes were incubated with F-amidine-YNE (100 puM final) in
the presence of a calcium ionophore, A23817 (4 uM) for 1 h at 37 °C and 5% CO,.
Subsequently the cells were harvested and lysed in modified RIPA buffer (25 mM Tris HCI
pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate) containing complete protease
inhibitor tablet (Roche) on ice, for 10 min. The samples were denatured at 95 °C for 10 min
prior to the addition of TEV-biotin-azide (10 uM) reporter tag. The ‘click’ reaction was then
initiated by the addition of TCEP (2.5 mM), ligand (Tris[(1-benzyl-1H-1,2,3,-triazol-4-
yl)methylJamine) (0.119 mM final), and CuSO4 (5 mM final), as previously described (20,
30). After 1 h at rt, the protein samples were collected by centrifugation (5000 rpm, 4 °C),
and the protein pellet was washed with cold methanol (2 x 100 pL). The protein pellet was
resuspended in 0.2% SDS/PBS and added to 100 uL of streptavidin-agarose beads in PBS
and incubated overnight at 4 °C with end over end rocking. The beads were washed by
adding 500 uL of 0.2% SDS/PBS for 10 min and collected by centrifugation (1,400 x g, 3
min). The supernatant was removed and the beads were washed with PBS (3 x 5 mL). In
order to elute the bound proteins, streptavidin-agarose beads were incubated in buffer A (2%
SDS, 15 mM biotin, 100 mM thiourea, and 3 M urea in PBS) for 1 h at 42 °C followed by
30 min at 95 °C. The supernatant was then removed, and the beads were washed with water
three times. The supernatant and wash factions were combined and concentrated to
approximately 20 uL. The entire sample was loaded onto a 12% SDS-PAGE gel and
proteins were visualized by coomassie blue staining. A protein band corresponding to the
approximate molecular weight of PAD4 was excised from the gel and subjected to an in-gel
tryptic digestion. In-gel digestion was performed as previously described (31). Peptides were
concentrated in a speedvac to a final volume of ~30 uL, desalted using a C18 ZipTip
(Millipore), and eluted in 2.5 pL of a-cyano hydroxycinnamic acid for analysis on an
Ultraflex MALDI-TOF (Bruker Daltonics, Germany).
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Results and Discussion

Autodeimination of PAD4 in vitro

Many enzymes that generate PTMs also modify themselves as a mode of regulating their
enzymatic activity. Given this fact, we were interested in determining whether PAD4
autodeiminates. For these studies, wild type recombinant PAD4 was incubated in the
absence (t = 0 min) or presence of calcium (t = 10, 15, 30, and 60 min) for various lengths of
time, and the presence of citrullinated residues was detected by western blotting using an
anti-modified citrulline antibody. The results of these studies indicated that PADA4 is
autodeiminated in a time dependent manner with near maximal deimination occurring at the
60 min time point (Figure 1B). These results are consistent with those obtained by Andrade
et. al (22).

Effects of autodeimination on PAD4 activity

To investigate the effects of autodeimination on PADA4 activity, the steady-state kinetic
parameters were determined for a variety of small molecule and protein substrates (i.e.,
histones H3 and H4, as well as BAEE), using both recombinant PAD4 and autodeiminated
PAD4 (adPADA4); adPADA4 was generated by incubating the enzyme in the presence of 10
mM calcium for 1 h. To control for the effects of incubation time on PAD4 activity, we also
incubated PADA4 in the absence of calcium for 1 h to generate control PAD4 (conPADA4). As
shown in Table 1, the kinetic parameters obtained for BAEE, H3, and H4 with adPADA4 are
generally comparable to those obtained with PAD4 and conPADA4; the effects on ke,i/K, are
< 2.3-fold. The one exception to this trend is the result obtained with H3. Here, incubation
in the absence of calcium led to a 4.7-fold reduction in ke5/Km. However, when the enzyme
was incubated for 1 h in the presence of calcium, little to no change in kqo/Kyy, relative to
PADA4, was observed. The reasons for this small, but nonetheless significant, loss in activity
for H3 are unclear, but overall the results are inconsistent with the notion that
autodeimination negatively impacts PAD4 activity.

