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ABSTRACT: The protein arginine deiminases (PADs), which
catalyze the hydrolysis of peptidyl-arginine to form peptidyl-
citrulline, are potential targets for the development of a rheu-
matoid arthritis (RA) therapeutic, as well as other human
diseases including colitis and cancer. Additionally, these en-
zymes, and in particular PAD4, appear to play important roles in
a variety of cell signaling pathways including apoptosis, differ-
entiation, and transcriptional regulation. To better understand
the factors that regulate in vivo PAD4 activity, we set out to design and synthesize a series of activity-based protein profiling (ABPP)
reagents that target this enzyme. Herein we describe the design, synthesis, and evaluation of six ABPPs including (i) FITC-
conjugated F-amidine (FFA1 and 2) and Cl-amidine (FCA1 and 2), and (ii) biotin-conjugated F-amidine (BFA) and Cl-amidine
(BCA).We further demonstrate the utility of these probes for labeling PAD4 in cells, as well as for isolating PAD4 and PAD4 binding
proteins. These probes will undoubtedly prove to be powerful tools that can be used to dissect the factors controlling the dynamics of
PAD4 expression, activity, and function.

Protein arginine deiminases (PADs) catalyze the hydrolytic
conversion of arginine residues to citrulline residues.1,2 Signifi-

cant recent efforts have been made toward understanding the
physiological roles of these protein modifying enzymes, and in
particular PAD4, due to the increasing evidence linking dysre-
gulated PAD activity to the increased incidence and severity of
rheumatoid arthritis (RA) and other diseases, including colitis
and cancer.1,3,4 To date, PAD4 has been shown to play important
roles in numerous cell signaling pathways, including differentiation
and apoptosis.5 The best characterized in vivo role of PAD4, albeit
still partially undefined, is that of a transcriptional regulator.6-11

For example, multiple arginine residues in the N-terminal tails of
histones H2A, H3, and H4 are deiminated by PAD4, and the
deimination of these residues has recently been shown to correlate
with the down regulation of numerous genes that are controlled by
the estrogen receptor, thyroid receptor, and p53.6-11 Although it
is evident that PAD4 plays an important role in human cell
signaling, it remains unclear how this enzyme is activated within
the cell. Previous studies have demonstrated that up to 5 calcium
ions are required for PAD4 activity in vitro; calcium binding
induces a conformational change that orients active site residues
into positions that are competent for catalysis.12-14 However, the
concentration of calcium required for maximal PAD4 activity
in vitro is in the high micromolar to low millimolar range, whereas
normal intracellular concentrations of calcium are in the nano-
molar to low micromolar range.13,15-17 Therefore, gaining an
understanding of how PAD4 becomes active at physiological

calcium levels is essential to understanding the in vivo roles of this
enzyme.

To better appreciate themechanisms that regulate in vivoPAD4
activity, we set out to design and synthesize a series of activity-
based protein profiling (ABPP) reagents that target this
enzyme. We chose to develop these reagents because (i) ABPPs
have proven to be invaluable tools for identifying and char-
acterizing a diverse number enzyme families, e.g., serine hydro-
lases, cysteine proteases, and kinases,18-20 and (ii) our ABPPs
will be useful for answering a number of fundamental questions
regarding PAD4 activation. For example, these probes will allow us
to identify PAD4 binding proteins, as well as the post-translational
modifications (PTMs) that occur to this enzyme in vivo, and
determine whether these PTMs and binding proteins modulate
PAD4 activity.

ABPPs typically contain two core elements: (i) a reactive group
that modifies the active site of the protein of interest and (ii) a
reporter tag, typically either a fluorophore for rapid and sensitive
detection of the enzyme-ABPP-conjugate or, alternatively, a biotin
tag to facilitate the isolation of probe-modified proteins in complex
proteomes. The basic design of the reactive portion of our PAD4-
targeted ABPPs centers on F- and Cl-amidine, two previously
described mechanism-based PAD4 inactivators (Figure 1A) 21,22
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that possess a haloacetamidine moiety,21-23 which covalently
modifies a key catalytic residue, i.e., Cys645, to effect enzyme
inactivation. Alkylation of Cys645 by these compounds pro-
ceeds through one of two potential mechanisms. In the first
mechanism, Cys645 directly displaces the halide through an
SN2 mechanism. Alternatively, inactivation may proceed via a
multistep mechanism that involves an initial attack of Cys645
on the iminium carbon, followed by the protonation and stabiliza-
tion of the tetrahedral intermediate, which facilitates the halide-
displacement reaction.21,22,24 Because F- and Cl-amidine prefer-
entially modify calcium-bound PAD4, i.e., the active form of the
enzyme, these compounds lend themselves well to providing the
reactive portion of our PAD4-targeted ABPPs.21,22

Given that the presence of a bulky fluorophore or biotin
reporter tag may limit cell permeability,18,19,25 we incorporated
bio-orthogonal “click” chemistry compatible reactive groups into
the design of these ABPPs. As previously described for other
systems, including the arginine deiminases,19,20,26,27 the reactive
portion of the ABPP contains either an alkyne or azide moiety that
can react with a complementary azide/alkyne reporter tag via the
azide-alkyne copper(I)-catalyzed cycloaddition reaction,28,29

yielding a stable triazole product that corresponds to the full
ABPPs.25 A key advantage of this approach is that the reactive

