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ABSTRACT. The p38 mitogen-activated protein kinase (p38) pathway is required for the production of
proinflammatory cytokines (TNd and IL-1) that mediate the chronic inflammatory phases of several
autoimmune diseases. Potent p38 inhibitors, such as the slow tight-binding inhibitor BIRB 796, have
recently been reported to block the production of BiN#hd IL-15. Here we analyze downstream signaling
complexes and molecular mechanisms, to provide new insight into the function of p38 signaling complexes
and the development of novel inhibitors of the p38 pathway. Catalysis, signaling functions, and molecular
interactions involving p3& and one of its downstream signaling partners, mitogen-activated protein kinase-
activated protein kinase 2 (MK2), have been explored by steady-state kinetics, surface plasmon resonance,
isothermal calorimetry, and stopped-flow fluorescence. Functional 1/1 signaling compgfaxed {100

nM) composed of activated and nonactivated forms ofop&@Bd a splice variant of MK2 (MK2a) were
characterized. Catalysis of MK2a phosphorylation and activation by p@&8s observed to be efficient

under conditions where substrate is saturathgff® = 0.05-0.3 s1) and nonsaturatingka@PYKy 2P =

1-3 x 108 M~ s71), Specific interactions between the carboxy-terminal residues of MK2a~+(200)

and p3& precipitate formation of a high-affinity compleX{ = 20 nM); the p38&-dependent MK2a
phosphorylation reaction was inhibited by the 30-amino acid docking domain peptide of MKga=(IC

60 nM). The results indicate that the 30-amino acid docking domain peptide of MK2a is required for the
formation of a tight, functional p38 MK2a complex, and that perturbation of the tight-docking interaction
between these signaling partners prevents the phosphorylation of MK2a. The thermodynamic and steady-
state kinetic characterization of the p38IK2a signaling complex has led to a clear understanding of
complex formation, catalysis, and function on the molecular level.

Induced by stress and inflammation, the ppathway is composed ofy, 3, y, ando isoforms; this family of enzymes
a complex cascade of protein kinases that mediate multiplemodulates the functions of numerous downstream effector
cellular functions, including migrationl( 2), death 8), proteins. Recent p38isoform genetic deletion studies and
survival @), and proinflammatory cytokine productioB)( p38u inhibition studies have implied that this isoform plays
A family of p38 kinases at the center of the pathway is animportant role in signaling the production of inflammatory
cytokines. Embryonic stem cells derived from mice that lack

* To whom correspondence should be addressed. Telephone: (203)p38(1 exhibit impaired IL-1 signaling@). Reversible inhibi-

798-5518. Fax: (203) 791-6196. E-mail: bwernebu@rdg.boehringer- tion of p3&x (and also p3g) by the classical p38 inhibitor,
ingelheim.com and mlabadia@rdg.boehringer-ingelheim.com. SB203580 7), and more potent compounds, such as BIRB

# These authors contributed equally to this work. 796 8, 9), inhibits the lipopolysaccharide-induced production

1 Abbreviations: ATF-2, activating transcription factor 2; CHAPS, . . . .
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; DTT, of proinflammatory cytokines, including TNFand IL-1, that

dithiothreitol; EDTA, ethylenediaminetetraacetic acid; EGTA, (ethyl- are implicated in the etiology of chronic inflammatiatO(
enedioxy)diethylenedinitrilotetraacetic acid; ESI, electrospray ionization; 13). Therefore, p3& is a prime target for the development
FITC, fluorescein isothiocyanate; GSH, glutathione; GST, glutathione i

Stransferase; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic of anti-inflammatory (?lrugs.

acid; His, histidine; HSP27, heat shock protein 27; Jhterferony; p38u transduces signals through downstream effectors,
IL, interleukin; ITC, isothermal titration calorimetry; LSP1, lymphocyte incIuding transcription factors, elongation factors, and MKs.

specific protein 1; MK, mitogen-activated protein kinase-activated . - - P
protein kinase; MEF, myocyte enhancing factotC—FTMS, micro Genetic deletion and phosphorylation studies indicate that

high-performance liquid chromatographiourier transform mass ~ MK2 also participates in modulating the production of
spectrometry; p38, p38 mitogen-activated protein kinase; PMSF, inflammatory cytokines; thus, it too is a primary target for

phenylmethanesulfonyl fluoride; SPR, surface plasmon resonance; SRFthe abatement of chronic inflammation. Discovered in 1992
serum response factor; TCEP, tris(2-carboxyethyl)phosphine hydro- )

chloride; TES, N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic (:!-4, 15), MK2 was first observed to be. activated by ERK
acid; TEV, tobacco etch virus; TNE tumor necrosis factom. vitro, and shortly thereafter to be activated by p38 in cells

10.1021/bi049508v CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/16/2004



p38x-MK2a Signaling Complex Biochemistry, Vol. 43, No. 31, 2008951

(16—18). Experiments with mice genetically deficient in would greatly improve our understanding of the functions
MK2 confirm that the enzyme is involved in transmitting of these complexes. A steady-state kinetic study of MK2
p38 pathway-dependent signals required for cytokine produc- splice variant phosphorylation and activation by @3@ould
tion. MK27~ mice challenged with lipopolysaccharide also add to our understanding of the catalysis of activation
produce significantly less TNE IL-1, IL-6, and IFNy than of these signaling complexes.

wild-type mice stimulated with a lipopolysaccharide9). We have employed steady-state kinetics, surface plasmon
In addition, MK2~ mice brains produce less ILA1in resonance, isothermal titration calorimetry, and stopped-flow
response to ischemia than MK2 mouse brains, and they  fluorescence spectroscopy to characterize thenpd&2
displ:_;tyareduction in infa_rct size and_ protection of neuronal signaling complexes kinetically and thermodynamically.
function @). The mechanisms by which MK2 regulates the These kinetic and thermodynamic studies have led to the
production of inflammatory cytokines are not yet completely giscovery of high-affinity p38-MK2a complexes that
understood, but they appear to involve the AU-rich elements proyide new insight into p3&MK2a complex formation,

at the 3-untranslated regions of cytokine mRNA, and MK2  fynction, and catalysis. A novel mechanism of p3&ithway

phosphorylation of factors that bind to the AU-rich elements. innibition, perturbation of the docking interaction between
AU-rich element modulation of cytokine message stability p38x and MK2a substrate, is also described.

and translation is at least partly mediated by MK2-dependent
processeslo—22).