Given that Andrade et. al have previously suggested that the autodeimination of PAD4
inhibits its deiminating activity (22), we were understandably concerned with our results.
The major differences between our two studies are: i) the incubation time (2 h versus the 1 h
used here); and ii) the choice of substrate (Andrade et. al used HL60 cell extracts as PAD4
substrates and detected changes in protein citrullination using the anti-modified citrulline
antibody). To determine whether incubation time could explain the discrepancy, the kinetic
parameters were determined for adPAD4 and conPAD4 after a 2 h incubation in the
presence and absence of calcium. The results of these studies (Table 1) indicate that there
was little to no difference in the kinetic parameters obtained for adPAD4 and conPAD4 that
were incubated for 2 h. The one exception is again the case of H3, where the K.,/Kpy, for H3
with conPAD4 is ~4-fold lower than that obtained with adPADA4. Again, while the reason
for this discrepancy is not known, the effect is relatively small. It is interesting to note,
however, that significant activity is lost after incubating the enzyme for 2 h as compared to
WT PADA4. For example, a pronounced decrease in Ke;i/Kpy, was observed with both H4
(~3.3 fold) and BAEE (~14-19 fold) after the 2 h incubation (compare the adPAD4 and
conPAD4 data to the non-incubated control) (Table 1). The fact that both adPAD4 and
conPADA4 are less active after the 2 h incubation suggests that the loss of activity is of a non-
specific nature. This seems likely given the fact that the loss of activity is less pronounced at
the 1 h time point. Taken together, these results indicate that autodeimination of PAD4 has
little to no effect on the steady-state kinetic parameters of PAD4, at least in vitro.

Given that Andrade et. al had used whole cell extracts as the source of proteins for their
activity measurements, we hypothesized that a protein present in those extracts, or some
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other unknown component, could potentially be acting to inhibit PADA4 activity. To examine
this possibility, we prepared whole cell extracts from unstimulated and estrogen stimulated
MCEF7 cells — MCF7 cells are a breast adenocarcinoma derived cell line that is known to
express PAD4 — and examined the effects of these extracts on the kinetic parameters of
adPAD4 and conPADA4. The results of these studies (Figure S1 and Table S2) indicate that
neither extract altered the activity of PAD4 as the kqq/Ky, values obtained with adPAD4 and
conPADA4 are virtually identical. Thus, there appears to be no endogenous factor in MCF-7
cell extracts that can inhibit PAD4 activity. Although it is unclear why we see such
dramatically different results, it is worth noting that Andrade et. al used very low amounts of
B-mercaptoethanol in their incubation buffers and the observed loss of activity may be due
to oxidation of the active site Cys, as we and others have previously shown that enzyme
activity is highly dependent on the presence of a reducing agent (24, 28).

Effect of autodeimination on the calcium dependence of PAD4

Given that PAD4 requires millimolar amounts of calcium for activity in vitro (24), but only
nanomolar to low millimolar levels of calcium are found in vivo, we were curious to see
whether autodeimination could alter the calcium-dependence of this enzyme. For these
studies, adPAD4 was generated by incubating the enzyme in Reaction Buffer plus 10 mM
calcium for either 1 h or 2 h. The excess calcium was then removed by dialysis, and then
PAD4 activity was measured as a function of increasing calcium. Since the activity versus
calcium concentration plots are sigmoidal, the data were fit to the Hill equation to provide
values for the Hill coefficient (n) and Kg 5 for calcium activation (Figure S2). The results of
these studies indicated that when PAD4 was autodeiminated for 1 h no significant effect was
present on either the Kg 5 or the hill coefficient (Kg 5 = 407 £ 106 uM, n = 2.3 £ 0.37)
compared to non-incubated control (Kg5 =500 £ 91 uM, n = 1.5 £ 0.37). Similar results
were obtained when PAD4 was autodeiminated for 2 h (Kg5 = 1200 £ 170, n = 2.0 + 0.37).
Although the Kq 5 is increased by 2.4-fold with this treatment, the effect is relatively small
and inconsistent with the hypothesis that autodeimination could decrease the concentration
of calcium required for PAD4 activity. Taken together, the data suggests that
autodeimination has little to no effect on the calcium dependence of PADA4.