group (e.g., azide- or alkyne-modified F- or Cl-amidine) can be
administered to living cells, thereby allowing for protein labeling
to occur in vivo. The subsequent click chemistry then allows the
modified proteins to be labeled with a reporter tag after cell lysis.
We previously reported the functionalization of F- and Cl-amidine
with a rhodamine tag and showed that these compounds, which
are denoted RFA and RCA (for rhodamine-conjugated F- and
Cl-amidine), could be used to directly label PAD4 in vitro or
when the enzyme is present in E. coli cell extracts.30 The one
drawback of the previously described compounds is that the
bulky fluorophore would likely limit/alter cell permeability. To
overcome this issue, we report herein the synthesis and char-
acterization of F- and Cl-amidine derivatives bearing either an
azide or alkyne functionality as well as six ABPPs including (i)
FITC-conjugated F-amidine (FFA1 and 2) and Cl-amidine
(FCA1 and 2) and (ii) biotin-conjugated F-amidine (BFA)
and Cl-amidine (BCA) (Figure 1). Note that the biotin-con-
jugated ABPPs contain a tobacco etch virus (TEV) protease
recognition sequence that facilitates the selective removal of the
biotin tag after isolation of the target protein (Figure 1). Addi-
tionally, we report the optimized conditions for the post-
inactivation coupling of the azide/alkyne bearing reporter tags
to the corresponding alkyne/azide bearing ABPPs, and demonstrate

Figure 1. Structures of PAD4 targeted ABPPs. (A) Structures of F- and Cl-amidine. (B) Structures of azide or alkyne bearing ABPPs. (C) Structures of
reporter tags. (D) Structures of FFA1, FFA2, FCA1, and FCA2.
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their utility for isolating PAD4 as well as PAD4 binding proteins.
The research described herein highlights the utility of these
ABPPs for profiling the dynamics of PAD4 expression, activity,
and function.

’RESULTS AND DISCUSSION

Synthesis. Given our previous success in developing rhoda-
mine-conjugated halo-acetamidine based ABPPs for PAD4,30 we
set out to synthesize fluorescein- and biotin-containing deriva-
tives so that we might expand the number of tools available for
studying this enzyme. Note that the fluorescein derivatives were
synthesized because fluorescein is more effective under alkaline
conditions, whereas rhodamine is most effective in acidic envir-
onments, a fact that can diminish the limits of detection when
analyzing labeled proteins contained within gels. Thus, by
developing ABPPs that contain either rhodamine or fluorescein,
we expected to generate tools that would allow for optimal
visualization of labeled proteins across the entire pH spectrum.
The development of the fluorescein containing ABPPs began
with the synthesis of two fluoroscein tags: one tag (FITC-YNE)
contains a terminal alkyne moiety, and the other (FITC-azide)
contains a terminal azide moiety. In each case, these tags can be
“clicked” together with a complementary azide/alkyne-contain-
ing molecule (Figure 1). Synthesis of these two tags proceeded
smoothly over 3 steps (Scheme S1A in Supporting Information).
The first step of the syntheses involved the coupling of a
carboxylic acid that contained either an azide or alkyne group
to a mono-Boc-protected diamine. The protecting group was
then removed with neat TFA to reveal a free amine that was
subsequently reacted with fluoroscein isothiocyanate (FITC) to
yield the final products in respectable yields.
The azido derivatives of F- and Cl-amidine, which were pre-

viously reported by our group, were synthesized using a solid
phase procedure.30 The ethynyl derivatives were synthesized in a
nearly identical manner (Scheme S1B). Although each of these
four compounds can be conjugated to the complementary
flourescein tag, thus yielding a total of four different probes, the
coupling efficiencies of Fitc-N3 and the ethynyl X-amidines was
much better than the reaction between the alternative azide/
alkyne set. Given that extended reaction times did not yield
increased product formation, it is possible that the phenyl azide
may be undergoing either reduction or decomposition over the
course of the reaction. In light of these findings, which are
supported by labeling experiments, we suggest that the azide/
alkyne pairs that lead to FCA1 and FFA1 are the more useful of
these ABPPs.
In addition to developing fluorescent ABPPs to probe PAD

activity, we also saw the need for ABPPs that would facilitate both
the isolation and enrichment of PAD4, thereby providing an
analysis method that is even more sensitive than fluorescence
imaging. To accomplish both of these goals, we chose to utilize a
previously described biotin-containing reporter tag.31 This
reporter tag, which was developed by Cravatt and colleagues and is
denoted TEV-biotin-azide (Figure 1C), contains three elements:
(i) a Lys-azide group that can react with ethynyl-modified F- and
Cl-amidine via the copper(I)-catalyzed click reaction; (ii) a
biotin moiety that allows for the enrichment of ABPP-modified
proteins on streptavidin-agarose and/or the visualization of
modified proteins by Western blot; and (iii) a TEV protease
site that facilitates the selective removal of the biotin tag after
isolation of the target protein. Given the enhanced reactivity of

the ethynyl-X-amidines with the azide-tagged fluorophores, we
focused our efforts on the azide-bearing reporter tag described
above, as opposed to one containing an alkyne. The synthesis of
the reporter tag proceeded smoothly according to previously
established methods,31 and the complete ABPPs were generated
by click chemistry. The resultant probes are termed biotin-
conjugated F-amidine (BFA) and biotin-conjugated Cl-amidine
(BCA). Also note that given the difficulties in synthesizing large
quantities of FFA2 and FCA2 further analyses focused only on
FFA1 and FCA1.
Inhibitory Properties of ABPPs. To evaluate the inhibitory

properties of the ABPPs described herein and to determine
whether or not the additional functional group (i.e., the azide or
alkyne) has deleterious effects on inhibitor potency, IC50 values
were determined using purified recombinant PAD4. Note that,
like all IC50's, these values should be considered apparentmeasures
of affinity; this is especially true because these are time-dependent
irreversible inactivators. The IC50 values determined in the pre-
sence of calcium are significantly lower than those obtained in the
absence of this metal ion (Table 1). This observation is consistent
with previous results for other PAD4 inactivators21,22,30 and
indicates that these compounds preferentially modify the active,
i.e., calcium-bound, form of the enzyme. Importantly, the IC50