There are two known splice variants of MK2. The first EXPERIMENTAL PROCEDURES
variant, MK2a (4, 15), contains a nuclear localization
sequence bound by residues 3889 (23, 24) and a putative Expression and Purification of Signaling Reagerithe
docking domain for p38 located near the carboxy terminus. CONA encoding murine p38 was cloned into pET15b
This domain is thought to interact with two acidic regions (Novagen), expressed iBscherichia coliwith a five-His
of p38&x known as the CD domain, residues D313316 affinity tag at the amino terminus, and purified to greater
(25), and the ED domain, residues E160 and D1#g).(The ~ than 95% purity, as described previousBp). The enzyme
interactions between pa8and homologues of MK2, MK3, ~ Wwas activated by dual phosphorylation of the TGY sequence
and MK5 (also known as PRAK) have been shown to be (74% as determined by mass spectrometry) with the activated
dependent on the CD and ED domains by mutagenesisMKK3 kinase domain in a reaction mixture containing 200
studies and pull-down (interaction) assag@é)( Pull-down nM activated MKK3 kinase domain, 16M p38a, and 1
assays with MK2a and p%indicate that the 37#400- mM ATP. The reaction buffer consisted of 50 mM HEPES
amino acid carboxy-terminal domain of MK2a does interact (PH 7.6), 50 mM KCI, 15 mM MgGl, 100 uM NagVO,,
with p38x (27). The interaction between MK2a and p88  0.01% CHAPS, 1 mM DTT, and 18g/mL bovine serum
has not yet been characterized in thermodynamic or structural@lbumin. The phosphatase inhibitor, \N®,, was added as
studies; however, non-steady-state kinetics experiments@ precautionary measure. The reaction was halted after
indicate that p38 is a good catalyst of MK2a phosphory- incubation f@ 6 h at 25°C and incubation for 12 h at 4C
lation. The apparent second-order rate CO”S‘QWM) for by desalting on a 10 mL Econo-Pac 10 DG desalting column
phosphorylation of MK2a by p38is 34 000 M! s (28). (Bio-Rad) equilibrated in 20 mM HEPES (pH 7.6), 5001
Immunocomplex kinase assays and overexpression studie$DTA, 100 mM NaCl, 10% glycerol, and 1 mM DTT.
also indicate that MK2a is phosphorylated by thand 3 Activated p3& was stored at-80 °C.
isoforms of p38, but not thé andy isoforms @9, 30). A The cDNA encoding human GST-MK2a-400, which
second splice variant of MK2, MK2I8(, 32), contains an contains the p38 docking domain, nuclear localization
identical amino-terminal kinase domain, but lacks a nuclear sequence, and nuclear export sequence at the carboxy
localization sequence and a p38 docking domais) 24). terminus (4, 15, 23, 24), was cloned into pVL1393
MK2b is also phosphorylated by p@8but the catalytic (Invitrogen) and expressed in SF21 cells by standard pro-
efficiency of phosphorylation and the binding affinity of cedures. The MK2a clone was created from the MK2b splice
MK2b for p38ux have not been well characterized. variant DNA @1, 32) with one mutation at the amino

At least four residues of MK2a (also found in MK2b) are terminus, L2V. The MK2b clone was used as a template in
phosphorylated by p38 T25, T222, S272, and T3343J). four consecutive PCRs to generate MK2a4D0. The
Phosphorylation of three of these residues (17222, S272, andforward primer in the first three PCRs was-ATCA-
T334) has been reported to be required for maximal AACTTGGATCCCATGGTGTCCAACTCCCAGG. Three
activation of MK2a 83), and the phosphorylation of T334 reverse primers were used in three consecutive reactions:
is reported to expose a nuclear export sequence that leads td, 5-GTAGTCTACTCTCATTGTGGCCAGTGCGGATG-
the nucleocytoplasmic transport of MK2a and p28, (24, TCATTTCTTCCTTGACATCCTCCCACCGCTCC; 2,'5
34). The activation of the MK2 splice variants under steady- CGGGTTGGAGGCGTCTTCGATTTTTTTGATTTTG-
state conditions has not yet been studied, and the relativeATCTGTTCGTAGTCTACTCTCATTGTGGCC; and 3,
rates of phosphorylation at individual MK2 residues have 5-CTGCTTCCAGTGCGCGTGCTTTTTTGCGGCGTTT-
not been well characterized. CAGCAGCAGCGGGTTGGAGGCGTCTTCG. The final

A clearer understanding of pa@&ignaling complexes and  reaction was performed with a distinct forward primet- (5
functions on the molecular level is a prerequisite for the GGATCCATGGTGTCCAACTCCCAG) and the fourth re-
development of novel inhibitors designed to specifically verse primer (5AGTCACGATGCGGCCGCTTACTAG-
block the production of proinflammatory cytokines down- TGTGCCAGTGCTGCTGCTTCCAGTGCGCGTGC). The
stream of p38. Quantitative analyses of the formation of gene was then inserted downstream of GST and a TEV
complexes composed of p@&nd the MK2 splice variants  cleavage site in pVL1393 utilizinBamHI and Notl restric-
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tion sites. TEV cleavage of the fusion protein produced full-
length MK2a 1400 with one additional serine residue at
the amino terminus. Insect cells expressing the GST fusion
protein were lysed by dounce homogenization in 20 mM
HEPES (pH 7.6), 10 mM sodium bisulfite, 1 mM DTT, 0.02
mg/mL pepstatin A, 0.02 mg/mL leupeptin, and 0.1 mM
PMSF. The cell lysates were clarified by centrifugation at
44 000 rpm for 1 h.

A deletion mutant of the MK2 splice variant that lacks
the carboxy-terminal nuclear localization sequence, 6ST
MK2b 41-370 @1, 32), was cloned into pGEX-4T and
expressed itf. coliBL21(DE3) pLysS. The first 40 amino
acids of MK2b, rich in glycine and proline codons, were
removed to improve the protein expression efficiency in
E. coli. The cDNA encoding GSTATF-2 1-109 and
additional residues at the carboxy terminus, GEFIVTD, was
cloned into pGEX-2T and expressedkn coli BL21(DE3)
pLysS. The cDNA encoding GSILSP1 179-339 was
cloned into pGEX-4T and expressedtn coli BL21(DE3)
pLysS. The expression hosts were grown in 2XTY medium,
containing 50ug/mL ampicillin and 34ug/mL chloram-
phenicol, at 37°C to an optical density of 0.5 at 600 nm.
The cultures were induced with 0.1 mM IPTG at %5, and
after induction for 7 h, the cells were harvested by centrifu-
gation. The cells were lysed by sonication with a Branson
450 sonifier in 20 mM HEPES (pH 7.6), 10% glycerol, 0.2
M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 0.1
mM PMSF. The cell lysates were clarified by centrifugation.

