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ABSTRACT: Jun N-terminal kinase (INK) is a stress activated serine/threonine protein kinase that
phosphorylates numerous cellular protein substrates including the transcription factors c-Jun and ATF2.
In this study, we defined the kinetic mechanism for the active form of JNKDouble reciprocal plots

of initial rates versus concentrations of substrate revealed the sequential nature of the Jhdkdtyzed

ATF2 phosphorylation. Dead-end JNK inhibitors were then used to differentiate ordered and random
kinetic mechanisms for the reaction. A peptide inhibitor containing the homology JNK docking sequence
for substrate recognition, derived from amino acid residues—1863 of JNK-interacting protein 1
(JIP-1), inhibited JNK activity via competition with ATF2. This peptide functioned as a noncompetitive
inhibitor against ATP. In contrast, the anthrapyrazolone compound, SP600125, exhibited competitive
inhibition for ATP and noncompetitive inhibition against ATF2. Furthermore, binding of one substrate
had no significant effect on the affinity for the other substrate. The data in this study are consistent with
a kinetic mechanism for activated JN&2 in which (1) substrate binding is primarily due to the distal
contacts in the INK&2 docking groove that allow the delivery of the substrate phosphorylation sequence
into the catalytic center, (2) there is minimal allosteric communication between the pretdiatrate
docking site and the ATP binding site in the catalytic center for activated di2Kand (3) the reaction
proceeds via a random sequential mechanism.

The c-Jun N-terminal kinases (JNKsire stress-activated  the kinase domains among JNKg (0, 11). Specifically,
protein kinases that can be induced by inflammatory cytok- JNK3 shares 92% and 87% identical amino acids with INK1
ines, environmental stress, UV radiation, and mitogens and JNK2, respectivelyl().

(1-6). As such, JNK inhibitors have the potential to be  jNK activation is cooperatively mediated by MKK4 and
immuno-modulatory agents. A greater understanding of INK MKK7 through dual phosphorylation of the Thr-Pro-Tyr
enzymology may provide insights into efforts focused on motif located in the activation loop1—14). JNK also
developing JNK inhibitors as immuno-modulatory agents. contains a conserved common docking domain in the near

JNKs belong to the mitogen-activated protein kinase C-terminal region (as do other members of the MAPK
(MAPK) family, encoded by three distinct genes, JNK1, family) that is distant from the catalytic sitel§). This
JNK2, and JNK3T). JNK1 and JNK2 genes are ubiquitously docking site mediates JNK binding with its interacting
expressed, whereas JNK3 expression is primarily localized proteins including substrates, upstream kinases and phos-
in neuronal tissues and cardiac myocy@s{NK is a serine/  phatases (). Activated JNK interacts with a number of
threonine protein kinase with 11 subdomaiis Alternative  cellular protein substrates including transcription factors
splicing at two major sites yielded 10 JNK variants: (1) c¢-jun and ATF217). Phosphorylation of c-Jun results in
splicing at the C-terminus created isoforms that differ indimerization to form activator protein-1 (AP-1). In complex
length with unknown functional significance; (2) the alterna- \yith other DNA-binding proteins, AP-1 regulates the tran-
tive splicing within subdomains IX and X resulteddnand  scription of numerous inflammatory genes, including tumor
B-isoforms with distinct substrate selectivifg, ©, 10). High necrosis factor alpha (TN&, interleukin 2 (IL-2) and matrix
sequence homology was found within the region spanning metalloproteinases18—21). In addition to its role in

* To whom correspondence should be addressed. Phone: (650) 855 inflammation, activation of the JNK pathway has also been
5349. Fax: (650) 8523111, E.mail david.swinney@roche.com. _Implicated in cancer 22), neurodegeneration2§), and

+ Department of Biochemical Pharmacology. diabetes Z4). Gene-disruption and functional-interference

§ Department of Inflammation, Autoimmunity and Transplantation. studies provided some clues to the diverse context-specific

