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ABSTRACT: Peptidylarginine deiminases (PADs) are enzymes
that catalyze the Ca2+-dependent conversion of arginine residues
into proteins to citrulline residues. Five PAD isozymes have been
identified in mammals. Several studies have shown that the active-
site pockets of these isozymes are formed when Ca2+ ions are
properly bound. We previously characterized the structures of
PAD3 in six states. Among these, we identified a “nonproductive”
form of PAD3 in which the active site was disordered even though
five Ca2+ ions were bound. This strange structure was probably
obtained as a result of either high Ca2+ concentration (∼260 mM)-
induced denaturation during the crystallization process or high
Ca2+-concentration-induced autocitrullination. While autocitrulli-
nation has been reported in PAD2 and PAD4 for some time, only a single report on PAD3 has been published recently. In this study,
we investigated whether PAD3 catalyzes the autocitrullination reaction and identified autocitrullination sites. In addition to the
capacity of PAD3 for autocitrullination, the autocitrullination sites increased depending on the Ca2+ concentration and reaction time.
These findings suggest that some of the arginine residues in the “nonproductive” form of PAD3 would be autocitrullinated.
Furthermore, most of the autocitrullinated sites in PAD3 were located near the substrate-binding site. Given the high Ca2+
concentration in the crystallization condition, it is likely that Arg372 was citrullinated in the “nonproductive” PAD3 structure, the
structure was slightly altered from the active form by citrulline residues, and probably inhibited Ca2+-ion binding at the proper
position. Following Arg372 citrullination, PAD3 enters an inactive form; however, the Arg372-citrullinated PAD3 are considered
minor components in autocitrullinated PAD3 (CitPAD3), and CitPAD3 does not significantly decrease the enzyme activity.
Autocitrullination of PAD3 could not be confirmed at the low Ca2+ concentrations seen in vivo. Future experiments using cells and
animals are needed to verify the effect of Ca2+ on the PAD3 structure and functions in vivo.

■ INTRODUCTION

The deimination of arginine residues into citrulline residues is
an important post-translational protein modification (Figure
1). Replacing the positive charges of the protein molecule with
neutral ones causes changes in the protein conformation and
intramolecular and/or intermolecular interactions.1−4 This
post-translational modification promotes myelin sheath for-

mation, which results in the keratinization of the epidermis as
well as hair and the insulating effect of nerve axons.5

Conversely, abnormalities in this post-translational modifica-
tion can cause various diseases, such as rheumatoid arthritis
and multiple sclerosis.5−9

Protein citrullination is catalyzed by peptidylarginine
deiminases (PADs), which are Ca2+-dependent enzymes
(Figure 1). Five PAD isozymes have been identified in
mammals, PAD1-PAD4 (663−665 residues long) and PAD6
(690 residues long), with a similar molecular weight
(approximately 75 kDa per monomer) and a sequence identity
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Figure 1. Citrullination reaction catalyzed by peptidylarginine
deiminases.
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of approximately 50%. However, their tissue localization,
substrates, and associated diseases differ.10−13

To date, only the structures of PAD1, PAD2, PAD3, and
PAD4 have been elucidated using X-ray crystallography.14−17

Interestingly, PAD3 and PAD4 bind five Ca2+ ions per
monomer,14,18 whereas PAD1 and PAD2 bind four and six
Ca2+ ions per monomer, respectively.15,16 Furthermore, it has
been suggested that Ca2+-ion binding to PADs leads to the
formation of their active-site pocket, which allows substrate or
inhibitor binding;14,15,18 i.e., some Ca2+ ions serve as switches
activating the enzyme function of PADs.
PAD3 is a unique PAD isozyme as it exhibits the highest

substrate specificity.19,20 In neural stem cells, cell death is
induced upon PAD3-mediated citrullination of apoptosis-
inducing factor, thus suggesting that PAD3 acts as an upstream
regulator of Ca2+-dependent cell death.21 Furthermore, PAD3
plays important roles in hair follicle formation by citrullinating
trichohyalin, an arginine-rich structural protein abundant in the
inner root sheath and medulla.22,23 In addition, S100A3, a
Ca2+-binding protein that abundantly localizes in cuticular
cells, was shown to be a PAD3 substrate.24 PAD3- and
S100A3-associated hair keratinization responses began to
occur in mammals during evolution.25 Mutations in the
PAD3 gene are reported to be the cause of uncombable hair
syndrome.26,27

