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Abstract

Protein arginine deiminases (PADs) are calcium-dependent enzymes that mediate the post-
translational conversion of arginine into citrulline. Dysregulated PAD activity is associated with
numerous autoimmune disorders and cancers. In breast cancer, PAD2 citrullinates histone H3R26
and activates the transcription of estrogen receptor (ER) target genes. However, PAD2 lacks a
canonical Nuclear Localization Sequence (NLS), and it is unclear how this enzyme is transported
into the nucleus. Here, we show for the first time that PAD2 translocates into the nucleus in
response to calcium signaling. Using BiolD2, a proximity-dependent biotinylation method for
identifying interacting proteins, we found that PAD2 preferentially associates with ANXADS in the
cytoplasm. Calcium binding to PAD2 weakens this cytoplasmic interaction, which generating a
pool of calcium bound PAD2 that can interact with Ran. We hypothesize that this latter interaction
promotes the translocation of PAD2 into nucleus. These findings highlight a critical role for
ANXAS5 in regulating PAD2 and identify an unusual mechanism whereby proteins translocate
between the cytosol and nucleus.
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INTRODUCTION

Protein arginine deiminases (PADs) are a family of enzymes that catalyze the post-
translational conversion of a positively charged arginine residue into a neutral citrulline. This
modification disrupts ionic and hydrogen bonding interactions within substrate proteins and
can result in alterations to their secondary and tertiary structures as well as potential effects
upon protein function and protein-protein interactions.1~> There are five mammalian PADs,
which are denoted as PAD1, 2, 3, 4 and 6.5 Amongst them, PAD2 is thought to be the
ancestral homologue; the remaining PADs were derived from PAD2 via a series of gene
duplication events.?

PAD2 is widely expressed in brain, spleen, skeletal muscle, and leukocytes.”: 8 Dysregulated
PAD2 activity is associated with neurodegenerative and inflammatory diseases as well as
breast cancers.® 10 Like the other PAD isozymes, PAD? is a calcium-dependent enzyme and
is usually inactive under physiological conditions where the calcium concentration ranges
from 1078 — 1078 M.11 Notably, citrullination only occurs /7 vitroin the presence of
significantly higher calcium concentrations (i.e., 1074 — 1073 M), as the concentration of
calcium required for half-maximum activity, i.e., the Ky, is 1.8 x 1074 M.12 These
concentrations can only be reached after membrane rupture or in cells treated with calcium
ionophores, which suggests that citrullination can occur only under ‘extreme’ conditions,
such as during apoptosis or terminal differentiation of the epidermis. Recently, however,
PAD?2 was also found to function in gene regulation under homeostatic calcium levels,13: 14
suggesting that there must be a mechanism to modulate the calcium dependence of PAD2 in
live cells.

PAD4 is the only PAD to contain a canonical nuclear localization signal (NLS) and was long
believed to be the only PAD that can localize to the nucleus.1>: 18 Recent work from the
Coonrod group has shown, however, that PAD2 localizes to the nucleus where it citrullinates
arginine 26 in histone H3 upon estrogen stimulation.13 This modification is strongly
correlated with the increased transcription of ER (estrogen receptor) target genes. Herein, we
show for the first time that PAD2 translocates from the cytoplasm into the nucleus upon
stimulation with calcium. Using BiolD2, a proximity-dependent biotinylation method for
identifying interacting proteins, we found that ANXADS preferentially associates with PAD2
in the cytoplasm. Calcium binding to PAD2 weakens this interaction and promotes PAD2
binding to Ran, which, we hypothesize, shuttles PAD2 into nucleus. The FF motif, a beta-
turn that extends upon calcium binding, is important for mediating the preferential
localization of PAD2 to the nucleus. Overall, our findings strongly implicate a critical role
for ANXADS and Ran in the activation of nuclear PAD2 activity and highlight an unusual
mechanism whereby proteins translocate between the cytosol and nucleus.
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MATERIALS AND METHODS

Reagents and Cell Lines.

HEK 293 and 293T cells were grown in DMEM supplemented with 10% fetal bovine serum
(FBS), and 1% penicillin streptomycin and maintained in a humidified atmosphere with 5%
COy at 37 °C. A complete list of reagents and suppliers is provided in Table S1. A list of
proteins is provide in Table 1.

Protein Purification.

PAD?2 was purified as previously described.12 Briefly, Escherichia coli BL21(DE3)pLysS
cells transformed with our PAD2 expression construct!” were grown in LB with ampicillin
(100 pg/mL) and chloramphenicol (50 pg/mL) at 37 °C until the cultures reached an ODgqq
of 0.8. PAD2 expression was induced by the addition of IPTG (isopropyl-p-D-
thiogalactopyranoside) (0.4 mM final) and allowed to proceed overnight at 16 °C. Cells were
harvested by centrifugation at 4800¢g for 10 min at 4 °C. The pellet was resuspended in lysis
buffer (20 mM Tris-HCI pH 7.6, 500 uM TCEP, 5 mM imidazole, and 500 mM NaCl) and
lysed by six cycles of sonication. The lysate was clarified by centrifugation (30 min at
35,000 rpm) and the supernatant was incubated with Ni-NTA—agarose resin pre-equilibrated
with lysis buffer for 45 min at 4 °C with gentle stirring. Wash buffer (50 mL of 20 mM Tris-
HCI pH 8.0, 10% glycerol, 500 pM TCEP, 50 mM imidazole, and 500 mM NacCl) and
elution buffer (20 mL of 20 mM Tris-HCI pH 8.0, 10% glycerol, 500 uM TCEP, 250 mM
imidazole, and 500 mM NaCl) were then applied. Fractions from the Ni-NTA column were
analyzed by 4-12% SDS-PAGE and the fraction containing pure PAD2 was concentrated
and then dialyzed (20 mM Tris, pH 7.6, 500 mM NaCl, 500 uM TCEP, and 10% glycerol),
flash frozen in liquid nitrogen, and stored at —80 °C.