! Abbreviations: JNK, Jun N-terminal kinase, ATF2, activating  gctivities of JNKs 25). Multiple JNK isoforms have been
transcription factor 2; ATP, adenosine triphosphate;JIP,JNK-interactingf di iati f . h di
protein; MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK  found in association of various human diseast. (

kinase; MKK, MAP kinase kinase; MAPKKK, MAP kinase kinase JNK docks with specific scaffold proteins, known as JNK-

kinase; AP-1, activator protein-1;, BSA, bovine serum albumin; DTT, ; ; ; ; ; ;
dithiothreitol; GST, glutathion&transferase; EDTA, ethylenediamine- interacting proteins (JIPs), to form functional signaling

tetraacetic acid; HEPES\-(2-hydroxyethyl)piperazind¥-2-ethane- modules in cellsZ7—30). JIPs provide a scaffold to facilitate
sulfonic acid. the activation of JNK by upstream kinases. A small peptide
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Ficure 2: Dead-end substrate competitive inhibitors used in this
(©) Ping-pong mechanism: study for JNK kinetic mechanism investigation. (A) Structure for
AXx A B Bx SP600125. (B) Peptide inhibitor for JNK, JIP-1 (£5B63). (C)

l T l T Amino acid sequence alignment of JNK binding domains for
E E JIP-1, c-Jun, and ATF2. The consensus amino acids in JNK docking
E-Ax ExA Ex ExB  E<Bx domains are underlined in italic in the boxed region. The phos-

FIGURe 1: Kinetic mechanisms for enzyme-catalyzed two-substrate Phorylation residues in c-Jun and ATF2 by JNK are shown in bold,

reactions. (A) Sequential, ordered mechanism. (B) Sequential, talic font.

random mechanism. (C) Pirgpong mechanism.
product-inhibition kinetics35, 36). Therefore, in this work,

containing amino acids 153163 of JNK-interacting pro-  We chose to employ dead-end substrate competitors to define
tein-1 (JIP-1) has been found to inhibit INK activita]. the JNK kinetic mechanism. The anthrapyrazolone com-
Crystal structure analysis demonstrated that this peptidepound, SP600125 binds into the ATP pocket on JNK and
inhibitor binds in the conserved common docking groove of shuts down the phosphorylation reaction by forming a dead-
JNK that is important for substrate binding2j. end complex with the kinase. As a protein substrate analogue,

An in-depth understanding of the enzymatic mechanism J/P-1(153-163) peptide binds to the same docking site on
of INK-catalyzed phosphorylation is important to facilitate JNK as the protein substrate. The peptide, however, functions
the discovery of specific JNK inhibitors. JNK catalyzes a @S & dead-end inhibitor in JNK catalysis because of the
two-substrate reaction that involves the transfer of the absence of the JNK phosporylation site in its sequence.
y-phosphate group of ATP to the protein substrate followed Because these dead-end inhibitors have no reversible con-
by the release of ADP and the phosphorylated protein. N€ctions with the substrates in the JNK reaction, they become

