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ABSTRACT: A novel inhibitor of p38 mitogen-activated protein kinase (p38), CMPD1, identified by high-
throughput screening, is characterized herein. Unlike the p38 inhibitors described previously, this inhibitor
is substrate selective and noncompetitive with ATP. In steady-state kinetics experiments, CMPD1 was
observed to prevent the p@&lependent phosphorylatiol§;f? = 330 nM) of the splice variant of mitogen-
activated protein kinase-activated protein kinase 2 (MK2a) that contains a docking domaindoamp88

p383, but it did not prevent the phosphorylation of ATF£3P > 20 «M). In addition to kinetic studies,
isothermal titration calorimetry and surface plasmon resonance experiments were performed to elucidate
the mechanism of inhibition. While isothermal titration calorimetry analysis indicated that CMPD1 binds
to p3&, CMPD1 was not observed to compete with ATP for @38or was it able to interrupt the
binding of p3& to MK2a observed by surface plasmon resonance. Therefore, deuterium exchange mass
spectrometry (DXMS) was employed to study the @88MPD1 inhibitory complex, to provide new
insight into the mechanism of substrate selective inhibition. The DXMS data obtained for the p38
CMPD1 complex were compared to the data obtained for thex{d8B2a complex and a p38active

site binding inhibitor complex. Alterations in the DXMS behavior of both@3®d MK2a were observed

upon complex formation, including but not limited to the interaction between the carboxy-terminal docking
domain of MK2a and its binding groove on p88Alterations in the RO exchange of p38 produced by
CMPD1 suggest that the substrate selective inhibitor binds in the vicinity of the active site @f p38
resulting in perturbations to regions containing nucleotide binding pocket residues, docking groove residues
(E160 and D161), and a Mg ion cofactor binding residue (D168). Although the exact mechanism of
substrate selective inhibition by this novel inhibitor has not yet been disclosed, the results suggest that
CMPD1 binding in the active site region of p@&duces perturbations that may result in the suboptimal
positioning of substrates and cofactors in the transition state, resulting in selective inhibitioncof p38
activity.

Signal transduction through the g38athway is required  and IL-13, which propagate inflammation in autoimmune
for the production of inflammatory cytokines, such as TNF  disorders {—4). Biological therapies directed against these
inflammatory cytokines, anti-TNk (5, 6) and anti-IL-15,
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panesulfonate; CHOP, C/EBP homologous protein 10; CMPD, com-  The prototypical p38 pathway inhibitor, SB203580), (s
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MNK, mitogen-activated protein kinase-interacting serine/threonine : | :
kinase 1; MSK, mitogen and stress response kinase 1; NFAT, nuclearCOncemratlonS 8) BIRB 796 utilizes a novel allosteric
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localization signal; p38, p38 mitogen-activated protein kinase; SAP, p38u induced by inhibitor binding. Early analogues of BIRB

stress-activated protein; SPR, surface plasmon resonance; STATL, sign ; ; ;
transducer and activator of transcription 1; TCEP, tris(2-carboxyethyl)-a?96 @) bound proximal to the ATP pocket, with no direct
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ethanesulfonic acid; TNE tumor necrosis factou. active site produces a structure incompatible with ATP
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binding; therefore, this class of compounds precludes the ATF-2 under the conditions that were tested, and it does not

phosphorylation of all p3@ substrates.

The p38 pathway mediates multiple cellular functions in
addition to the propagation of inflammation, including
migration ©, 10), survival (L1), and cell death12). To

prevent formation of the p38MK2a complex. To gain a
better understanding of the mechanism of substrate selective
inhibition, a novel application of deuterium exchange mass
spectrometry (DXMS) was utilized to study the binding

accomplish its many functions, p38 phosphorylates severalinteractions between p&8and three binding partners:

transcription factors, including MEF2A, MEFC, SAP1,
CHOP, GADD135, STAT1, NFAT, CDX3, and ATF-2, and

it activates several downstream kinases via phosphorylation,

including MSK1/2, MNK1, MK2, MK3, and MK5 {3).

MK2a, an active site binding inhibitor similar to BIRB 796

(CMPD2), and an MK2a specific pa8inhibitor (CMPD1).
DXMS is a powerful technique for the study of protein

structure, proteifrprotein interactions, and proteiigand

P38 has been shown to contain a binding groove capable interactions 27—34). This technique measures the extent of
of recognizing docking sites present on both upstream kinaseexchange between backbone amide hydrogens and deuterated

activators and downstream substrates, including MEF2A,

MEF2C, MKK3b, MKK6, and the MKs.

water via subsequent peptic digestion and rapid high-
performance liquid chromatographynass spectrometry. The

Site-directed mutagenesis studies have demonstrated tha@igestion produces peptides whose extent of exchange at

two moieties of the p38 docking groove are important for

binding. The CD domain, composed of residues D313, D315,

and D316 14), and the ED domain, comprising residues
E160 and D161X5), affect interactions with activators and

several time points is monitored by mass spectrometry. The
resolution of the technique is limited by the length of the

peptides produced in the digestion. DXMS measurements
report chemical environment and secondary structure. The

substrates. Mutations in these acidic patches at both ends Oéxchange rates are altered by hydrogen bonding, burial within

the p3& docking groove result in reduced levels of

the protein structure, formation of the proteiprotein

phosphorylation of the MKs. SDECiﬁC mutations of the ED Comp|exy or formation of the prote{ﬂigand Comp|ex_ In
domain have been observed to confer substrate (MK3) this work, alterations in exchange for both p38nd MK2a

selective inhibition of p38 activity1(5).