The GST fusion proteins were purified by affinity chro-
matography using GSH-Trap (Amgen) affinity chromatog-
raphy columns or GSTPREP FF 16/10 (Amgen) columns to
>95% purity. The clarified lysates were loaded on the
affinity columns equilibrated in 20 mM HEPES (pH 7.6),
10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1
mM PMSF, and 150 mM NacCl. The columns were washed
in the same buffer containing 400 mM NaCl. The GST fusion
proteins were eluted with 20 mM HEPES (pH 7.6), 10%
glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM
PMSF, 150 mM NacCl, and 10 mM glutathione. The purified
proteins were dialyzed against 20 mM HEPES (pH 7.6), 10%
glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 300
400 mM NaCl to remove glutathione. The purified proteins
were stored at-80 °C.

Deletion mutants of MK2a that contain a six-His amino-
terminal fusion, 6His-MK2a 53369 and 6His-MK2a 5%
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7), 50 mM NaCl, 10% glycerol, and 1 mM DTT. The
purified proteins were stored at80 °C.

MK2a 370-400 (IKIKKIEDASNPLLLKRRKKARALE-
AAALAH) and FITC—MK2a 370-400 peptides were
synthesized and purified by Anaspec.

Activation of p3&:. Purified p3& was activated by dual
phosphorylation of the TGY sequence (74% as determined
by mass spectrometry) in a reaction catalyzed by active
MKK3a 6—315. p38& (15 M) was incubated with active
MKK3a 6—315 (200 nM) and 1 mM ATP fo6 h at 25°C
in 50 mM HEPES (pH 7.6), 50 mM KCI, 15 mM Mggl
100 uM NagVO,, 0.01% CHAPS, 1 mM DTT, and 10g/

mL bovine serum albumin. Activated p&8&vas desalted on

a 10 mL Econo-Pac 10 DG desalting column (Bio-Rad)
equilibrated in 20 mM HEPES (pH 7.6), 50M EDTA,
100 mM NacCl, 10% glycerol, and 1 mM DTT.

Steady-State Kinetics AssayBhe phosphorylation of
MK2a and MK2b catalyzed by active murine pB88vas
assessed at 2% in 50 mM HEPES (pH 7.6), 50 mM KClI,
10 mM MgCh, 100 uM NagVO,4, 0.01% CHAPS, 1 mM
DTT, 10 ug/mL bovine serum albumin, and/£3P]ATP
(500-2000 Ci/mol). The specific details pertaining to
enzyme assays are provided in the figure legends. Briefly,
the phosphorylation of MK2 constructs by catalytic amounts
of active p38 isoforms was quenched with 10% trichloro-
acetic acid and 5% inorganic pyrophosphate. Phosphorylated
MK2 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, and MichaetiMenten constants were
obtained from hyperbolic curve fits to the Michaetislenten
equation § = Vina{S])/(Ku + [S])]. The observed rate constants
for phosphorylation of GSFLSP1 179-339 (10uM) by
active MK2a (1 nM) were measured in the same reaction
buffer containing 15uM [y-*3P]JATP (800 Ci/mol). The
initial velocity of phosphorylation was measured by quench-
ing and scintillation counting, as described for p38 catalysis.

MK?2a Phosphorylation Analysis by Mass Spectrometry
6His-MK?2a 51-400 (11.5«M) was phosphorylated with 95
nM active p3& in 50 mM HEPES (pH 7.6), 1 mM ATP,
50 mM KCI, 25 mM MgC}, 100 uM NagVO,, 0.01%
CHAPS, 1 mM DTT, and 5 mM NaF. The phosphatase
inhibitors, NavVO, and NaF, were added to the reaction
buffer as a precautionary measure against phosphatase

400, were cloned into pET23a (Novagen) and expressed inactivity. Samples (50@L) were quenched at various times
E. colias described above. The histidine-tagged proteins wereWith 100 mM EDTA, and desalted on 10 mL Econo-Pac 10

lysed in 20 mM HEPES (pH 8), 300 mM NaCl, 10%
glycerol, and EDTA-free protease inhibitor tablets (Roche).
A polytron homogenizer was used at speed 15 for 2 min,
followed by sonication with a Branson 450 sonifier. The cell
lysates were clarified by centrifugation as described above.
Each clarified lysate was loaded onto aMNTA Superflow
(Qiagen) column equilibrated in 20 mM HEPES (pH 7), 50
mM NaCl, 10% glycerol, and 10 mM imidazole. The protein
was eluted in the same buffer containing 250 mM imidazole;
2 mM DTT and 2 mM EDTA were added to the eluted
protein fraction, and the protein fraction was diluted by a
factor of 1.5 by the addition of HEPES (pH 7), 50 mM NacCl,
and 10% glycerol. The proteins were further purified by
cation exchange chromatography on S5 (Bio-Rad) resin
with a 50 mM to 1 M NaCl gradient in 20 mM HEPES (pH

DG desalting columns from Bio-Rad equilibrated in 20 mM
HEPES (pH 7.6), 50uM EDTA, 100 mM NacCl, 10%
glycerol, 1 mM DTT, 10QuM PMSF, 100uM NagVO,, and

5 mM NaF. A 25uL aliquot of each sample was added to
25ulL of 0.4 M NH,HCO; in 4 M urea and 5L of 45 mM
DTT. This solution was incubated at 3C for 15 min and
then cooled to room temperature. Ab aliquot of 100 mM
iodoacetamide was added, and the solution was incubated
at room temperature for 15 min.,8 (40 uL) and trypsin
(5uL of a 0.4 mg/mL solution) were added to digest the
samples at 37C overnight.

A 10 uL aliquot of each digest was injected onto a PepMap
(LC Packings, San Francisco, CA) C18 column (1.0 mm
15 cm). A gradient elution from 0% to 60% B in 55 min, at
a flow rate of 40uL/min, with mobile phase A (99/1/0.1



p38x-MK2a Signaling Complex Biochemistry, Vol. 43, No. 31, 2008953

H,O/acetonitrile/formic acid mixture) and mobile phase B Surface Plasmon Resonan@dl SPR experiments were
(10/90/0.1 HO/acetonitrile/formic acid mixture) was used. performed on a BlAcore 3000 instrument (BlAcore, Inc.).
Selected ion monitoring was performednalz 568.4, 608.4, Anti-GST antibody (BlAcore, Inc.), 2@g/mL, in 10 mM
866.2, 886.2, 970.8, and 990.8 with an Ultima MS (Micro- sodium acetate (pH 5.0) was immobilized to 3000 resonance
mass, Manchester, U.K.). The dwell time was 0.5 s, the coneunits on a BlIAcore CM4 chip using a standard amine-
voltage 50 V, the interchannel delay time 0.1 s, and the coupling protocol 86). GST-MK2a 1—-400 was injected
interscan delay time 0.1 s. The peak heights were used forover the anti-GST surface at 500 nM in the following
calculations. The fraction phosphorylated was determined asbuffer; 50 mM Tris-HCI (pH 8.0), 100 mM NacCl, 0.01%
the response for the phosphorylated peptide divided by theBSA, 0.01% CHAPS, and 50@M TCEP. GSTMK2a
response for phosphorylated and unphosphorylated for eachL—400 was injected over the anti-GST surface until a density
peptide monitored within each run. of 300—400 resonance units was reached.

