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Abstract—Protein Arginine Deiminase 4 (PAD4) has emerged as a leading target for the development of a Rheumatoid Arthritis
(RA) pharmaceutical. Herein, we describe the development of a novel screen for PAD4 inhibitors that is based on a PAD4-targeted
Activity-Based Protein Profiling reagent, denoted Rhodamine-conjugated F-Amidine (RFA). This screen was validated by screening
10 Disease Modifying Anti-Rheumatic Drugs (DMARDs) and identified streptomycin, minocycline, and chlortetracycline as micro-
molar inhibitors of PAD4 activity.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Rheumatoid Arthritis (RA) is a chronic progressive
autoimmune disorder that ultimately leads to the
destruction of the cartilage surrounding the joint. It is
the second most common type of arthritis with symp-
toms first appearing in patients between 40 and 60 years
of age.1,2 Current RA therapeutics can be classified into
3 groups: Non-Steroidal Anti-Inflammatory Drugs
(NSAIDs), corticosteroids, and Disease Modifying
Anti-Rheumatic Drugs (DMARDs).3 The NSAIDs
(e.g., aspirin, ibuprofen, naproxen) and corticosteroids
encompass a large group of clinically effective com-
pounds whose mode of action is well established – these
compounds relieve pain and reduce inflammation by
preventing prostaglandin synthesis through inhibition
of cyclooxygenase 2 and the production of arachidonic
acid, respectively.3 The DMARDs are an equally large
group of therapeutics that includes both chemical (i.e.,
small molecules) and biological agents, for example,
antibody-based therapies. Examples of biological
DMARDs include drugs such as etanercept, infliximab,
and tocilizumab, which are therapeutically effective be-
cause they reduce the levels of inflammatory cytokines.3

Examples of chemical DMARDs include methotrexate,
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minocycline, and leflunomide.3 Interestingly, and in
contrast to the well established modes of action of the
NSAIDs, corticosteroids, and biological DMARDs,
the molecular mechanisms by which the chemical
DMARDs function as RA therapeutics are incompletely
understood in several cases, for example, minocycline.3

Protein Arginine Deiminase 4 (PAD4), which catalyzes
the conversion of peptidyl-arginine to peptidyl-citrul-
line,4 is widely believed to play a causative role in RA
disease onset and progression because RA-associated
mutations in the PAD4 gene have been identified in a
variety of populations5–7 and RA patients produce auto-
antibodies that recognize citrulline-containing pro-
teins.8,9 Interestingly, the anti-citrulline autoantibodies
are considered to be the most specific diagnostic marker
of this disease8–10 and there is a direct correlation be-
tween the levels of citrullinated proteins and disease
severity, especially in the formative stages of RA.11 In
total, the serological and genetic data suggest that
PAD4 activity is dysregulated in RA; thereby suggesting
this enzyme as a target for the development of a novel
RA therapeutic.

While we have reported the development of the two
most potent PAD4 inhibitors described to date,12,13 we
were curious to see if one or more of the aforementioned
chemical DMARDs could inhibit this enzyme and there-
by offer an explanation for their clinical efficacy. How-
ever, the standard PAD4 assay, which measures
citrulline formation, is not readily amenable to high
or even low-throughput screens because it suffers from
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several limitations, including the fact that it requires the
use of strong acids, toxic reagents, and high tempera-
tures to convert the ureido group into a chromophore
that absorbs light at 540 nm.14 Additionally, a number
of compounds interfere with this assay,14 suggesting that
potential inhibitors may be missed during the screening
process. Therefore, we developed a novel inhibitor
screen that takes advantage of a recently described
PAD4-targeted Activity-Based Protein Profiling (ABPP)
reagent that is denoted Rhodamine-conjugated F-ami-
dine (RFA)15 (Fig. 1)—RFA links a novel mechanism-
based inactivator13 to a fluorophore and has previously
been used to label purified PAD4 as well as enzyme pres-
ent in cell extracts.15 The screen described herein is
essentially a competition assay in which library compo-
nents compete with RFA for binding and covalent mod-
ification of PAD4. While similar to competitive ABPP
strategies for identifying inhibitors in complex proteo-
mes,16–18 this screening assay is, to our knowledge, the
first reported use of competitive ABPP to overcome
the limitations of current assays in a system with puri-
fied proteins. Herein we report the first description of
this ABPP-based screen and demonstrate its utility in
identifying PAD4 inhibitors. Significantly, streptomy-
cin, chlortetracycline, and minocycline were all identi-
fied as PAD4 inhibitors; and while the potency of
these compounds is relatively weak, their identification
suggests several new chemical scaffolds that can be
exploited in the design of future PAD4 inhibitors.
2. Results

