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Abstract
Peptidylarginine deiminase (PAD) catalyzes the posttranslational citrullination of selected proteins
in a calcium dependent manner. The PAD4 isoform has been implicated in multiple sclerosis,
Rheumatoid arthritis, some types of cancer, and plays a role in gene regulation. However, the
substrate selectivity of PAD4 is not well defined, nor is the impact of citrullination on many other
pathways. Here, a high-density protein array is used as a primary screen to identify 40 previously
unreported PAD4 substrates, 10 of which are selected and verified in a cell lysate-based secondary
assay. One of the most prominent hits, human 40S ribosomal protein S2 (RPS2), is characterized
in detail. PAD4 citrullinates the Arg-Gly repeat region of RPS2, which is also an established site
for Arg methylation by protein arginine methyltransferase 3 (PRMT3). As in other systems,
crosstalk is observed; citrullination and methylation modifications are found to be antagonistic to
each other, suggesting a conserved posttranslational regulatory strategy. Both PAD4 and PRMT3
are found to co-sediment with the free 40S ribosomal subunit fraction from cell extracts. These
findings are consistent with participation of citrullination in the regulation of RPS2 and ribosome
assembly. This application of protein arrays to reveal new PAD4 substrates suggests a role for
citrullination in a number of different cellular pathways.

Introduction
Mapping the impact of posttranslational modifications on cellular pathways is a daunting
task. This challenge is even more difficult when modifications are small and difficult to
characterize. One such example is the conversion of protein arginine residues to citrulline.
Posttranslational citrullination is catalyzed by a family of enzymes called protein arginine
deiminases (PADs). These enzymes convert peptidylarginine residues to peptidylcitrulline in
a calcium dependent manner1, 2 and show mechanistic similarity to other enzymes in the
pentein superfamily, including the nitric oxide regulating enzyme dimethylarginine
dimethylaminohydrolase.3 There are five human PAD isoforms (PAD1-4 and PAD6),4–8

which share 50–55 % amino acid identity but differ in tissue distribution9. The PAD4
isoform has been suggested as a possible target for new therapeutic agents because of its role
in several human diseases, including Rheumatoid arthritis (RA),10–12 multiple sclerosis
(MS),13 colitis,14 and several types of cancer.15 Additionally, PAD4 is the only isoform
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known to translocate to the nucleus16 and has been shown to regulate gene expression via its
interaction with p5317, 18 and its citrullination of p300,19 the tumor suppressor ING4,20 and
histones H321 and H4.22

To further elucidate the biological functions of PAD4 and to identify other pathways
putatively affected by citrullination, we sought to use protein arrays to identify previously
unknown substrates. Protein arrays are of increasing utility23, 24 and there are many
examples that identify new protein-protein interactions as well as other biochemical
activities.25–28 One advantage of this approach is the ability to easily identify the positive
hits in a defined array and to rapidly progress to validation studies. Also, protein arrays can
facilitate the use of transmembrane proteins and low abundance proteins, avoiding the bias
against such proteins that is inherent in some complimentary technologies.29

Herein, we describe the use of a protein array to identify a number of previously unknown
PAD4 substrates. To maximize library size, we selected a commercially available, high-
density, 38,016 spot, redundant array,25, 29 and performed batch wise citrullination by
PAD4. Analysis for newly citrullinated spots identified 40 new putative substrates, 10 of
which were verified by a secondary cell lysate-based assay. One prominent hit was the
human ribosomal protein S2 (RPS2), which immediately was of interest because of its roles
in cancer biology,18, 30–33 its importance to pre-40S export competence,34 its accessibility
when incorporated into the 40S ribosome small subunit,35, 36 and also, because its Arg
residues are known to be targeted for posttranslational methylation by protein arginine
methyltransferase-3 (PRMT3).37–39 Antagonistic methylation and citrullination of Arg
residues in histones and non-histone proteins is emerging as a conserved regulatory strategy
for posttranslational modification of protein function,40 and was considered to be a likely
possibility for RPS2. Therefore, the functional impact of citrullination and antagonistic
arginine methylation on human RPS2 was explored in more depth.

Materials and methods
Antibodies and plasmids

The expression plasmids pGEX6p1-mouse PRMT3, pGEX6p1-mouse RPS2 and its deletion
mutants RPS2ΔRG, RPS2ΔRGGF and RPS2ΔGAR were from Dr. Mark T. Bedford
(University of Texas M.D. Anderson Cancer Center).39 pGEX6p1-human RPS2 was
generated by PCR using an RPS2-containing plasmid purchased from American Type
Culture Collection (ATCC, Manassas, VA) as the template. For maltose binding protein
(MBP) fusion constructs, the corresponding GST-RPS2 fusion constructs were digested and
the inserts were sub-cloned into the pMal-c2x vector for expression in Escherichia coli
strain Rosetta (details below). The coding sequences for Flag-RPS2, PAD4 and PAD4-
C645A were cloned into pcDNA-3.1(+) for protein expression in human embryonic kidney
epithelial cells (HEK 293T). To generate the Flag-RPS2 (8RQ) mutant, all eight Arg
residues in the RPS2 GAR motif were mutated to Gln by PCR-based mutagenesis. The
coding sequence for all GST-PAD4 fusion proteins were cloned in pEGX6p1 (see below).
The anti-PRMT3 and anti-RPS2 antibodies were from Dr. Mark T. Bedford. The anti-
modified citrulline antibody was purchased from Millipore (Catalog number 17-347,
Upstate, Billerica, MA), anti-MBP from New England Biolabs (Catalog number E8032S,
Ipswich, MA), anti-PAD4 from Abcam (Catalog number ab38772, Cambridge, MA), anti-
Flag antibody M2 and the anti-β-tubulin from Sigma-Aldrich (Catalog numbers F1804 and
T8203, respectively, St. Louis, MO).
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Cell culture and transfection
HEK 293T cells were purchased from ATCC and cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10 % fetal bovine serum in a humidified 5 % CO2 incubator at
37 °C. This cell line is a highly transfectable derivative of the human embryonic kidney cell
line 293 due to the insertion of the SV40 T-antigen gene. HEK 293T cells express low levels
of endeogenous PAD4, which can be detected in nuclear extracts by Western blot assays.
DNA transfections were performed using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA).