E. coli BL21(DE3) cells, transformed with ANXAS or RAN expression constructs, were
grown in a shaker incubator (225 rpm) at 37 °C to an ODgqg of 0.4 — 0.6 with ampicillin
(100 pg/mL). To induce protein expression, IPTG was added to the culture to a final
concentration of 500 uM. The cells were incubated for 3 h at 37 °C under continuous
shaking at 225 rpm. The bacterial culture was then harvested at 4,000¢g for 15 min, flash
frozen in liquid nitrogen, and resuspended in lysis buffer (20 mM Tris pH 7.6, 0.5 M NaCl,
0.5 mM TCEP, protease inhibitor tablets) and lysed by sonication using a Sonic
Dismembrator (Fisher Scientific). Lysates were cleared by centrifugation at 30,000¢ for 30
min at 4 °C followed by affinity purification at 4 °C using Ni-NTA resin and washing using
a stepwise gradient of 20 mM Tris pH 7.6, 0.5 M NaCl, 10% glycerol, 0.5 mM TCEP, and
0.02-0.1 M imidazole followed by elution from the resin with 20 mM Tris pH 7.6, 0.5 M
NaCl, 10% glycerol, 0.5 mM TCEP, and 0.25 M imidazole. Samples containing the target
protein were pooled and dialyzed into a long-term storage buffer (LTSB: 20 mM Tris pH
7.6, 0.5 M NaCl, 10% glycerol, 0.5 mM TCEP), assayed for purity, and stored at —80°C.

PAD2 Calcium Dependence Assay.

The calcium dependence of PAD2 in the presence of various proteins was characterized
using a discontinuous activity assay.1? Briefly, Reaction Buffer, containing 100 mM Tris pH
7.6, 50 mM NaCl, 2 mM DTT, 10 mM benzoylarginine ethylester (BAEE), and varying
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concentrations of CaCl, (0-10 mM), was preincubated for 10 min at 37 °C, followed by the
addition of PAD2 and RAN or PAD2 and ANXAS5, which had been preincubated at 37 °C
for 1 h (0.2 uM final) to initiate the reaction. After 15 min, the reactions were quenched and
citrulline production was quantified as previously described.18: 19 The data obtained were fit
to Equation 1,

VIV e = [Co®F] 1Ky s+ [Ca> ") (Equation 1),

using GraphPad Prism version 7.0c, where vis the initial rate, Vi ay is the maximum rate,
Ky 5 is the concentration of calcium that yields half maximal activity, and n is the hill
coefficient. The experiment was carried out in duplicate.

Transfection of BiolD2 and BiolD2-PAD2 into HEK293 Cells.

The BiolD2 and BiolD2-PAD2 constructs were transfected into HEK293 cells using
Lipofectamine 2000 according to the manufacturer’s protocol. Stable transfection was
established using neomycin as a selection marker. Briefly, HEK293 cells were seeded onto a
tissue culture flask 1 day prior to transfection. Upon reaching 70 — 80% confluence, cells
were transfected with 20 pug of myc-BiolD2-MCS (with stop codon) or myc-BiolD2-PAD2-
MCS with Lipofectamine 2000. Cells were cultured for 48 h post-transfection and then
selected with 1 mg/mL neomycin.

RIBFA labeling.

Cells were grown to ~80% confluence in a Nunc™ cell culture treated EasyFlask T175 flask
and harvested by centrifugation at 1000g for 3 min. The cell pellets were then washed 4x
with 1xPBS and cell pellets were then resuspended in 1x PBS with 1% Triton X-100 and
incubated for 1 h on ice. Lysates were cleared by centrifugation at 21,0009 for 15 min. The
supernatant was isolated and quantified by the Detergent Compatible (DC) assay. Lysates (2
Hg/uL, 50 uL) were then treated with 2 mM CaCl, and 2 uM RIBFAZC and incubated at

37 °C for 1 h. The reaction was quenched with 6x SDS loading buffer and separated by SDS
-PAGE (4-15% gradient gel). The bands were visualized by scanning the gel in an
Amersham Imager 600 (excitation/emission maxima of 546/579, respectively).

Cellular Fractionation Experiments.

Biochemical fractionation was adapted from the REAP protocol.2! Briefly, 1x107 cells per
cell line were collected, washed in PBS, and lysed by incubation in Buffer A (1 x PBS, 0.1%
NP 40, Pierce protease inhibitor tablets) for 10 min on ice. Cytoplasmic proteins were
separated from nuclei by centrifugation at 1,300g for 5 min at 4 °C. Pelleted nuclei were
washed in Buffer A three times, and then resuspended in Buffer A before sonication for 10 s
using a Sonic Dismembrator. Protein concentration in the lysates was measured by DC
Assay (Bio-Rad) to ensure equal protein loading. 6X-SDS protein buffer was added into the
lysates to yield a final concentration of 1X buffer and lysates were then boiled at 95 °C for 5
min. The lysates were subjected to SDS-PAGE and subsequently transferred to PVDF
membranes (BioRad). Membranes were blocked in 5% BSA in PBS buffer for 1 h at room
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temperature. Primary antibodies were incubated overnight at 4 °C and then membranes were
washed in PBS-T, followed by a 1 h incubation at room temperature with 1:5,000 Licor
IRDye secondary antibodies. All blots were washed for 30 min (3 x 10 min) with PBS-T
after secondary antibody incubation and then visualized using the Licor Odyssey imaging
system. Cleanliness of fractionation was determined with antibodies for Histone H3
(nuclear) and superoxide dismutase 4 (SOD4) (cytoplasmic). The blot was imaged and band
intensities were quantified using the Licor Imager Software (700 nm and 800 nm).

Sample preparation for proteomics.