We have recently elucidated the structures of PAD3 in six
states and reported them in a previous paper.18 These
structures included the ligand-free wild-type (WT) PAD3
(Apo WT PAD3, PDB ID; 7D4Y), the active form of PAD3 in
which Ca2+ ions bind to the appropriate sites (WT PAD3-Ca2+,
PDB ID; 7D5V), the “nonproductive” PAD3 form in which
Ca2+ binds to inappropriate sites (“nonproductive” WT PAD3-
Ca2+, PDB ID; 7D8N), the inhibitor-bound form in which
both Ca2+ and the general PAD inhibitor Cl-amidine are
bound (WT PAD3-Ca2+-Cl-amidine, PDB ID; 7D56), the
C646A mutant of PAD3 in which catalytic residue Cys646 is
substituted by alanine (C646A PAD3, PDB ID; 7D5V), and
the C646A mutant structure with Ca2+ ions bound to it
(C646A PAD3-Ca2+, PDB ID; 7D5R). In the “nonproductive”
WT PAD3-Ca2+, in the vicinity of Ca2, one of the five Ca2+-
binding sites, Asp369 and Arg372 formed a salt bridge that
prevented Ca2+ binding to the appropriate site.18 This was
thought to be an adverse effect of co-crystallization at a very
high Ca2+ concentration (260 mM), which is not attainable in
vivo.
It has been reported that PAD2 and PAD4 catalyze

autocitrullination reactions in the presence of Ca2+.28−31

Recently, autocitrullination of PAD3 was also identified and
the sites were reported.32 Since the “nonproductive” WT
PAD3-Ca2+ was crystallized in the presence of a very high Ca2+
concentration (260 mM),18 we also considered the possibility
that the obtained structure underwent autocitrullination. In the
present study, we independently examined whether PAD3
catalyzes autocitrullination in the presence of high Ca2+
concentrations and attempted to identify the autocitrullination
sites. In addition, the effect of autocitrullination on the
structure and activity of PAD3 is discussed.

■ RESULTS AND DISCUSSION
PAD3 Is Autocitrullinated. WT PAD3 (3 mg/mL)

incubated for 3 h at 37 °C with a reaction buffer solution
containing either 10 mM CaCl2 or 1 mM EDTA (as a control)
was subjected to two-dimensional (2D) electrophoresis.

Proteins transferred onto a poly vinylidene difluoride
(PVDF) membrane were detected using SYPRO ruby stain
and specific antibodies for PAD3. Total protein staining of WT
PAD3 with EDTA showed a major spot at the position of
isoelectric point (pI) 6.3. The same spot was also probed by a
specific antibody for PAD3 with rather tailed patterns (Figure
2). Control PAD3 migrated with a slight basic nature

compared to the theoretical pI 5.7 computed by Expacy
(Swiss Institute of Bioinformatics) for the His-tagged actual
construct of the WT PAD3 sequence. Conversely, the spots of
PAD3 incubated with CaCl2 were detected at the apparently
shifted acidic side (pI 5.6−5.8). The reduction of pI value
could be simulated by substituting approximately half of the 39
arginine residues of PAD3 with citrullines. These results
suggest that a number of sites of PAD3 were preferentially
autocitrullinated.
PAD3 Autocitrullination Is Ca2+-Concentration-De-

pendent. When PAD3 was incubated with various CaCl2
concentrations (0, 0.5, 1.0, 2.0, and 4.0 mM) at 37 °C for 4 h,
we discovered that the autocitrullination was taking place
above a CaCl2 concentration of 2 mM (Figure 3). The results

of band quantification using ImageJ also showed that the
relative concentrations were 1.0, 1.0, 1.1, 5.3, and 6.0 when
incubated with 0, 0.5, 1.0, 2.0, and 4.0 mM CaCl2, respectively,
and autocitrullination was quantitatively evaluated from a
CaCl2 concentration of 2 mM (Supporting Table S1).
Autocitrullination Is Dependent on the Reaction

Time. The Ca concentration was next fixed at 4 mM, and
the reaction times were varied. The results showed that the
peptidylcitrulline levels increased in a reaction-time-dependent
manner (Figure 4, top). Furthermore, we confirmed that the
concentration of PAD3 remained constant during this process

Figure 2. Acidic shift of autocitrullinated PAD3. Aliquots (3 μg each)
incubated in the presence of either EDTA (control experiment) or
Ca2+ and subjected to 2D electrophoresis. Protein transferred onto a
PVDF membrane was stained with SYPRO ruby for the detection of
total protein (A) and subsequently probed with anti-PAD3 antibody
(B).

Figure 3. Ca2+-concentration-dependent autocitrullination of PAD3
detected using western blotting. A primary antibody against AMC was
used to detect PAD3 peptidylcitrulline. The PAD3 concentration used
was 0.1 mg/mL. The autocitrullination reaction of PAD3 was
performed for 4 h. Anti-modified citrulline (AMC); peptidylarginine
deiminase 3 (PAD3).
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(Figure 4, bottom). Bands quantification using ImageJ allowed
us to further show that the citrullination levels increased in a
reaction-time-dependent manner, while the concentrations of
PAD3 remained unchanged (Figure 5 and Supporting Table
S2).

