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Mitogen-activated protein kinases (MAPKS) are important components of signaling
cascades that regulate many normal cellular events, such as embryogenesis, cell
differentiation, cell proliferation and cell death. MAPK pathways can also play an important
role in cancer cell survival.[1=3] The vast majority of MAPK inhibitors reported to date have
targeted the highly conserved ATP binding sites. A few inhibitors have been found to bind
to the “DFG-out” site.l[®] Although these compounds show good inhibition of their target
kinases, many also inhibit other protein kinases with similar or greater potency.[6]

Recruitment sites on MAPKSs recognize their protein substrates’ and regulators’ docking
domains. These docking interactions may account for the pathway specificity among MAPK
modules, and recruitment-site interactions can also induce conformational changes leading
to allosteric effects.l7-%] There is a growing interest in developing small molecule MAPK
inhibitors that target these recruitment sites. Such inhibitors could overcome limitations to
selective and durable inhibition by ATP-competitive inhibitors.[19 Recently, inhibitors
targeting the D-recruitment site (DRS) of JINK and ERK have been reported.[11-15]
Inhibitors that bind to an allosteric site in the MAPK insert region of p38a, 16171 and a
substrate-selective inhibitor that binds in regions adjacent to the ATP-binding site[18:1%] have
been described, but no DRS-targeting p38a inhibitors have been reported. ATP-competitive
and “DFG-out” type p38a inhibitors have been evaluated in the clinic for treatment of
inflammatory diseases29-23] and p38a may also be a target for cancer treatment.[24-27] The
discovery of p38a recruitment site inhibitors could provide additional selectivity for these
and other therapeutic applications.[28] Here we report a new class of small molecules that
can serve as probes of the DRS of p38a. One such probe has been used to identify the
natural product rooperol as an inhibitor that targets the DRS of p38a.

In our prior work, we showed that the dialkynylimidazole (DAIm) 1, designed to undergo
aza-Bergman rearrangement in the ATP binding site (Scheme 1), forms a covalent adduct
with p38a at 37 °C (25 % adduct after 12 h).[29] In an effort to study the site and mechanism
of this covalent modification, we synthesized the A-alkynylimidazole 2 (Figure 1C).
Interestingly, 2 is even more efficient that 1 in adducting p38a. When 2 (100 uM) was
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incubated with non-phosphorylated p38a (5 M) under the same conditions (12 h, room
temperature, 50 mM HEPES, 10 mM MgCl,, 2 mM DTT, 1 mM EGTA, pH 7.5) followed
by extensive dialysis, ESI-MS analysis revealed a single peak in the mass spectrum at m/z =
41824, which corresponds to addition of a one molecule of 2 (MW = 263 Da) to p38a
(Figure 1B).

In order to identify the site of adduction, the sample was digested with chymotrypsin and
further analyzed by MALDI-MS/MS. De novo sequencing analysis indicated 2 selectively
modifies Cys-119, with a mass addition of 263 Da (see Supporting Information). Although
we cannot exclude the possibility that the covalent adduction of p38a by 1 involves binding-
induced cyclization, we were intrigued by the result that the A~alkynylimidazole 2
selectively modifies Cys-119, which is directly adjacent to the (DRS) of this kinase (Figure
2), despite the presence of three other Cys residues in p38a.

While 2 forms an adduct with p38a at the recruitment site, it also possesses the 5-
pyridylmidazole scaffold common to many ATP-competitive p38a inhibitors.[39] In order to
avoid complications from non-covalent interactions at the ATP-binding site, we prepared the
DAIm 331 which lacks the 5-pyridyl imidazole substituent. The second terminal alkyne at
the 2-position of the imidazole 3 can serve as a handle for further functionalization such as
azide-alkyne Huisgen cycloaddition “click” chemistry (Figure 3). After incubation of 3 with
p38a at 25 °C for 18 h, we carried out a Cu-catalyzed cycloaddition with the azide labeled
fluorescent dye Alexa594-azide. Then the reaction mixture was subjected to denaturing gel
electrophoresis and analyzed by both in-gel fluorescence scanning and Coomassie blue
staining (Figure 4). In-gel fluorescence analysis of samples of p38a treated with 3 followed
by “click” reaction showed a strong fluorescent band with a loading of 0.4 pg of the protein
(Figure 4A, lane 3). No fluorescence signal was observed for p38a alone or p38a treated
directly with the “click” reaction reagents (Figure 4A, lane 1,2). The approximate detection
limit for the adducted p38a after click reaction was determined to be 1 ng (Supporting
Information)