HEK?293 cells expressing BiolD2 or BiolD2-PAD2 were grown in DMEM media minus L-
lysine and L-arginine supplemented with 10% dialyzed FBS for SILAC and either 84 ug/mL
[13C/15N]-L-arginine (R10) and 146 pg/mL [*3C/1°N]-L-Lysine (K8) or 84 pg/mL L-
arginine (R0) and 146 pg/mL L-lysine (KO) at 37 °C and 5% CO» for a minimum of 6
passages.

Lysed samples were diluted in PBS buffer to a final concentration of 2 mg/mL, and then 500
pL of heavy lysate (2 mg/mL), and 500 pL of light lysate (2 mg/mL) were combined. All the
samples were prepared in duplicate. The samples were then incubated with 20%
trichloroacetic acid (100 pL of 100% TCA), and proteins were precipitated by incubation at
-80 °C for 1 h followed by centrifugation (15,000 rpm, 10 min) at 4 °C. The supernatants
were discarded, and the protein pellet was washed twice with ice-cold acetone and dried.

Protein pellets were then resuspended in 1.2% SDS in PBS and solubilized by heating

(65 °C for 5 min) and sonication (bath sonicator for 10 min). Once dissolved, samples were
diluted in PBS buffer to 0.2% final SDS concentration and incubated with streptavidin
agarose slurry (170 uL) overnight at 4 °C and for a further 3 h at room temperature.
Streptavidin beads were then washed with PBS containing 0.2% SDS (1X), with PBS alone
(3X), and water (3X). After washing, the beads were incubated at 65 °C for 20 min in a PBS
buffer containing 6 M urea and 10 mM DTT. The beads were further treated with
iodoacetamide (20 mM) for 30 min at 37 °C. On-bead trypsin digestion was performed in a
PBS solution containing 2 M urea, 1 mM CaCl, and 2 pg trypsin overnight at 37 °C. The
beads were spun down and the supernatant, containing the peptide digests was collected.
Formic acid was added to the supernatant and samples were stored at —20 °C until MS
analysis.

Validation of Isotope Incorporation Efficiency in SILAC.

Samples were diluted in PBS buffer to a final concentration of 1 mg/mL, and then incubated
with 10% trichloroacetic acid, and proteins were precipitated by incubation at =80 °C for 1 h
followed by centrifugation (15,000 rpm, 10 min) at 4 °C. The supernatants were discarded,
and the protein pellet was washed twice with ice-cold acetone and dried.

Protein pellets were then resuspended in 8 M urea in PBS and solubilized by heating (65 °C
for 5 min) and sonication (bath sonicator for 10 min). Once dissolved, 10 mM DTT was
added and the samples were incubated at 65 °C for 15 min. Next the samples were treated
further with iodoacetamide (20 mM) for 30 min at 37 °C. After diluting the urea
concentration to 2 M with PBS, 1 mM CacCl, and 2 pg trypsin were then added to the sample
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and incubated overnight at 37 °C. Formic acid was then added to quench trypsin and
samples were centrifuged at 15,000 rpm for 20 min to pellet precipitated proteins. The
supernatants were stored at —20 °C until MS analysis. The heavy/light intensity ratio (R,
is set to 20 if a mass corresponding to a peptide with light lysine or arginine was not found.
Our observation that most peptides had a Ry of 20 confirmed the complete incorporation
of heavy arginine and lysine.

LC/LC-MS/MS and Data Processing.

Mass spectrometry was performed on an LTQ Orbitrap Discovery (Thermo Fisher) coupled
to an Agilent 1200 series HPLC. Protein digests were pressure loaded onto a 250 pm fused
silica desalting column packed with 4 cm Aqua C18 reverse phase resin (Phenomenex).
Peptides were eluted onto a 100 um fused silica biphasic column packed with 4 cm of strong
cation exchange resin (Watman) and 10 cm of C18 resin using a five-step multidimensional
LC/LC-MS/MS protocol (MudPIT) 22, Each of the five runs begins with a salt push (0%,
25%, 50%, 80%, and 100% buffer C), followed by a gradient 0-100% buffer B in buffer A
(buffer A: 95% water, 5% acetonitrile, 0.1% formic acid; buffer B: 20% water, 80%
acetonitrile, 0.1% formic acid; buffer C 95% water, 5% acetonitrile, 500 mM ammonium
acetate). The flow rate was ~0.25 pL/min and the spray voltage was set to 2.75 kV. One full
MS1 scan (400-1800 m/z) was followed by 8 data dependent scans of the nt" most intense
ion.

Peptides were assigned to MS2s using the SEQUESTZ2 algorithm, searching against a
human reverse-concatenated non-redundant protein database. Data sets were searched
independently for peptides containing isotopically light and heavy amino acids. For the light
search the default masses of lysine and arginine were used, for the heavy search a static
modification was specified for lysine (+8.0142 m/z) and arginine (+10.00826 m/z). A static
modification was specified for cysteine residues (+57.0215 m/z, iodoacetamide alkylation)
in both heavy and light samples. MS2 matches were assembled by protein and filtered to
achieve a false discovery rate of 5% using DTASelect 2.0 24,

Light/heavy intensity ratios (Ry;4) quantification.

Light/heavy intensity ratios (R /4) were quantified using the CIMAGE quantification
package as described previously.22 CIMAGE reports peptide Ry ratio for co-eluting light
and heavy peptides. The peptides are grouped by protein and a representative Ry ;4 for each
protein is calculated from the median R ;4 for each peptide identified for that protein.

Detection of PAD2 interacting proteins by Western blot and Immunoprecipitation.