Identification of the sites of autodeimination

MS analyses were used to identify the sites of PAD4 autodeimination, both in vitro and in
vivo. To identify the in vitro sites of deimination, recombinant PAD4 was either
reconstituted in 180-labelled water and autodeiminated for 2 h or autodeiminated directly for
2 h. Subsequently, adPAD4 was subjected to in solution tryptic digestion and MS and MS/
MS analyses. Note that these experiments were performed in 180-labelled water so as to
enhance our ability to identify the sites of autodeimination because deimination in normal
water results in only a 0.98 Da mass increase whereas in 180-labelled water an ~3 Da
increase is observed. The results of these studies identified six in vitro sites of
autodeimination, i.e. R123, R156, R205, R419, R484, and R639 (Table S3). Note that
sequence coverage was 64%. To identify the sites of autodeimination that occur in vivo, we
isolated endogenous PAD4 from HL-60 granulocytes utilizing a recently described PADA4-
targeted ABPP, i.e., F-amidine-YNE (20). For these studies, F-amidine-YNE (100 uM
final), in the presence of a calcium ionophore (i.e., A23817; 4 uM final), was added to HL60
granulocytes for 1 h. Subsequently the cells were harvested, lysed, and then denatured by
boiling at 95 °C for 10 min. The TEV-biotin-azide reporter tag was then added in the
presence of TCEP, ligand, and copper sulphate to afford the coupling of the reporter tag to
F-amidine-YNE via the copper catalyzed azide-alkyne [3 + 2] cycloaddition reaction.
Biotinylated proteins were then isolated on streptavidin agarose, eluted, and separated by
SDS-PAGE. A band corresponding to the size of PAD4 was excised from the gel and
subjected to in gel tryptic digestion. The results of these studies identified two in vivo sites
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(i.e., R123 and R609) of autodeimination (see Figure 2A for representative MS data). As
depicted in Figure 2B, the majority of the autodeiminated arginine residues clustered in the
C-terminal catalytic domain (i.e., R419, R484, R609, and R639), while the remaining three
arginines are located in the N-terminus of the protein (i.e., R123, R156, and R205). Note
that all of these residues are not directly accessible to the active site; thus, the deimination of
these residues must occur in trans. Also note that while Andrade et. al identified 10 sites of
autodeimination (i.e., R205, R212, R218, R372, R374, R383, R394, R495, R536, and
R544), only one of these sites, i.e. R205, is shared between these two analyses. The reason
for this discrepancy is unknown, but may be related to the different methods of detection
(LC-MS and MS/MS versus MALDI-TOF/TOF) or the fact that we do not observe an effect
of autodeimination on PAD4 activity.