A separateuLC/FTMS experiment was performed to Determination of Binding Constants for p8®y SPRAII
identify tryptic cleavage sites and confirm assignment of the equilibrium experiments were carried out at 25 in the
monitored peptides withim/z £5 ppm of theoretical. A 20  buffer mentioned above, containing 100 or 350 mM NaCl.
uL aliquot was injected onto a 150 mm 0.3 mm PepMap  Equilibrium binding data for binding of p38to immobilized
C18 column, and the sample was eluted with a complex MK2a were obtained by titrating phosphorylated and non-
water/acetonitrile/formic acid gradient over 54 min atl4 phosphorylated p38over the GSFMK2a 1-400 surface
min. The eluent was monitored, after a 700 s delay, by ESI at a flow rate of 3Q:L/min. Equilibrium data were collected,
FTMS with a Bruker APEX Il instrument (Bruker, Billerica, and theK, for the p3&-MK2a interaction was estimated by
MA). Data were acquired fom/z 400—1600, 256 K word, nonlinear regression analysis using the Marquat@tven-
averaging seve 1 s acquisitions into each of 128 spectra. burg minimization method3({).

Spectra were converted to Masslynx format (Micromass) for  Isothermal Titration CalorimetryThe isothermal titration
analysis. calorimetry experiments were performed using a Microcal
p38u Inhibition. The inhibition of activated p38catalysis VP-ITC instrument (Microcal, Inc., Northampton, MA). The

of ATF-2 phosphorylation was assessed directly as describedsample cell of the calorimeter was loaded with MK2a-(5
above with p-**P]ATP, and filter plates were used to capture 22 M) in 20 mM TES (pH 7.0), 200 mM NacCl, and 1 mM
phosphorylated ATF-2. However, the inhibition of MK2a TCEP. The syringe was loaded with murine p387—167
phosphorylation and activation was assessed indirectly uM) in the same buffer. All solutions were degassed for 8
through a substrate of MK2a, GSTLSP1 179-339. This min. Titrations were performed at 25C with injection
was necessary to facilitate the assessment of competitionvolumes ranging from 4 to 12L and a spacing of 500 s.
between inhibitors and MK2a for p88 The inhibition of After completion of the titration, baselines were manually
MK?2a activation was assessed in the presence of 250 pMdrawn and subtracted from the data. The baseline was set to
p38&x, 25 nM 6His-MK2a 51400, and 1tM GST—LSP1 zero assuming that the final injections of each titration
179-339. GST-LSP1 179-339 phosphorylated by MK2a  represent only the heat of dilution. The data were fit using
was precipitated with 10% trichloroacetic acid and 5% a one-site binding model available in the Origin ITC data
inorganic pyrophosphate, and captured with filter plates as analysis software (version 5.0).

described previously. Stopped-Flow Fluorescenc@ll kinetic constants were

Analytical Ultracentrifugation. Experiments were per- determined using a KinTek (Austin, TX) stopped-flow
formed using a Beckman model XL-I analytical ultracentri- instrument, model SF-2001. The assay buffer for all experi-
fuge. Predicted partial specific volumes, extinction coeffi- ments consisted of 20 MM TES (pH 7.0) and 200 mM NacCl.
cients, and solvent densities were calculated using SEDNTERFKinetic binding reactions were initiated at a flow rate of 15
(available at http://www.bbri.org/rasmb/rasmb.html) for use mL/s, and the sample was excited in an 80 quartz
in data analysis. The predicted partial specific volumes usedobservation cell at 494 nm through a Glan-Thompson
in these analyses for p8&nd MK2a are 0.7369 and 0.7391 polarizer, employing a 75 W xenon arc lamp. The relative
mL/g, respectively. All data were fit using a solvent density emission intensities of the parallel and perpendicular com-
of 1.00704 g/mL. ponents were measured in the T-format through two photo-

Sedimentation velocity experiments were conducted for multiplier tubes with attached film polarizers and 530 nm
p38a (4.5uM) and MK2a (12.6uM) in 20 mM TES (pH long wave pass filters. Data acquisition began at the start of
7.0), 200 mM NacCl, 0.05% CHAPS, and either 1 mM TCEP the injection with a dead time of approximately 0.002 s, and
or 0.5 mM DTT at 20°C using double sector centerpieces continued until the reaction had reached equilibrium. The
and quartz windows. Data were collected at 50 000 rpm andreaction temperature was held at 22 using an external
either 240 or 280 nm. Data were analyzed using Sedfit water bath.
version 8.4 (available at http://analyticalultracentrifuga-  Rate Constants for Binding of the FIT®/IK2a 376-400
tion.com/). Peptide to p38. The association constark,() and dissocia-

Sedimentation equilibrium experiments were conducted for tion constant K.), describing the interaction between the
p38: and MK2a in 20 mM TES (pH 7.0), 200 mM NaCl, FITC—MK?2a 370-400 peptide and p38 were determined
and 1 mM TCEP at 20C using six-channel centerpieces by performing the kinetic assay as two half-reactions. The
and quartz windows. Data were collected at 280 nm for first half-reaction, monitoring the association kinetics of the
multiple concentrations and multiple rotor speeds (8000, p38u-FITC—MK2a 370-400 peptide complex, consisted of
12 000, 16 000, and 20 000 rpm). Data were analyzed usingloading FITC-MK2a 370-400 peptide (250 nM) in one of
WinNonlin version 1.08 (available at http://www.bbri.org/ the stopped-flow syringes and p88400 nM) in the other
rasmb/rasmb.html). syringe. The second half-reaction, monitoring the dissociation
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kinetics, ConSi_Sted of prein_CUbating _the pSBITC—MKZa Table 1: Surface Plasmon Resonance Analysis obp@&2a
370-400 peptide complex in one syringe and loading excess complexes

unlabeled MK2a 376400 peptide in the other syringe (2

[NaCl]  Kq

uM). At such high concentrations, reassociation of the immobilized sample titrant (M) (M) n