Cells were lysed with a microprobe sonicator in PBS buffer containing Pierce protease
inhibitor tablets (one tablet in 10 mL of buffer). Protein concentration in the lysates was
measured by DC Assay (Bio-Rad) to ensure equal protein loading. 6X-SDS protein buffer
was added into the lysates to yield a final concentration of 1X-buffer and lysates were then
boiled at 95 °C for 5 min. The lysates were subjected to SDS-PAGE and subsequently
transferred to PVDF membranes (BioRad). Membranes were blocked in 5% BSA in PBS
buffer for 1 h at room temperature. Primary antibodies were incubated overnight at 4 °C and
then membranes were washed in PBS-T, followed by a 1 h incubation at room temperature
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with 1:5,000 Licor IRDye secondary antibody. All blots were washed for 30 min (3 X 10
min) with PBS-T after secondary antibody incubation and then visualized using the Licor
Odyssey imaging system. For immunoprecipitation, lysates were incubated with the
indicated antibodies overnight at 4 °C and then incubated with Protein A/G PLUS-Agarose
for 2 h at room temperature. The bound proteins were eluted by boiling for 10 min at 1X-
SDS loading buffer and subjected to Western blotting.

Detection of PAD2 Interaction with ANXAS by Size Exclusion Chromatography (SEC).

An AKTA Pure series liquid chromatography system (GE Healthcare Life Science) equipped
with Superose 6 10/300 GL (GE Healthcare Life Science) was used for chromatographic
measurements. We used a flow rate of 1 mL/min for all measurements. The eluent was the
same as the long-term storage buffer.

Treatment of HEKPAD2 with Importazole.

HEK?293T PAD2 cells were grown to ~80% confluence in Nunc Cell Culture Treated
EasYFlask™ T25 flasks. Complete media was removed from flasks and carefully replaced
with serum free medium. Cells were treated with either DMSO or importazole (40 pM final
concentration) and incubated at 37 °C with 5% CO, for 1 h. Cells were then treated with
ionomycin (5 uM final concentration) and incubated at 37 °C with 5% CO,, for another 1 h.

Quantification And Statistical Analysis.

RESULTS

Data presented herein was replicated in separate experiments. Unless otherwise stated, data
points shown in figures are the mean of independent data, and the error represents standard
deviation (SD). All data fitting and statistical analysis was performed using GraphPad Prism
software (version 7.0c).

Calcium binding induces the nuclear localization of PAD2.

Prior structural work from our lab12 demonstrated that calcium binding to PAD2 triggers a
series of conformational changes where the pseudosubstrate R347 flips out of the active site
and W348 moves in to form one wall of the substrate binding pocket. C647 also moves into
the active site and adopts a conformation that is competent for catalysis. In addition to these
changes, calcium binding to the 3, 4 and 5 sites cause another dramatic conformational
change that results in two hydrophobic residues, F221 and F222, extending into solution
(Figure 1A, compare left and middle panels). This FF-motif adopts a nearly perfect p-turn in
the PAD2-10 mM Ca?"* structure and undergoes a cis/trans prolyl isomerization upon the
binding of calcium at the Ca2 site, which generates the fully active holoenzyme (Figure 1A,
right panel). Notably the FF motif is unique to PAD2 (Figure 1B), suggesting that it may
play a novel role in regulating PAD2 activity. To assess that possibility, we first evaluated the
effect of mutating or deleting this loop on both the activity and calcium dependence of
PAD2. Interestingly, the F221A/F222A (FFA) double mutant neither alters PAD2 catalytic
efficiency nor calcium dependence (Figure 1C). Two and four residue deletions of the loop
also had no effect on these parameters (Figure 1C).
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To further investigate the role of this motif, we next compared the subcellular localization of
wild type PAD2 to the FFA mutant. We generated nuclear and cytoplasmic fractions and
compared the subcellular localization of wild type and mutant PAD2 (Figure 2A-D).
Accuracy of cell fractionation was confirmed by probing the same PVDF membrane with
antibodies for Superoxide Dismutase 4 (SOD4), a cytoplasmic protein, and histone H3, a
nuclear protein. Nuclear PAD2 was clearly visible 1 h after ionomycin stimulation. With
increasing stimulation time, the fraction of cytoplasmic wild type PAD2 entering the nucleus
increased, whereas the amount of cytoplasmic FFA remained relatively constant. We also
evaluated the subcellular localization of the D177A mutant (Figure 2E and F). Since D177
coordinates to both Ca3 and 5 and its mutation leads to a 26-fold increase in the Kq 5 (Figure
1C) 12, we hypothesized that the mutant would also be retained in the cytoplasm since
calcium binding triggers the extension of the FF motif. Consistent with our hypothesis, the
D177A mutant was retained in the cytoplasm even after a 3 h incubation with ionomycin.

Calcium binding to the PAD2 fusion protein also triggers its nuclear localization.

Given the above data, we hypothesized that calcium binding triggers a conformational
change that extends the FF-motif out into solution where it interacts with an unknown
protein(s) (or disrupts interactions) that promotes nuclear uptake. To evaluate this
hypothesis, we used the BiolD2 approach to identify PAD2 interacting proteins. BiolD2 is
an improved version of the BiolD platform,2> where a smaller promiscuous biotin ligase is
fused in frame to the protein of interest to facilitate the biotinylation of proximal proteins in
live cells. BiolD2 uses the Aquifex aeolicu biotin ligase,25 in which a conserved residue,
Arg40 in the catalytic domain, is replaced with Gly; this mutation increases the promiscuity
of biotinylation. Compared to traditional genetic and biochemical methods, the BiolD2
technique is particularly useful for studying insoluble candidates and weak or transient
interactions in the native cellular environment.