To confirm the specific binding of the primary antibody,
S100A3, gel filtration buffer, gel filtration buffer + CaCl2, BSA,
conalbumin, aldolase, and molecular weight markers were used
as controls (see Methods). As a result, small control bands
representing proteins other than S100A3 citrullinated by PAD3
were identified, indicating that the primary antibody hardly
bound nonspecifically.
Autocitrullination of PAD3 was confirmed to occur in a Ca2+

concentration (>2 mM)- and reaction-time (>1 h)-dependent
manner using western blotting.
Activity of Autocitrullinated PAD3. The activities of

purified WT PAD3, putative autocitrullinated PAD3 (Cit-
PAD3; WT PAD3 incubated with Ca2+), and PAD3 C646A
mutant (C646A), in which the catalytic residue Cys646 was
substituted by alanine, were compared. The activities were
calculated based on the absorption at 490 nm (A490). A
reaction time of 10 min was used due to the reliable
absorbance within 1.0. The activity of CitPAD3 was shown
to be 20% lower than that of WT PAD3 (Figure 6).
Identification of Autocitrullinated Sites. First, we

attempted to identify the sites of autocitrullination using
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS). In this experiment, we
detected the difference in the molecular weight of arginine, a
basic amino acid, and citrulline, a neutral amino acid, to
identify the citrullination sites. During MALDI-TOF MS,

trypsin treatment cleaves proteins at the position behind basic
amino acids. The different residues are detected based on the
differentially cleaved fragments. For the CitPAD3 sample, the
peptide containing citrulline(s) was detected in a state not
cleaved by trypsin. We searched for “1-missing fragments
found only in CitPAD3” and the results showed that Arg346
and Arg440 were candidates. However, the corresponding
fragments sometimes appeared in both WT PAD3 and
CitPAD3 or sometimes in neither of them. Therefore, the
autocitrullination sites could not be identified in this
experiment using MALDI-TOF MS.
Next, we attempted to identify autocitrullinated sites using

liquid chromatography−MS (LC-MS)/MS. Four measure-
ments were conducted on samples prepared under various
conditions (see the Methods section). Table 1 lists the peptide
fragments containing arginine(s) or citrulline(s) identified in
the four experiments (duplicates were omitted). The
percentages of amino acids in PAD3 identified using LC-
MS/MS are summarized in Supporting Table S3, while the
sites containing arginine identified using LC-MS/MS are listed
in Table 2. Citrullination was observed in some cases and not
in others, even at the same Ca2+ concentrations and reaction
times. It is unclear whether this is due to differences in
equipment, protein purification L. O. T., or minor differences
in sample preparation procedures. Nine sites in PAD3, Arg131,
Arg343, Arg346, Arg372, Arg394, Arg397, Arg399, Arg447,
and Arg510, were identified as probable autocitrullination sites.
Arg314 was detected in both WT PAD3 without Ca2+ and
C646A, the inactive mutant. Since these two states of PAD3

Figure 4. Reaction-time-dependent changes in the citrulline levels at stable PAD3 concentrations detected using western blotting. In the upper
figure, an anti-AMC primary antibody was used to detect the autocitrullinated PAD3. In the lower figure, an anti-PAD3 primary antibody was used
to detect PAD3 (PAD3 concentration: 0.05 mg/mL; CaCl2 concentration during the PAD3 autocitrullination reaction: 10 mM). Anti-modified
citrulline (AMC); peptidylarginine deiminase 3 (PAD3).

Figure 5. Quantification of the citrulline concentration based on
western blotting quantification (Figure 4). The horizontal axis
represents time in minutes. The vertical axis represents the relative
value of the band intensity of 0 min as 1. Gray bars and black bars
represent the relative band concentrations for AMC and anti-PAD3,
respectively. Anti-modified citrulline (AMC); peptidylarginine
deiminase 3 (PAD3).

Figure 6. PAD3 activity. From left to right: activity measurements (n
= 3) of WT PAD3 (37 °C, 1 h incubation without Ca2+), CitPAD3
(37 °C, 1 h incubation with 10 mM CaCl2), and PAD3 C646A
mutant. The vertical axis indicates the activity percentage of WT
PAD3 as 100%, based on the formula shown in Identification of
Autocitrullinated Sites. Peptidylarginine deiminase 3 (PAD3); wild
type (WT).
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cannot catalyze autocitrullination, Arg314 must be a false
positive. The citrullinated arginine residues in the PAD3
molecule accounted for 23% (9/39) of the total arginine
residues. This result supported our 2D electrophoresis results,
in which the sample was prepared by reacting with Ca2+ for a
sufficient time and at a sufficient concentration.
However, certain sites remained undetectable using LC-MS/

MS (Tables 1 and 2, and Supporting Table S3). In addition,
autocitrullination was not confirmed at Ca2+ concentrations
observed in vivo (tens of nM at steady state and hundreds of
nM transiently, rising to 1 mM during citrullination of S100A3;
Figure 3).24,33 Therefore, if autocitrullination of PAD3 occurs
in vivo remains unknown and should be investigated in the
future.
Characteristics of Autocitrullinated Sites in PAD3.

The autocitrullinated sites of PAD3 are shown in Figure 7.
Nine of the 39 arginine residues were autocitrullinated in

PAD3, with a high concentration at the substrate-binding site
and near Ca2 (Figure 8). Previously, Arg372 was thought to
form a salt bridge with Asp369 in the “nonproductive” WT
PAD3-Ca2+.18 However, in this study, Arg372 was autocitrulli-
nated in the presence of high Ca2+ concentrations; thus, its
interaction with Asp369 was hypothesized to be a hydrogen
bond rather than a salt bridge as previously suggested.
Comparison of Autocitrullinated Sites with Those in

the Other Isozymes. Autocitrullination has also been
observed in PAD2 as well as PAD4,13,28−30 and the percentage
of autocitrullinated sites in PAD2 and PAD4 accounted for
48% (16/33) and 70% (19/27) of the total arginine residues,
respectively (Table 3). The citrullination rate of PAD3 is the
lowest among the three isozymes (23%), thus suggesting that
this correlates with the higher substrate specificity of
PAD3.20,34