Structures of unphosphorylated pd®ave been deter-
mined by X-ray crystallographic analysidg 17). X-ray
crystallographic analysis of the p&8binary complexes,
containing the docking site peptides of MEF2A and MKK3b,

upon complex formation are studied, and these results are
discussed in relation to alterations in p3BXMS produced

by binding with the MK2a selective inhibitor of p8&8
(CMPD1). The DXMS experiments have improved our
understanding of the interactions between@3@K?2a, and

identified additional residues, 1116 and Q120, of the docking the substrate selective p@8nhibitor. The results indicate

groove involved in binding 8). Conformational changes

local to the binding groove and specific conformational
changes in the active site of p8®ave been observed upon
binding of the MEF2A and MKK3b docking peptides. Thus,

that CMPD1 binds in the vicinity of the active site, causing
local perturbations to regions containing docking groove
residues, nucleotide binding pocket residues, and residues
involved in binding a metal ion cofactor.

the interactions mediated by the p38 docking groove appear

to be critical for specific complex formation and signal
transduction required for multiple cellular functions. The
inhibition of specific p38 signaling complexes could be an
effective method for selectively blocking undesirable func-

EXPERIMENTAL PROCEDURES

Expression and Purification of Signaling Reagerfhe
cDNA encoding murine p38 was cloned into pET15b

tions of the p38 pathway, such as the chronic production of (Novagen), expressed in bacteria with a 5His affinity tag at

inflammatory cytokines.

One of the p38 and p3@ substrates, MK2, is required
for the production of maximal levels of TN IL-173, IL-6,
and IFNy (19). We have discovered that the MK2a splice
variant of MK2, which contains a docking domain for both
p38:. and p3@, forms a high-affinity complex with p38
(20). Binding energy contributed by the interaction between
the 30-amino acid carboxy-terminal docking domain of
MK2a and the p3& docking groove is required for efficient
MK2a activation. This tight interaction, the strongest yet
encountered between p88and a signaling partner, is
essential for p3& pathway signal transduction through MK2
in cells (19, 21). The p3&-MK2a complexes are required
for efficient activation of MK2a, nucleocytoplasmic transport
of active p3@& and MK2a, and post-transcriptional regulation
of TNFa (22—26). Inhibition of MK2a phosphorylation by
p38&u is a plausible mechanism for specifically blocking the
post-transcriptional regulation of TNFproduction by p38
signal transduction.

This report describes the discovery of a p3@hibitor
that is noncompetitive with ATP and specifically blocks the
activation of MK2a by p38& in witro. The compound

the amino terminus, and purified to greater than 95% purity,
as described previously39). Purified p3& was dually
phosphorylated at residues T180 and Y182, as described
previously @0). Downstream substrates, including 6His
MK2a 51-400, GSFMK2a 1-400, and GSTATF-2
1-109, were expressed and purified as described previously
(20).

Steady-State Kinetics AssayBhe phosphorylation of
6His—MK2a 51—-400 and GSTATF-2, catalyzed by acti-
vated p38, was assessed in 20 mM HEPES (pH 7.6), 50
mM KCI, 10 mM MgCl, 100uM NagVO,, 0.01% CHAPS,

1 mM DTT, 10ug/mL bovine serum albumin, ang-£3P]-
ATP (500-1500 Ci/mol). The enzyme was activated by dual
phosphorylation of the TGY sequence (74% as determined
by mass spectrometry). The phosphorylation of MK2a and
ATF-2 constructs by catalytic amounts of activated @38
was quenched with 10% trichloroacetic acid and 5 mM
inorganic pyrophosphate. Phosphorylated MK2a and ATF-2
products were captured with filter plates followed by
scintillation counting to determine the moles of product
formed. The velocity of product formation was determined
by linear regression. The inhibition of p&8catalysis of

described herein does not prevent the phosphorylation ofMK2a and ATF-2 phosphorylation was assessed in the
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presence of CMPD1. The inhibitor and substrate (ATP)

Davidson et al.

CMPD3 displays enhanced fluorescence upon binding to

concentrations were varied to determine the potency and thep38ux. The change in fluorescence (excitatior= 330 nm;

mechanism of inhibition. The reciprocal velocity was plotted

emissiont = 384 nm) upon binding of CMPD3 to p88

against the reciprocal ATP concentration, and the data wereand activated p38 was measured in 20 mM Bis-Tris-

fit by linear regression to generate a LineweavBurk plot.

propane (pH 7.0), 2 mM EDTA, 0.01% NagN.15%n-octyl

The velocities were also plotted versus the ATP concentra- glucoside, and 2% DMSO. The concentrations ofg38d

tion, and the data were fit globally to ATP noncompetitive
inhibition models with Enzyme Kinetics Module 1.1 of

CMPD3 used in the experiment were 170 and 500 nM,
respectively. To test for competition between CMPD1 and

Sigma Plot 8. The noncompetitive partial mechanism is one CMPD3, the change in fluorescence upon binding of CMPD3

in which the noncompetitive inhibitor reduces the enzyme-
catalyzed rate of product formation by a factor/bf v =
Vial[(1 + Kw/[SD@ + [V K)/(A + [1] 5/K)]. The mixed
partial mechanism is one in which the noncompetitive

to p3&: and activated p38 (63% dual phosphorylation of

the TGY sequence as determined by mass spectrometry) was
repeated in the presence ofu CMPD1. An inner filter
effect was not observed in the presence @fiNd CMPD1.