For these studies, wild type PAD2 was cloned in frame to the C-terminus of the BiolD2
biotin ligase and the constructs (i.e., BiolD2PADZ2) as well as the control BiolD2 construct,
were stably transfected into HEK293 cells. To ensure that these fusion constructs retained
native-like behavior, we investigated their functional properties. First, we compared the
catalytic activity of wild type PAD2 and the fusion protein using a PAD-targeted activity-
based probe, i.e. RIBFA, that specifically modifies PAD2 20 (Figure S1A). Briefly, cell
lysates were incubated with RIFBA for 1 h at 37 °C in the presence of calcium chloride.
Next, proteins were resolved by SDS-PAGE and fluorescently tagged proteins imaged.
Compared to HEKPAD2, the activity of BiolD2PAD2 remained broadly the same. Equal
protein loading was demonstrated by blotting the same gel to a PVDF membrane and PAD?2
levels detected with anti-PAD2 antibody. Next, we confirmed that BiolD2PAD2 possessed
similar subcellular localization properties. Cellular fractionation experiments (Figure S1B
and C) confirmed that like the full-length protein, ionomycin stimulation triggers the
translocation of BiolDPAD2 from the cytoplasm to the nucleus. In total, these data
demonstrate that the fusion protein retains native-like activity and subcellular distribution.

To initially demonstrate the feasibility of identifying PAD2 interacting proteins, we
compared the biotinylation patterns present in cells expressing BiolD2 alone to those present
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in the BiolD2PAD2 expressing cells (Figure S2). As previously reported,?6 the levels of
biotinylated proteins increase with the time of exposure to biotin. The dense bands at 25 and
100 kDa represent BiolD2 and BiolD2PAD?2, respectively. The identities of these two bands
were confirmed using anti-MYC and anti-PAD2 antibodies (Figure S2, lower panels). A
comparison of the western blots of proteins from cells expressing biotin ligase alone to those
expressing the fusion protein, show distinct patterns, demonstrating the differential
proximity-dependent biotinylation of BiolD2 and BiolD2PAD?2 associated proteins.
Moreover, ionomycin, which activates PAD2, further modulated the biotinylation patterns,
consistent with a change in subcellular localization.

Combined BiolD2 and SILAC approaches identify PAD2 interacting proteins.

To identify proximal and direct PAD2-interacting proteins in resting cells and ionomycin-
stimulated cells, we performed a stable isotope labeling in cell culture (SILAC)%7
experiment to quantitatively compare biotinylated proteins in BiolD2PAD2 and control
BiolD2 expressing cells (Figure 3A). For these experiments, BiolD2 expressing HEK293
cells were SILAC-labeled with heavy (13C and 15N substituted) lysine and arginine and
compared to light BiolD2PAD2 cells. This approach was taken to maximize the amount of
information from a single set of experiments and to minimize the need to SILAC label
multiple cell lines. Cells were incubated with excess biotin in the culture media to induce
biotinylation of interacting proteins. The cells were then lysed with SDS, light and heavy
cell lysates mixed together, and biotinylated proteins bound to streptavidin-agarose. An on-
bead trypsin digestion was performed, and the digest was analyzed by LC/LC-MS/MS
(Figure 3A, Table S2).

Three combinations of samples were analyzed as shown in Figure 3B. The direct
comparison of BiolD2 and BiolD2PAD?2 lysates will identify PAD2-interacting proteins that
occur in the absence of calcium. By contrast, the BiolD2 and BiolD2PAD2 plus ionomycin
comparison identifies proteins that interact with calcium-bound PAD2; ionomycin was
added at the same time of biotin addition to increase intracellular calcium concentration.
BiolD2 plus ionomycin and BiolD2PAD2 plus ionomycin serves as a control for global
calcium-mediated proteomic changes as well as a secondary verification of proteins
interacting with calcium bound PAD2. For each condition, the data were obtained from two
biological replicates. The SILAC light/heavy (L/H) ratios for proteins in replicate 1 were
plotted on the x-axis and the ratio for replicate 2 were plotted on the y-axis (Figure 3C).
Those proteins having ratios higher than 2 in both replicates were considered significant.
Proteins which fell outside of the region between the red dotted lines with slopes of 2 and
0.5 were not considered to be significant because their ratios were not consistent across the
replicates.

The small GTPase Ran, which plays an important role in nucleocytoplasmic shuttling,28: 29
showed a high L/H ratio in all three data sets. By contrast, the cytoplasmic protein
ANXA530-32 had a high L/H ratio only in the BiolD2 and BiolD2PAD2 comparison (Figure
3C left panel). The L/H ratio of FXR1, which localizes in the nucleus,33-3% increased in the
presence of calcium, consistent with our finding that calcium triggers the entry of PAD2 into
the nucleus. To evaluate our data more broadly, we performed a gene ontology analysis to
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analyze the subcellular localization of each protein identified in the plus/minus ionomycin
datasets (Figure 4A). Consistent with calcium triggering the nuclear localization of PAD2,
the number of nuclear proteins identified in the BiolD2PAD2 samples increased in the
presence of ionomycin. To obtain a list of candidate proteins that preferentially interact with
BiolD2PAD?2 in the presence of calcium, the ratio of BiolD2PAD?2 plus ionomycin over
BiolD2PAD2 was obtained by dividing the BiolD2PAD2/BiolD2 L/H ratio by the BiolD2-
PAD?2 plus ionomycin/BiolD2 L/H ratio (Figure 4B). The proteins located in the upper left
corner preferentially interact with calcium-bound PAD2 whereas those proteins located in
right corner preferentially interact with the metal-free form. Notably, ANXADS5 strongly
associates with apo PAD?2.

ANXAS preferential binds to apo PAD2.