To determine the rate of this covalent adduction, 3 (25 pM) was incubated with p38a (5
pM) and aliquots were removed at various time points followed by “click” chemistry and in-
gel fluorescence SDS-PAGE analysis. Quantification of the fluorescent bands’ intensity as a
function of time was fit to a first-order rate equation [P = Prmax(1-e7'9] to give a pseudo-
first order rate for covalent adduction k' = 0.11 h™ (Figure 5). At higher concentrations of 3
(up to 200 uM), no rate saturation was observed (see Supporting Information). Thus, the
non-covalent association of 3 with p38a is rather weak. Despite this, 3 is selective for
adduction of Cys119, as demonstrated by competition experiments with 2 (see Supporting
Information). A combination of weak binding at the docking site and kinetic preference for
Cys119 adduction by the N-alkynylimidazole moiety may explain the selectivity of 3.

We next investigated the ability of this probe to detect p38a in cells. By transient
transfection, p38a bearing an A~terminal Flag-tag was expressed in HEK 293T cells. The
cells were treated with 3 (1 uM, 5 uM, 50 uM) for 4 hours at 37 °C. Subsequently, the cells
were pooled, washed, and harvested. After lysis, the cell lysate was immunoprecipitated
with anti-FLAG antibody. The resulting supernatant was incubated with Alexa594-azide
under click reaction conditions followed by SDS-PAGE and in-gel fluorescence analysis
(Figure 6). There was no variation in the total amount of p38a in each lane as determined by
anti-Flag Western blot analysis (Supporting Information). In contrast, the observation of a
dose-dependent fluorescent band corresponding to the labelled p38ae3 adduct (Figure 6,
lanes 2,3,4) demonstrates that 3 is both cell-permeable and able to form adducts with p38a
within a cellular context. However, 3 is only modestly selective for p38a. When 3 was
incubated with the lysate of the p38a-expressing HEK293 cells followed by click reaction
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and in-gel fluorescence SDS-PAGE analysis, a number of bands were observed in addition
to the band corresponding to p38a (Supporting Information).

The adduction of p38a by 3 is selectively blocked by ligands that bind to the recruitment
site of the kinase. p38a was incubated in the presence of 3 (100 uM) and an equimolar
concentration of a peptide derived from the D-site of MKK3, which is a remarkably potent
inhibitor of p38a (ICso <10 nM).[32] After click reaction, in-gel fluorescence SDS-PAGE
analysis demonstrates near complete inhibition of adduction by the MKK3 peptide (Figure
7A, lane MKK3). In contrast, incubation of p38a in the presence of 3 and a Ste7 D-site
peptide, (331 which is not a p38a cognate D-site peptide, results in minimal inhibition of
adduct formation (Figure 7A, lane Ste7). Interestingly, when these competition experiments
are carried out in the presence of ATP-binding site inhibitors SB 203580 and BIRB-796, a
slight increase in the adduct formation by 3 is observed (Figure 7B). Presumably, there is
some cross-talk between the ATP binding site and the recruitment site such that occupancy
of the former alters the conformation of the recruitment site to facilitate adduct formation.

Polyphenolic natural products have emerged as a promising class of inhibitors of kinase
pathways including the MAPK pathway.[34-36] Although the mode of kinase inhibition by
these natural products is often not known, recently the lignan (=)-zuonin has been found to
inhibit INK by targeting its DRS.[13:24] We employed a fluorescent-based assay using probe
3 to screen for natural products that similarly recognize the DRS of p38a. Incubation of
p38a (5pM) with 3 (100 uM) was carried out in the presence of individual members of a
small library of plant polyphenol natural products and synthetic analogs, each at 200 uM, for
16 h. The reaction mixtures were subjected to click reaction conditions and in-gel
fluorescence analysis, and the inhibition of adduct formation by 3 was determined by
quantification of the fluorescence bands (Figure 8). Within this limited number of
compounds, the African potato (Hypoxis rooperi)-derived rooperoll37] shows the strongest
inhibition, followed closely by the honey bee propolis-derived caffeic acid phenethyl ester
(CAPEDE]) and its double-bond reduced analog DHC. Other synthetic analogs of CAPE
(e.g., the corresponding amide, CAPA) and other H. rogperi-derived natural products (e.g,
nyasol) are much less effective inhibitors (Figure 8).