inhibitor reduces the enzyme-catalyzed rate of product The experiments were performed with an SLM Aminco

formation by a factor of3, and decreases the affinity of the
substrate for the enzyme by a factoraf v = Vma{[1 +
AIVCak)IL + /()AL + (Kw/[SD(A + [I/K)/L +
[/ oK)}

Isothermal Titration CalorimetryThe isothermal titration
calorimetry experiments were performed using a Microcal
(Northampton, MA) VP-ITC. To measure the extent of
binding to p3&, the sample cell of the calorimeter was
loaded with 3QuM test compound in 20 MM TES (pH 7.0),
200 mM NaCl, 1 mM TCEP, and 1% DMSO. The syringe
was loaded with 25Q«M p38a. in the same buffer. To
measure the level of binding to GSMK2a 1—-400, the
sample cell was loaded with 30M test compound in 20
mM TES (pH 7.0), 200 mM NaCl, 1 mM TCEP, and 1%
DMSO. The syringe was loaded with 2081 GST-MK2a

Bowman Series 2 Model SQ-340 fluorescence spectropho-
tometer.

Thermal Denaturation Assa UV thermal melt experi-
ment with p3& and CMPD3 was carried out using a Perkin-
Elmer Lambda 40 spectrophotometer. For each measurement,
a quartz cuvette was loaded with 2«51 p38o. and 25uM
inhibitor in 10 mM sodium phosphate (pH 7.0), 100 mM
NaCl, and 1 mM TCEP (a reducing agent). Absorbance data
at 230 nm were collected as the temperature was scanned
from 25 to 80°C at a ramp rate of 0.2C/min. The melting
temperature for each sample was calculated as the maximum
deflection point of the first derivative of the melting transition
using the Perkin-Elmer Templab software (version 1.62). The
Tm values are converted intd, values using the equation
Tm = 3.08(logKy) + 31.2. A detailed description of this

1-400. The solubility of the test compounds dictated whether method has been reported previousd)(

the protein was loaded into the sample cell or the syringe.

All solutions were degassed for 8 min, and titrations were
performed at 25°C. After completion of the titration,

Identification of Peptides in Deuterium Exchange Experi-
ments Peptides generated from each protein (MK2a and
p38n) by peptic digestion were identified. Pepsin cleavage

baselines were manually drawn and subtracted from the datais reproducible but difficult to predict. The protein was

For the GSFMK2a 1-400 binding experiments, the data
were zeroed using control titrations of protein into buffer.

digested with pepsin for 5 min at®C. The resulting peptides
were subjected taHPLC/FTMS analysis. Mobile phase A

For the p38& experiments, the data were zeroed assuming consisted of 98.9% water, 1% acetonitrile, and 0.1% formic

that the final injections of each titration represent only the
heat of dilution. The data were fit using a one-site binding
model available in the Origin ITC data analysis software
(version 5.0).

Surface Plasmon Resonanc8PR experiments were
performed on a BlAcore 3000 (BlAcore, Inc.). Anti-GST
antibody (BlAcore, Inc.), at a concentration of 28/mL in
10 mM sodium acetate (pH 5.0), was immobilized to 3000

acid; mobile phase B consisted of 5% water, 95% acetonitrile,
and 0.1% formic acid. The flow rate was®/min, with a

10 uL injection onto a 150 mmx 0.3 mm PepMap C18
column (LC Packings, San Francisco, CA). The gradient
program was from 0 to 100% B at 38 min, held until 54
min. FTMS spectra (Bruker Apexll, Billerica, MA) were
acquired fromm/z 400 to 1800. Seven 1.5 s spectra were
accumulated for each stored spectrum with a length of

resonance units on a BIAcore CM4 chip using the standard 256K, and a resolution of 50 000. External calibration was

amine coupling protocol. GSTMK2a 1—-400 was injected
over the anti-GST surface at a concentration of 500 nM in
a buffer consisting of 50 mM Tris-HCI (pH 8.0), 100 mM
NaCl, 0.01% BSA, 0.01% CHAPS, and 500 TCEP.
GST—-MK2a 1-400 was injected over the anti-GST surface
until a density of 506-1000 resonance units was reached.
All solution competition experiments were carried out at
25°C in an assay buffer consisting of 50 mM Tris-HCI (pH
8.0), 100 mM NaCl, 0.01% BSA, 0.01% CHAPS, 50M
TCEP, and 1% DMSO. The test compound andqp8&re
diluted to 1uM and 5 nM, respectively, in buffer containing
1% DMSO. The p38/compound mixture was then injected
over the GSFMK2a 1-400 surface at a flow rate of 30
uL/min, and equilibrium data were collected.
Fluorescence Binding Experiment€MPD2 (35) and
CMPD3 (8) are slow-tight binding analogues of BIRB 796;

performed by in-source fragmentation of angiotensin I. A
second run was made under identical conditions with the
exception of increasing the capillary exit voltage of the inter-
face from 80 to 155 V, to produce fragment ions from the
eluting peptides and alteration of thiéz range to 206-1800.
Data were converted to MassLynx (Micromass/Waters,
Manchester, U.K.) format for analysis. All spectra were
averaged into a single spectrum. This was subjected to
analysis by MassLynx MaxENT3 to produce a list of mono-
isotopic molecular weights for each deconvoluted component.
This list was searched versus the protein sequence to
determine possible peptides without any constraints on the
cleavage sites. Usef@ 5 ppm error window produced
unambiguous results for most peptides. For ambiguous
results, the spectrum was extracted from the high-capillary
exit voltage run. The fragment ions present in the spectrum
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were used to resolve the ambiguity by comparison t0 Tpie 1 Inhibition of p3as
theoretical fragmentation patterns generated by the MassLynx
software. Sequence coverage was 92% foropaBd 96%
for 6His—MK?2a 51—-400.