Screening protein arrays for citrullination
The protein arrays (imaGenes; Berlin, Germany) were originally derived from clones of a
human brain cDNA library and contain 38,016 spots spread over two 22 cm × 22 cm PVDF
membranes.25 Of these clones, 34,635 have a valid insert, 25,575 have homology to known
human proteins, and 6,885 represent different genes. In general, the clones also include
partial or frame-shifted sequences (imaGenes).41 The membranes were first blocked by 100
mL TBST (25 mM Tris-HCl, 137 mM NaCl, 2.7 mM KCl, 0.05 % Tween-20, pH 7.4)
containing 5 % ECL blocking agent (GE Healthcare, Pittsburgh, PA ) for 1 h at room
temperature. They were subsequently rinsed three times with TBST and incubated in 50 mL
Screening Buffer (TBST containing 10 mM CaCl2, 5 mM DTT and 0.75 mg purified PAD4)
at 4 °C overnight with constant shaking. These reaction conditions were empirically
determined to maximize the resulting citrullination signal and likely represent an
optimization of the stability of enzyme and substrates, despite a reduced enzymatic activity
at low temperature. Citrullinated spots were visualized using an anti-citrulline (modified)
detection kit (Millipore, Upstate) according to the manufacturer’s instructions. Arrays were
developed by ECL plus Western blotting detection reagents (GE Healthcare) and scanned by
a Storm 860 Phosphorimager (GE Electronics). A negative control screen was performed in
parallel on a second set of membranes, but using buffers that omit the CaCl2 that is normally
required to activate PAD4.

Preparation of recombinant proteins
Expression of GST-RPS2 was induced by 0.4 mM IPTG (isopropyl β-D-
thiogalactopyranside) at 37 °C for 1 h in mid-log phase E. coli Rosetta cells. After induction,
cells were harvested (from 500 mL LB) and resuspended in 20 mL PBS containing one
complete, mini, EDTA-free protease inhibitor cocktail tablet (Roche Applied Science,
Indianapolis, IN). Cells were lysed by sonication on ice and the cell lysate was centrifuged
at 4 °C for 30 min at 25,000 × g. GST-RPS2 in the supernatant was bound to glutathione-
sepharose 4 Fast Flow resin (GE Healthcare) followed by washing with PBS. GST-RPS2
was then cleaved on-column using PreScission Protease (GE Healthcare). The untagged
RPS2 was collected in the flow-through fraction and stored at −80 °C.

Expression of MBP-RPS2 and each of its mutants was induced at 37 °C for 1 h in E. coli
Rosetta cells. All MBP fusion proteins were batch-purified using Amylose Resin (New
England Biolabs) according to the manufacturer’s instructions. GST-fused PRMT3, PAD4
and PAD4 truncation mutants were prepared as reported previously.39, 42, 43

In vitro and in vivo citrullination assay
For in vitro citrullination assays, purified PAD4 or GST-PAD4 was incubated with substrate
proteins in Assay Buffer (100 mM Tris-HCl, pH 7.4, containing 5 mM DTT and 2 mM
CaCl2) for 30 min at room temperature. The reactions were stopped by the addition of 5 ×
SDS-PAGE sample loading buffer. Citrulline was detected using an anti-citrulline
(modified) detection kit (Upstate, Millipore).
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For the in vivo assay, PAD4 and Flag-RPS2 plasmid were co-transfected into HEK 293T
cells. At 36 h post-transfection, cells were treated with 5 μM calcium ionophore A23187 in
Locke’s solution for 30 min at 37 °C. Cells were then harvested and lysed in 1 × Cell Lysis
Buffer (Cell Signaling, Danvers, MA). Flag-RPS2 was then immunoprecipitated by anti-
Flag M2 agarose affinity gel (Sigma Aldrich), eluted by TBS containing 200 μg/mL FLAG
peptide and subjected to SDS-PAGE and Western-blot analysis as described above.