Given that ANXAGS preferentially interacts with calcium-free PAD2, we initially focused on
this protein. ANXAGS is traditionally thought of as a calcium-dependent phospholipid
binding protein.36: 37 ANXAS5 was also proposed to function as a calcium channel after
elucidation of the first ANXAS5 crystal structure.38 There is a central pore present at the core
of the protein structure, which is lined by residues E95 and E112. Mutational studies showed
that these residues are determinants of calcium-ion selectivity and voltage sensitivity.3°
Planar lipid bilayer experiments also showed that the ion-channel like properties of ANXA5
are similar to those of other calcium channels.?? Notably, ANXA5 needs calcium to initiate
a conformational change and bind to the target membrane. Once attached, it is able to
penetrate and form a channel that conducts Ca2* ions.40

To begin to validate the interaction between ANXAS5 and PAD2, BiolD2PAD2 expressing
HEK-293T cells were incubated with 50 uM of biotin for 20 h. Cell lysates were then
prepared, and biotinylated proteins isolated by streptavidin agarose. Biotinylated ANXA5
and PAD2 were detected by western blotting. Compared to BiolD2 expressing HEK-293T
cells, we were only able to isolate ANXAS5 and PAD2 from BiolD2-PAD2 expressing cells
(Figure 4C). We did not see a difference in the biotinylation pattern between the plus and
minus ionomycin samples. This result was expected because biotinylation occurs prior to
ionomycin signaling and is a stable PTM. Next, we determined whether the interaction
between ANXAS and PAD2 is modulated by calcium. For these experiments, we determined
whether purified recombinant PAD2 physically interacts with ANXAS by
coimmunoprecipitation using an anti-PAD2 antibody (Figure 4D). The direct binding
between these two proteins was confirmed using an anti-ANXAD5 antibody. Notably, this
interaction was inhibited by the addition of calcium. These data confirm our proteomic data
and demonstrate that ANXAS preferentially interacts with calcium-free PAD2.

We also evaluated the interaction between PAD2 and ANXADS in PAD2 expressing
HEK-293T cells (Figure 4E). Anti-ANXADb was able to immunoprecipitate a ~75-kDa
protein from PAD2-overexpressing HEK-293T cells, but not from control HEK-293T cells.
Consistent with our /n vitro data, treatment with a calcium ionophore attenuated this
interaction. Size exclusion chromatography (SEC) was next used to monitor how ANXA5
modulates the quaternary structure of PAD2. PAD2 was incubated with ANXADS for 1 h with
or without 2 mM calcium at 37 °C before injecting onto a SEC. Compared to the mixture
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with calcium, a new peak appeared in the SEC spectrum of the mixture without calcium
(Figure S3A). Western blotting showed that this new peak was comprised of PAD2 (Figure
S3B). This peak has a smaller retention time than the PAD2 peak in the control sample,
indicating that ANXADS promotes the formation of a higher order PAD2 oligomer. Notably,
this new peak was not present when PAD2 was incubated with ANXAS5 in the presence of 2
mM calcium (Figure S3). Notably, we do not observe ANXAS coeluting with this oligomer.
One possible explanation is that substoichiometric amounts of ANXADb are required to
promote oligomer formation and these levels are below the limit of detection.

PAD2 interacts with Ran.

Interactions

The nuclear pore complex (NPC) controls the exchange of macromolecules between the
cytoplasm and nucleoplasm.?1: 42 The NPC is composed of approximately thirty proteins,
termed nucleoporins (nups), which are highly enriched in Phenylalanine-Glycine (FG)
repeats.*3 44 FG-repeats adopt an unfolded conformation that fills the pore, thereby making
it impermeable to proteins larger than ~40 kDa.*> 46 PAD2 has a molecular weight of ~75
kDa,*" and, as such, it cannot diffuse through the pore. Therefore, a carrier-mediated
mechanism is required to transport PAD2 across the NPC. The small GTPase Ran is
necessary for the transport of most proteins across the NPC.#8-50 From our proteomics
dataset (Figure 3C), Ran interacts with both apo PAD2 and calcium-bound PAD2.

Streptavidin pulldown assays confirmed the biotinylation of Ran in BiolD2PAD2 cells
(Figure 5A). The physical interaction between Ran and PAD2 was confirmed in PAD2
expressing cells (Figure 5B). For these studies, mouse anti-PAD2 antibody was used to
immunoprecipitate Ran from the PAD2 expressing cells. The interaction between Ran and
PAD2 was detected with a rabbit anti-Ran antibody. Ran Q69L, a GTPase-deficient Ran
mutant locked in the GTP-bound state>! and Ran T24N, which exists primarily in the GDP-
bound state52: 53 were purified. Their interactions with PAD2 were also detected (Figure
5C). PAD2 bound similarly to both forms of Ran indicating that the interaction is
independent of which nucleotide is bound to Ran. Notably, Ran preferentially interacts with
calcium bound PAD2 both in vitro (Figure 5C) and in cells (Figure 5B).

between wild type and mutant PAD2 with Ran and ANXADb.

Given our data showing that ANXAS preferentially binds apo-PAD2 and Ran preferentially
interacts with calcium-bound PAD2, we next evaluated the effect of the D177A and FFA
mutants on this interaction using /7 vitroimmunoprecipitation experiments with purified
proteins. Notably, neither mutation altered the interaction with Ran consistent with our
proteomic data showing that Ran is constitutively associated with PAD2 (Figure 6A-B). By
contrast, the D177A mutation prevented the loss of interaction with ANXADS that occurs
upon calcium binding, consistent with our data showing that ANXADS preferentially interacts
with apoPAD?2 (Figure 6C-D). Given that the supraphysiological levels of calcium are
required to activate PAD2 activity, we considered the possibility that ANXADS5 or Ran might
alter the activity or calcium dependence of PAD2. However, neither protein altered the
activity or calcium dependence of PAD2 (Table S3).
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DISCUSSION

Calcium has long been known to regulate the catalytic activity of the PADs by triggering a
conformational change that boosts enzyme activity by greater than 10,000-fold.16 However,
we show here for the first time that calcium also regulates the subcellular distribution of
PAD2 and promotes its translocation into the nucleus. This result is significant because
PAD4 has long been considered to be the only nuclear PAD because it possesses a nuclear
localization signal and in localization studies using GFP-tagged PADs 1, 2, 3, and 4, only
PADA4 localized to the nucleus.® However, these experiments never evaluated the calcium
dependence of nuclear uptake. These results are also significant because they add an
additional layer of evidence to support a role for PAD2 in regulating gene expression as
demonstrated by us and others.10. 13. 54

In addition to demonstrating that calcium regulates the nuclear localization of PAD2, we
used the BiolD2 platform to identify PAD2 interacting proteins, with one goal being the
identification of the factors that control the calcium dependent nuclear uptake of PAD2. The
results of these studies were revealing and, consistent with our cellular fractionation
experiments, calcium signaling shifts the PAD2 interactome from one that is dominated by
cytoplasmic proteins to one that is more nuclear oriented. A comparison of those proteins
that preferentially interact with apo PAD2 and calcium-bound PAD2 highlighted ANXAS5
and Ran as key players regulating the cellular distribution of PAD2.