Compound  Structure K" K™ Ky
(MK2a) (ATF-2)

Deuterium Exchange in Deuterium Exchange Experiments. . Q
Protein was diluted 1:10 into deuterated 5 mM NBRB u
buffer (pH 7.0) and allowed to exchange for varying lengths cnpp1 . 330nM  >20uM  ~1 uM®

of time (5, 15, 45, 100, and 1000 s) at room temperature.

During the exchange, the concentration of protein was 10

#M and the concentration of CMPD1 or CMPD2 was 50 e uiucg
W

uM. The exchange reaction was quenched by lowering the /oy, @ O _ 90 pM¢

pH and temperature of the reaction [an equal volume of ice-

cold 100 mM NaHPQ, (pH 2.5) was added]. Appropriate sgl .

controls were also analyzed. The 0% control was protein Y=

that had not been exposed toM The 100% control was  CMPD3 @ B 3 870 pM¢
protein that had all exchangeable hydrogens replaced with

deuterium. This was achieved by incubating the protein in %1 o

100% DO at an elevated temperature (80 overnight). CMPD4 o uiNO _ _ 116 uMe
The protein was then digested with pepsin (1:1 for 5 min on

ice) and injected onto a 0.8 mm 150 mm C18 (Pepmap 2The potency of CMPD1 was determined by steady-state kinetics

- - as described in Experimental ProceduteBhe Ky was estimated by
C18, LC Packings) column for separation pPLC. The isothermal calorimetry in Figure ®£.The potencies of the slow-tight

flow rate was 3QuL/min with the injector, sample 100p,  pinding inhibitor, CMPD2 85), and CMPD4 8) were measured by
column, and transfer lines placed in an ice bath. competition with the fluorescent inhibitor of p@8SKF 860024 The
Mass Spectrometry in Deuterium Exchange Experiments. potency pf CMPD3 was measured by thermal denaturation as described
A Bruker Apexll FTMS apparatus with ESI was employed in Experimental Procedures.
for on-line monitoring of the chromatographic effluent. A
1.1 s hexapole accumulation was performed before ion P38&x, represented by BIRB 796 and CMPD2 (Table 1), block
injection, excitation, and detectiomfz 350-2000). Two  the phosphorylation of multiple p88substrates. CMPD2
256K spectra were averaged for each stored spectrum; 12g2nd BIRB 796 have been observed to inhibit @38 a slow-
averaged spectra were acquired per run. The resolution wadight binding mechanism. BIRB 796 has also been observed
40 000 fwhm. An external calibration with in-source frag- t0 compete with ATP for p3@ by structural studies and by
ment ions of angiotensin | was performed. The trapping and cOmpetition with a fluorescent ATP analogu. (While the
excitation values were optimized to reduce variation of mass ATP competitive inhibitor classes prevent the production of
assignment with ion population. The hexapole accumulation TNFain cell culture, they also block cellular functions not
had the effect of integrating the ESI ions, and thus improving involved in cytokine production.

the measurement of relative abundance data. The capillary We have recently characterized a tight, functional, acti-
exit voltage was 70 V. vated p38&-MK2a signaling complex, which is required for

TNFo production, by steady-state kinetic and thermodynamic
analysesZ0). Inhibitors that prevent the phosphorylation and
activation of MK2a were identified in a high-throughput
A Screen and characterized to assess the feasibility of develop-
ing specific inhibitors of the p38MK2a signaling complex.
A novel inhibitor, CMPD1 (Table 1), that blocks p&8
dependent phosphorylation of MK2a, but does not block the
phosphorylation of ATF-2 and MBP (data not shown), was
discovered.

To determine the mechanism of inhibition of the substrate

Data Analysis in Deuterium Exchange Experiments
Spectra from each time point were analyzed. For each
identified peptide of interest, the spectrum within the-+C
MS run corresponding to its elution was determined.
centroid of the most intense charge state of the peptide’s
molecular ion cluster was calculated by multiplying the mass
by the intensity for each isotope of the cluster and dividing
the sum of these values by the total intensity. The resulting
data were plotted graphically for each peptide, yielding a

map of protection for the protein. The 100 s time points were AR . . . . -
borp P b selective inhibitor, it was essential to identify the binding

chosen to pictorially represent exchange of “native” MK2a . L h
: y rep g target of CMPDL1 by isothermal titration calorimetry. CMPD1

and p38&. (each protein alone in solution). For p8&MPD1, :
the 100 s exchange was repeated three times with twoVas observed to bind to unphosphorylated 38 shown

alternating control analyses. Viewer Lite 4.2 (Accelyrs Inc.) in Figure 1. Because of insufficient solubility of CMPD1,

was employed to map results onto the crystal structures. an exact fit ofKq was not possible; however, the, is
approximately «M. No evidence for an interaction between