Figure 1 shows the possible kinetic models for a bi-substrate Valuable tools in making definitive conclusions in the JNK
system. In ordered sequential reactions (Figure 1A), the kinetic mechanism characterization. Our resglts indicated
enzyme binds substrates and releases products in a specifithat JINK212-catalyzed substrate phosphorylation follows a
order. In random mechanisms (Figure 1B), there is no Séquential, random kinetic mechanism. Kinetic para-
obligatory order for the addition of substrates and the Meters indicated that there is no significant cooperative
dissociation of products. Ordered and random sequential'”teracnon between the binding sites for ATP and the protein
models require both substrates to be bound to the enzymeSubstrate.
in a ternary complex prior to chemical catalysis. However,
in a ping—pong mechanism (Figure 1C), only one substrate MATERIALS AND METHODS
can associate with the enzyme at a time. Upon dissociation Materials.[y-33P] ATP and glutathione sepharose 4B resin
of the first product, the second substrate binds to the enzymewere purchased from GE Healthcare (Buckinghamshire,
followed by the release of the second product. England). MultiScreen 96-well plates were purchased from
In order to better understand the mechanism of the JNK Millipore (Burlington, MA). Anthra[1,9ed|pyrazol-6(H)-
enzyme reaction, we conducted steady-state kinetics studie®ne (SP600125) and BSA were purchased from Sigma-
using active human JNK22 and the JNK-specific dead-end Aldrich (St. Louis, MO). Dithiothreitol (DTT) was from
inhibitors, SP600125 (Figure 2A) and JIP-1 (351%3) Promega (Madison, WI). ATP was from Roche Applied
peptide (Figure 2B). Because of the sequence homologyScience (Indianapolis, IN). Active mouse MKK4, active
between the JNK isoforms, JINK2 was considered repre- human MKK7l, and inactive human JNK2 were pur-
sentative of the family. SP600125 is an anthrapyrazolone chased from Upstate (Lake Placid, NY). The JIP-1
compound identified by Celgen&3). Differentiation be- (153-163) peptide, RPKRPTTLNLF, was synthesized by
tween random and ordered mechanisms for a sequentialAnaSpec, Inc. (San Jose, CA).
reaction requires the use of either dead-end inhibitors or Expression and Purification of Ae# Human JNK@2.
product-inhibition studies 34—36). In product-inhibition The recombinant, active human JN&2 kinase was gener-
analysis, the reversible link between the product and substrateated in anE. coli expression system by coexpression of its
can complicate the kinetic patterr&5]. However, the dead-  two upstream kinases MAPKK (MEK4) and MAPKKK-
end enzyme-inhibitor complexes have the advantage in the (MEKKZ1) (37). cDNA expression plasmids encoding human
study of the catalytic reaction in a single direction to avoid MEK4 (pQE30-MEK4) and the constitutively active mutant
the complications caused by the reversible reaction in protein of MEKK-1 (pBB131-MEKK1) were kindly provided
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by Professor Cobb from the University of Texas at South-
western Medical Center. The wild-type, full-length cDNA
clone encoding human N2 was purchased from Origene
Technologies, Inc. (Rockville, MD). By PCR amplification,
the full-length cDNA encoding JNK& and a bacterial
ribosomal binding site (AGGAGA) were subcloned upstream
of the full-length MEK4 cDNA fragment into the pQE30-
MEK4 plasmid. The resulting pQE30-JNK2-MEK4 plas-
mid directed the expression of INK2 with a His tag and
untagged MEK4.

The pQE30-JNK@2-MEK4 plasmid was then transformed
together with pBB131-MEKK1 intd=cherchia coliStrain
BL21 (Novagen, San Diego, CA). Expression of the active
JNK2a2 in E. coli was induced with 0.25 mM IPTG for
4 h at 37°C and then was purified by using Qiagen’s His-
tagged protein purification kit containing Ni-NTA superflow
columns. Specifically, cell pellets were first sonicated in lysis
buffer (50 mM NaHPQO,, 300 mM NaCl, 10 mM imidazole,
1x proteinase inhibitor cocktail without EDTA, 1 mM Na
VO, and 0.5% NP-40 at pH 8.0) and then were clarified by
centrifugation at 10,0aPfor 30 min. The supernatant was
incubated with Nit-NTA agarose beads (Qiagen, Valencia,
CA) with gentle rocking at £C for 1 h. The beads were
then transferred to the Ni-NTA column (Qiagene, Valencia,
CA) and washed with 20 column volume of washing buffer
(50 mM NaHPQ,, 500 mM NacCl, 25 mM imidazole, s
proteinase inhibitor cocktail without EDTA, 1 mM BNO,,
and 0.5% NP-40 at pH 8.0). His-tagged JNK2was finally
eluted from the column with an elution buffer (50 mM NaH
PO, 500 mM NaCl, 250 mM imidazole, A proteinase
inhibitor cocktail without EDTA, 1 mM NgvO,, and 0.05%
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1.25 mM EGTA, 15 mM DTT, 0.25 mM sodium orthovana-
date, 19 mM MgCJ, and 125:M ATP. For JNK activation
by MKK7al, the reaction was carried out by incubating
2 ug of human JNK&2 protein, inactive (Upstate, Lake
Placid, NY) or active (this work), with 1..xg of active
human MKK7a1 (Upstate, Lake Placid, NY) in 40L in a
buffer containing 20 mM MOPS at pH 7.2, 25 mM
p-glycerol phosphate, 5 mM EGTA, 1 mM DTT, 1 mM
sodium orthovanadate, 19 mM MgChnd 125uM ATP.