ANXAS is a calcium dependent, phospholipid-binding protein. Although, there is only one
example where ANXAS functions as a Ca2* channel in vivo®® (i.e., in the case of bone
formation by matrix vesicles), the voltage-sensitive Ca2* channel activity of ANXA5 was
verified with patch clamp and planar lipid bilayer experiments,56-58 as well as in a calcium
influx assays that showed that ANXAS mediates the movement of Ca2* into large
unilamellar vesicles.5® In addition, the crystal structure of ANXA539 proved its typical ion
channel essential properties.

Our studies show that ANXADS preferentially interacts with apo PAD2 (Figure 3C left panel
and Figure 4B). After treatment with 1 pM ionomycin, the abundance of ANXAS5 became
negligible in BiolD2PAD2 expressing cell (Figure 3C middle and right panels).
Immunoprecipitation of ANXAS5 and PAD?2 in vitro (Figure 4D) and in HEK293PAD?2 cells
(Figure 4E) confirmed that ANXA preferentially interacts with apo PAD2. We also
examined the interaction between ANXADS and the D177A mutant (Figure 6C-D). The data
indicate that ANXADS remains associated with the D177A mutant in the presence of calcium.
Given that the D177A mutant is not fully saturated with calcium under our experimental
conditions (i.e., 2 mM Ca?* versus a Kg 5 of 4.8 = 0.2 mM for the D177A mutant), it is not
surprising that calcium could not perturb the interaction between ANXAS5 and this calcium
binding mutant. The interaction between ANXA5 and PAD2 was also confirmed by size
exclusion chromatography (Figure S3). In the absence of calcium, a new species with a
shorter retention time appeared in the mixture of ANXA5 and PAD2. Western blotting
confirmed that this signal belonged to PAD2 (Figure S3B). These data imply that ANXA5
induces a conformational change in PAD2 that triggers the formation of a higher order
oligomer. This oligomer may prevent the import of PAD2 into the nucleus.
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Another critical protein identified from our dataset is Ran. Ran is a small GTPase,28: 60 that
directs protein translocation across the NPC. GTP-bound Ran is high in the nucleus whereas
Ran-GDP levels are high in the cytoplasm.#2 There are two mechanisms for protein transport
across the NPC: passive diffusion and karyopherin-mediated transport.61-65 Small proteins
with molecular weights smaller than ~40 kDa can passively diffuse through the pore,42: 61
whereas proteins >40 kDa rely on carrier-mediated entry. Since the PAD2 monomer which is
~75 kDa, it can only be transported through the pore with assistance of a carrier.

Most of the proteins that carry cargos through the NPC are members of the karyopherin
family.56 Karyopherins consist mainly of HEAT or Armadillo repeats stacked on top of one
another.57-70 This common structural feature facilitates their ability to bind to the FG
domains of nucleoporins.”~73 We did identify one karyopherin protein in our dataset, i.e.,
KPNBL1. However, immunoprecipitation experiments did not support an interaction between
KPNB1 and PAD?2 in vitro or in cells (data not shown). Moreover, importazole, a KPNB1
inhibitor 74, did not block the nuclear accumulation of PAD2 (Figure S4). These data are
consistent with a KPNB1-independent mechanism of nuclear import. This finding is also
consistent with the fact that PAD2 lacks a canonical NLS that is required to interact with a
karyopherin 7577,

Given the abundance NLS-containing proteins, many assume that this pathway is the only
mechanism for protein transport into the nucleus; however, it is known that other pathways
account for a large amount of nuclear traffic. For example, bioinformatic analysis revealed
that amongst the 1515 proteins whose localization is restricted to the nucleus in
Saccharomyces cerevisiae, ~ 43% use an alternative mechanism for nuclear entry.”” Indeed,
certain amphiphilic proteins (e.g., actinin-4, pl-spectrin, and -catenin) undergo a
conformational change that increases their hydrophobic surface area to promote spontaneous
passage through the hydrophobic NPC.”8 Experiments also showed that chemically modified
BSA with a higher surface hydrophobicity is sufficient to overcome the selectivity barrier of
the NPC.7®

Given the fact that Ran is highly abundant in our experimental data (Figure 3C) and is
involved in nuclear import, we considered that it might play a novel role in the transport of
PAD?2 into the nucleus. Biotinylation of Ran in HEK293 BiolD2PAD2 samples but not in
HEK293 BiolD2 samples (Figure 5A) confirmed the proximity of Ran to PAD2.
Surprisingly, pull down experiments performed with HEK293T-PAD?2 cell lysate and with
recombinant proteins showed a significant direct interaction between PAD2 and Ran without
any adaptor (Figure 5B and C). This result suggests that Ran directly binds and imports
PAD2 into the nucleus. The calcium induced conformational change in PAD2 enhanced their
interaction. We also evaluated the interaction of PAD2 with GTPase-deficient RanQ69L
mutant and GDP bound mutant RanT24N (Figure 5C). Compared with wild type Ran, there
is no significant difference between the interactions with calcium free PAD2 and calcium-
bound PAD2. Therefore, PAD2 shows no differential binding to nuclear Ran (GTP bound) or
cytoplasmic Ran (GDP bound). Then how does nuclear PAD2 accumulate in the presence of
ionomycin? Comparing the structures of holoPAD2 with apoPAD2 (Figure 1A),12 one
significant change that occurs is in the position of the FF motif. Upon calcium binding, the
FF motif extends into solvent. And this change neither alters PAD2 catalytic efficiency nor
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calcium dependence (Figure 1C). When these two residues were replaced with alanine, the
ratio of nuclear PAD2 to cytoplasmic PAD2 decreased dramatically (Figure 2C and D).
Since this change has no influence on the interaction between PAD2 and Ran (Figure 6A),
we suggest that extension of the FF motif disrupts an interaction that sequesters PAD2 in the
cytoplasm. In turn, the binding of PAD2 to Ran facilitates nuclear uptake.