values for these ABPPs range from 4.8 ( 0.5 to 36.0 ( 1.7 μM
(Table 1) and are similar to those obtained for the parent com-
pounds, i.e., F-amidine (21.6 ( 2.1 μM) and Cl-amidine (5.9 (
0.3μM).Although this outcome is not unexpected, as the 4-position
of the benzoyl ring of F- and Cl-amidine does not interact with
any residue on PAD4 and points out toward solvent,12,22 these
results are highly significant because they indicate the versatility
of these compounds in that they can be used either before or after
conjugation to the reporter tag.
Concentration Dependence of ABPPs. Having established

that the ABPPs effectively inactivate PAD4, with potencies that
are comparable to those of F-and Cl-amidine, the concentration
dependence of labeling recombinant PAD4 with FFA1, FCA1,
BFA, and BCA was evaluated. These ABPPs, over a range of
several concentrations, were used to label 2.5 μg of PAD4 in both
the presence and the absence of calcium. The labeled protein
samples were then separated on a 12% SDS-PAGE gel, and the
proteins were either visualized fluorescently or by Western blot
analysis using streptavidin-conjugated horseradish peroxidase
(HRP). While the ABPPs effectively labeled PAD4 at concentra-
tions as low as 2 μM (Figure 2A), the selectivity of the chloro-
containing derivatives, and in particular BCA, for the active form
of the enzyme decreases at higher concentrations, as exemplified

Table 1. IC50 Values

compound IC50 with Ca
2þ (μM) IC50 w/out Ca

2þ (μM)

F-amidine-azide 4.8 ( 0.5 >250

Cl-amidine-azide 5.7 ( 0.6 120 ( 15

F-amidine-YNE 20 ( 6.5 >250

Cl-amidine-YNE 5.4 ( 1.5 87 ( 9.0

RFA 24 ( 4.1 >76a

RCA 7.4 ( 0.8 >50a

FFA1 21 ( 1.8 >250

FCA1 36 ( 1.7 >250

BFA 14 ( 0.6 150 ( 20

BCA 14 ( 3.0 67 ( 2.3
aValues from ref 24.
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by the fact that these compounds label PAD4 in the absence of
calcium. By contrast, the selectively of FFA1 and BFA for calcium-
bound PAD4 is maintained, even at the higher concentrations.
These results indicate that the flouro-bearing compounds are
highly specific for the active form of the enzyme and highlight

their utility as ABPPs. Note that labeling of PAD4 with either
the fluorescein- or biotin-tagged probes for 1 h yields near-quanti-
tative labeling as only a single band is apparent in the Coomassie
stained gels; the molecular weights of the fluorescein- and biotin-
tagged proteins are increased by approximately 900 and 2100 Da,

Figure 2. Characterization of PAD4-targeted ABPPs. (A) Concentration dependence: Recombinant wild type PAD4 (2.5 μg) was labeled with
increasing concentrations of FFA1, FCA1, BFA, or BCA in the presence or absence of calcium. Labeled proteins were visualized either fluorescently
or by Western blot using streptavidin-HRP. (B and C) Selective labeling of PAD4 in a complex protein mixture. E. coli extracts overexpressing GST-
PAD4 or GST-PAD4C645S, a catalytically inactive mutant, were labeled with either FFA1 or FCA1 (B) or BFA and BCA (C) in either the absence or
presence of calcium. Recombinant wild type PAD4 served as a positive control. Labeled proteins were visualized either fluorescently or by Western
blot using streptavidin-HRP. (D and E) Labeling of endogenous PAD4 in MCF-7 WCE: (D) Recombinant PAD4 and estrogen-stimulated MCF-7
WCE were incubated with BFA in the presence of calcium for 30 min with or without F-amidine. The labeled proteins were visualized by Western
blotting using streptavidin-conjugated HRP. (E) Concentration dependence of BFA labeling. MCF-7 WCE were labeled with increasing
concentrations of BFA in the presence of calcium. The labeled proteins were visualized by Western blotting using streptavidin-conjugated HRP.
* = likely PAD4 proteolytic fragments.
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respectively, and incomplete labeling would result in the appear-
ance of two bands corresponding to unlabeled and labeled PAD4
in the Coomassie-stained gels.
Limits of Detection. To evaluate the sensitivity of the PAD4

targeted ABPPs, limit of detection experiments were conducted.
These assays demonstrated that as little as 500 and 250 ng
of PAD4 can be detected using FCA1 and FFA1, respectively
(Figure S1). Such results are comparable to the limits of
detection previously reported for the rhodamine-tagged ABPPs,
i.e., RFA and RCA.30 Greater sensitivity is observed with the
biotinylated probes; as little as 25 ng of PAD4 could be detected
with BFA and BCA. The greater sensitivity is easily explained by
the use of the streptavidin-conjugated HRP, which amplifies the
signal, thereby lowering the detection limit.
Selective Labeling of PAD4 in Complex Protein Mixtures.