Table 1. Peptide Fragments Containing Arginine(s) and/or Citrulline(s) of Trypsin-Treated PAD3 Identified Using Liquid
Chromatography−Mass Spectrometry/Mass Spectrometry (LC-MS/MS)

confirmed arginine peptides identified using LC-MS/MS Mr (expt/calc)

Arg131 → Cit 129 QDCitNFVDK 136 1028.4840/1028.429
Arg131 → Cit 129 QDCitNFVDKR 137 1177.5850/1177.5840
Arg137
Arg137 138 QWVWGPSGYGGILLVNCDR 156 2190.6780/2190.0681
Arg156
Arg186 157 DDPSCDVQDNCDQHVHCLQDLEDMSVMVLR 186 3671.5461/3671.5419

3687.5353/3687.5361 (+oxidation)
Arg186 187 TQGPAALFDDHK 198 1298.6249/1298.6255
Arg210 210 RAQVFHICGPEDVCEAYR 227 2234.0380/2234.0361
Arg227
Arg210 211 AQVFHICGPEDVCEAYR 227 2077.9365/2077.9350
Arg227
Arg241 235 VSYEVPR 241 848.4391/848.4392
Arg312 293 VAPWIMTPSTLPPLEVYVCR 312 2342.2171/2342.2167

2358.2162/2358.2116 (+oxidation)
Arg314 → Cit 313 VCitNNTCFVDAVAELAR 328 1848.9160/1848.9152
Arg328
Arg328 315 NNTCFVDAVAELAR 328 1592.7636/1592.7617
Arg343 334 LTICPQAENR 343 1214.6089/1214.6077
Arg343 → Cit 334 LTICPQAENCitND R346 1585.6760/1585.7631
Arg343 → Cit 334 LTICPQAENCitNDCitWIQDEMELGYVQAPHK 362 3526.6631/3526.6609
Arg346 → Cit
Arg346 347 WIQDEMELGYVQAPHK 362 1942.9255/1942.9247
Arg372 363 TLPVVFDSPR 372 1129.6139/1129.6132
Arg372 → Cit 363 TLPVVFDSPCitNGELQDFPYKR 383 1129.5370/1129.6132
Arg383 373 NGELQDFPYKR 383 1365.6678/1365.6677
Arg394 384 ILGPDFGYVTR 394 1236.6506/1236.6503
Arg394 → Cit 384 ILGPDFGYVTCitEPR 397 1619.8320/1619.8308
Arg397 → Cit 395 EPCitDCitSVSGLDSFGNLEVSPPVVANGK 421 2827.4004/2827.3988
Arg399 → Cit
Arg399 → Cit 398 DCitSVSGLDSFGNLEVSPPVVANGK 421 2444.2199/2444.2183
Arg399 400 SVSGLDSFGNLEVSPPVVANGK 421 2172.1068/2172.1063
Arg427 400 SVSGLDSFGNLEVSPPVVANGKEYPLGR 427 2888.5884/2888.4556
Arg399 → Cit 398 DCitSVSGLDSFGNLEVSPPVVANGKEYPLGR 427 2444.3514/2444.2183
Arg427 428 ILIGGNLPGSSGR 440 1239.6938/1239.6935
Arg440
Arg447 → Cit 442 VTQVVCitDFLHAQK 454 1540.8371/1540.8362
Arg510 → Cit 506 CGHGCitALLFQGVVDDEQVK 524 2142.0547/2142.0528
Arg552 543 FVQSCIDWNR 552 1337.6197/1337.6187
Arg557 558 ELGLAECDIIDIPQLFK 574 1987.0347/1987.0336
Arg652 619 SLLEPLGLHCTFIDDFTPYHMLHGEVHCGTNVCR 652 4066.9070/4066.8951
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Structural comparison of autocitrullination sites among PAD
isozymes revealed that autocitrullination sites differed among
PAD isozymes: in PAD2 and PAD4, potentially citrullinated
arginine residues were evenly distributed throughout the
molecular structure, whereas in PAD3, autocitrullination sites
were concentrated around the substrate-binding site (Figures 9
and 7). This result suggests that PAD3 more selectively

recognizes only flexible regions in the substrates, in this case its
own substrate-binding sites.
We also examined whether there are common autocitrulli-

nated residues among the different isozymes. The results
showed that Arg372 near Ca2 was commonly autocitrullinated
(Figure 10). In addition, Arg394 was shown to be commonly
autocitrullinated in PAD3 and PAD4, although it was not
common in PAD2 (Table 4). These results suggest that
Arg372 is one of the residues to be autocitrullinated.
Arg372-Citrullinated PAD3 Is Inactive and Different

From CitPAD3 Which Retains Certain Activity. The
presence of Ca2+ increases the activity of PADs by a factor of
>10,000.35 As previously mentioned, PAD enzymes are
thought to become active following Ca2+-ion binding to the
appropriate sites, forming the active site.14,15,18 The results of
this study suggest that Arg372 of the “nonproductive” WT