In vitro antagonism assay
Purified MBP-GAR was used as a substrate in the following assays. To citrullinate MBP-
GAR, 0.1 mg/mL MBP-GAR was incubated with 0.17 μg/mL PAD4 in 40 μL assay buffer
(100 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5 mM DTT and 2 mM CaCl2) at room
temperature for 1 h. To methylate MBP-GAR, 0.1 mg/mL MBP-GAR was incubated with
0.22 mg/mL GST-PRMT3 under the same conditions as above except that the assay buffer
contained 20 μM AdoMet instead of DTT and CaCl2. For antagonism assays, MBP-GAR
was 1) first citrullinated by PAD4 and then incubated with PRMT3; 2) first methylated by
PRMT3 and then incubated with PAD4, or 3) incubated with PAD4 and PRMT3 at the same
time. Reactions were stopped upon the addition of 5 × SDS-PAGE loading buffer. The
citrulline and methylarginine content of MBP-GAR were analyzed by Western blots using
anti-modified citrulline antibody and anti-mono- and anti-dimethylarginine antibodies,
respectively.

Co-immunoprecipitation and GST pull-down assay
HEK 293T cells were transfected with pcDNA3.1(+)-pad4. After 36 h, cells were lysed in 1
× Cell Lysis Buffer (Cell Signaling) and incubated with anti-RPS2 antibody at 4 °C for 1 h.
Normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) was used as a control.
Protein A/G plus-agarose (Santa Cruz Biotechnology) was added to the mixture and
incubated at 4 °C for an additional 1 h with constant shaking. After four washes with TBS,
the beads and any protein still bound to them were boiled in 2 × SDS PAGE loading buffer
at 95 °C for 10 min and subjected to immunoblotting analysis using anti-RPS2 and anti-
PAD4 antibodies. Reciprocally, Flag-PAD4 was expressed in HEK 293T cells,
immunoprecipitated by anti-Flag M2 agarose affinity gel and eluted by the Flag peptide.
Flag-PAD4 and co-immunoprecipitated RPS2 were visualized by their corresponding
antibodies.

For the GST pull-down assay, purified GST, GST-PAD4-N1, GST-PAD4-N1N2 and GST-
PAD4 were each bound to the glutathione-Sepharose 4 Fast Flow beads separately. After
that, the bead-bound proteins were incubated with MBP or MBP-RPS2 at 4 °C for 1 h with
constant shaking. After three washes with TBS, any proteins that remained on the beads
were eluted with 40 mM glutathione in TBS and analyzed by SDS-PAGE and Western blot.

Polysome profiling
Ribosome profiles were performed as previously described.44 Briefly, HEK 293T cells from
one 100 mm dish were used for each sucrose gradient. Before harvesting, cells were
incubated in fresh complete DMEM medium containing 0.1 mg/mL cycloheximide at 37 °C
for 30 min and then washed with ice-cold PBS in the presence of 0.1 mg/mL cycloheximide.
Cell pellets were then lysed in 300 μL Polysome Lysis Buffer (0.5% Triton X-100, 10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1 mg/ml cycloheximide, 100U/ml RNasin
and protease inhibitors) on ice for 10 min and centrifuged at 13,800 × g for 10 min at 4 °C.
After that, the supernatant was layered onto 5–46 % sucrose gradients prepared in polysome
lysis buffer and centrifuged at 209,700 × g for 3 h at 4 °C. Sucrose gradients were
subsequently fractionated by upward displacement with 55 % (W/W) sucrose using a
gradient fractionator connected to a UV monitor for continuous measurement of the
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absorbance at 254 nm. After that, eighteen 0.6 mL fractions were collected. The proteins in
each fraction were precipitated with trichloroacetic acid (20 % final), twice washed with
cold acetone, vacuum-dried and subjected to Western blotting.

Results
Protein array screening for novel PAD4 substrates

The protein array consists of 38,016 spots spread over two large PVDF membranes. One set
of membranes were incubated with purified recombinant PAD4 in the presence of activating
concentrations of CaCl2 and served as the variable. A second set of membranes were
incubated with PAD4 in the absence of CaCl2 and served as the negative control. After
incubation of both sets of membranes, each was treated with an anti-modified citrulline
antibody detection kit and scanned for spots that reacted for citrulline content. Hits were
identified by appearance of a duplicate spotting pattern within each block matching those
defined by the manufacturer, and by their difference from the negative control (Fig. 1A and
B). There were 123 duplicately-spotted hits that met these criteria, and the corresponding
protein identities were obtained from imaGenes. Because of the redundant nature of the
array, a total of 40 different proteins were identified from these 123 hits, some appearing
more than once on the array (Table 1). Twenty-two of the 40 citrullinated proteins are
ribosomal proteins. Thirteen of the remaining 18 non-ribosomal proteins are nuclear proteins
or shuttle between the nucleus and cytoplasm.

To verify a portion of the primary screen’s results, 12 proteins (RPS2 along with 11 nuclear
proteins) were selected and the coding sequence for each was cloned into a pFlag-CMV™-5a
expression vector which incorporates a Flag epitope. The resulting plasmids were each co-
transfected into HEK 293T cells along with an expression vector for PAD4. As a negative
control, one protein that was not identified as a PAD4 substrate in the primary screen, lysine
acetyltransferase-5 (KAT5), was selected to include in the secondary validation screen.
(KAT5 is also known as TIP 60 (60 kDa Tat-interactive protein)). After transfection, cells
were lysed and PAD4 was activated by the addition of CaCl2 to the lysates. Each targeted
protein was then immunoprecipitated using an anti Flag antibody and probed for citrulline
content using an anti-modified citrulline antibody. Eleven of the of the 12 selected proteins
were solubly expressed in HEK 293T cells and were subsequently confirmed to be
substrates of PAD4 in fresh cell lysates (Fig. 1C). Some additional citrullinated bands are
observed and may represent degradation products (of lower apparent molecular weight) or
proteins that co-immunoprecipitate with the target substrate (or bind nonspecifically to the
resin) that are either PAD4 substrates, or nonspecifically cross react with the first or second
antibody. One protein, nuclease-sensitive element-binding protein-1 (YBP) did not express
well in our hands and so was not evaluated as a PAD4 substrate. Based on the ratio of the
signal intensities derived from the Flag and modified citrulline epitopes, the ten citrullinated
proteins were further categorized into three groups: high, medium and low total citrulline
content (Table 2). RPS2, along with six nuclear proteins, showed high citrulline content and
is predicted to be a good substrate of PAD4.