The specific enzyme activities of the human JIN#2
proteins, treated with or without mouse MKK4 or human
MKK7al, were measured by the phosphorylation of GST-
ATF2 (19-96) with [y-*3P] ATP. The reaction was con-
ducted with 60uM ATP (10uCi [y-33P] ATP) and 6uM
ATF2 at final volume of 40uL in a buffer containing
25 mM Hepes at pH 7.5, 2 mM dithiothreitol, 150 mM NaCl,
20 mM MgCh, 0.001% Tween 20, and 0.1% BSA. After
30 min of incubation at 30C, the reaction was terminated
by adding 25uL of 0.75% phosphoric acid. The reaction
product was then captured on a P81 phosphocellulose
membrane square filter (Upstate, Lake Placid, NY). The
filters were washed with 0.75% phosphoric four times to
remove the free radionucleotide. The incorporatior?3ef
into ATF2 was quantified on a liquid scintillation counter
(Packard, Meriden, CT).

JNK Enzyme Kinetic Assay®\K activity was measured
by the phosphorylation of GST-ATF2 using-f3P] ATP at
30 °C in filtration assay format. The enzyme reaction was
conducted in a volume of 4QL in a buffer containing
25 mM Hepes at pH 7.5, 2 mM dithiothreitol, 150 mM NaCl,
20 mM MgCh, 0.001% Tween 20, and 0.1% BSA. The

NP-40 at pH 8.0) and dialyzed overnight against a storage substrate kinetic profiles for the bi-substrate reaction were

buffer (50 mM Tris at pH 8.0, 150 mM NaCl, 1 mM DTT,

1 mM NaVO, 20% glycerol, and 0.05% NP-40). The
aliquot of the purified, active INK# protein was stored in

a —80 °C freezer.

ATF2 Expression and PurificatioeDNA encoding trun-
cated human ATF2 (amino acids-196) was generated from
the human brain cDNA library (Clontech, Mountain View,
CA) by PCR amplification, incorporating d-8top codon.
The amplified cDNA fragment was then sub-cloned into the
bacterial expression plasmid pGEX-2T as a GST-fusion
protein. The resulting plasmid, pGST-ATF2, was transformed
into the competenEcherchia colistrain BL21 (Novagen,
San Diego, CA). The expression of recombinant GST-ATF2
protein was induced by treating transformed cells for 5 h
with 0.4 mM IPTG at 30°C. The protein was then purified
with glutathione-agarose columns (B-PER GST Spin Puri-
fication Kit, Pierce Rockford, IL) according to the manu-
facturer’s protocol. The eluted protein was then dialyzed
against a storage buffer containing 100 mM NacCl, 50 mM
HEPES (pH 7.4), 5% glycerol, 1 mM DTT, and a protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN).

Activation of Human JNK&2 in Vitro by MKK4 and
MKK7al. All in wuitro activation reactions for human
JINK2a2 by upstream kinases, MKK4 and MKK7, were
conducted at 30C for 30 min. In the MKK4-catalyzed JNK
activation reaction, kg of human JNK&2 protein, inactive
(Upstate, Lake Placid, NY) or active (this work), was
incubated with 100 ng of active mouse MKK4 (Upstate, Lake
Placid, NY) in a volume of 4QuL in a buffer containing
50 mM Tris-HClI, at pH 7.5, 6.25 mi-glycerol phosphate,

determined from the initial rates measured with 1 nM
human JNK22 by varying the concentrations of one
substrate while holding the other substrate at several constant
concentrations. These assays typically contained GST-ATF2
in the concentration range of 6:Z uM, nonradioactive ATP

in the range of £150uM with 2—20 uCi [y-33P] ATP per
reaction.

To define the mechanism of INK inhibition, the inhibition
assays were carried out by keeping one substrate at constant
level of Ky, while changing the concentration of the other
substrate in the absence or presence of several fixed inhibitor
concentrations. Typically, the reaction mixtures contained
either the SP600125 or JIP-1(15863) peptide in the range
of 1— 10uM with 1 nM human JNK22. The concentrations
of the varied substrates in the inhibition assays were similar
to the ranges used in substrate kinetics studies.