Table 2. Regions Containing Arginine or Citrulline Detected Using Liquid Chromatography−Mass Spectrometry/Mass
Spectrometrya

experiment 1 experiment 2 experiment 3 experiment 4

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Arg131 N √ √ √ N N N N N N N √ N √
Arg314 √ N N √ N N N N N N N N × N
Arg343 × N N √ × × × × × × × √ × √
Arg346 × N N √ × × × × × × × × × ×
Arg372 × × × √ × × × × × × × × × ×
Arg394 × √ √ × × × × × × × × × × ×
Arg397 N √ √ N N N N N N N N N N N
Arg399 N √ √ √ N N N N N N N √ × √
Arg427 N N N N N N N N N N √ N √ √
Arg447 N N √ N N N N N N N N N N N
Arg510 N √ √ √ N N N N N N N N N N

a√, the identified citrullinated arginine moiety; ×, the noncitrullinated arginine site identified; N, the arginine site not detected in the experiment.
The experiments were conducted four times. The L. O. T. of WT PAD3 samples are different from each other. However, for the third and fourth
measurements, the L. O. T. of WT PAD3 samples were identical (see Table 1).

Figure 7. Distribution of arginine and citrullinated arginine residues
in PAD3. The structure of WT PAD3-Ca2+-Cl-amidine (Chain A of
PDB ID; 7D56) is shown in green. The dotted black spheres indicate
Ca2+ ions. Blue and red spheres indicate arginine and autocitrullinated
arginine residues, respectively. In 7D56, six of the nine citrullinated
arginine residues were visualized. Red circles indicate three
autocitrullinated arginine residues (Arg131, Arg343, and Arg399) at
putative positions that were not identified following the X-ray
crystallographic structure analysis. The inhibitor Cl-amidine is shown
in yellow. Peptidylarginine deiminase 3 (PAPD3); wild type (WT).

Figure 8. Close-up view of citrullines distribution near the substrate-
binding site. The structures of WT PAD3-Ca2+ and the “non-
productive” WT PAD3-Ca2+ are shown in green and orange,
respectively. Yellow and black spheres indicate Ca2+ in the WT
PAD3-Ca2+ structure and the “nonproductive” WT PAD3-Ca2+
structure, respectively. The structure of Arg343 in the WT PAD3-
Ca2+ was not determined. The purple dotted circle indicates the
vicinity with the substrate-binding site. Peptidylarginine deiminase 3
(PAD3); wild type (WT).
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PAD3-Ca2+ reported in a previous study18 is likely to be
citrullinated. Furthermore, the enzyme activity measurements
in this study indicate that the activity of CitPAD3 is not
substantially decreased by autocitrullination. However, the
structure of the active site in the “nonproductive” WT PAD3-
Ca2+ was not formed due to disorder.18 At a first glance, these

results appear to be contradictory. Clues to explain this
discrepancy in the structure and activity of the CitPAD3 may
be identified in the results of activity and citrullination
measurements of Arg372 in PAD4. It has been reported that
Arg372 in PAD4 is autocitrullinated (Table 3).28−30,32 In
addition, PAD4 whose Arg372 is genetically engineered to
citrulline significantly lost its activity.36 Conversely, the
autocitrullination reaction of PAD4 showed small effects on
the activity,31 similar to that reported regarding PAD3 in this
study. Careful analysis has indicated that in PAD4, Arg372
(and Arg374) is (are) citrullinated to lesser degrees than other
arginine residues.36 Given that PAD3 is an isozyme similar to
PAD4 in structure and substrate recognition,18 these facts
suggest that even in PAD3, Arg372 might be citrullinated
under certain conditions, although to a lesser extent than other
sites. This is also strongly suggested by the fact that
citrullination of Arg372 in PAD3 was only observed in one
of our experiments under various conditions (Table 2).
Considering that the crystal structure of the “nonproductive”
WT PAD3-Ca2+ was analyzed from crystals obtained under
using high (260 mM) Ca2+ concentration conditions,18 the
absence of active-site formation following Arg372 citrullination
is in agreement with the experimental results for PAD4, in
which the activity was significantly decreased. The structure of
the “nonproductive” WT PAD3-Ca2+ represents the inactive
form.18 This is considered to be a state in which Arg372 is
citrullinated, preventing the formation of the active site.
Alternatively, we believe that the rate of citrullination of
Arg372 is not high in CitPAD3 (based on the PAD4 result and
Table 2)36 as Arg372 is considered to be citrullinated under
extreme conditions or by chance, but seldom citrullinated
under biochemical conditions. Activity measurements have
been performed under 10 mM CaCl2 and 1 h incubation
conditions. In contrast, the crystallization condition of
“nonproductive” WT PAD3-Ca2+ contained 260 mM CaCl2,
five days to one week was necessary to crystallize PAD3.
Hence, in the PAD3 autocitrullination experiments, few PAD3
molecules were Arg372-citrullinated although, if Arg372
undergoes citrullination, the molecule itself should be almost

Table 3. Arginine Residues in PAD3 and Those in PAD2
and PAD4 that Have Been Reported to Be Autocitrullinated

reference arginine residues that can be citrullinated

PAD3
(this
work)