The development of rapid and accurate detection meth-
ods of enzyme activity is vital for the discovery of en-
zyme inhibitors via high-throughput screening of
compound libraries. However with regard to PAD4,
current assays are not readily amenable to high-
throughput screens. Therefore, a novel inhibitory screen
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Figure 1. (a) The structure of Rhodamine-conjugated F-Amidine

(RFA). (b) RFA can covalently modify the active site of the enzyme

(E), rendering the protein fluorescent, or the inhibitor (I) can bind to

the enzyme and inhibit this process.
was developed. This is a competition assay in which an
individual member of a library of compounds competes
with a recently described PAD4-targeted ABPP, that is,
RFA, for binding to PAD4 (Fig. 1). Briefly, compounds
are incubated individually with PAD4 in the presence of
RFA for 30 min at 37 �C; at which point the reactions
are quenched with SDS–PAGE loading dye and the
mixtures are run on an SDS–PAGE gel. The amount
of fluorescent PAD4 can then be quantified using a
molecular imaging system. PAD4 inhibitors are readily
identified by a visual decrease in fluorescence intensity.
Using this simple but straightforward assay, we were
able to rapidly screen 10 DMARDs (sulfamethoxazole,
trimethoprim, 5-aminosalicylic acid, minocycline, leflun-
omide, methotrexate, sulfapyridine, azathioprine, clin-
damycin, azithromycin) as well as streptomycin for
their ability to inhibit PAD4. Streptomycin was tested
because this antibiotic contains two guanidinium groups
that could potentially mimic the guanidinium group of
an Arg residue and thereby act as either a substrate or
inhibitor of PAD4. The results of these studies were
quite interesting because they quickly identified minocy-
cline and streptomycin as PAD4 inhibitors (Fig. 2), as
can be seen by the strong decrease in fluorescence inten-
sity in the lanes corresponding to these two compounds.

To help validate this novel ABPP-based inhibitory
screen, we determined the IC50 values for all of the
aforementioned compounds. The results of these stud-
ies, which are depicted in Table 1 and Figure 2b, are
Figure 2. ABPP-based screen for PAD4 inhibitors. (a) Fluorescent

image of SDS–PAGE gels (top) in which PAD4 was treated with RFA

(10 lM final) in the absence and presence of the indicated DMARDs.

The Coomassie stained SDS–PAGE gel is shown (bottom) to

demonstrate equal protein loading. (b) A plot of the IC50 values for

the various DMARDs compared to the fluorescence quantified as a

percent of the control. Blue bars represent the fluorescence intensity as

a percent of control. Red bars represent the IC50 of individual library

components.



Table 1. Structures and IC50s of DMARDs tested in this study

Compound Structure IC50
a (mM)
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Table 1 (continued)

Compound Structure IC50
a (mM)

Sulfapyridine
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a IC50 values for the DMARDs screened determined using 1 mM BAEE.

Table 2. Structures and IC50s of tetracycline derivatives tested in this

study

Compound Structure IC50
a (mM)
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a IC50 values for the tetracycline derivatives using 1 mM BAEE.
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consistent with our ABPP-based assay. For example, the
IC50s of 5-aminosalicylic acid, azathioprine, azithromy-
cin, sulfamethoxazole, sulfapyridine, and trimethoprim
were all above 7.5 mM in our standard assay and there
was little to no decrease in the fluorescence of PAD4
when these compounds were incubated with the enzyme
and RFA (Fig. 2). In contrast, the compounds that de-
creased the intensity of PAD4 fluorescence the most,
that is, streptomycin and minocycline, were also the
most potent compounds in our standard assay, with
IC50 values of 1.8 and 0.62 mM, respectively. Intermedi-
ate effects on PAD4 fluorescence were observed for the
remaining compounds (i.e., clindamycin, leflunomide,
and methotrexate), consistent with their IC50s. Please
note that streptomycin was not deiminated by PAD4 de-
spite the fact that this compound possesses two guanid-
inium groups.