Site directed mutagenesis

R123

Site directed mutagenesis was next used to investigate the contribution of these
autodeiminated residues to the in vitro activity and calcium dependence of PADA4. In order
to mimic the effects of arginine deimination, R123, R156, R205, R419, R484, R609, and
R639, as well as R372 and R374 (previously described sites of autodeimination (22)), were
mutated to glutamine and the steady state kinetic parameters determined for BAEE and
histone H4. Although the side chain of glutamine is ~2 methylene units shorter than the side
chain of citrulline, we considered that the carboxamide moiety present on glutamine would
provide a reasonable mimic of the ureido group in citrulline as it possesses similar hydrogen
bond acceptors and donors. These residues were also mutated to lysine to serve as non-
deiminatable controls. As shown in Table 3, only minor effects on the kinetic parameters are
observed when R123, R156, R205, R484, R609, R639, and R374 are mutated to either a
glutamine or a lysine. These results are consistent with our results demonstrating that
autodeimination has only minor effects on PAD4 activity. The two exceptions are the data
obtained for the R372 mutants and the R419Q mutant when BAEE is used as the substrate
(see below). The effect of these arginine substitutions on the calcium dependence of PAD4
was also analyzed. For the R156, R374, R484, and R609 mutants, only very minor effects
on the Hill coefficient and Ky 5 for calcium were observed. The exceptions are the data
obtained for R123, R205, R419, and R639. The effects of mutating these residues, as well as
R372, on the calcium dependence and activity of PAD4 are described below. Note that
partial proteolysis experiments were performed on all of the PAD4 mutants described. The
fact that these mutants behaved identically to the wild type enzyme in these assays indicates
that the observed changes in activity are not due to gross structural perturbations. Also note
that while we generally define minor effects as being <2-fold, we recognize that such small
effects in vitro could potentially have profound effects in vivo. Nevertheless, to limit
speculation we have generally focused our discussion on only those changes that are >2-
fold.

R123 is present on the tip of a loop in subdomain 1 (Figure 3A) and likely stabilizes a
second loop encompassing residues 138-146 via hydrogen bond interactions with the
backbone carbonyls of T140 (r = 2.8 A) and G142 (r = 3.2 A). As deimination of this
residue would be expected to disrupt these interactions, one might expect that this would
lead to the destabilization of this loop. Given that this loop directly connects to the region of
the enzyme that binds to calciums 1, 2, 3, one might further expect that its deimination
would alter the calcium dependence of the enzyme. Consistent with this notion is the fact
that the Kq 5 for calcium obtained for the R123Q mutant (Kg 5 = 310 * 66 puM) is
significantly higher than that obtained with the R123K mutant (Kq 5 = 106 + 29 uM), which
mimics a non-deiminatable arginine. While the Ky 5 of the R123K mutant is significantly
lower than that observed for the wild type enzyme (~5-fold), it remains higher than
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physiologically relevant. Thus, deimination of this residue cannot fully explain the in vitro
requirement for such high levels of calcium.

Mutation of R205 to either a lysine or a glutamine decreases the Kqot/Ky, for histone H4 and
BAEE by 4.8-fold and 2.7-fold, respectively. Additionally, these mutations reduce the Kg 5
for calcium by ~5-fold. Although the molecular basis for these effects is not known, it may
be due to effects on dimerization as R205 is present on a short loop connecting -strand 12
in subdomain 2 to helix a4, and appears to form hydrogen bonds with the backbone carbonyl
and amide groups of S437 the second subunit in the PAD4 dimer. As such, the inability to
form the correct hydrogen bonding patterns, which would be expected with both mutants,
would be expected to at least partially destabilize the PAD4 dimer.

Although we did not observe autodeimination of R372, we were interested in determining
the importance of this residue because Andrade et. al had suggested that this residue is
deiminated and that its mutation to a lysine abolished PAD4 activity. Consistent with
previous results (22, 32), the conversion of R372 to either a lysine or glutamine resulted in a
>830-fold decrease in keqt/Kiy, When either BAEE or histone H4 was tested as the substrate
(Table 2). Given the magnitude of these effects, which essentially dropped the activity to
baseline, it was not possible to examine the effect of these mutations on the calcium
dependence of PADA4. Based on the structure of PADA4 there are at least two possible reasons
for the loss in activity. First, R372 forms a water mediated hydrogen bond to the backbone
carbonyl C-terminal to the site of deimination (Figure 3B), and loss of this interaction would
be expected to increase the K, for the substrate. Second, when bound to calcium, the side
chain guanidinium of R372 forms an electrostatic interaction with D345 that likely helps
position D350, an essential active site residue (27), so that it can bind and orient the
substrate guanidinium for nucleophilic attack by the active site cysteine, i.e. C645. This
interaction likely occurs in a calcium dependent manner because N373, which is one residue
C-terminal to R372, acts a ligand for calcium 2. Given the magnitude of the effect of
mutating this residue on PAD4 activity, which is on the order of mutating D350, the latter
explanation seems most likely.