131, 343, 346, 372, 394, 397, 399, 447, 510

PAD132 5, 41, 56, 58, 67, 93, 140, 217, 240, 290, 310, 345, 348, 374, 376,
385, 396, 442, 446, 449, 489, 525, 534, 538, 551, 556, 650, 651

PAD228 3, 5, 8, 68, 78, 168, 187, 344, 373, 428, 441, 442, 525, 582, 652,
653

PAD232 8, 14, 54, 126, 157, 168, 187, 193, 344, 373, 395, 441, 448, 546,
552, 580, 582, 619, 652, 653

PAD332 62, 67, 227, 241, 328, 343, 346, 372, 383, 394, 399, 427, 440, 447,
487, 510 552, 557, 652

PAD431 123, 156, 205, 419, 484, 609, 639
PAD429 205, 212, 218, 372, 374, 383, 394, 495, 536, 544
PAD430 8, 123, 131, 137, 156, 205, 212, 218, 292, 372, 374, 383, 394, 419,

427, 441, 484, 488, 495, 536, 544, 550, 555, 609, 639, 650, 651
PAD428 372, 374, 383, 394, 441, 550, 639
PAD432 123, 205, 212, 218, 292, 372, 374, 383, 394, 419, 441, 484, 488,

495, 536, 544, 555, 609, 639, 651

Figure 9. Potential autocitrullinated sites of PAD isozymes. (Left)
Structure of PAD2-Ca2+ (PDB ID; 4N2C), depicted in a gray cartoon
model. The small red and large orange spheres represent Ca2+ ions
and arginine residues which are supposed to be autocitrullinated,
respectively. (Right) Structure of PAD4-Ca2+ (PDB ID; 1WD9),
depicted in a magenta cartoon model. The small blue and large cyan
spheres represent Ca2+ ions and the arginine residues which are
supposed to be autocitrullinated, respectively. Unlike the distribution
of citrullinated arginine residues in PAD3 (shown in Figure 7), the
arginine residues to be citrullinated appear to be uniformly distributed
throughout the structure of PAD2-Ca2+ and PAD4-Ca2+. Peptidy-
larginine deiminase (PAD); wild type (WT).

Figure 10. Structures around Arg372, which is citrullinated in PAD2,
PAD3, and PAD4, and Arg394, which is citrullinated in PAD3 and
PAD4.28,30 The structures of PAD2, PAD3, and PAD4 are all Ca2+-
bound forms and colored in gray, green, and magenta, respectively.
Only Arg372 and Arg394 (PAD3 numbering) are depicted in stick
models, in which the N and O atoms are colored in blue and red,
respectively. The Ca2+ (Ca1 and Ca2) ions bound in the vicinity of
the two arginine residues of interest are depicted as red, yellow, and
blue spheres in the PAD2, PAD3, and PAD4 structures, respectively.
The purple dotted circle indicates the vicinity of the substrate-binding
site. PAD, peptidylarginine deiminase.
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inactive. Therefore, supporting the result indicates that the
enzymatic activity of CitPAD3 was not severely reduced by this
process (Figure 6).

■ CONCLUSIONS
Autocitrullination was confirmed in PAD3, and it was shown to
be Ca2+-concentration- and reaction-time-dependent. LC-MS/
MS showed that nine arginine residues of PAD3 can be
autocitrullinated under high Ca2+ concentrations. Furthermore,
the number of autocitrullination sites increased in a Ca2+
concentration- and reaction-time-dependent manner. In PAD3,
most autocitrullination sites were located near the substrate-
binding site, suggesting that the flexible sites in the molecular
structure were recognized and citrullinated. Arg372 was
autocitrullinated when exposed to a high concentration of
Ca2+ for a long time, indicating that the residue could be
citrulline in the structure of the “nonproductive” WT PAD3-
Ca2+.18 The activity of autocitrullinated PAD3 (CitPAD3) was
20% lower than that of WT PAD3; however, the enzyme
activity was not completely lost. This suggests that the
structure of the “nonproductive” WT PAD3-Ca2+ represents
an inactive form and that the Arg372 of PAD3 is citrullinated
in the presence of an extremely high Ca2+ concentration (260
mM) when it is allowed to undergo crystallization for a long
time, whereas Arg372 of PAD3 is hardly citrullinated after
approximately 1 h of incubation with ∼10 mM Ca2+.36 In other
words, although CitPAD3 contains the inactive PAD3
molecules with Arg372 citrullinated, they are considered to
be fairly minor components under biochemical conditions.
PAD3 had the lowest autocitrullination rate compared to those
of PAD2 and PAD4, which is likely to correlate with the results
of our experiments showing that PAD3 had the highest
substrate specificity.