The fact that minocycline was the most potent inhibitor
identified in this screen suggested that other tetracycline
derivatives might inhibit PAD4 with equal or greater
potency. Therefore, we determined IC50 values for tetra-
cycline, doxycycline, and chlortetracycline. The results
of these studies (Table 2) indicate that chlortetracycline
(IC50 = 100 lM) is significantly more potent (�5-fold)
than minocycline (IC50 = 620 lM). Chlortetracycline
differs from minocycline by the addition of a hydroxyl
and methyl group at position 6 along with a chloro
group replacing the dimethylamine moiety at position 7.

To further explore the significance of these findings, we
evaluated the kinetic mechanism by which chlortetracy-
cline, minocycline, and streptomycin inhibit PAD4
activity. For these studies, PAD4 activity was measured
as a function of substrate concentration in the absence
and presence of increasing concentrations of each inhib-
itor. Note that in all cases product formation was linear
with respect to time, indicating that these compounds
are reversible PAD4 inhibitors. Lineweaver–Burk plots
(1/v vs 1/[S]) of the chlortetracycline inhibition data
are consistent with mixed inhibition (Fig. 3a). The Kii

and Kis values are 0.11 ± 0.01 and 0.54 ± 0.53 mM,
respectively. Minocycline was also a mixed type inhibi-
tor with Kii and Kis values of 0.63 ± 0.15 and
0.18 ± 0.06 mM, respectively (Fig. 3b). In contrast,
streptomycin is a competitive inhibitor of PAD4, as evi-
denced by the family of lines intersecting on the 1/v-axis
(Fig. 3c), with a Kis value equal to 0.56 ± 0.17 mM.
3. Discussion

While the molecular mechanisms linking a dysregulated
PAD4 activity to RA are incompletely defined, an abun-
dance of evidence strongly suggests that non-specific
Arg deimination causes the production of citrulline-con-
taining epitopes that the immune system recognizes as
foreign, leading first to a break in tolerance, and then
ultimately resulting in RA disease onset and progres-
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sion. Because PAD4 inhibitors would decrease the levels
of citrulline-containing proteins, this enzyme has re-
cently emerged as an exciting new target for the develop-
ment of a novel RA therapeutic. The need for new RA
drugs is highlighted by the fact that current therapeutic
regimens, for example, the NSAIDs and corticosteroids,
are focused primarily on alleviating the pain and inflam-
mation associated with this autoimmune disorder and
not an underlying cause of the disease.

The well established utility of high-throughput screening
efforts in drug discovery suggests that it may be possible
to screen a large library of compounds and thereby iden-
tify novel PAD4 inhibitors and/or pharmacophores.
However, the standard assay for PAD activity suffers
from a host of limitations, including the need for strong
acids (e.g., H2SO4 and H3PO4), high temperatures, and
toxic compounds (e.g., diacetyl monoxime),14 that pre-
clude its widespread adoption as an assay for a
high-throughput screen. Therefore, to overcome these
limitations, we developed a novel method for screening
large libraries of compounds for PAD4 inhibitors.

The methodology described herein is a simple and
straightforward, but nonetheless elegant, assay that is
based on a recently described ABPP that selectively
modifies an active site Cys in PAD4, rendering the en-
zyme fluorescent. As proof of concept, we screened 10
DMARDs for their ability to inhibit PAD4. These
FDA approved drugs were chosen for our initial
screen because they have shown some efficacy in ame-
liorating RA disease progression (although side effects
are common) and we felt that their value as RA ther-
apeutics might be due in part to their ability to inhibit
PAD4 activity.