With respect to the activity of the R419Q mutant, the kq4/Ky,, obtained for BAEE is
decreased 7.6-fold relative to the wild type enzyme, whereas the R419K mutant retains near
wild-type activity (Table 3). As the decrease in keqt/Kpy, is driven mostly by a ~5-fold
decrease in K,t, these results suggest that the loss in activity may be due to an inability to
properly adopt the active conformation of the enzyme. However, the fact that less than a 2-
fold effect on k.,/Kn, is observed when histone H4 is used as a substrate suggests that long
range interactions between the enzyme and the substrate can compensate for the loss of the
positively charged side chain of R419.

With respect to the calcium dependence of the R419 mutants, the Kg 5 of the R419K mutant
(66 + 23 uM) is decreased by 7.6-fold relative to the wild type enzyme (500 + 91 uM)
(Table 3), whereas the values obtained for the glutamine mutant are similar to those obtained
for wild type PAD4 (300 + 140 uM). As the glutamine mutant mimics a constitutively
deiminated form of the enzyme, these data are consistent with the notion that the
deimination of R419 could increase the Kg 5 for calcium. To provide a molecular basis for
this effect, we examined the structure of PAD4 bound to calcium, and found that this
residue, which is present on the B-turn that connects B-strand 26 and B-strand 27, points
towards the C-terminus of helix a12 and likely stabilizes the structure of the helix via
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electrostatic interactions with the helix dipole. Additional stabilization likely comes via an
electrostatic interaction with E556, which is present at the C-terminus of this helix (Figure
3C). These two interactions also likely stabilize the structure of p-strand 26. Given that
R419 is only eight residues C-terminal to E411 (E411 is present on B-strand 25, binds to
calcium 1, and appears to be essential for activity), the deimination of this residue could
destabilize this region of PADA4, and potentially increase the amount of calcium required to
trigger the conformational change that converts PAD4 from an inactive to active
conformation. If true, such a mechanism would explain the results obtained with the R419K
mutant, a non-deiminatable PAD4 mutant, and that lysine can act as a functional mimic of
the arginine residue at this position.

Mutation of R639 to either a lysine or a glutamine also decreased the K 5 for calcium by
~5-fold. This residue, which lines the top of the substrate binding cleft on helix al16, points
out into solution and is far from the sites of calcium binding (Figure 3D). Thus, it is unclear
how the mutation of this residue leads to a decreased requirement for calcium. It is,
however, worth noting that the fact that this residue lines the substrate binding cleft suggests
that the deimination of this residue could impact PAD4 substrate recognition, although that
does not appear to be the case with either BAEE or histone H4.