FITC—MK2a 370-400 peptide is negllglble. .The COM-  GST_MK2a 1-400 0380 01 25105 3

plementary data from the two half-reactions in the direct gsT—MK2a 1-400 p38L 035 65+7 4

binding assay can be combined into a single data set andGST-MK2a 1-400 activated p38 0.1 6.3£2.4 3

modeled simultaneously to fit for the rate constants. The GSt_T*t'\/'géaSl;’\j&% 400 aggated P33 8?5 igﬁ %g ‘31
S . . - activate al- p .

derivation of the integrated rate equation describing the ;5 - i 657 MK2a 1-400 activated pa8 01  60.0+ 3.5 3

overall kinetic binding reaction has been dgscrlbed previously gsT—MK2b 41—370 p38L 0.1 >5000 1

(38). All of the data were analyzed using the SAS 8.0

statistical software system. Parameter estimatgaidk,) ,

. . . . Table 2: Stopped-Flow Fluorescence Analysis of p38K2a
were ob_tamed by_ applying ordl_nar_y nonlinear Ieast-squares Complexes PP y ®
regression techniques to a kinetic mod8B)( using the ”
Marquardt-Levenberg minimization method. THe, and e - d

. reactants W(M~tst Koit (71 nM
kot determined here for the p88FITC—MK2a 370-400 38 FITC_MK2a 370-200 (1k;ji 05) )108 n gio)l ( 831

. . . , — a . .5) x . . .
pept@e complex were employed in thg Ilganq e>_<change assa)Pgaa, MK2a 370-400 42+ 14)x 1° 84+23 20
described below to evaluate the kinetics of binding of various p3gy, 6His—MK2a 51-400  (6.6+ 1.9)x 10 0.22+0.03 3.3
unlabeled MK2a constructs. p38x, GST-MK2a 1-400  (8.1+ 1.1)x 10’ 0.084+0.04 1.0

Ligand-Exchange Binding Assayaired ligand-exchange ) )
assays were performed to determine the kinetic rate constants The interaction between p@8and GSTMK2a 1-400
for the binding of various unlabeled MK2a constructs, Was first examined by surface plasmon resonance. Equilib-
including 6His-MK2a 51400, to p38. The experimental ~ ium binding data, fit to a 1/1 binding model, demonstrated
conditions and instrumentation employed in this assay arethis interaction to be of high affinityq = 2.5 nM for the
the same as described above for the direct binding assaycomplex (Table 1). Similar experiments conducted with
The association rate for the unlabeled MK2a construct was carboxy-terminally truncated GSMK2a 1-369 and GS+
determined by preincubating p&@8with the FITC-MK2a MK2b were unable to detect an interaction with p3@lata
370-400 peptide, followed by rapid mixing with the Not shown), suggesting the importance of the putative
unlabeled MK2a construct. The change in fluorescence carboxy-terminal docking domain of MK2a for high-affinity
anisotropy due to the displacement of the FHI@K2a 370~ complex formation with p34. _ _
400 peptide was monitored. The dissociation rate of the T0 elucidate the role of the carboxy-terminal docking
unlabeled MK2a construct was measured by preincubatingdomain of MK2a, an amino-terminal FITC-labeled peptide
p38&:. with the unlabeled MK2a construct, followed by containing residues 37400 was synthesized for binding
mixing with the FITG-MK2a 370-400 peptide. The data  Studies. Stopped-flow fluorescence experiments indicated that
from the paired ligand-exchange assays were combined and<d = 8.4 NM (on = 1.9 x 10° M~ s7% kot = 1.6 s°7) for
analyzed, as described above in the direct binding assaythe p38-FITC—MK2a 370-400 complex (Table 2 and

section. Figure 1). To confirm that the FITC label was not contribut-
ing to the binding affinity of the peptide, a second peptide
RESULTS lacking the FITC label was also prepared for study. Solution

ligand-exchange competition stopped-flow experiments be-

Biophysical Characterization of the p@8viK2a Complex. tween the two peptides show that FITC has minimal
The p38 pathway components utilized in the following influence on the interaction (Table 2). These data imply that
kinetic and thermodynamic studies were purified to homo- the interaction between p@88and MK2a is primarily
geneity and characterized by sedimentation velocity and mediated through the last 30 carboxy-terminal amino acid
sedimentation equilibrium. Sedimentation velocity experi- residues of MK2a.
ments with p38& and 6His-MK2a 51—400 indicated that The FITC-labeled MK2a peptide was employed as a probe
both proteins are monomeric withg,, values of 3.28 and  in ligand-exchange competition experiments to determine the
3.0, respectively. A small amount of aggregate, typically less solution binding kinetics of GSTMK2a 1-400 and p38.
than 5%, was present in both the p3&nd 6His-MK2a The associationkf, = 8.1 x 10’ M~1 s71) and dissociation
51-400 preparations. This aggregate can be removed by(k.ss = 0.08 s!) rate constants of binding were determined
size-exclusion chromatography and is not in reversible by stopped-flow fluorescence to yield<a of 1.0 nM (Table
equilibrium with the monomeric species (data not shown). 2). The equilibrium dissociation constant for the p38ST—
To account for the small amount of aggregate present in theMK2a 1—-400 complex determined by stopped-flow fluo-
samples, sedimentation equilibrium data were fit allowing rescence experiments is consistent with the value determined
for the presence of a small amount of dimer. The apparentby SPR experiments.
solution molecular masses for p88and MK2a were Ligand-exchange stopped-flow fluorescence competition
calculated to be 39.5 (38.1, 40.9) kDa and 39.6 (36.8, 42.9) kinetic experiments were also performed with a construct
kDa, respectively. These values are consistent with the of MK2a lacking the first 50 amino-terminal residues.
monomer molecular masses of 41.9 kDa for @2thd 41.2 Solution stopped-flow experiments yieldedaof 3.3 nM
kDa for 6His—MK2a 51—400 predicted from the amino acid  (kon = 6.6 x 10" M~! s7%; ks = 0.22 s1) for the p3&x-
sequences. Predicted sequence molecular masses were cofHis—MK2a 51—400 complex (Table 2). These data are in
firmed by mass spectrometry (data not shown). good agreement with the SPR data obtained with full-length
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Table 3: Isothermal Titration Calorimetry Analysis of pB88IK2a Complexes

cell sample titrant Kg (NM) [NaCl] (M) AH (kcal/mol) TAS (kcal/mol) N
GST-MK2a 1-400 p3&x <10 0.2 —-17.3+ 1.2 >—6.4 0.7+ 0.12
GST—MK2a 1-400 p3&t 106 0.4 —-11.04+0.7° >-15 0.9
MK2a 1-400 p3&x <10 0.2 -16.14+0.7° >-52 0.8
6His—MK2a 51—-400 p3& <10 0.2 —20.1+ 0.4 >-9.0 0.8+ 0.22
MK2a 370-400 p3&x <10 0.2 —9.9+ 0.4 >-1.0 0.8+ 0.4