The ability of FFA1, FCA1, BFA, and BCA to label PAD4 present
in a complex proteome was then evaluated. To examine probe
selectivity in the presence of a highly complex protein mixture,
cell extracts were prepared from E. coli cells overexpressing either
GST (glutathione S-transferase)-tagged PAD4 or the catalyti-
cally inactive GST-tagged C645S PAD4 mutant. Cleared cell
lysates were treated with an ABPP, in either the presence or
absence of calcium, and then the proteins were separated by 12%
SDS-PAGE gel. Labeled proteins were visualized as described
above (Figure 2B andC). Remarkably, FFA1, BFA, and to a lesser
extent FCA1 and BCA, were highly selective for the calcium
bound, i.e., active, form of PAD4, as little to no nonspecific labeling
was observed, despite the presence of a highly complex protein
mixture. These results are highly significant because they indicate
that these ABPPs can be used to readily label PAD4 in a complex
biological environment. The fact that the catalytically inactive
PAD4C645S mutant is labeled by FCA1 and BCA is likely due to
the inherently greater leaving group potential of chloride. Given
that chloromethylketones inactivate serine proteases via alkyla-
tion of the active site histidine, we considered the possibility
that FCA1 and BCA label the C645S mutant via a similar
mechanism. To address this possibility, the C645S mutant was
labeled with Cl-amidine, and then aliquots were digested with
GluC and Trypsin. MS analyses of the resultant peptides, which
yielded 60% sequence coverage, identified peptides encom-
passing the unmodified active site histidine (i.e., His471) and a
Cl-amidine-modified serine residue (Table S1). In total, these
data suggest that FCA1 and BCA label the C645Smutant on the
serine residue and not the histidine.
To further characterize the utility of these probes in a more

relevant setting, we examined the ability of BFA to detect endo-
genous PAD4 in estrogen-stimulated MCF7 whole cell extracts
(WCE). Note that we focused on using BFA for these experi-
ments because of its high sensitivity and high degree of selectivity
for the active form of PAD4. Also note that estrogen-stimulated
MCF-7 WCE were used because PAD4 expression is increased
in response to estrogen.10 For these experiments, recombinant
PAD4 and estrogen-stimulated MCF-7 WCE were incubated
with BFA in the presence of calcium for 30 min with or without
F-amidine. The labeled proteins were then visualized byWestern
blotting using streptavidin-conjugated HRP. The results of these
experiments (Figure 2D) indicate that BFA cleanly labels
endogenous levels (∼75 ng) of PAD4 and that this labeling can
be effectively blocked with F-amidine. Although two other bands
are labeled in the MCF7 WCE, these fragments likely represent
degradation products of PAD4 because we often observe bands
of similar size inWestern blots for PAD4 and because the labeling

of these proteins can be effectively competed with F-amidine. To
examine the concentration dependence of labeling, MCF-7WCE
were labeled with increasing concentrations of BFA in the presence
of calcium, and the labeled proteins visualized by Western blotting
using streptavidin-conjugated HRP. The results of these experi-
ments (Figure 2E) indicate that it is possible to cleanly label PAD4
at concentrations as low as 100 nM of BFA. As the concentration of
BFA is increased to 20 μM, the level of nonspecific labeling appears
to increase slightly, althoughmany of these proteins are likely PAD4
fragments, as described above.
Post-inactivation Coupling of Reporter Tags. One key

advantage of the triazole linker present in these ABPPs is that
it permits the use of the bio-orthogonal alkyne/azide cycload-
dition reaction to couple azide or alkyne bearing versions of
F- and Cl-amidine to a reporter tag bearing the complementary
functionality after the lysis of cells treated with the inhibitors.
This is particularly advantageous because it allows for the initial
labeling step to occur in native conditions. To demonstrate the
utility of this click chemistry strategy, PAD4 was reacted with
F-/Cl-amidine alkyne/azide and then subsequently coupled to
one of several reporter tags. These experiments were conducted
with both purified recombinant PAD4 and with E. coli cell extracts
overexpressing GST-PAD4. For these experiments, PAD4 was
first reacted with either X-amidine-azide or X-amidine-YNE to
afford enzyme inactivation. Subsequently, protein samples were
denatured, and the cycloaddition reaction was carried out to
couple the FITC reporter tags to the labeled proteins (Figure 3A
and B). Each combination of inhibitor and reporter tag allowed for
the successful visualization of labeled recombinant PAD4, primar-
ily GST-PAD4, in the E. coli cell extracts. Importantly, the level of
nonspecific labeling was low in these complex cell extracts, and no
labeling was found in control experiments where the extracts were
incubated with only the FITC-based reporter tags (Figure 3),
thereby demonstrating these ABPPs are highly specific for PAD4.
It is noteworthy that post-inactivation coupling of the reporter tags
required 5 mM copper sulfate; lower amounts resulted in little to
no labeled protein. This concentration of copper is higher than the
levels that are traditionally used,25 as well as the amount of copper
required to generate the complete probes, e.g., BFA. The most
likely reason for this discrepancy is the presence of calcium in these
reactions, which competes with copper for binding to the catalyst.
It is also noteworthy that the more efficient post-inactivation
coupling reactions involve the reactions of alkyne-functionalized
F- and Cl-amidine with the azide-functionalized reporter tags; a
comparison of the two complementary pairs can most easily be
seen by comparing the labeling efficiencies in Figures 3A and B.
As discussed above, the less efficient labeling with the azide-
functionalized inhibitors may be due to decomposition of the
aryl azide moiety. Similar results were obtained with TEV-biotin-
azide (Figure 3C). These data indicate that the directionality of the
cycloaddition reaction is an important consideration in the devel-
opment of ABPPs of this type. Similar conclusions have been
reached by Speers and Cravatt.18