RESULTS AND DISCUSSION CMPD1 (20uM) and GSTMK2a was observed (data not
shown). Thus, the data demonstrate that CMPD1 binds
Potent active site inhibitors of p38, designed to block the directly to p3& to prevent the phosphorylation of MK2a.
phosphorylation of p38 effector molecules, are effective in  The observations of p88binding and substrate selective
inhibiting inflammatory cytokine production in cells. The inhibition by CMPD1 imply that this inhibitor is noncom-
prototypical ATP competitive inhibitor of p38and p3®, petitive with ATP. To test this hypothesis, the phosphoryla-
SB203580, is reported to prevent the phosphorylation of tion of MK2a by activated p38 at various ATP and CMPD1
effector molecules in an ATP competitive mann@y %6). concentrations was assessed. The reciprocal initial velocities
A second class of more potent and selective inhibitors of were plotted versus the reciprocal ATP concentration to
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Ficure 1: Isothermal titration calorimetry of binding of CMPD1
to p3&:. The procedure is described in Experimental Procedures. 0 : . . ; . )
. _ _ 0 20 40 60 80 100 120
generate a LineweaveBurk plot (Figure 2A), which was [ATP] (uM)
indicative of noncompetitive inhibition with ATP; CMPD1
reduced the observed, . at high concentrations of ATP. C 8-

This is in contrast to an ATP competitive pattern of inhibition
for known p38 inhibitors described previously, 36, 37).
The initial rates of catalysis were then plotted versus the 6 1
ATP concentration, and the data were fit globally to
noncompetitive models of inhibition, in which inhibitor and
substrate bind to separate sites on the enzyme. The best fits
were obtained with the noncompetitive partial and mixed
partial mechanism of inhibition, where the inhibitor (I) and
substrate (S) do not compete with each other for the enzyme
(E). The data were fit well by the noncompetitive partial
inhibition model (> = 0.994), where the ESI complex 01 : : , : , ,
catalyzes product formation at a reduced rate compared to 0 20 40 60 80 100 120
that of ES (0.0¥may. The fit provided apparent values for [ATP] (uM)

Kwv, Vmax andK; (Figure 2B). These values are apparent fgure2: ATP noncompetitive inhibition of p38 The inhibition
because multiple MK2a residues were phosphorylated (T222,0f p38x. by CMPD1, at constant MK2a (18M) and various ATP
S272, and T334) at similar rates by p30). TheK;2"°for concentrations, was assessed. The average initial mate J) of

inhibiti . i i p38ax (1 nM) catalysis was plotted vs the ATP concentration at
CMPDL inhibition of the p38-MK?2a signaling complex was each concentration of inhibitor. (A) A LineweaveBurk plot of

determined to be 330 nM; this affinity is similar to that o qata was obtained by plotting the inverse initial velocity vs the
observed with unactivated p@8as measured by ITC. The inverse ATP concentration at the various concentrations of

data were also fit well by the mixed partial inhibition model CMPD1: 0 @), 0.625 ©), 1.25 (¥), 2.5 (v), 5 (@), and 10uM

(K@P = 220 nM; r2 = 0.996), where the ESI complex (0). (B) The data were processed by a global curve fit to a
; noncompetitive partial mechanism of inhibition. The concentrations
catalyzes product formation at a reduced rate compared toOf CMPD1 were 0@), 0.625 ©), 1.25 ), 2.5 (v), 5 (), and 10

that of ES (0.08may, and the EI complex binds S with  \1(0). Afit to the noncompetitive partial mechanisn & 0.994)
slightly reduced affinity compared to that of E (K;9). Thus, of inhibition yielded apparent values f¥ax (8.8 = 0.2 nM/min),
CMPD1 binding may mildly perturb the binding of ATP to  Ku (27 & 2 uM), K; (330 £ 20 nM), andg (0.05+ 0.01). (C) A
p38&r. Good fits to these noncompetitive mechanisms of fit to the mixed partial mechanism?(= 0.996) of inhibition yielded
inhibition are consistent with a mechanism in which CMPD1 ?;;gfrgovﬂmisof%’f‘gfbéiOéﬁd%M(/(T(')%)f“(")_gzs_i 2 M), Ki
binding perturbs the optimal transition-state orientation of
substrates (MgATP and MK2a) and catalytic residues in the molecule may bind to the p88docking groove to perturb
active site of p38. an interaction with the carboxy-terminal docking domain of
The MK2a substrate selective and ATP noncompetitive MK2a. SPR experiments were conducted to determine
characteristics of the CMPDL1 inhibitor suggest that the whether CMPD1 abrogated or weakened the binding oép38

v (nM/min)
s
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Ficure 3: SPR measurement of binding of p3& MK2a in the
presence of CMPDL1. p88(5 nM) was injected over an MK2a

surface for 220 s at 30L/min in the absence (red) or presence of
1 uM CMPD1 (black).