In summary, we show for the first time that calcium triggers the nuclear accumulation of
PAD2. Based on our data, we suggest that ANXAJS restricts the location of PAD2 to the
cytoplasm. Upon calcium influx, calcium-bound PAD2 is released from ANXAD5 and
interacts directly with Ran, which shuttles continuously between nucleus and cytoplasm, and
promotes the nuclear entry of PAD2 into nucleus. This interaction promotes the Ran-
dependent transport of PAD2 into the nucleus where it can citrullinate histones and modulate
gene expression programs (Figure 7). Future experiments will focus on uncovering how Ran
interacts with PAD2 and evaluating nuclear transport in physiologically relevant cell lines.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The FF-Motif Extends Upon Calcium Binding and Does not Alter PAD2 Activity.
(A) Surface (upper) and stick-cartoon (below) representations of apoPAD2 (PDB: 4N20), 10

mM Ca?*-PAD2 (PDB: 4N2B) and holoFFA (PDB: 4N2C).12 (B) Heat map shows highly
conserved (red) and the hyper-variable region (yellow) in PADs that encompasses the FF
motif (boxed) in PAD2. (C) Catalytic efficiency and calcium dependence of PAD2, D177A,
FFA, A221-222 and A220-223. Data are represented as mean + SEM.
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Figure 2. Calcium promotesthe nuclear localization of PAD2.
(A) HEK293T PAD2, (C) HEK293T FFA and (E) HEKD177A cellular proteins were

fractionated into cytoplasmic and nuclear lysates and the presence of PAD2 was examined
by western blotting. Cleanliness of fractionation was determined using antibodies for
Histone H3 (nuclear) and SOD4 (cytoplasmic) protein. The ratio of normalized density of
(B) PAD2, (D) PAD2FFA and (F) PAD2D177A levels in nucleus over those in the cytoplasm
is shown on the left to the corresponding western blots (n = 3).
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Figure 3. I dentification of PAD2 I nteracting Proteins.
(A) Schematic describing the proximity-dependent biotinylation method and identification

of proteins associated with BiolD2-PAD?2. (B) Three sets of samples were used in proteomic
experiments. (C) Mass spectrometry analysis of proximity biotinylated proteins associated
with PAD2 with or without ionomycin.
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Figure 4. PAD2 interacting proteins are modulated by calcium and PAD2 physically interacted
with ANXAS.

(A) Subcellular localization of biotinylated proteins associated with PAD2 with or without
ionomycin stimulation. (B) Ratio of ratio generated from Figure 3C left two graphs. (C)
BiolD2 and BiolD2-PAD2 transfected HEK-293T cells were treated with biotin with or
without ionomycin. Biotinylated proteins were isolated using streptavidin-agarose and
detected by anti-PAD2 and anti-ANXAb. (D) Recombinant PAD2 and ANXAS were
incubated at 37 °C for 2 h. anti-PAD2 was used to pull down ANXAS. Normalized density
of precipitated ANXAGS is on the left (n = 3). (E) Immunoprecipitation of PAD2 transfected
HEK-293T cells treated with or without ionomycin by anti-ANXAS and detected with an
anti-PAD2 antibody. Normalized density of precipitated ANXAS5 is on the left (n = 2).
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(A) BiolD2 and BiolD2-PAD2 transfected HEK-293 cells were treated with biotin with or
without ionomycin. Biotinylated proteins were isolated on streptavidin agarose and proteins
detected by western blotting using anti-PAD2 and anti-Ran antibodies. (B) IP was performed

in PAD2 transfected HEK-293 cells treated with

or without ionomycin by mouse anti-PAD2

and detected by rabbit anti-Ran and anti-PAD2. Normalized density of precipitated RAN is
on the left (n = 2). (C) Recombinant PAD2 and Ran, RanQ69L, RanT24N were incubated at

37 °C for 2 h. anti-PAD2 was used to pull down
RAN is on the left (n = 2).

Ran. Normalized density of precipitated
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Figure 6. Interactions between wild type and mutant PAD2 with Ran and ANXAS.
(A) anti-PAD?2 antibody was used to pull down Ran incubated with wild type PAD2 and the

D177A and FFA mutants in the absence or presence of Ca?*. (B) Normalized density of Ran
proteins in pull down assays. (C) In vitro anti-PAD2 pull down ANXA5 bound to PAD2 and
the D177A mutant. (D) Normalized density of precipitated ANXADS.
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Figure 7. PAD2 transport between the cytoplasm and nucleus.
ANXAGS is activated and binds to the membrane to facilitate calcium influx. PAD2 binds

calcium, which triggers a conformational change that promotes its release from ANXADS5 and
subsequent transport into the nucleus via its interaction with Ran. Once in the nucleus,
PAD?2 citrullinates histones and other nuclear proteins to modulate gene transcription.
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Proteins used in these studies.

Table 1:

Protein UniProt ID Link

Biotin [acetyl-CoA-carboxylase] ligase (birA) 066837 https://www.uniprot.org/uniprot/O66837
Protein-arginine deiminase type-2 (PADI2) Q9Y2J8 https://www.uniprot.org/uniprot/Q9Y2J8
Annexin A5 (ANXAD5) P08758 https://www.uniprot.org/uniprot/P08758
GTP-binding nuclear protein Ran (RAN) P62826 https://www.uniprot.org/uniprot/P62826
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