The 40S RPS2 is citrullinated by PAD4
The most frequent hit in the redundant array, RPS2, was identified in 41 separate, duplicate
spotting patterns (Table 1) and was verified as a good substrate of PAD4 in cell lysates
(Table 2). Therefore, citrullination of RPS2 was investigated in more detail. Recombinant
human RPS2 tagged with an N-terminal maltose binding protein (MBP) was purified and
incubated with PAD4 in the presence or absence of CaCl2. Citrullination of RPS2 was only
observed in the presence of CaCl2 (Fig. 2A). PAD4 was not active with CaCl2 concentration
lower than 0.4 mM and reached its maximum activity at 0.8 mM CaCl2 (Figure 2B). The
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calcium concentration required for PAD4 to citrullinate RPS2 in vitro is considerably higher
than most basal intracellular physiological calcium concentrations, which are typically near
100 nM.45 However, this result is very consistent with those reported for other bona fide
PAD4 substrates including F-actin capping protein α-1 subunit.46 When visualized on an
SDS-PAGE gel, citrullination of RPS2 induced a progressive upward shift in its apparent
molecular mass (Figure 2a, lower panel). This observation is also seen with other PAD4
substrates and is likely due to the decreased ability of citrullinated proteins to bind SDS in
their denatured state.47

To test whether RPS2 is citrullinated in cells, a construct encoding Flag-tagged RPS2 was
generated and co-transfected with an expression vector for PAD4 into HEK 293T cells.
After transfection, cells were treated with the calcium ionophore A23187 to increase the
intracellular calcium concentration. RPS2 was subsequently immunoprecipitated and its
citrulline content determined as described above. In cells treated with A23187, the
citrullination of RPS2 by PAD4 is observed (Fig. 2C, upper panel). Citrullination of RPS2
by endogenous PAD4 could not detected, regardless of treatment with the calcium
ionophore, and may reflect the low expression levels of PAD4 and the detection limits of the
antibodies used here.

Mapping of the citrullinated region in RPS2
RPS2 contains an extensive glycine arginine rich (GAR) motif at its N-terminus. This
particular GAR motif is composed of several distinct repeating patterns: two Arg-Gly-Gly-
Phe (RGGF) repeats and eight Arg-Gly (RG) repeats. To map the sites of citrullination in
RPS2, we generated three deletion mutants of mouse RPS2 (mRPS2) (Figure 3a): MBP-
mRPS2ΔRGGF (the two RGGF repeats are deleted), MBP-mRPS2ΔRG (the 8 RG repeats
are deleted) and MBP-mRPS2ΔGAR (all the repeats described above are deleted). Mouse
RPS2 has 98% amino acid sequence identity to human RPS2 and can also be citrullinated by
PAD4 (Figure S1). Deletion of the RG repeats (ΔRG) was observed to drastically inhibit
citrullination of RPS2 in vitro. This contrasts with deletion of the RGGF repeats, which did
not inhibit citrullination, suggesting that the RG repeat region is the primary site of
citrullination on RPS2 (Figure 3b).

Citrullination of RPS2 antagonizes its methylation
Notably, the same RG repeat region of RPS2 that is citrullinated by PAD4 is also known to
be specifically methylated by protein arginine methyltransferase-3 (PRMT3), and this
posttranslational methylation affects the balance of the ribosomal free 40S:60S subunit ratio,
with possible implications for regulation of ribosome biogenesis.38, 39 Therefore, we tested
whether posttranslational citrullination can antagonize methylation of the same RG repeats
in RPS2. For these experiments, we used a truncated MBP-GAR motif that is more stable
than full-length RPS2. Seen in Figure 4a (lane 8), the pre-citrullination of MBP-GAR
inhibited its methylation by PRMT3. Use of a higher PAD4 concentration or a longer
incubation time completely blocked MBP-GAR methylation. Reciprocally, pre-methylation
of the GAR motif partly inhibited citrullination (Figure 4a, lane 9) but could not block it
completely, even with an increased PRMT3 concentration or a longer incubation time.

One of several possible mechanisms leading to partial citrullination of pre-methylated
sequences is that monomethyl (but not dimethyl) arginine residues might be targeted for
citrullination. This would be consistent with previous in vivo21, 22 (but not in vitro40, 48)
reports of demethyliminase activity of PAD4. Therefore, we monitored changes in the
monomethylarginine content of MBP-GAR upon treatment by PAD4 by using an antibody
that detects monomethyl arginine in a context independent manner.21 However, no changes

Guo et al. Page 6

Mol Biosyst. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the monomethyl- or dimethylarginine content of pre-methylated MBP-GAR was observed
upon treatment with calcium-activated PAD4 (Figure S2).