0 50

to immobilized GSFMK2a. The rate of p3&-MK2a
complex formation was unaltered by /AM CMPD1, as
shown in Figure 3, and higher concentrations of CMPD1
(up to 10uM) did not prevent the binding of p38to MK2a

observed by SPR (data not shown). Thus, no evidence which
suggests that CMPD1 precludes the interaction between the

docking groove of p3& and the docking domain of MK2a
was obtained. It is still possible that CMPD1 binding alters
the position of MK2a at the active site to reduce the rate of
catalysis of MK2a phosphorylation without significantly
reducing the binding affinity of MK2a for p38

CMPD3, a fluorescent analogue of the slow-tight binding
p38a inhibitor, BIRB 796 @), was used in a competitive
binding assay with CMPD1 to further test the nature of
CMPD1 inhibition (Figure 4). As described previousB),(
the fluorescent analogue of BIRB 796 binds slowly with
picomolar affinity to p38& in an ATP competitive fashion.
ATP competitive inhibitors of p3& will slow the rate of
binding of this fluorescent analogue. Allosteric inhibitors that
compete with CMPD3, such as CMPD4, which has been
shown to bind with a lower affinityq = 1.16 uM) in the
allosteric pocket of p38 (8), also slow the rate of binding
of CMPD3 to p3@ (Figure 4). CMPD1 caused a slight
alteration to the rate of complex formation between the
fluorescent analogue of BIRB 796 and p38his observa-
tion is consistent with partial overlap of the binding sites of
these compounds or allosteric effects. A similar alteration
was observed when activated p3#%as employed. This is
consistent with the observation above that activation obp38
does not greatly affect the binding of CMPD1.

To identify the binding site of the substrate selective
inhibitor and gain additional information pertaining to the
mechanism of inhibition, DXMS studies of the signaling
complex (p38-MK2a) and inhibitory complexes (p3a8
CMPD1 and p38-CMPD2) were undertaken. The DXMS
behavior of both p3& and MK2a was determined at several
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Ficure 4: Fluorescence p@8binding assay. (A) The binding of
CMPD3 (500 nM), a close structural analogue of CMPD2, togp38
(170 nM) resulted in an increase in the fluorescence of this probe
(red) as described in Experimental Procedures. In the absence of
p38x, CMPD3 (500 nM) did not exhibit an increase in fluorescence
(black). The binding of CMPD3 (500 nM) to p&3(170 nM) in

the presence of CMPD1 (BM) was slightly perturbed (green),
and the binding of CMPD3 (500 nM) to p@8(170 nM) was
significantly slowed (yellow) in the presence of CMPD4(B)

that binds in the allosteric pocket occupied by CMPD3 and BIRB
796 @). (B) The binding of compounds to activated p38as
monitored as described for panel A.

alterations of exchange rates upon formation of theop38
MK2a complex and the binding of inhibitors to p33

Figure 7 displays the alteration of exchange rates for MK2a
produced by complex formation with p@8napped onto the
published crystal structure of MK28&). The most extensive
changes are seen in the carboxy-terminal regulatory domain.
The structure of a catalytically active truncation of MK2a
has also been reporte@9). Protection from exchange in
this region is consistent with tight binding to the recognition
site of p3&, as shown by the peptide binding experiments
(18). The electron density in the reported crystal structure
of MK2a ends at residue 377, while we observe significant
protection in MK2a residues 38495, consistent with
contact between this region and p38he strongest protec-
tion was observed in a region (MK2a residues -3883)
that lies between the nuclear localization signal (MK2a

time points. Results for the 100 s time point were mapped residues 385389) and the nuclear export signal that

onto the structure of p38(17), as shown in Figure 5. This

mediates translocation of p@&ndMK2a to the cytoplasm

provides a graphical representation of the rough correlation upon stimulation 10, 14). The nuclear export signal of

between solvent accessibility and® exchange rates, as
expected. The results for a similar experiment with MK2a
are shown in Figure 6. Again, a rough correlation exists

MK2a, comprising residues 35368, is represented by
residues 355360, which coincide with high levels of
protection. Phosphorylation of MK2a at residue T334 by

between exchange rates and solvent accessibility. Thesg38u is reported to disrupt the interaction between kinase
results serve as control data for the experiments involving and carboxy-terminal regulatory domains, making the nuclear
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Ficure 5: DXMS analysis of p38&. (A) Extent of D,O exchange at the 100 s time point mapped onto the published crystal structure of
p38ux. (B) The data for all time points were mapped onto the sequence ef. p& percent exchange was calculated as the change in
average mass between each exchanged peptide and the same peptide with no exchange divided by the number of exchangeable amide H
This figure also denotes the peptides studied for each protein.

export signal available for nuclear receptor binding. Weaker MK2a (residues 211246) or in the region of S272. Residues
levels of protection are also observed in thkandoK helix T222 and S272 are both phosphorylated efficiently bygp38
regions, which include the MK2a phosphorylation site (20).