To confirm the ability of rooperol to inhibit p38a through its DRS interaction, its effect on
the rate of p38a phosphorylation of ATF2(1-115) was determined. Rooperol inhibits p38a
in a dose-dependent fashion, with maximal inhibition of 60% and an ICsg of 18.6 uM
(Figure 9). Similar rate profiles have been obtained for small molecule DRS inhibitors of
INK.[24] African potato is used in traditional medicine to treat wide a variety of aliments,
and pharmacological investigations have demonstrated antinociceptive and anti-
inflammatory effects in rodents.[37] Rooperol, the aglycone of the major phenolic constituent
of H. rooperi corms, has been shown to inhibit cytokine mMRNA levels in LPS-stimulated
U937 cells.[38] DRS binding and inhibition of p38a by rooperol demonstrated here may play
a role in the anti-inflammatory effects of this natural product.

In summary, a novel class of A-alkynylimidazole small molecules have been identified as
DRS probes for p38a through covalent interaction with Cys-119. Using alkyne-azide “click”
chemistry, one such probe can be used to fluorescently label p38a in vitro and in cells. The
adduction of p38a by this probe is specifically blocked by the p38a-cognate MKK3 D site
peptide. Using this probe to identify small molecules that recognize the p38a DRS, the anti-
inflammatory natural product rooperol was identified as a novel p38a inhibitor. This work
demonstrates the utility of targeting specific cysteine residues associated with kinase
recruitment sites for the discovery of novel inhibitors. The identification of natural products
that bind to the p38a recruitment site not only provides scaffolds for the design of novel
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inhibitors, but also indicates that interaction with these kinase recruitment sites may be one
means by which these pharmacologically active agents exert their effects.

Experimental Section

Adduct formation with DAIm 3, click reaction, and in-gel fluorescence PAGE analysis

Reaction mixtures (100 pyL) containing 5 pM p38a, 100 uM 3 in 50 mM HEPES, pH 7.5, 1
mM EGTA, 2 mM DTT, 10 mM MgCl, were incubated at 25 °C for 16 h. Without further
purification, aliquots of this reaction mixture were subjected to click reaction. To reaction
mixtures containing 25 ng of p38a in 50 mM potassium phosphate buffer were added stock
solutions of CuSO, (0.5 pL, 50 mM), tris(2-carboxyethyl)phosphine (0.5 pL, 50 mM),
Alexa-594 azide (0.5 pL, 2.5 mM), and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(1.65 pL, 1.5 mM). The click reaction was allowed to proceed at 25 °C for 16 h, quenched
by the addition of 2X SDS loading buffer and heat inactivation at 95 °C for 10 min. The
samples were analyzed by 10 % SDS PAGE. The gel was scanned by Typhoon Trio from
GE healthcare and the data were analyzed by Image J software.

In cell labeling of p38

HEK 293T cells (5 x 10° cells) were seeded on a 6 well polystyrene plate in DMEM
supplemented with 10 % FBS (Invitrogen) and 1 % L-glutamine. Cells were grown to 90-95
% confluency in an atmosphere of 5 % CO,. pPCDNAS3 Flag p38a (Addgene) was
transfected into HEK 293T cells using polyethyleneimine (PEI). After 48 h incubation, old
medium was removed. Compound 3 was added in new growth medium. The cells were
incubated at 37 °C for 4 h. After the treatment, cells were pooled, spinned down at 1200 rpm
and washed twice with cold PBS pH 7.4. Cell pellets were lysed in lysis buffer containing
protease inhibitors (Thermo Scientific). The resulting solution was incubated at 4 °C for 30
min. The cell lysates were centrifuged at 14,000 rpm at 4 °C for 10 min. Supernatant was
collected and incubated with ANTI-FLAG M2 affinity gel overnight at 4 °C. The resin was
centrifuged and washed with TBS three times. Flag-p38a was eluted by with FLAG peptide.
The click reaction and in-gel fluorescence PAGE analysis was carried out following the
procedures described above.

Competition Assay

Reaction mixtures (100 pL) containing 5 yM p38a, 100 pM 3, and 100 pM test compound
in 50 MM HEPES, pH 7.5, 1 mM EGTA, 2 mM DTT, 10 mM MgCl, were incubated at 25
°C for 16 h. Without further purification, aliquots of this reaction mixture were subjected to
click reaction and the samples were analyzed as shown above. The inhibition of adduct
formation by 3 was determined by quantification of the fluorescence bands