Protein-protein interaction of RPS2 and PAD4
To test for binding interactions between RPS2 and PAD4, PAD4 was transiently expressed
in HEK 293T cells and used for the following experiments: PAD4 could be co-
immunoprecipitated with endogenous RPS2 by using the anti-RPS2 antibody, but not by
using the normal rabbit IgG (Figure 5a). Reciprocally, RPS2 could be co-
immunoprecipitated with Flag-PAD4 using the anti-Flag antibody. Together, these co-
immunoprecipitation experiments suggest that a stable binding interaction occurs between
RPS2 and PAD4, even in the absence of activating concentrations of CaCl2.

The PAD4 structure can be divided into two N-terminal immunoglobulin-like (IgL) domains
and one C-terminal catalytic domain.49 To map which domains interact with RPS2, Flag-
tagged PAD4 truncation mutants were generated (PAD4-N1 (amino acids 1-133), PAD4-
N1N2 (amino acids 1-299) and PAD4-C (amino acids 300-663)) (Figure 5b). Each PAD4
truncation mutant was expressed and immunoprecipitated from HEK 293T cell lysates and
the presence of co-immunoprecipitated endogenous RPS2 was assayed using an anti RPS2
antibody. RPS2 only co-immunoprecipitated when the PAD4 catalytic domain was present.
To further verify the direct interaction between PAD4 and RPS2, PAD4 and its truncation
mutants were purified as GST fusion proteins and used for pull-down assays (Figure 5d).
Unfortunately, the recombinant PAD4 catalytic domain fragment was not soluble when
expressed in E. coli and could not be used directly. However, we observed that the
immobilized full length PAD4, but not its N-terminal IgL domains, was able to pull down
MBP-RPS2 (Figure 5d), consistent with direct binding of the C-terminal domain of PAD4 to
RPS2.

RPS2, which is homologous to RPS5 in E. coli, is found on the surface of the small
ribosomal subunit and is accessible for posttranslational modification.35, 36, 50, 51 The RPS2-
modifying PRMT3 enzyme is known to bind free 40S ribosomal subunits.38, 39 Because
PAD4 can bind RPS2 and because citrullination can inhibit methylation by PRMT3, we
investigated whether PAD4 also associates with ribosomal particles. Lysates from HEK
293T cells co-expressing PAD4 and PRMT3 were subjected to sucrose gradient
sedimentation. Fractions collected from the gradient elutions were analyzed by Western blot
(Figure 6a). The majority of ectopically-expressed PAD4 was detected in fractions
containing 40S small ribosomal subunits, 80S monosomes and polysomes. A trace amount
of PAD4 was observed in the 60S large subunits fractions, and no PAD4 was observed in
the low-density fractions. This clearly contrasts with the distribution of PRMT3, which was
previously detected in low-density and free 40S subunits fractions.38, 39 RPS2 was observed
in monosome (40S and 60S) and polysome fractions. Similar results were obtained when
endogenous PAD4 and PRMT3 were probed in non-transfected HEK 293T cells (Figure 6b).
Both PAD4 and PRMT3 cosedimented with RPS2 in the 40S subunit fractions, thereby
further validating their interactions with RPS2.

Discussion
The impact of protein citrullination on cellular processes is an area of increasing interest.
Some of the most intensely studied areas include the contribution of this posttranslational
modification to disease states. In multiple sclerosis, inappropriate citrullination of myelin
basic protein adversely effects the stability of myelin sheaths and is thought to contribute to
the etiology of the disease.45 In Rheumatoid arthritis, citrullinated proteins act as
autoantigens to induce autoimmune responses in the synovium.45, 52 In cancer biology, there
is a growing interest in the role of PAD4 in gene regulation with the discovery of the
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functional impact of citrullination on histones ING4 and p300.19–22 These, and a number of
other proteins have been identified as substrates of PAD4 and other PAD isoforms.

However, to our knowledge, there have only been a limited number of proteomic approaches
applied to identify novel PAD4 substrates, and many of these have been focused on
particular pathophysiological states such as Rheumatoid arthritis46, 53–55 or glaucoma.56

Immunoscreens of human chondrocyte and synoviocyte cDNA expression libraries have
also been performed to identify potentially citrullinated proteins.57, 58 However, these
screens are limited in a number of ways including their focus on the synovium, the optic
nerve, or diseased tissues. In an attempt to conduct a relatively unbiased screen, we used a
high-density protein array to query a large number of proteins as potential PAD4 substrates.

A 38,016 spot array was treated batch wise with PAD4 and analyzed to identify any newly
citrullinated proteins. This primary screen revealed 40 putative protein substrates for PAD4.
These hits were initially categorized into two groups, the largest of which consists of 22
ribosomal proteins. Because of the relative abundance of ribosomal proteins and the
derivation of the arrays from a cDNA library, ribosomal proteins are overrepresented by
approximately 7-fold (imaGenes). This is consistent with the appearance of a larger
proportion of ribosomal proteins in our hits, and the greater number of times that each was
detected as a citrullinated product. The most prominent hit, identified 41 separate times, is
the ribosomal protein RPS2, which is characterized in more detail (see below). As part of the
ribosome’s assembly process, many of the ribosomal proteins spend some time in the
nucleus (see below). Of the remaining 18 non-ribosomal protein hits, 13 are also reported to
have nuclear localization. These results are consistent with this PAD4 isoform’s ability to
translocate into the nucleus.