aStandard errors are calculated from data collected in multiple experintestisndard errors are calculated as the fit error from a single
data set.
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FicURe 1: Stopped-flow fluorescence kinetic analysis of the @38 01 -.#- b
6His—MK2a 51—400 binding interaction. Association and dis- = 2] f ]
sociation of 6His-MK2a 51-400 and p38 were monitored with § -4 / ]
a stopped-flow instrument in an anisotropy-based format employing 8 -6 T ]
a paired ligand-exchange assay. In the top curve, the dissociation ‘= -8 . | .
of the FITC-MK2a 370-400 peptide (300 nM) from p38(300 %5 -101 | 4
nM) was initiated by the addition of 6HigVIK2a 51—-400 (400 o -124 [ .
nM), and a new equilibrium was then reached between all three 2 -14] u .
reactants. In the reverse reaction (bottom curve), dissociation of @ -16 4 | ]
6His—MK2a 51—-400 (400 nM) from p38& (300 nM) was initiated E -18 ]
by the addition of the FITEMK2a 370-400 peptide (300 nM), 4 0] h
and a new equilibrium among all three components was then 22 : . — : . : —
reached. Both data sets were analyzed simultaneously, and nonlinear 0.0 0.5 1.0 15 2.0
regression analysis converged to produce the solution (solid lines) .
yielding the following: kon = (6.6 & 1.9) x 107 M~1 s71 andkq Molar Ratio
=0.22+ 0.03 s (38). FiGURE 2: Calorimetric titration of p3& into a sample cell contain-

ing 6His—MK2a 51—-400. The titration was performed at 26 in
MK2a, indicating that the first 50 amino-terminal residues 20 MM TES (pH 7.0), 200 mM NaCl, and 1 mM TCEP as described
are ot requied for th interaciion between MK2a andp33 [ EXGernena; Pecedties, The dai were [l = ore-i
Experiments comparing the binding of full-length protein and
peptide MK2a constructs to p@8demonstrated faster fjrst 50 amino-terminal residues of MK2a. Upon removal
association and dissociation binding kinetics with the sig- of the GST tag from GSFMK2a 1-400 by TEV cleavage,
nificantly smaller peptide constructs (data not shown). This \k2a 1-400 was found to bind to p88with an affinity
data trend suggests that additional binding interactions mayang an enthalpy similar to those of GSMK2a 1—400,
occur between full-length MK2a and p&ghat are absent  confirming that the GST tag was not interfering with the
in the p3&-MK2a 370-400 interaction. interaction.

Isothermal titration calorimetry was used to determine the  The interaction between MK2a and p88vas observed
thermodynamic nature of the interaction between MK2a and to be enthalpically driven. Increasing the ionic strength of
p38x. The data in Table 3 show that MK2a can form a tight the buffer resulted in a reduction in binding affinity, as
1/1 complex with p38. Due to the steepness of the titration observed by both SPR (Table 1) and ITC (Table 3). This
curve shown in Figure 2, equilibrium dissociation constants finding supports a model in which electrostatic interactions
could not be accurately fit to the data; however, the results petween the Lys/Arg-rich carboxy terminus of MK2a and
suggest that the equilibrium dissociation constant for the two acidic regions on p38 contribute significantly to the
p38u-MK2a complex is less than 10 nM. This is consistent interactions between MK2a and pg8Additional evidence

with the stopped-flow fluorescence and SPR results. in support of this model is the observation that the interaction
As shown with the SPR and stopped-flow fluorescence between MK2a 376400 and p38 is primarily enthalpic.
data, 6His-MK2a 51-400 and GST+MK2a 1—-400 bind SPR experiments were conducted to study whether phos-

to p3&t with similar affinities. The origin of the 23 kcal/ phorylation affects the interaction between p381d MK2a.
mol difference in enthalpy between these two constructs is Activated p38 was found to bind GSFMK2a 1—-400 with
not clear at this time; however, it appears to be linked to the an affinity similar to that of nonactivated p88Ky = 6.3
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FIGURE4: Activation of 6His—-MK2a 51—400 by p38&. (A) 6His—
MK2a 51-400 (11.5¢M) was phosphorylated by 95 nM activated
p38u in the presence of 1 mM ATP. The reactions were quenched
at various times (activation time) with 100 mM EDTA. The
observed rate constantg,s of activated 6HisMK2a 51—-400 (1

nM) catalysis of GSTLSP1 179-339 (10u«M) phosphorylation
were measured in the presence of 100 [y-33P]ATP (800 Ci/
mol) as described in Experimental Procedures. (B) An aliquot of
phosphorylated 6HisMK2a 51400 at each activation time in
panel A was digested with trypsin. Three peptides were observed
. to be phosphorylated by MS analysis: residues-242, containing

nM for the activated p38MK2a complex, andq = 2.5 T222 @); residues 243276, containing S2720); and residues
nM for the nonactivated p38MK2a complex (Table 1). A 331-340, containing T334X). The extent of phosphorylation as
Signiﬁcant reduction in b|nd|ng aff|n|ty occurs once MK2a @ function of activation time was plotted for each peptlde.

is activated by active p38 the Ky for the p3&-activated the signaling complexes at low substrate concentrations, was
MK2a complex was observed to be 104 nM (Table 1 and measured.

Figure 3). A similar affinity was observed between activated ~ Steady-state kinetic experiments involving kinases, such
p38u and activated MK2aKy = 60 nM). These results are  as p3&, are often complicated by the phosphorylation
consistent with the premise that enzyme binds product with of the substrate at more than one position. The enzyme
less affinity than substrate. The mechanism by which has been observed previously to phosphorylate MK2a at

phosphorylation attenuates affinity is currently unknown. ~More than one residue: T25, T222, S272, and T33}. (

N . After activation of 6His-MK2a 51-400 by activated
Steady-State Kinetic Analysis of pB8K2a Complex Co . vsi
Catalysis and FunctionSignal transduction studies of the p38u, tryptic digestion and mass spectrometry analysis

h including i lex ki I were utilized to identify three phosphopeptides containing
p38 pathway, including immunocomplex kinase assays, pull- rogjques T222, S272, and T334. These peptides were

down experiments, and non-steady-state kinetics, indicate thalypserved to be phosphorylated at similar but distinct rates
P38 and p3@ phosphorylate two splice variants of MK2 (gigure 4). True MichaelisMenten constants describing
(25-32). Splice variant MK2a has, indeed, been observed \k2 phosphorylation by activated pa@8could not be

to form tight (1-10 nM) complexes with p38 by SPR,  gbtained, because multiple products were formed at distinct
stopped-flow fluorescence, and ITC. Catalysis of MK2a and rates. Instead, apparent catalytic rate constdgigy) and
MK2b splice variant phosphorylation by activated p38as apparent Michaelis constantéy@? that approximated the
assessed under steady-state conditions to determine therue constants were obtained in the steady-state kinetic
maximal rates k., Of signal transduction through the studies.