Inhibition Assay

Full length p38MAPKa (GenBank accession number NM_011951) and GST-ATF2 (1-115)
were expressed, and purified and p38MAPKa was activated with MKK®6 as described
previously.[®] Briefly, non-activated p38a protein (0.5 ug) in 20 mM Tris-HCI buffer, pH
7.5 containing 10 %v/v glycerol, 10 mM MgCl,, and 1 mM DTT was incubated with 0.05
Mg MKKG6 and 10 uM ATP for 30 min and the reaction was stopped by addition of 2 pL of
0.5 M EDTA. Phosphorylation of p38a was confirmed by ESI-MS. Kinase inhibition assays
were conducted at 30 °C in assay buffer (25 mM HEPES buffer-pH 7.5, 50 mM KCI, 0.1
mM EDTA, 0.1 mM EGTA, 2 mM DTT and 10 ug mL-1 BSA), containing 500 uM [-32P]
ATP (100-1000 c.p.m. pmol~1), 11 mM MgCl, and different concentrations of rooperol in a
final total volume of 70 pL, containing 5 % DMSO. 10 nM active full length p38MAPKa
was assayed with 12.5 yM GST-ATF2 (1-115) protein substrate. Activity was assessed at
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different compound concentrations by the measurement of initial rates, where the total
product formation represented less than 10% of the initial substrate concentrations. Different
concentrations of rooperol were incubated with the enzyme for 90 minutes before initiation

of

the reaction by the addition of ATF2 and ATP. At set time points (0.5, 1, 1.5, 2, 4 min),

10 uL aliquots were taken from every reaction and spotted onto 2x2 cm? squares of P81

ce
ac

llulose paper; the papers were washed 3 times for 15 minutes each in 50 mM phosphoric
id (H3POy), followed by a pure acetone wash, then dried. The amount of labeled protein

was determined by counting the associated c.p.m. on a Packard 1500 scintillation counter at
a sigma value of 2.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) ESI-MS spectrum of unphosphorylated p38a. (B) ESI-MS spectrum of p38a incubated
in the presence of 2 for 12 h at 37 °C. (C) structure of compound 2.
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Figure 2.

Structure of p38a (from PDB 1DI19) illustrating the ATP binding pocket (orange), DFG loop
(purple), MAPK insert (green), and the D-site recognition docking site (red surface) which
includes Cys119 (sulfur atom in yellow). The location of the other Cys residues are shown
in yellow.
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Figure 3. Design of DAIm
3 as an In vitroand in-cell recruitment site probe for p38a
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Figure4.

SDS-PAGE analysis of p38a treated with 3 followed by “click” addition of Alexa594-azide:
lane 1, p38a (2 ug) alone; lane 2. p38a (2 pg) subjected to “click” reagents; lane 3. p38a
(0.4 ug) incubated with 3 followed by “click” reaction. (A): gel visualized by fluorescence.
(B): Coomassie blue staining of the same gel.
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Figure5.
Determination of the pseudo-first-order rate of the covalent adduction of p38a by 3.
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Lane 1 2 3 4 5

Figure6.

In-gel fluorescence SDS-Page analysis of HEK 293T cells over-expressing Flag-tagged
p38a treated with 3 and then subjected to lysis, immunoprecipitation, and click reaction with
Alexa594-azide. Lane 1. Cells treated with vehicle (0.05 % DMSO); 2. Cells treated with 1
UM 3. Lane 3. Cells treated with 5 uM 3. Lane 4. Cells treated with 50 uM 3. Lane 5.
Isolated flag-tagged p38a (~0.6 ug) treated with 50 uM 3 in vitro followed by click reaction.
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Figure7.

Adduction of p38a by 3 is selectively blocked by recruitment site ligands. p38a was
incubated in the presence of 3 (100 uM) alone (Control) or (A): with an equimolar
concentration of the MKK3 D-site peptide (MKK3) or the Ste7 D-site peptide (Ste7) or (B)
with an equimolar concentration of the ATP-binding site inhibitors SB 203580 or BIRB-796
for 16 h followed by click reaction and by in-gel fluorescence SDS-PAGE analysis.
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Figure8.
Inhibition of p38a adduct formation with 3 by a collection of natural products and analogs.

Inhibitors were assayed at 200 uM concentration (54 pg/ml in the case of African potato
extract (APE)).
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Figure9.

Inhibition of p38a phosphorylation of ATF2 by rooperol. The rate of phosphorylation of
ATF2 (12.5 pM) by active p38a (10 nM) in the presence of 500 uM ATP was determined in
the presence of 0 to 432 uM rooperol.
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Scheme 1.

Structure of the p38a inhibiting alkynylimidazole 1, which forms covalently adduct p38a,
and the proposed aza-Bergman rearrangement of 1 to afford diradical and carbene
intermediates
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