In order to validate the primary screen, a selection of the hits including RPS2 and 11 more
nuclear proteins were subjected to further testing. Each of these 12 proteins were co-
expressed with PAD4 and assayed for citrullination in the resulting cell lystates. One
protein, YBP, did not express well and therefore could not be verified as a PAD4 substrate.
However, each of the remaining 11 proteins was expressed solubly. One protein of many
that were not identified as PAD4 substrates in the primary screen, KAT5, was also not a
PAD4 substrate in the secondary cell lysate based assay. The remaining 10 proteins could all
be citrullinated by PAD4, corroborating the primary screening results. Notably, each
substrate was not citrullinated to the same degree, with two proteins, PSBT4 and UFC,
showing only a weak citrullination signal. At this time, it is not clear whether the weaker
intensity of these citrullination signals corresponds to low catalytic efficiency of
citrullination by PAD4, or to a limited number of total citrullination sites on each target
protein. However, 8 of the remaining proteins showed a moderate or strong citrullination
signal. Three of these proteins, CIRP, EBP2 and HNRPA1, are RNA binding proteins. Two
are involved in cancer biology and cell cycle regulation, Fau and ING4. One protein,
PRMT1, functions in gene regulation as a histone methyltransferase and interestingly, also
targets selected Arg residues for posttranslational modification. The remaining PAD4-
substrate, RPS2, is a ribosomal protein and is discussed below. Taken together, these results
represent a number of different pathways in which posttranslational citrullination may have
a functional impact.

Because of its prominence in the primary screen and its importance in cancer
biology,18, 30–33 RPS2 was selected for a more detailed characterization with respect to its
interactions with PAD4 in vitro and in cells. In eukaryotes, the ribosome is composed of 40S
and 60S ribonucleoprotein subunits, and RPS2 is a component of the 40S subunit.
Construction of the ribosome is a complicated process wherein the component ribosomal
proteins, together with pre-rRNA, assemble and become modified in the nucleolus to form a
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pre-ribosome that is subsequently exported to nucleoplasm for further maturation before its
final destination in the cytoplasm.59 The shuttling of RPS2 through a number of subcellular
compartments in consistent with its ability to be citrullinated by PAD4.

Ribosomal proteins carry numerous posttranslational modifications, including
phosphorylation, methylation, and acetylation,60 but the crosstalk between these
modifications and their impact on ribosome assembly and function is not well characterized.
Here, we find a number of ribosomal proteins that can be citrullinated by PAD4.
Specifically with RPS2, the same RG repeat regions that are targeted for calcium-dependent
citrullination by PAD4 are also targeted for posttranslational methylation by protein arginine
methyltransferase 3 (PRMT3).37,39 Since PRMT3 can functionally impact ribosome
biogenesis,38, 39 we investigated whether there was any crosstalk between these
posttranslational modifications. First, from cell extracts, PRMT3 and PAD4 are found to
both cosediment with the 40S ribosomal subunit which contains RPS2. Second, when
assayed in vitro, pre-citrullination of RPS2 by PAD4 blocks methylation by PRMT3. In
turn, pre-methylation of RPS2 by PRMT3 inhibits citrullination by PAD4, suggesting that
these two posttranslational Arg modifications are antagonistic to each other. In general
terms, this finding is consistent with other examples of antagonistic Arg methylation and
citrullination observed with both peptide and protein substrates, and suggests a conserved
regulatory strategy. With regards to this specific system, citrullination of a different protein,
nucleophosmin, has also been demonstrated and has a predicted functional impact on
ribosome biogenesis.61 These results suggest a multitargeted impact of citrullination on
ribosome assembly. Because PRMT3 is predominately located in the cytoplasm62, not the
nucleus, the competition between these posttranslational modifications may also have a
temporal component. Previous work has shown that RPS2 is methylated in the cytoplasm
after assembly of the 40S subunit. Therefore, the timing and cellular conditions conducive
for citrullination of RPS2 and the impact of citrullination on ribosome biogenesis are
important topics to be addressed in future studies.