signaling complexes. In addition, the specificity constant,  Activated p38 was observed to be an efficient catalyst
keafKm, Which governs the rate of signal transduction through of MK2a splice variant phosphorylation and activation (Table

Ficure 3: Equilibrium dissociation constant for the pB&ctivated
MK2a complex. (A) Sensorgrams depicting the binding of 38
at various concentrations to immobilized GST-activated MK2a
1-400 at a flow rate of 3QuL/min and 25°C. Sensorgrams
represent control flow cell-subtracted data. (B) Kador the p3&:-
MK2a interaction was obtained by applying a single-site binding
model to equilibrium data obtained from the above concentration
series. The equilibrium dissociation constant was determined by
regression analysiK( = 104 + 30 nM).
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Table 4: Steady-State Kinetic Analysis of p3®hosphorylation of MK2

constant substrate varied substrate Kw2PP (M) 2fPP (s71) 2FPIK2PP (M1 s7h)
ATP® 6His—MK2a 51-400 0.043£+ 0.012 0.049+ 0.002 1.1x 10°
6His—MK2a 51-40C¢° ATP 249+ 2.7 0.099+ 0.003 4.0x 1C°
ATP® 6His—MK2a 51—369 >5 >0.002 NA
ATP® GST-MK2a 1-400 0.108+ 0.013 0.33: 0.01 3.1x 10°
ATP® GST-MK2b 41-370 >5 >0.009 NA

a2 The maximum rates of activated p881 nM) catalysisk.#", and the concentrations of varied substrates required for half-maximal activity,
Km®P, were determined by fitting plots of initial velocity vs substrate concentration to the Michdétiaten equation? The ATP concentration
was 150uM. ¢ The 6His-MK2a 51—400 concentration was 1/8MV.

4). The apparent catalytic rate constakit{? = 0.05 s?) A 035
and the apparent Michaelis constam{yfP? = 43 nM)
governing the phosphorylation and activation of 6HidK2a
51—-400 indicate that the p88MK2a signaling complex is 0.25 - °
the most proficient p38 pathway signaling complex yet to
be discovered. The apparent second-order rate constant of ¥, 0.20 1
catalysis kfP?Ku?P = 1.1 x 10° M~1 s71) indicates that
p38&: is an efficient activator of MK2a under conditions x
where the substrate is not present at saturating concentrations, 0.10 4
as is often the case in the context of the cell (Table 4)0p38

was also an efficient catalyst of GSMK2a 1—-400 (Figure 0.05 4
5) and MK2a 400 phosphorylation (data not shown). The
concentration of MK2a required for half-maximal catalysis 0.0 0.2 04 06 0.8 10
(Kw?? does not represent the true affinity of the activated [GST-MK2a 1-400] (M)
p38xu-MK2a complex; the affinity of the complex was

determined to be 1 order of magnitude tighter by SRR ( B 0.010
= 6 nM for the activated p38MK2a complex). This

difference between the observigd andKy?P? values is not 0.008 -
unexpected, because the enzyme, substrate, and enzyme
substrate complex are not in rapid equilibriukg.{P? ~ Ko), —

L <~ 0.006 -
and the kinetic constants are apparent or average constants. '@
Nevertheless, the kinetic data are consistent with the bio- 4
physical data in indicating that activated p38nd MK2a < 0.004 1

form a tight, functional signaling complex.

0.30 - g

)
)

obs (S

0.15 -

0.00

The time-dependent activation of MK2a by pB8vas 0.002 -
assessed by the observed rates of MK2a catalysis ofFGST
LSP1 179-339 phosphorylation (Figure 4). Maximal activa- 0.000 , . , . ,
tion of the 6His-MK2a 51-400 kinase Kpps = 1.3 s9) 0 1 2 3 4 5
appears to coincide with the phosphorylation of three [GST-MK2b 41-370] (uM)

residues: T222, S272, and T334. Residue T334, which
. ' - ’ FiIGURE 5: Steady-state phosphorylation of MK2a and MK2b by
becomes phosphorylated prior to nuclear exp8#),(was p38x. (A) GST-MK2a 1-400 was phosphorylated by activated

phosphorylated at a slower rate than the first two residuespagy (1 nM) in the presence of 150M [y-3P]ATP (2000 Ci/
located within the kinase domain. The initial rate of T334 mol). The maximum rate of phosphorylatidq = 0.33+ 0.01

phosphorylation was approximately-3 times slower than ~ s°%) and the Michaelis constanK(*® = 108 + 13 nM) were

the rates of T222 and S272 phosphorylation. obtained from hyperbolic curve fits to the Michaetislenten
o . equation. (B) GSFMK2b 41—-370 was phosphorylated by acti-
To measure the contribution of the MK2a carboxy-terminal \a1eq p3g (5 nM) in the presence of 156M [y-3P]ATP (2000

docking domain to catalysis and function of the p38K2a Ci/mol). A plot of kyps Vs [GST-MK2b 41—370] was fit by linear
signaling complex, steady-state phosphorylation of two MK2 regression to indicate that th&,3° for the reaction is>5 uM.
substrates lacking the docking domain, 6H\dK2a 51—
369 and GSTMK2b, was carried out. In agreement with
previous signal transduction studie®7( 29, 30), and our
biophysical analyses of the complexes, removal of the

carboxy-terminal docking domain of MK2a resulted in a with a significantly lower affinity Ky**for the reaction was
significant decrease in binding affinity for p@gTable 4). greater than M (Figure 5). These data suggest that in the

The Ky for the 6His-MK2a 51—369 substrate lacking absence of other signaling components, the concentration of
the p3& docking domain was greater than 8. This MK2a required for signal transduction downstream of @38
suggests that the interaction between the Lys/Arg-rich iS approximately 2 orders of magnitude less than the
carboxy-terminal tail of MK2a and p3Bprovides essential ~ concentration of MK2b required for signaling (Table 4).
binding energy for meeting signaling requirements when Therefore, the 30-amino acid docking domain of MK2a
constituents of the p38 pathway are not necessarily abundant(MK2a 370-400) appears to be important for signal trans-
In comparing the steady-state kinetic parameters describingduction mediated by p38

p38u phosphorylation of GSFMK2a and GSFMK2b, we
found it was evident that GSTMK2b bound active p3&
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Table 5: Inhibition of p38& by MK2a 370-40C° consistent with data obtained from binding studies between
p38ux and a homologue of MK2a, MK3, in which the binding