Isolation of Probe-Modified Proteins. To initially evaluate
the utility of these ABPPs for enriching PAD4, BFA and BCA,
i.e., the complete probes, were used to isolate both purified
recombinant PAD4 (Figure S2A) and GST-PAD4 in present in
E. coli extracts (Figure S2B). For these experiments, proteins
were first modified with BFA and BCA. Subsequently, strepta-
vidin agarose was added to afford the isolation of probe-
modified PAD4. The results demonstrate that both BFA and
BCA can be used to isolate PAD4, even from a highly complex
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protein mixture, with negligible amounts of nonspecifically
modified proteins.
To demonstrate that PAD4 can be isolated using our post-

inactivation coupling procedure, pure PAD4, or GST-PAD4
present in E. coli cell extracts, was first reacted with F-amidine-
YNE or Cl-amidine-YNE, at which point the TEV-biotin-azide
reporter tag was coupled to the probe-modified proteins using
the conditions established above; streptavidin-agarose was then
used to isolate probe-modified proteins. As is apparent in Figure 4,
post-inactivation coupling of the TEV-biotin-azide reporter tag
facilitated the enrichment of both pure PAD4 (Figure 4A) and
PAD4 present in a complex proteome with an efficiency similar to
that obtainedwhen using the complete ABPPs (i.e., BFA and BCA;
Figure 4B versus Figure S2). When this approach was used to
isolate PAD4 from E. coli cell extracts, we observed an increase in
the level of background proteins, which is most likely caused by
protein precipitation upon addition of the copper sulfate used to
catalyze the cycloaddition reaction. Although we had included
the TEV protease cleavage site in our design and synthesis of the
TEV-biotin-azide reporter tag, in our hands, we found that harsh

denaturing conditions, rather than use of the TEV protease
cleavage site, was the most efficient method of releasing the
probe-modified proteins from streptavidin-agarose (Figure S3);
cleavage of the TEV site tended to be inefficient as large amounts
of the protease and long incubation times were required. Although
the TEV cleavage reaction occurred in low yield, the one benefit
of this approach is that it appears to decrease the amount of
nonspecifically bound protein released from the streptavidin-
agarose. Therefore, both methods can be used to release PAD4.
However, the specific method chosen should be guided by the
need for yield versus purity, whichwould be dictated by subsequent
methods of analysis, e.g., Western blotting versusMS experiments.
Post-inactivation Coupling in LiveMCF-7 Cells. To further

illustrate the utility of these ABPPs, we set out to evaluate their
utility in cellulo. For these experiments, MCF-7 cells, a breast
adenocarcinoma cell line, were chosen because PAD4 is known
to be expressed at low levels in this cell line and its expression
can be enhanced by the addition of estrogen.10 PAD4 isolation
experiments were conducted on both PAD4-transfected and
nontransfected cells. In each case, the cells were incubated with

Figure 3. Post-inactivation coupling of ABPPs. Purified recombinant PAD4 or E. coli extracts overexpressing GST-PAD4 were reacted with either F-/
Cl-amidine azide (A) or F-/Cl-amidine-YNE (B, C) and subsequently coupled to the corresponding FITC-modified tag or TEV-biotin-azide. Labeling
with FFA1, FCA1, BFA, and BCA served as positive controls.



472 dx.doi.org/10.1021/cb1003515 |ACS Chem. Biol. 2011, 6, 466–476

ACS Chemical Biology ARTICLES

either F- or Cl-amidine-YNE in both the absence and presence of
estrogen. Note that the alkyne versions, which are bioavailable
(Figure S4), were used because we had previously shown that
they can be coupled to the reporter tags with higher efficiency.
After incubating the cells with inhibitors (100 μM) for 60 min,
the cells were lysed, the TEV-biotin-azide reporter tag was added,
and the click reaction was initiated and allowed to proceed for 60
min. Streptavidin-agarose was then added to afford the isolation
of PAD4. The results of these experiments demonstrate that
these ABPPs can be used to isolate PAD4 from both transfected
and nontransfected cells (Figure 5). However, we note that
estrogen stimulation enhanced the levels of PAD4 isolated from
nontransfected cells (compare Figure 5C versus D). This
observation is in line with the fact that PAD4 is expressed at
low levels inMCF7 cells and that its expression can be induced by
the addition of estrogen, i.e., the higher amounts isolated are due
to the increased expression of PAD4.10 Also significant is the
fact that the estrogen did not increase the amount of PAD4
isolated from the PAD4-transfected cells. Given that the fluoro-
containing versions of these ABPPs are highly selective for the
active enzyme, these results suggest that PAD4 is constitutively
active in this cell line. It is also noteworthy that in comparison to
the labeling of cell extracts with, for example, BCA, the post-
inactivation coupling method afforded much cleaner results, as
significantly fewer labeled proteins were apparent; the smaller
labeled fragments likely correspond to proteolyzed PAD4
(Figure 6). These experiments quite conveniently demon-
strate the utility of these compounds for isolating the active form
of PAD4 from live cells.

Selectivity of ABPPs for Activated PAD4. To further
demonstrate the utility of these probes and highlight the fact
that the expression level and activity of PAD4 are independent of
each other, we examined the ability of F-amidine-YNE to label
PAD4 in HL60 cells, where PAD4 is modestly active,7,32 and
HL60 granulocytes, where PAD4 is known to be highly active.7

For these experiments, HL60 cells and HL60 granulocytes were
first treated with F-amidine-YNE, and then cell extracts, prepared
from these cells, were coupled to TEV-biotin-azide. The probe-
modified proteins were then separated by SDS-PAGE and
subjected to Western blot analysis using either streptavidin-
HRP or an anti-PAD4 antibody. The results of these experiments
(Figure 5E) indicate that even though similar amounts of PAD4
were detected in both cell lines, labeling of PAD4 is detected only
in the HL60 granulocytes. Interestingly, the labeled band is∼5-
10 kDa smaller than full length PAD4, suggesting that, in these
cells, the active form of PAD4 is a proteolytically processed form
of the enzyme.
Identification of PAD4 Binding Proteins. Theoretically, the