In summary, to our knowledge, this is the first use of a protein array to indentify previously
unknown substrates of PAD4. Citrullination of 40 protein substrates that are involved in a
number of different pathways were identified by array screening and 10 were confirmed by
a secondary cell lysate-based screen. The most prominent hit, RPS2, is citrullinated in a
calcium-dependent manner at its N-terminal RG repeat region and this modification
antagonizes Arg methylation at the same region by PRMT3. Both of these Arg modifying
enzymes co-sediment with RPS2 in the 40S ribosomal subunit. These findings contribute to
the understanding of citrullination in ribosome biogenesis, of antagonistic Arg methylation,
and also suggest a number of different pathways potentially impacted by posttranslational
citrullination.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Protein array screen for PAD4 substrates
a) Image of citrullinated proteins on the array. Only a section of the large array is shown (X
and Y axis coordinates are marked). Each 5 × 5 block of spots contains one reference ink
spot (center) and twelve proteins spotted in duplicate patterns. Selected blocks containing
positive hits are outlined and marked with the GenBank accession number corresponding to
the citrullinated protein (see Table I). For example, P15880 corresponds to human RPS2. b)
Selected blocks (bottom row) containing independent hits for citrullinated RPS2 are shown
in detail. The white dot in the center is the reference spot. The black dots are citrullinated
RPS2 present in various duplicate spotting patterns matching those described by the
manufacturer. Blocks shown in the top row are the corresponding blocks from the negative
control array. c) Secondary screen for selected hits using a cell-lysate based assay. Along
with PAD4, 12 selected protein hits were co-expressed in HEK 293T cells with addition of a
C-terminal Flag tag to each hit. The corresponding cell lysates were incubated with CaCl2 (5
mM) to activate PAD4. Each target protein was immunoprecipitated, separated by SDS-
PAGE, transferred to a PVDF membrane, and probed by an anti-Flag antibody to assess
expression (left panel) and by an anti-modified citrulline antibody to assess total citrulline
content (right panel). The expected position of each target protein as predicted by molecular
weight is marked by an asterisk (*).
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Figure 2. PAD4 citrullinates RPS2 in a CaCl2-dependent manner
a) Purified human RPS2 was incubated with PAD4 in the absence (left lane) or presence
(right lane) of CaCl2 (2 mM) for 30 min at 25 °C. Proteins were resolved by SDS-PAGE and
citrullination of RPS2 was detected using an anti-modified citrulline antibody (upper panel).
A duplicate gel stained with Coomassie Blue indicates loading amounts (lower panel). b)
Citrullination of RPS2 by PAD4 is calcium dependent. Samples are prepared as in (a) except
that the concentration of CaCl2 used is indicated for each lane. c) Flag-tagged RPS2 is
citrullinated in vivo. HEK 293T cells were transiently co-transfected with Flag-RPS2 and
PAD4 expression plasmids. After transfection, cells were treated with or without calcium
ionophore A23187 as described in Methods. Immunoprecipitations (IP) were performed
with anti-Flag M2 affinity gel. Citrullinated RPS2 was detected in cells treated with calcium
ionophore (top panel). Equal loading of RPS2 was demonstrated by response to anti-Flag
(middle panel) and anti-RPS2 (bottom panel) antibodies.
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Figure 3. Mapping the citrullination sites of RPS2
a) Diagram of RPS2 deletion mutants. Deletion mutants were expressed as maltose binding
protein (MBP) fusions. Mouse RPS2 (98% AA identity to human RPS2) was used in these
experiments. b) Purified deletion mutant proteins were incubated with PAD4 in the presence
of CaCl2 and separated by SDS-PAGE. Citrulline content was detected by western blot
(upper panel). An anti-MBP antibody was used to indicate equal loading (lower panel).
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Figure 4. Antagonism between posttranslational Arg methylation and citrullination of RPS2
The purified MBP-GAR domain of RPS2 was treated under conditions indicated by the top
grid. An anti-modified citrulline antibody was used to detect the citrullinated MBP-GAR
(top panel), see Methods. A monoclonal antibody specific to mono and dimethylarginine
was used to detect methylated MBP-GAR (middle panel). A duplicate gel was stained with
Coomassie Blue to demonstrate equal loading (bottom panel). * In sample 8, MBP-GAR
was first incubated with PAD4 (in the presence of CaCl2 and DTT) and subsequently with
GST-PRMT3 (in the presence of AdoMet). ** In sample 9, MBP-GAR was first incubated
with GST-PRMT3, and subsequently with PAD4 (with addition of cofactors, as above). ***
In sample 10, MBP-GAR was treated with PAD4 and GST-PRMT3 at the same time (with
addition of cofactors, as above).
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Figure 5. Mapping the interacting domains of PAD4 and RPS2
a) Recombinant PAD4 was expressed in HEK 293T cells and coimmunoprecipitated with
endogenous RPS2 using an anti-RPS2 antibody (left panels). Reciprocally, endogenous
RPS2 was coimmunoprecipitated by the M2 agarose beads from the Flag-PAD4-expressing
HEK 293T cells (right panels). Each was detected by an anti-RPS2 antibody (top panel) and
an anti-PAD4 antibody (bottom panel). b) Diagram of PAD4 and its deletion mutants. c)
The catalytic domain of PAD4 interacts with RPS2. PAD4 and its deletion mutants were
expressed with N-terminal flag tags in HEK 293T cells and immunoprecipitated. Any co-
precipitated endogenous RPS2 was visualized using an anti RPS2 antibody (top panel). The
loading amounts of PAD4 and its deletion mutants were indicated by Western blot using an
anti-Flag antibody (bottom panel). C645A is a catalytically inactive point mutant of full-
length PAD4. The left two lanes were loaded with 5 % and 1.25 % of the input, respectively.
d) Direct binding interaction between PAD4 and RPS2. Right panel: Purified GST (lane 2),
GST-PAD4-N1 (lane 3), GST-PAD4-N1N2 (lane 4) and GST-PAD4 (lane 1 and 5) were
bound to glutathione-sepharose beads and incubated with purified MBP or MBP-RPS2.
MBP-RPS2 pull downs were visualized using an anti-MBP antibody. The leftmost two lanes
with MBP and MBP-RPS2 were loaded with 6.67 % and 5 % of the input, respectively. Left
panel: A duplicate gel was stained by coomassie blue to indicate loading amounts.
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Figure 6. PAD4 co-sediments with PRMT3 and 40S ribosomal subunits
a) Recombinant PAD4 and PRMT3 were expressed in HEK 293T cells and cell lysates were
subjected to a polysome profiling analysis. The profile was performed using a 5–46 %
sucrose density gradient and recorded by continuous measurement of absorbance at 254 nm.
The positions of 40S, 60S subunits, monosomes (80S) and polysomes are indicated.
Fractions were collected, precipitated by tricholroacetic acid and used for Western blots with
anti-PAD4 (top panel), anti-PRMT3 (middle panel) and anti-RPS2 (bottom panel)
antibodies. b) Polysome profiling of endogenous PAD4, PRMT3 and RPS2 was performed
as described in (a).
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Table 1