: substrate Inhibitor 1 (nM) affinity between p38 and MK3 was greatly reduced upon
6His—MK2a 51-400°  MK2a 370-400 59.9+ 4.4 mutation of basic residues in the carboxy terminus of MK3
6His—MK2a 51-400°  FITC—MK2a 370-400  38.5+1.8 ; -

GST-ATE-2 1-10F MK2a 370-400 5304 3.7 (26). The decrease in the affinity of the p881K2a complex

=The concentrations of MK2a 370100 required for half-maximal coincident with an increase in ionic strength is also consistent
inhibition, 1Cso, of MK2a or ATF-2 phosphorylation by activated p88 with an ionic interaction between MK2a 37@00 and the

(250 pM) were determined. The experiments were performed in aCidiC.domains (CD an.d ED) of the p@&locking groove.
triplicate. The level of inhibition of 6His-MK2a 51—400 (25 nM) Mutations of acidic residues in the CD and ED domains of

activation was measured by the reduction in the level of 6M&2a p38x resulted in significant reductions in the affinity of pB8
51-400-dependent phosphorylation of GSISP1 179-339 (10uM). PO ;

¢ The inhibition of GST-ATF-2 1—-109 (10uM) phosphorylation was for MKS (26). Thus, |or_1|c Interactions bet.Ween MK2a and
assessed. the CD and ED domains of the p&&locking groove are

likely contributing to the strong affinity of the complex.

The MK2a Carboxy-Terminal Domain Is a Potent Inhibitor _Hydrophobic interactions between numerous hydrophobic

of p38&1-MK2a Function.Steady-state kinetic and thermo- esidues of MK2a 378400 and the docking groove of p&8
dynamic binding studies suggest that the carboxy-terminal €0Uld also contribute significant binding energy to the
domain of MK2a should be a potent inhibitor of p&8To complex. X-ray crystallographlc and mutagenesis studies of
test this hypothesis, the inhibition of p8&atalysis of MK2a ~ P3&+MKK3b peptide and p3&@-MEF2A peptide complexes
and ATF-2 phosphorylation by the MK2a 37800 carboxy- |nd|cat_e that hydrophobic |nteract|on§ are prltlcal _for. the
terminal domain was studied. The MK2a 37400 peptide formathn of these comp_lex_eSQ). Thus, in addition to ionic
and the FITG-MK2a 370-400 peptide designed for stopped- interactions, hydrlophoblc interactions may also make sub-
flow experiments were observed to be potent inhibitors of Stantial contributions to the affinity of the p@eMKza
MK2a phosphorylation (Table 5). The data confirm a high- COMPlex.

affinity interaction between the MK2a carboxy-terminal ~ The interaction between the MK2a docking domain and
domain and p3&. The MK2a 376-400 domain also potently ~ p38u is not essential for MK2 phosphorylation and activa-
inhibited the phosphorylation of ATF-2, demonstrating that tion, but it appears to be required for efficient activation of
the carboxy terminus of MK2a does not specifically block MK2a under conditions where substrate MK2a concentra-
MK2a activation, but prevents the phosphorylation of ATF-2 tions are low, as might be expected in a cellular context.

in vitro. The catalytic efficiency of MK2b phosphorylation by p88
as measured by the specificity constant, is at least 2 orders
DISCUSSION of magnitude lower than the catalytic efficiency of MK2a

phosphorylation, 1. 10° M~1 s™1. This is consistent with

The classical approach to the study of the signal trans- the observation that the mutations of key MK2a docking
duction pathways, involving phosphorylation, immunopre- QOma|n residues _(385388) resultin aS|gn!f|cant reduction
cipitation, and pull-down assays, has been based on theln the level of activation of MK2a by p38 in cell28), and
premise that they are simple linear cascades that transfert iS consistent with the observauqn that the production .of
sequential downstream signals via the phosphorylation andTNFa from macrophages expressing full-length MK2a is
activation of downstream kinases and effector proteins. Significantly greater than the production of Tdlfin the
Cellular and genetic deletion studies of these pathways Presence of MK2b and MK2 constructs lacking the docking
indicate that the pathways are far more sophisticated. Wedomain that is required for efficient activation of MK2 by
have performed the first thermodynamic and steady-stateP38 (2).
kinetic analyses of p38MK2 signaling complexes to gain While the complex formed between MK2a and p38
new insight into signaling function, catalysis, and inhibition. is tight, it must possess flexibility to allow for the phos-
High-affinity complexes, containing both activated and phorylation of three spatially distinct residues. The steady-
nonactivated forms of p38and MK2a, were characterized state kinetic studies of MK2a phosphorylation have dem-
by ITC, stopped-flow fluorescence, SPR, and steady-stateonstrated that residues in the MK2a kinase domain (T222
kinetics, in defining and quantifying signal transduction and S272) and a residue outside the kinase domain (T334)

through this pathway. are phosphorylated at similar but distinct rates by @38
The identification of high-affinity p3&-MK2a complexes, =~ Phosphorylation of these three residues has been shown in
exhibiting Ky values of 210 nM, and p3&-MK2a 370— mutagenesis studies to be required for maximal activation
400 carboxy-terminal domain complexes with similar af- of MK2a in vitro and in cells 83). The SPR binding studies
finities indicates that MK2a residues 37000 form a p3& also indicate that p38 retains substantial affinity for

docking domain. The high-affinity interaction identified activated MK2a that is phosphorylated at each of the three
between MK2a 376400 and p38 suggests that the majority  residues. The binding affinity of activated p88or fully

of the binding energy between MK2a and p3& derived phosphorylated MK2a was only 1 order of magnitude lower
from the carboxy-terminal docking domain. Differences in than the affinity of activated p38for nonactivated MK2a.
the binding kinetics and the reduced enthalpy of binding of Thus, the data suggest that the docking of MK2a into the
MK2a 370-400 versus full-length MK2a indicate that docking groove of p3& allows for the phosphorylation of
additional contacts outside of the pB&locking groove the three MK2a residues required for activation, and that
contribute only a small amount of additional binding energy, substantial docking affinity is maintained during the phos-
but may aid in binding specificity. These observations are phorylation of these residues.
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The observation that MK2a residue T334 is phosphorylated Nicole Furlani and Achim Lietz for their technical contribu-

by p3&. at a rate that is 23 times slower than that of

residues T222 and S272 could be significant in allowing for

tions to the SPR work.
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