PAD4-targeted ABPPs described herein can be used to isolate
both proteins that are modified by the reactive group as well as
interacting proteins. To illustrate this use, purified recombinant
PAD4 was labeled with BFA and then incubated with MCF-7
WCE overnight to facilitate the formation of interactions
between PAD4 and PAD4 binding proteins. PAD4 protein
complexes were subsequently bound to streptavidin-agarose
and subjected to multiple washes to remove nonspecifically
bound proteins. PAD4 and any PAD4 binding proteins were
then eluted from the resin, and Western blotting was used to
detect for the presence of several known PAD4 binding proteins,
including p53, HDAC1, and histone H3.8,33 The results of these
experiments, which are depicted in Figure 7, demonstrate that
this approach can be used to isolate all three proteins, thereby
demonstrating the potential utility of these compounds in
identifying novel PAD4 binding proteins. An additional benefit
of using the probes for identifying and characterizing PAD4
binding proteins comes from the fact that there is no inter-
ference, or additional signals, due to the presence of the heavy
and light IgG chains, as occurs in Western blots of co-immuno-
precipitated proteins.
Identification of PAD4 byMass Spectrometry. To obtain a

complete understanding of the factors that regulate in vivo PAD4
activity, the numbers, types, and the specific residues that
undergo post-translational modifications need to be identified.
To demonstrate the utility of the ABPPs for this application, the
biotinylated probes were used to isolate endogenous PAD4
from HL60 granulocytes. Note that HL60 granulocytes were
used because endogenous PAD4 is highly expressed in these
cells and this cell line grows in suspension, thereby easing the
isolation of high amounts of biomass. Proteins were then
separated by SDS-PAGE, and a band corresponding to the size
of PAD4 was excised from the gel and subjected to in-gel tryptic
digestion. The identities of isolated peptides were then deter-
mined by MALDI mass spectrometry. Overall sequence cover-
age of 60.6% was obtained (Figure 8 and Table S2). The
identities of select peptide fragments were further validated
by performing MS/MS sequencing (see Figure S5 for repre-
sentative MS/MS spectra). The results of these experiments
further confirm that these ABPPs can be used to isolate
PAD4 and demonstrate their future use to identify novel
post-translational modifications that occur to PAD4 under
various physiological conditions.

Figure 4. Enrichment of probe-modified proteins after post-inacti-
vation coupling to TEV-biotin-azide. (A) Purified recombinant
PAD4 was labeled with F- or Cl-amidine-YNE and subsequently
coupled to TEV-biotin-azide via click chemistry. Labeled proteins
were enriched on streptavidin agarose and separated on a SDS-PAGE
gel. (B) E. coli extracts overexpressing GST-PAD4 were labeled with
either F- or Cl-amidine-YNE. The labeled proteins were coupled to
TEV-biotin-azide, enriched on streptavidin agarose, and separated on
a SDS-PAGE gel.
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In total, the ABPPs described herein provide a unique suite of
tools that can be used to label PAD4 in cells, as well as for
isolating PAD4 and PAD4 binding proteins. These probes will
undoubtedly prove useful in identifying and characterizing the
post-translational modifications and binding proteins that reg-
ulate PAD4 activity as well as dissecting the factors controlling
the dynamics of PAD4 expression.

’METHODS

Synthesis of ABPPs. Refer to Supporting Information and
methods.
IC50 Values. IC50 values were determined, in either the absence or

presence of calcium, using methods established in the Thompson lab.22

The data were fit to eq eq 1

fractional activity of PAD ¼ 1=ð1þ ½I�=IC50Þ ðeq 1Þ
,using Grafit 5.0.1.1.34 All measurements were made at least in duplicate
and the values obtained generally agreed within 20%.
In Vitro Labeling of Wild Type PAD4 with FXA Probes. To

determine the optimal probe concentration for labeling PAD4 with

FFA1 and FCA1, purified recombinant wild type PAD4 (2.5 μg) was
incubated at 37 �C in reaction buffer (50 mM HEPES pH 7.6, 2 mM
DTT, 50 mM NaCl) containing various concentrations (2, 5, 10, and
20 μM) of either FFA1 or FCA1, in either the absence or presence of
calcium (10 mM final) for 1 h. To determine the limits of detection for
both FFA1 and FCA1, purified recombinant wild type PAD4 (0.125-
2.5 μg) was incubated at 37 �C in reaction buffer containing either 20 μM
FFA1 or FCA1 for 1 h. Standard 6X SDS-PAGE loading buffer (4 μL)
was added to each sample (20 μL) to quench the reaction. Subsequently
the samples were boiled for 30min, and then the proteins were separated
on a 12% SDS-PAGE gel. Labeled proteins were visualized in-gel using a
molecular imaging station (Kodak Image Station 2000MM) using an
excitation filter of 465 nm and an emission filter of 535 nm.
In Vitro Labeling ofWild Type PAD4withBFA andBCA. To

determine optimal probe concentration for labeling PAD4with BFA and
BCA, purified recombinant wild type PAD4 (2.5 μg) was incubated at
37 �C in reaction buffer containing various concentrations (2, 5, 10, and
20 μM) of BFA or BCA in either the presence or absence of calcium
(10 mM final) for 1 h. To determine the limits of detection for BFA and
BCA, purified recombinant wild type PAD4 (0.05 to 2.5 μg) was
incubated at 37 �C in reaction buffer containing either 5 μM of BFA or
BCA for 1 h. Samples were processed for SDS-PAGE as described above.