Putative PAD4 Substrates Identified by the Primary Array Screen

Substrates No. of clonesa GenBank accession No. Subcellular locationb

Ribosomal proteins

40S subunit components

ribosomal protein S2 (RPS2) 41 P15880 N/C

ribosomal protein S8 (RPS8) 13 P62241 N/C

ribosomal protein S10 (RPS10) 3 P46783 N/C

ribosomal protein S13 (RPS13) 3 P62277 N/C

ribosomal protein S14 (RPS14) 2 P62263 N/C

ribosomal protein S15a (RPS15A) 2 P62244 N/C

ribosomal protein S18 (RPS18) 2 P62269 N/C

ribosomal protein S3A (RPS3A) 1 P61247 N/C

60S subunit components

ribosomal protein L7 (RPL7) 8 P18124 N/C

ribosomal protein L18a (RPL18A) 6 Q02543 N/C

ribosomal protein L15 (RPL15) 4 P61313 N/C

ribosomal protein L10 (RPL10) 3 P27635 N/C

ribosomal protein L18 (RPL18) 3 Q07020 N/C

ribosomal protein L3 (RPL3) 2 P39023 N/C

ribosomal protein L9 (RPL9) 2 P32969 N/C

ribosomal protein L7a (RPL7A) 1 P62424 N/C

ribosomal protein L14 (RPL14) 1 P50914 N/C

ribosomal protein L17 (RPL17) 1 NM_001035006 N/C

ribosomal protein L26-like 1 (RPL26L1) 1 Q9UNX3 N/C

ribosomal protein L35 (RPL35) 1 P42766 N/C

mitochondrial ribosomal proteins

mitochondrial ribosomal protein L27 (MRPL27) 2 Q9P0M9 Mt.

mitochondrial ribosomal protein S18A (MRPS18A) 1 Q9NVS2 Mt.

Non-ribosomal proteins

Putative RNA-binding protein 15 2 Q96T37 N

Probable rRNA-processing protein EBP2 1 Q99848 N

Heterogeneous nuclear ribonucleoprotein A1 1 P09651 N/C

Cold-inducible RNA-binding protein 1 Q14011 N

RNA-binding protein 5 1 P52756 N

Nuclease sensitive element-binding protein1 1 P67809 N/C

Proteasome subunit beta type 4 1 P28070 N/C

Ufm-1-conjugating enzyme 1 1 Q9Y3C8 N/C

Protein arginine N-methyltransferase 1 1 Q99873 N

Inhibitor of growth protein 4 1 Q9UNL4 N

Ubiquitin-like protein FUBI 1 P35544 N/C

Fasciculation and elongation protein zeta 1 1 Q99689 N/C/M
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Substrates No. of clonesa GenBank accession No. Subcellular locationb

Nuclear mitotic apparatus protein 1 2 Q14980 N

1-Phosphatidylinositol-4,5-bisphosphate phosphodiesterase gamma1 1 P19174 C/M

Spectrin beta chain, brain 2 1 O15020 C

Adenylyl cyclase-associated protein 1 (CAP1) 1 Q01518 M

Cytohesin-2 1 Q99418 C/M

PDZ domain-containing protein GIPC1 1 O14908 C/M

a
No. of clones indicates the number of times the protein was identified as a duplicately spotted hit on the redundant array.

b
N, Nucleus; C, Cytoplasm; Mt., Mitochondrion; M, Membrane.
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Table 2

Relative Ranking of Total Citrulline Content in Selected Hits

Substrate Expression a Citrullination b Citrulline content c

Lysine acetyltransferase 5 (KAT5) – Negative control ++ - No

Cold-inducible RNA-binding protein (CIRP) ++ +++ high

Probable rRNA-processing protein (EBP2) +++ +++ high

Fasciculation and elongation protein zeta 1 (FEZ ) + + medium

Ubiquitin-like protein FUBI (Fau) +++ +++ high

Heterogeneous nuclear ribonucleoprotein A1 (HNRPA1) +++ +++ high

Inhibitor of growth protein 4 (ING4) +++ +++ high

Protein arginine N-methyltransferase 1 (PRMT1) +++ +++ high

Proteasome subunit beta type 4 (PSBT4) ++ + low

ribosomal protein S2 (RPS2) +++ ++ high

Ufm-1-conjugating enzyme 1 (UFC) +++ + low

Nuclease sensitive element-binding protein 1 (YBP) - - -

a
Recombinant target proteins were expressed in HEK 293T cells and ranked by relative response to an anti-flag antibody.

b
Citrullination of target proteins was visualized using an anti modified citrulline antibody.

+++, strong signal; ++, medium signal; +, weak signal; -, no signal.

c
Citrulline content is based on the relative ratio of signal intensities for modified-citrulline and Flag epitopes.
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