(T334), demonstrating direct or allosteric effects in these Figure 8 shows the alteration of,© exchange rates of
regions produced by p8&binding. No significant protection ~ p38x produced by MK?2a binding. The most significant levels
was observed in the region spanning the activation loop of of protection are observed in an area containingop38
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Ficure 6: DXMS analysis of MK2a. (A) Extent of BD exchange at the 100 s time point mapped onto the published crystal structure of
MK2a. (B) The data for all time points were mapped onto the sequence of MK2a. The percent exchange was calculated as described in the
legend of Figure 5.

residues 107115, 116-125, and 156-163. Residues 167 derived peptide. The backbone amide N of residue M109
115 form a significant portion of the nucleotide binding forms a hydrogen bond with the purine ring of ATP at one
pocket. We also observe protection at residue$® These side of the pocket41). The reductions in the exchange rates
observations are in general agreement with recently publishedof the nucleotide binding pocket residues are probably not
(40) DXMS results obtained by binding a peptide (SKGK- due to direct interactions with MK2a residues, as this could
SKRKKDLRISCNSK) derived from MKK3b with p38. That  occlude binding of MgATP to this site; instead, the DXMS
study found protection in analogous regions, and additional effects are more likely caused by an MK2a-induced confor-
protection near the N-terminus and near the C terminus. Theymational change of these residues. @38sidues 116125
also observed effects, not relevant to this discussion, due toand 156-163 coincide with the protein substrate binding
formation of a disulfide bond to Cys162 of p38. MK2a does groove described by X-ray crystallography of p38ocrys-

not have a cysteine residue analogous to that of the MKK3b- tallized with peptides derived from MEF2A and MKK3b
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Ficure 7: DXMS analysis of MK2a complexed with p88(A) Protection from RO exchange for MK2a when complexed with p38

mapped onto the structure of MK2a. Light blue regions indicate moderate protection, while dark blue regions indicate stronger protection
when compared with the control analysis of MK2a without p38. Red amino acids denote phosphorylation sites S272 and T334. A third
residue of the activation loop, T222, phosphorylated byopi3&ot labeled, because the activation loop is disordered. (B) Data at each time
point, showing the average mass measured for control MK2a (black) and MK2a complexed with p38 (red) for several peptides that showed
significant alteration of exchange, are displayed graphically.

(18). The reductions in exchange rates for this docking binding of the carboxy-terminal MK2a docking domain in
groove region are likely due to a tight interaction with the the p38 docking groove has not been determined. Note-
carboxy-terminal docking residues (37800) of MK2a @0). worthy is the lack of protection observed for the region that
This tight interaction between the docking domain of MK2a includes acidic p3& residues 313316 that are part of the
and the docking groove of p&8has been observed to be CD domain. This is consistent with work®) that determined
essential for efficient phosphorylation of residues required the structure of p38peptide cocrystals with peptides derived
for activation of MK2a (T222 and S272) and nuclear export from MEF2A and MKK3b. The exact structure of the p38
(T334) of the signaling partner2(@, 25). The orientation of MK2a complex has not been determined.
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Ficure 8: DXMS analysis of p3& complexed with MK2a. (A) Protection of pa8from D,O exchange when complexed with MK2a
mapped onto the structure of p88Light blue regions indicate moderate protection, while dark blue regions indicate strong protection. (B)
Average mass for peptides showing significant protection between contral (b88ck) and p38 complexed with MK2a (red).

Other regions of p3@ that exhibit weaker levels of binding site. Residue D168 of this loop also corresponds
protection due to MK2a binding are also shown in Figure 8. to D171 of p3%, which has been observed by X-ray
These include the DFG motif contained in pB38esidues crystallography to be a first-coordination sphere ligand of
165-171. The DFG maotif located within the p83eptide nucleotide-bound MgJ ion found in the active site of p38
(165-171) perturbed by MK2a binding is important for (42). The positions of this nucleotide-bound divalent cation
catalytic and inhibitory mechanisms. This DFG motif has and the conserved aspartate residue are predicted to be
been shown §) to change conformation upon binding of essential for optimal catalytic efficiency. The orientation of
BIRB 796 in a manner which allosterically alters the ATP the nucleotide-bound divalent cation by aspartate of the DFG



11668 Biochemistry, Vol. 43, No. 37, 2004 Davidson et al.

A
104-108
107-115
72-86
156-163 ——
165-171
D — N\ 146-156
JBW R
CAASKY
270-273 /J\ . 9 5
B ..] 72-86 4 146156

1309.24
1805.5 -
1309.0 4

1805.0 4 y308.8

ass

Mass

1804 5 = 13086
1804.0 1308.4
1308.2
1803.5 - p
13080 .
10 100 1000 10 100 1000
Time (sec) Time (sec)
8958 - 4520
156-163 270-273
8954 4518
8852
4516
895.0
4514
8948
@ B asiz
2 soas §
=
8644 451.0
8942 - 4508
sea0 ~ 4506
88384 s
saz
10 100 1000 10 100 1000 10 100 1000
Time (sec) Time {sec) Time {sec)
=es4 107-115 _d_-' wo0q 1656-171
- 8088
£88.0
BBS
2885 B84
8082
@ @as.0 2
2 = e080
875 BOT8
w870 Bars
¥/ BOT4
9865 / 072
T
10 100 1000
Time (sec) Time (sec)

Ficure 9: DXMS analysis of p3& complexed with CMPD2. (A) Protection of p@&rom D,O exchange when complexed with CMPD2
mapped onto the structure of pB88Light blue regions indicate moderate protection, while dark blue regions indicate strong protection. The
crystallography contacts of BIRB 796 are indicated. (B) Average mass for peptides showing significant protection between cantrol p38
(black) and p38& complexed with CMPD2 (blue).