Figure 5. Post-inactivation coupling experiments using live MCF-7 cells. MCF-7 cells were treated with either F- or Cl-amidine-YNE for 60 min. The
cells were lysed, and the extracts were subsequently coupled to TEV-biotin-azide. The probed modified proteins were enriched on streptavidin agarose
and visualized byWestern blot using an R-PAD4 antibody. (A) PAD4 transfected MCF-7 cells, stimulated with estrogen. (B) PAD4 transfected MCF-7
cells, unstimulated. (C) Untransfected MCF-7 cells, stimulated with estrogen. (D) Untransfected MCF-7 cells, unstimulated. (E) Selectivity of probes
for activated endogenous PAD4.HL-60 cells andHL-60 granulocytes were treated with F-amidine-YNE for 45min. The cells were lysed, and the extracts
were subsequently coupled to TEV-biotin-azide. The probe-modified proteins were visualized byWestern blot using either streptavidin-HRP (top) or an
anti-PAD4 antibody.



474 dx.doi.org/10.1021/cb1003515 |ACS Chem. Biol. 2011, 6, 466–476

ACS Chemical Biology ARTICLES

Proteins were then transferred to a nitrocellulose membrane at 80 V for
70 min in CAPS transfer buffer (9 mM CAPS, 10% methanol pH 11).
The membranes were blocked with 5% BSA in PBS overnight, washed
with PBS twice for 10 min, and incubated with streptavidin-conjugated
HRP (Invitrogen; 1:10,000) in 2.5%BSA in PBS.Membranes were rinsed
twicewith PBS for 10min, andHRP signals were detected using the Pierce
ECL Western blotting substrate (catalogue no. 32106, Thermo Scien-
tific). Image J was used to quantify the intensity of labeling, and the
detection limits were defined as a 2.5-fold signal over background.
In Vitro Labeling of Endogenous PAD4 in MCF-7 WCE. To

determine optimal probe concentration for labeling endogenous PAD4
with BFA, MCF-7 whole cell extracts (WCE) were precleared on strepta-
vidin agarose for 30 min at 4 �C. Various concentrations of BFA (2, 5, 10,
and 20 μM) were added to the precleared WCE and incubated at 37 �C
in reaction buffer (50 mM Tris-HCl pH 7.6, 50 mM NaCl, 2 mM DTT,
10 mM CaCl2) for 30 min. Samples were processed for SDS-PAGE as
described above. Proteins were then transferred to a nitrocellulose mem-
brane at 80 V for 70 min in CAPS transfer buffer (9 mM CAPS, 10%
methanol pH 11). The membranes were probed with streptavidin-
conjugated HRP to detect the probe-modified proteins.
Enrichment of Probe-Modified Proteins with BFA and

BCA. Purified recombinant wild type PAD4 (2.5 μg) and E. coli extracts
overexpressing GST-PAD4 (5 μg total protein) were incubated in reac-
tion buffer containing 10 μM of either BFA or BCA, in the presence of

CaCl2 (10mM final) at 37 �C. After 30min, 1.2% SDS in PBS was added
to each reaction, and the proteins were denatured at 95 �C for 5min. The
denatured proteins were then added to 100 μL of streptavidin-agarose
beads in PBS and incubated overnight at 4 �C. The beads were washed
by adding 500 μL of 0.2% SDS/PBS for 10 min and collected by
centrifugation (1,400g, 3 min). The supernatant was removed, and the
beads were washed with PBS (3� 5 mL). To elute the bound proteins,
streptavidin-agarose beads were incubated in buffer A (1% SDS, 15 mM
biotin, 100 mM thiourea, 3 M urea in PBS) for 1 h at 42 �C followed by
30 min at 95 �C. The supernatant was then removed, and the beads were
washed with water three times. The supernatant and wash fractions were
combined and concentrated to approximately 20 μL. The entire sample
was loaded onto a 12% SDS-PAGE, and proteins were visualized by
coomassie blue staining.
Post-inactivation Coupling. Purified recombinant wild type PAD4

(2.5μg) was treated with either 20μMX-amidine-YNE or X-amidine-azide
in the presence of 1 mM CaCl2, 50 mM HEPES pH 7.6, 2 mM DTT and
50 mM NaCl for 30 min at 37 �C. The alkyne- or azide-modified proteins
were then labeled, via the copper(I)-catalyzed azide-alkyne [3 þ 2]
cycloaddition reaction, with either the TEV-biotin-azide reporter tag
or the FITC-reporter tags containing the complementary alkyne/
azide. The click reaction was performed using a slight modification
of previously established procedures.25 Briefly, modified proteins were
reacted with the corresponding azide or alkyne reporter tag (20 μM
final) in the presence of TCEP (2.5 mM), ligand (0.119 mM final), and
CuSO4 (5mM final).25 After incubating at rt for 1 h, as described,25 the
samples were centrifuged (5000 rpm, 4 �C) and the protein pellet was
washed with cold methanol (2� 100 μL). The pellet was resuspended
in 15 μL SDS buffer (2% SDS, 62.5 mMTris pH 6.8, 10% glycerol in PBS)
and separated on 12% SDS-PAGE gels. Fluorescently tagged proteins were

Figure 6. Comparison of labeling methods. (A) Labeling of MCF-7
whole cell extracts with BCA. Extracts, prepared from estrogen-stimu-
latedMCF7 cells, were incubated with BCA (1 μM) for 30 min at 37 �C.
The labeled proteins were visualized by Western blotting using strepta-
vidin-conjugated HRP. (B) Post-inactivation coupling in live MCF-7
cells. Live estrogen-stimulated MCF-7 cells were treated with Cl-
amidine-YNE (100 μM) for 60 min. Cells were lysed in RIPA buffer
(25 mM Tris HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS) on ice for 10min. The samples were denatured
at 95 �C for 10 min prior to the addition of the TEV-biotin-azide
reporter tag (20 μM). The click reaction was then initiated by the
addition of TCEP (2.5 mM), ligand (0.119 mM final), and CuSO4

(5 mM final). The labeled proteins were visualized by Western blotting
using streptavidin-conjugated HRP.