Autodeimination of PAD4 reduces protein-protein interactions

Given our results showing that autodeimination has only minor effects on the catalytic
activity and calcium dependence of PAD4, we hypothesized that this PTM may indirectly
affect PAD4 activity by altering its ability to interact with its binding partners. This seems
reasonable when one considers that the deimination of arginines residues results in a net loss
of positive charge, and such a change can have profound effects on local electrostatic
interactions and hydrogen bonding with proximal residues or with potential binding
proteins. To examine this possibility, we investigated the ability of adPADA4 to
coimmunoprecipitate with known PADA4 binding proteins from stimulated MCF-7 WCE.
Wild type PAD4 was autodeiminated at 37 °C for 1 h and labeled with BFA, a recently
described PAD4-targeted Activity-based Protein Profiling (ABPP) reagent (Figure 4A) (20).
Wild type non-deiminated PAD4 was labeled with BFA in an identical fashion (Figure 4B).
The labeled protein was then used to “fish” out known binding proteins from the extracts.
The PADA4 binding proteins evaluated were histone H3, Cit H3, p53, HDAC1 and PRMT1.
Note that while PRMT1 has not previously been shown to be a PAD4 binding protein,
coimmunoprecipitation experiments were used to confirm this finding (Figure S3). The
results of these experiments indicated that the binding affinity of adPADA4 for p53 and H3
were similar to non-deiminated PAD4 (Figure 5). In contrast, the affinity of adPAD4 for
HDAC1, PRMTL, and Cit H3 was reduced by 3.7-, 4.5-, and >10-fold, respectively (Figure
5). These results suggest that the autodeimination of PAD4 in vivo could affect its functional
activity by regulating its ability to interact with binding partners.

Given the fact that the autodeimination of PADA4 decreases its ability to bind to a subset of
the aforementioned proteins, we reasoned that one or more of these proteins could protect
the enzyme from autodeimination. To test this hypothesis, we determined whether
HDACZ1-1-90 could inhibit PAD4 autodeimination. Note that we focused on this enzyme
because it is a weak PAD4 substrate (see Figure 5A), whereas both H3 and PRMT1
(unpublished results) are PADA4 substrates. Thus, if autodeimination was prevented in the
presence of HDAC1-1-90 it would most likely be due to the binding of PAD4 and not due to
the addition of a competing substrate. For these studies, increasing amounts of HDAC1-1-90
were incubated in the presence of PAD4 and the autodeimination reaction was allowed to
proceed for 1 h. The results of these studies indicated that HDAC1-1-90 does indeed prevent
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PAD4 autodeimination (Figure 5B). The fact that PAD4 autodeimination is almost
completely blocked by the addition of a 2-fold molar excess of HDAC1-1-90, suggests that
HDAC1-1-90 binds a PAD4 monomer as a dimer.

Coimmunoprecipitation of PAD4 mutants with binding partners

To identify the key residues responsible for mediating the interaction between PAD4 and Cit
H3, HDAC1 and PRMT1, we investigated whether the glutamine substitution mutants could
coimmunoprecipitate these proteins. Note that we focused on using the glutamine mutants,
as opposed to the lysine mutants, because deimination reduced the binding of these proteins
to PAD4 and this substitution mimics a constitutively deiminated arginine residue. Also note
that H3 was used as a control. For these studies, the R123Q, R156Q, R205Q, R419Q,
R484Q, R609Q, and R639Q substitution mutants were labeled with BFA (Figure 6A),
incubated with MCF-7 WCE, and their ability to isolate the aforementioned proteins
evaluated by western blot. As expected, the affinity for H3 is unchanged by the substitution
mutants for no effect was seen with adPADA4. Similar results were obtained for Cit H3,
suggesting that additive, or even synergistic, interactions from multiple autodeiminated
arginine residues lowers the affinity of PADA4 for Cit H3 (Figure 6B). In contrast to these
results, significant differences in the binding of these mutant enzymes to HDAC1 and
PRMT1 were observed. For example, the affinity of HDACL for the R123Q, R419Q and
R484Q mutants is decreased by 3.3-, 1.4- and 1.4 fold, respectively. For PRMT1, the effects
are more dramatic, with the affinity of the R123Q, R484Q, R609Q, R639Q mutants for
PRMT being reduced by 2-, 10-, 3.3-, and 5-fold, resepctively (Figure 6). These results
indicate that these sites of deimination are likely critical for forming high affinity
interactions between PAD4 and these proteins. With respect to HDAC1, these results are at
least partially consistent with the results of Fuks and colleagues, who showed that HDAC1
interacts mainly with the C-terminus of PAD4 (residues 400-631), where R419 and R484
are located (33).

Characterization of PAD4 SNPs

Four exonic single nucleo