■ METHODS
PAD3 and S100A3 Gene Expression and Protein

Purification. Human PAD3 (WT and C646A mutant)17,18

and human S100A337 gene expression and protein purification
were performed as previously described.
Activity Assay. The activity assay was performed using a

previously reported method.38 First, 100 μL of PAD3 solution
diluted in 20 mM Tris-HCl (pH 7.2) was added to 250 μL of
reaction mixture (100 mM Tris-HCl [pH 7.2], 10 mM CaCl2,
10 mM DTT, 10 mM Nα-benzoyl-L-arginine ethyl ether

[BAEE]) and heated at 55 °C for 0−60 min in a block
incubator. Then, 50 μL of 8 M HCl was added to stop the
reaction. Next, 100 μL of redox buffer containing 0.278 M
NH4Fe(SO4)2·12H2O, 0.278 M (NH4)2Fe(SO4)2·6H2O, and
0.5 M H2SO4 was added and heated in a block incubator at
100 °C for 10 min. After incubating at room temperature for
10 min, 500 μL of mixed acid (distilled water: H3PO4:H2SO4 =
2:3:1 in volume) and 200 μL of diacetyl monoxime solutions
were added and heated at 100 °C for 20 min. After incubating
at room temperature for 10 min, spectra were measured using
a UV−visible spectrophotometer (V-650 JASCO Corpora-
tion). The colorimetric changes of citrulline at 490 nm39

relative to those of BAEE were calculated, and the spectral
changes for each reaction time were tabulated. All heating
reactions were carried out under light-shielded conditions. The
final concentration of PAD3 was unified to approximately 50
nM, and the activity of PAD3 was defined using the following
equation:

activity
abs (490 nm) at 10 min

protein concentration (nM)
=

The CaCl2 concentration in the reaction mixture ranged from
0 to 200 mM (final concentration). For the citrullinated PAD3
(CitPAD3), the sample of WT PAD3 (0.05 mg/mL) was first
reacted with 10 mM CaCl2 at 37 °C for 1 h in a block
incubator. For WT PAD3, the CaCl2 concentration was 0 mM
and the other conditions were the same (37 °C for 1 h) as
those for CitPAD3. Next, the reacted PAD3 sample was
diluted to a concentration of 0.01 mg/mL (50 nM) and the
activity was measured.
For the activity measurements, little or no autocitrullination

of PAD3 occurred due to the excessive amount of artificial
substrate (BAEE, 10 mM) relative to the enzyme (PAD3, 50
nM) in the 10 min reaction time.
2D Electrophoresis. Samples were prepared by incubating

WT PAD3 (3 mg/mL) in 20 mM Tris-HCl buffer (pH 7.6)
containing 500 mM NaCl, 10% (v/v) glycerol, and 5.0 mM
DTT and either 1 mM EDTA (Control experiment) or 10 mM
CaCl2 at 37 °C for 3 h. The reaction was stopped, and free
thiol groups of the protein were blocked by mixing with an
equal volume of 1 M iodoacetamide dissolved in 3 M Tris-Cl
(pH 8.5). After incubation for 15 min at room temperature,
samples were centrifugally de-salted and proteins were diluted
in the rehydration buffer (5.6 M urea, 1.6 M thiourea, 1.6%

Table 4. Samples and Their Preparation for LC-MS/MSa

LC-MS/MS experiment number samples Ca2+ concentration (mM) incubation time (min) EDTA (mM) desalting after incubation with Ca2+

1 (1) WT-1 0 0 1.0
(2) WT-1 4 120 1.0 yes
(3) WT-1 4 120 1.0 no
(4) WT-1 10 30 1.0 no

2 (5) WT-2 10 0 no
(6) WT-2 10 30 no
(7) WT-2 10 60 no
(8) WT-2 10 120 no
(9) C646A 0 0
(10) C646A 10 120 no

3 (11) WT-3 0 0
(12) WT-3 10 960 no
(13) C646A 10 960 no

4 (14) WT-3 10 96 no
aLC-MS/MS, liquid chromatography−mass spectrometry/mass spectrometry; WT, wild type.
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CHAPS, 20 mM DTT in Bio-Lyte ampholytes 3−10 buffer
[Bio-Rad, Hercules, CA]). Samples were loaded onto an
immobilized pH-gradient strip with a pH range of 4−7
(ReadyStrip, Bio-Rad) and rehydrated overnight. Isoelectric
focusing was performed at 200 V for 20 min, 450 V for 15 min,
750 V for 15 min, and 2000 V for 30 min. Two-dimension
electrophoresis was performed with a precast 4−12% NuPAGE
Bis-Tris Zoom gel using 3-morpholinopropanesulfonic acid
(MOPS)-SDS buffer.
Two-dimensionally separated proteins were transferred onto

a PVDF membrane (Invitrogen, Waltham, MA). Total protein
transferred onto the PVDF membrane was stained with
SYPRO Ruby protein blot stain (Molecular Probes, Eugene,
OR) according to the manufacturer’s protocol. Fluorescence
signals of total protein were detected by an Amersham Imager
600 using 520 nm light with Cy3 filter (Green mode).
Subsequently, the PVDF membrane was subjected to
immunofluorescence labeling of PAD3 with rabbit anti-PAD3
antibody (Abcam, Cambridge, MA; ab50246) followed by
AlexaFluor488-labeled goat anti-rabbit IgG (Invitrogen).
Immunofluorescence signal from the same PVDF membrane
was detected using a 460 nm light with Cy2 filter (Blue mode).
Western Blotting. First, Ca2+ was (or was not) added to