Using this ABPP-based assay, we rapidly identified min-
ocycline and streptomycin as PAD4 inhibitors. Their
ability to act as PAD4 inhibitors was confirmed by com-
paring the decrease in fluorescence intensity to the IC50

values determined using the standard PAD4 assay. The
ABBP-based assay was further validated by determining
the IC50 values for the remaining compounds present in
the screen and those values are consistent with the rela-
tive change in fluorescence intensity observed for all of
the compounds tested. Because minocycline is a member
of the tetracycline family of antibiotics, the inhibitory
properties of chlortetracycline, tetracycline, and doxycy-
cline were evaluated and this secondary screen identified
chlortetracycline as a significantly more potent PAD4
inhibitor.

Kinetic studies with chlortetracycline, minocycline, and
streptomycin—the three most potent inhibitors identi-
fied in our primary and secondary screens—revealed
that chlortetracycline and minocycline are mixed inhib-
itors whereas streptomycin is a competitive inhibitor.
These results are consistent with the notion that strepto-
mycin binds within the active site of PAD4, or alterna-
tively in close proximity to it—the two guanidinium
groups on streptomycin are likely important for this
interaction. In contrast, the fact that minocycline and
chlortetracycline are mixed inhibitors suggests that these
two compounds bind to a site distal from the active site.
Unfortunately, we have been unable to obtain structures
of PAD4 bound to these compounds using soaking
methods (M. Sato, personal communication). There-
fore, it is difficult to comment on how or where these
compounds bind to PAD4. Studies to co-crystallize
these compounds with PAD4 are ongoing in the lab.
While it is also difficult to comment on the increased po-
tency of chlortetracycline relative to both minocycline
and tetracycline, it should be noted that the major dis-
tinguishing feature of these three compounds is the pres-
ence of a chloro group at position 7 (Table 2). While
speculative, the increased affinity of chlortetracycline
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for PAD4 may be due to the electron withdrawing
effects of the chloro group altering the electronics of
the ring system.

Although the fact that the majority of the DMARDs
evaluated here are relatively weak PAD4 inhibitors is
somewhat disappointing, these findings are significant
and will nonetheless be appreciated by the RA commu-
nity because the data suggest that these compounds do
not derive their efficacy from inhibiting PAD4. Further-
more, the identification of the tetracycline derivatives as
micromolar inhibitors of PAD4 is particularly interest-
ing because they not only represent potential scaffolds
that could be further elaborated to identify inhibitors
with greater potency and selectivity but their identifica-
tion as PAD4 inhibitors is also consistent with previ-
ously reported studies on their usefulness as RA
therapeutics.19 For example, we have shown that tetra-
cycline is a relatively weak inhibitor of PAD4 activity
and this compound has been shown to be ineffective as
an RA treatment.19,20 In contrast, minocycline shows
modest efficacy as an RA therapeutic, consistent with
its being a more potent PAD4 inhibitor than tetracy-
cline.19,20 While the concentrations of minocycline re-
quired to inhibit PAD4 in vitro are quite high, we
note that minocycline is known to become concentrated
in inflammatory cells.21 Although it is tempting to spec-
ulate that the efficacy of minocycline and other tetracy-
cline derivatives is due in part to their ability to inhibit
PAD4, we note that tetracycline derivatives are known
to inhibit a wide range of enzymes, including collage-
nase,22–24 poly(ADP-ribose) polymerase-1 (PARP-1),25

and several cysteine proteinases26, that may also con-
tribute to their efficacy as an RA therapeutic and their
ability to impair neutrophil chemotaxis and act as
anti-inflammatory agents.27