loop is not unique to the p38 family of enzymes. The crystal cation that is liganded by thg andy-phosphoryl groups
structures of well-characterized kinases, such as cAMP- of the nucleotide substrate. The results suggest that binding
dependent protein kinasel3) and pyruvate kinase4d), of MK2a to p38&x results in conformational changes to the
indicate that the conserved aspartate residues of theséDFG loop that could be required for optimizing the catalytic
enzymes reside in the first coordination sphere of the divalent efficiency of MK2a phosphorylation.
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Ficure 10: DXMS analysis of p3& complexed with CMPD1. (A) Protection of p@drom D,O exchange when complexed with CMPD1
mapped onto the published crystal structure ofqa38ght blue regions indicate weak protection, while dark blue regions indicate moderate
protection. (B) Measured average mass at each time point for peptides showing significant alteration between contbdhgld8and
CMPD1 complexed with p38 (green). For the relatively weak effects of CMPD1, the average mass results for repetitive 100 s exchange
of control p3&: (blue bars) and p3Bcomplexed with CMPD1 (red bars) are shown next to the corresponding peptides. The color scheme
for weak, strong, or moderate protection was arbitrarily selected to aid in viewing the results.

Thus, the DXMS protection seen in p8&nd MK2a upon ditional protection in both molecules is consistent with
complex formation maps onto published structures in a additional binding contacts and/or extensive allosteric effects.
manner consistent with tight binding between the @38 The affected regions include the nuclear localization and
docking groove and the carboxy terminus of MK2a. Ad- export signals of MK2a, the nucleotide binding pocket of
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including ATF-2. Subtle alterations in the DFG loop region,

observed upon complex formation suggest that opportunitieswhich contains the divalent cation binding residue (D168),

exist for substrate selective inhibition of p88

Figure 9 shows the protection of p8®rovided by binding
of the ATP competitive inhibitor, CMPD2. The X-ray
crystallographic structure of a cocrystal of p38nd the close
analogue of CMPD2 (BIRB0796) has been publish&d (
CMPD2-dependent protection in p8&egions containing
residues 7286, 104-108, 156-163, and 165171 directly
coincides with contact observed by X-ray crystallography
of BIRB 796.

It was particularly interesting to compare the results
obtained with CMPD2 with the ED exchange behavior of
the substrate selective inhibitor (CMPD1). The DXMS
method provided binding site data in this system that we
did not find amenable to formation of a cocrystal for X-ray
crystallographic analysis. As shown in Figure 10, CMDP1
produced lower levels of protection from exchange, as
anticipated for a relatively weak binder. To verify these

could also contribute to the specific inhibition of MK2a
phosphorylation by p38 CMPD1 could perturb the position
of MgATP relative to MK2a in the transition state. Again,
major displacement of the DFG loop would likely prevent
the phosphorylation of all substrates.

The DXMS method has detected subtle perturbations in
regions of p38, containing the ED domain and other active
site residues, that begin to explain how CMPDL1 specifically
inhibits the function of the p38MK2a signaling complex.

ConclusionA substrate selective padnhibitor of MK2a
phosphorylation has been discovered. This inhibitor has been
shown to bind to p3& and not MK2a by ITC, and the
inhibitor was observed to be noncompetitive with ATP. SPR
experiments indicate that it does not operate by prevention
of formation of the p38-MK2a complex. DXMS measure-
ments are consistent with binding of the inhibitor in the
vicinity of the active site where non-substrate selective

effects, multiple analyses were conducted at the 100 s timeinhibitors bind, and with a mechanism of inhibition in which
point (Figure 10B). Excellent precision in mass measurement alterations to catalytic residues and substrates in the transition

was obtained, due to the use of FTMS. The results of this
experiment mapped onto the structure of @28e shown in
Figure 10. The observed protection of p3&sidues 107
115, 156-163, and 165171 is a subset of the effects
observed upon the binding of the ATP competitive inhibitor,
CMPD2. This is consistent with CMPDL1 binding in the same
vicinity as CMPD2, with some common binding interactions.
While the exact binding site of CMPDL1 is not completely
defined by DXMS analysis, the data combined with those
obtained from kinetic and fluorescence competition studies
suggest that the ATP noncompetitive, MK2a selective
inhibitor binds near the active site, but outside of the
nucleotide pocket and with only partial overlap of the pocket
occupied by BIRB 796 and CMPD3B). This observation
raises the concern that commercial efforts to alter the
structure of CMPD1 to enhance binding may produce

interactions that negate the substrate selective properties of

the molecule.

The results suggest that CMPD1 binding in the active site
region of p38&: induces perturbations that may result in the
suboptimal positioning of substrates and metal ion cofactors
in the transition state, resulting in selective inhibition of the
p38x-MK2a complex. The protection of pa&esidues 156
163 by CMPD1 was weaker than that observed with CMPD2,
but was still significant. This region includes the ED domain
acidic residues that have been shown by mutagen#S)s (
to specifically regulate the docking of MK3, a closely related
substrate to MK2a. CMPD2 may also perturb MK2a binding
selectively through the ED domain of p@8but this would
be obscured by exclusion of ATP from the active site and
subsequent catalytic inhibition.

Alterations to the positions of ATP and the DFG loop in
the transition state induced by CMPD1 might also contribute
to the observed decrease in catalytic efficiency. The slight
perturbation of the nucleotide binding pocket residues
observed by DXMS may lead to a misalignment of ATP in
the transition state of MK2a phosphorylation. If this pertur-
bation contributes to the distinct mechanism of CMPD1
inhibition, it must be subtle, because large perturbations in
this pocket would be expected to prevent p3Bependent
catalysis of the phosphorylation of many more substrates,

state lead to reduced rates of MK2a phosphorylation.
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