PAD3 and the mixture was incubated at 37 °C. Then, to stop
the reaction, the PAD3 solution was mixed with 4× sample
buffer (4× sample buffer: PAD3 solution = 6:18 μL) and
incubated at 95 °C for 5 min. Then, 6 μL of the mixture was
separated using SDS-PAGE. The 4× sample buffer consisted of
0.25 M Tris-HCl (pH 6.8), 8% (w/v) SDS, 20% (v/v) sucrose,
20% (v/v) 2-mercaptoethanol, and 0.008% (w/v) bromophe-
nol blue (BPB). The SDS-PAGE gel consisted of 9 or 12%
acrylamide gel. A 13 or 15% acrylamide gel and Tris-Tricine
buffer were used when S100A3 was used as control.
Western blotting of one-dimensional (1D) PAGE gel was

conducted using Immun-Blot Goat Anti-Rabbit IgG (H + L)-
AP Assay Kit (Bio-Rad) according to the manufacturer’s
instructions with slight modifications. The equipment used was
PowerPac Basic (Bio-Rad).
To detect peptidylcitrullines using an anti-citrullinated

protein detection kit (anti-modified citrulline [AMC], Merck
& Co. Inc., Kenilworth, NJ), the membrane was soaked in
citrulline chemical modification solution (Regent I [3.8 M
H2SO4, 3.7 M H3PO4, 1.5 mM FeCl3·6H2O]: Regent II [2%
diacetyl monoxime, 1% antipyrine, 1 M acetic acid] = 2:1) with
the transferred side down, and was shaken overnight at 45 rpm
and 37 °C (Bioshaker, BR-23FP, TAITEC, Saitama, Japan). A
control experiment using a 1,000-fold dilution of the Anti-
PAD3 antibody with Tris-Buffered Saline with Tween20 as the
primary antibody was also conducted.
As controls, S100A3, and S100A3 citrullinated by PAD3, gel

filtration buffer, gel filtration buffer + Ca2+, BSA (66.5 kDa)
(Fujifilm Wako Pure Chemical Corporation, Osaka, Japan),
conalbumin (75 kDa; Merck), aldolase (158 kDa; Merck), and
a molecular weight marker (Precision Plus Protein, #1610363,
Bio-Rad) were used. The final washed membrane was dried
using a hair dryer. Quantification of western blot band
densities was performed using ImageJ.
Liquid Chromatography−Mass Spectrometry/Mass

Spectrometry (LC-MS/MS). Samples were prepared by
adding various concentrations (0, 4, and 10 mM) of CaCl2
to PAD3 solutions (WT or C646A) and incubated in a block
incubator at 37 °C for 30−960 min (Table 4). Samples (1−4)
were stored at −80 °C until used for LC-MS/MS measure-

ments. The rest of the samples (5−14) were mixed with 4×
sample buffer immediately after the incubation with CaCl2 at
37 °C was completed, then incubated in a block incubator at
95 °C for 5 min to be denatured, and subjected to SDS-PAGE.
The sample solutions in samples 1−4 contained EDTA, while
the sample solutions in samples 5−14 did not. For sample 2,
salts were removed using a desalting column (HiTrap
Desalting, Cytiva, Tokyo, Japan). The presence or absence of
EDTA does not affect the activity measured by the activity
assay using BAEE. After electrophoresis, the gel was washed
with ultrapure water for 5 min while shaking, stained with the
CBB staining solution for 10 min, and further washed with
ultrapure water overnight. The CBB-stained gel areas were cut
out using a scalpel and proteins in the excised gel areas were
reduced using 100 mM DTT and alkylated using 100 mM
iodoacetamide or acrylamide. The gel pieces were then
subjected to in-gel digestion using trypsin overnight at 37 °C
for samples 1−4 or 30 °C for samples 5−14. The digested
peptides from each sample were treated with a ZipTip
(Millipore, Billerica, MA) for mass spectrometry analysis,
and loaded onto a fused-silica capillary column containing C18
resin (Nikkyo Technos, Tokyo, Japan) with a diameter of 75
μm and length of 10 cm. The peptides were eluted with an
acetonitrile gradient (typically 2.4 to 22% in 46 min, then to
33% in 49 min) in 0.1% formic acid. LC-MS/MS samples 1−4
were analyzed using an Orbitrap Fusion mass spectrometer
equipped with an EASY-nLC 1000 high-performance liquid
chromatography (HPLC) system (Thermo Fisher Scientific
Inc., Waltham, MA). Samples 5−14 were analyzed by Japan
Proteomics Co., Ltd., using a DiNa HPLC system (KYA
TECH Corporation, Tokyo, Japan) and QSTAR XL (Applied
Biosystems, Foster City, CA). Database searches were
performed against Swissprot and a homemade list of common
contaminating proteins using the MASCOT ver. 2.5.1 search
engine (Matrix Science, London, U.K.). The MASCOT
searches were carried out for tryptic peptides using 5 ppm
peptide mass tolerance and 0.5 Da MS/MS tolerance.
Oxidation (+15.9949 Da), propionamide (+71.0371 Da),
and citrullination (+0.9840 Da) were considered as mod-
ifications for Met, Cys, and Arg, respectively.
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