In summary, we have developed a novel ABPP-based as-
say that overcomes the limitations of the commonly
used PAD4 assay by eliminating the need for strong
acids, high temperatures, and toxic compounds. While
additional PAD activity assays have recently been de-
scribed in the literature (e.g., an ELISA based assay that
monitors PAD4 activity through the use of an anti-cit-
rulline antibody28 and a coupled assay that couples the
production of ammonia to the glutamate dehydrogenase
catalyzed reductive amination of a-ketoglutarate29),
these assays provide only an indirect measure of
PAD4 activity. In contrast, the assay described herein
allows for the direct visualization of PAD4 inhibition
and is therefore superior. Furthermore, this report rep-
resents the first use of a competitive ABPP assay to over-
come the limitations of previous assays in a system with
purified proteins; thereby providing an additional appli-
cation for ABPP reagents and suggesting a general
application for ABPPs in drug discovery. It is also
important to recognize that while this report describes
the use of a gel-based detection screen, it should be triv-
ial to adapt the methodology described herein to a solu-
tion-based system using a 96-well multiscreen filter
plate; thereby facilitating the screening of large libraries
of compounds for PAD4 inhibitors. Finally, the tetracy-
cline and streptomycin structures identified with this
screen represent important chemical scaffolds that can
serve as a starting point for the synthesis of future
PAD4 inhibitors.
4. Experimental

4.1. General

Azathioprine, azithromycin, clindamycin, minocycline,
streptomycin, sulfamethoxazole, 5-aminosalicylic acid,
sulfapyridine, trimethoprim, tetracycline, dithiothreitol
(DTT), and benzoyl LL-arginine ethyl ester (BAEE) were
acquired from Sigma–Aldrich (St. Louis, MO). Metho-
trexate was purchased from Fluka. Leflunomide was
purchased from Toronto Research Chemicals (Ontario,
Canada). Chlortetracycline and doxycycline were pur-
chased from Alexis Biochemicals (San Diego, CA).
The synthesis of RFA has previously been described.15

Recombinant human PAD4 was expressed and purified
based on previously described methods.30

4.2. Inhibitor screen

The compounds tested in the screen and their chemical
structures are listed in Table 1. RFA (10 lM final) and
a particular compound from the library (2.5 mM final)
were pre-incubated in screening buffer (500 lM TCEP,
10 mM CaCl2, 100 mM HEPES 7.6, 50 mM NaCl) for
10 min at 37 �C. PAD4 (2 lM final) was then added to
this mixture and incubated for 30 min at 37 �C. The
reaction was quenched with 6· SDS–PAGE Dye, incu-
bated at 95 �C for 10 min, and then loaded onto a
12% SDS–PAGE gel. After electrophoresis, the gel
was placed in destaining buffer (10% glacial acetic acid,
45% methanol, 45% ddH2O) until the fluorescence was
measured using a fluorescence based molecular imaging
station (Kodak Image Station 2000MM; excitation at
535 nm, emission at 600 nm). The protein gel was then
stained and destained to ensure equal protein loading.
A sample without a potential inhibitor was used as a
control.

4.3. IC50 studies

IC50 values were determined by pre-incubating various
amounts of the potential inhibitor in reaction buffer
(10 mM CaCl2, 2 mM DTT, 50 mM NaCl, 100 mM Tris
HCl, pH 7.6) and 0.2 lM PAD4 at 37 �C. After 15 min,
BAEE (1 mM final; 0.74 · Km) was allowed to proceed
for 15 min (60 lL total volume). Reactions were
quenched by flash freezing in liquid N2. The amount
of Cit produced was then quantified according to previ-
ously described methods.14,31 IC50 values were deter-
mined by fitting the data to the following equation:

Fractional activity ¼ 1=ð1þ ½I�=IC50Þ ð1Þ
using GraFit version 5.0.11.32

4.4. Inhibition studies

Inhibition constants were determined for minocycline,
chlortetracycline, and streptomycin using standard kinetic
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analyses. Briefly, the compounds were incubated in reac-
tion buffer containing various concentrations of BAEE
(0–20 mM) for 10 min at 37 �C. PAD4 (0.2 lM) was
then added to initiate the reaction and allowed to pro-
ceed for six additional minutes. Reactions were then
quenched by flash freezing in liquid N2 and the amount
of Cit produced was quantified as previously de-
scribed.14,31 The data obtained for streptomycin, mino-
cycline, and chlortetracycline were fit to the following
equations:

1
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¼
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K ii
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using GraFit version 5.0.11.
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