Figure 7. Enrichment of known PAD4 binding partners using BFA-
labeled PAD4. PAD4 and PAD4 labeled with BFA were incubated with
MCF-7 whole cell extracts. PAD4 complexes were enriched on strepta-
vidin agarose beads and probed with antibodies for (A) Histone H3, (B)
HDAC1, and (C) p53.
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visualized using aKodak Image Station 2000MMmolecular imaging system.
Biotinylated proteins were visualized by Western blot unsing streptavidin-
conjugated HRP after transfer to a nitrocellulose membrane.
Transfection. MCF-7 cells were grown to a confluence of∼90% in

DMEM media containing 10% FBS at 37 �C and 5% CO2. Cells were
transiently transfected with human PAD4 using the Lipofectamine 2000
reagent from Invitrogen (cat. 11668).8 A DNA to Lipofectamine ratio of
1:2.5 was used. After transfection, the cells were incubated at 37 �C and
5% CO2 for 24 h to allow for recovery prior to the post-inactivation
coupling experiments.
In Vivo Post-inactivation Coupling. Transfected and non-

transfected MCF-7 cells were incubated with either X-amidine-YNE
(100 μM final) in either the absence or presence of estrogen (0.1 μM
final) for 1 h at 37 �C and 5% CO2. Subsequently the cells were harvested
and lysed in RIPA buffer (25mMTrisHCl pH 7.6, 150mMNaCl, 1%NP-
40, 1% sodium deoxycholate, 0.1% SDS) on ice for 10 min. The samples
were denatured at 95 �C for 10 min prior to the addition of either FITC-
azide (20 μM) or the TEV-biotin-azide reporter tag. The click reaction
was then initiated by the addition of TCEP (2.5 mM), ligand (0.119 mM
final), and CuSO4 (5 mM final). After 1 h at RT, the protein samples were
collected by centrifugation (5000 rpm, 4 �C) and processed using the
methodology described above.
SelectivityofABPPs forActivatedPAD4. HL-60 cells andHL-60

granulocytes, resuspended in Locke solution (5 mL), were incubated with
F-amidine-YNE (100 μM final) in the presence of LPS (100 ng/mL) for
45 min. The cells were subsequently collected and lysed in RIPA buffer
(25 mM Tris HCl pH 7.6, 150 mM NaCl, 1% sodium deoxycholate,
0.1% SDS). The samples were denatured at 95 �C for 10 min prior to
the addition of the TEV-biotin-azide reporter tag (20 μM). Coupling
of the reporter tag was initiated by the addition of TCEP (2.5 mM),
ligand (0.119 mM final), and CuSO4 (5 mM final). After incubating at
rt for 1 h, the samples were centrifuged (5000 rpm, 4 �C), and the
protein pellet was washed with cold methanol (2� 100 μL). The pellet
was resuspended in 15 μL of SDS buffer (2% SDS, 62.5 mM Tris pH
6.8, 10% glycerol in PBS) and separated on 12%SDS-PAGE gels. Proteins
were transferred to a nitrocellulose membrane as described above and
either probed with streptavidin-conjugated HRP or anti-PAD4.
Identification of PAD4-Binding Proteins. PAD4 (5 μg) was

labeled with 1 μM BFA for 30 min at 37 �C in reaction buffer (50 mM
Tris-HCl pH 7.6, 50 mM NaCl, 2 mM DTT, 10 mM CaCl2). Labeled
PAD4 (5 μg) was then added toMCF-7 whole cell extracts (500 μg total
protein) and streptavidin-agarose beads (100 μL). After an overnight
incubation at 4 �C with end over end rocking, the beads were washed
three times with PBS. The beads were then washed with PBSþ 100 mM
NaCl and PBSþ 250 mMNaCl. The higher salt wash was concentrated
down to approximately 30 μL and separated on a 12% SDS-PAGE gel.
Gels were transferred to a nitrocellulose membrane and probed with
either a mouse monoclonal anti-p53 (abcam, ab1101) or a rabbit
polyclonal anti-H3 (abcam, ab1791).

Identification of PAD4 by Mass Spectrometry. HL-60 gran-
ulocytes were incubated with F-amidine-YNE (100 μM final) in the
presence of a calcium ionophore, A23817 (4 μM) for 1 h at 37 �C and
5% CO2. Subsequently the cells were harvested and lysed in modified
RIPA buffer (25 mM Tris HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate) containing a complete protease inhibitor tablet
(Roche) on ice. The click reaction was performed as described above.
The entire sample was loaded onto a 12% SDS-PAGE, and proteins were
visualized by Coomassie Blue staining. A protein band corresponding to
the molecular weight of PAD4 was excised from the gel and subjected to
an in-gel tryptic digestion. In-gel digestion was performed as previously
described using the following proteases: trypsin, Glu-C, and Asp-N.35

Peptides were concentrated in a speedvac to a final volume of ∼30 μL,
desalted using a C18 ZipTip (Millipore), and eluted in 2.5μL ofR-cyano
hydroxycinnamic acid for analysis on an Ultraflex MALDI-TOF/TOF
(Bruker Daltonics, Germany). Predicted peptide masses produced from
the individual protease digestions were generated with ProteinProspec-
tor using the unmodified amino acid sequence of PAD4. Several
individual peptides corresponding to the generated predicted masses
were further confirmed to be PAD4 peptides by MS/MS fragmentation.
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