All kinetic reactions were initiated by the addition of
enzyme and allowed to proceed, typically, for 30 min to
ensure linearity. The conversion of the limiting substrate to
product was never more than 10%. At the end of incubation,
the reaction was terminated by transferring /45 of the
reaction mixture to 15@L of 20% glutathione sepharose
slurry containing 135 mM EDTA. The reaction product was
captured on the affinity resin and washed on a filtration plate
with phosphate buffered saline six times to remove the
unreacted radionucleotide. Then the incorporatioff®into
ATF2 was quantified on a microplate scintillation counter
(Packard Topcount, Meriden, CT).

Kinetic Data AnalysisThe initial rates data from JNK
catalyzed two-substrate kinetic profiles were fitted to eq 1
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Ficure 3: Human JNK2:2 affinity purification.E. coliBL21 cells
expressing His-tagged active human JN#2were disrupted by
sonication. The cell lysate supernatant was loaded onto?& Ni
NTA agrose column for affinity purification as described in
Materials and Methods. Lane 1, cell lysate supernatant; lane 2, flow-
through from N#"-NTA column loaded with cell lysate supernatant;
lanes 3 and 4, initial and final wash, respectively, of théNi
NTA column loaded with cell lysate supernatant; lane 5, His-tagged
JNK2a.2 protein finally eluted from the Ri-NTA column. The St

lane contained molecular mass standards with indicated kDa values.

Coomassie blue staining of &42% NuPAGE gel (Invitrogen) is
shown.

(sequential mechanism) and eq 2 (pimpng mechanism)
using GraphPad Prism, version 4.0.

v = Vi Al[BY(Kind B] + Ko[A] +H[AI[B] + KiKp) (1)

)

where A and B represent substrateKm,, and Ky, are the
Michaelis-Menton constants of the substratés, is the
dissociation constant for substrate A from the free enzyme,
and Vmax is the maximum initial velocity.

The initial reaction rate data from JNK inhibition experi-
ments were fitted to the competitive inhibition model (eq
3), the noncompetitive inhibition model (eq 4), and the
uncompetitive inhibition model (eq 5).

V= Vinax [F(K, (1 + [IVKe) + [S) ®3)
V= Vinax [S(Key (1 + [1VKe) + [SI(L + [1/K;)) (4)
V= Vinax [S(K + [S(L + [1VK;)) ®)

In these equationd/max is the maximum velocityKn, is the
Michaelis—Menton constant for the varied substradés the
varied substratel, is the inhibitor, andKis and K;; are the
inhibition constants derived from the slope aythtercept
of Lineweaver-Burk plots, respectively. Data were analyzed
on Microsoft Excel for parameter estimation.

v = Vinax [AIB/ (K B] + K[ A] + [AI[B])

RESULTS

Human JNK2&2 Affinity Purification and Actiity Analysis.
The recombinant human JNK2 kinase was expressed in
active form inE. coli by coexpression with INK upstream
activation kinases as described in Materials and Methods.
The His-tagged human JNI&2 protein from the overex-
pression system was purified by affinity chromatography
using an Ni-NTA superflow column according to the standard
protocol (Qiagen). Figure 3 shows a highly purified band of
human JNK®&2 protein around 48 kDa (lane 5) in the eluted
fraction from the affinity column. The JNK preparation
displayed greater than 90% purity on the basis of a
Coomassie blue stained gel.
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FiIGURe 4: Human JNK®2 in uitro activation by MKK4 and
MKK?7. (A) Purified active human JNK&2 from this study or the
inactive human JNK&2 purchased from Upstate incubated with
or without mouse MKK4. (B) Purified active human JN&2 from

this study or the inactive human JN&2 from Upstate incubated
with or without human MKK®%1. The specific activities of the
JNKZ2a2 proteins were determined as pmol of phosphate transferred
from ATP to ATF2 per pmol of JNK protein per min under the
assay conditions described in Materials and Method. The error bars
represent the standard error of the mean of duplicate determinations.

The purified human IJNK&2 preparation was further
treated with JNK-specific upstream activation kinases,
MKK4 and MKK?7, to evaluate its activation status. These
results were compared with the inactive human JMK2
enzyme purchased from Upstate. As shown in Figure 4A,
the non-phosphorylated JNK2 from Upstate did not display
any detectable enzyme activity. The MKK4 treatment
activated the inactive JNK2 with a large increase of enzyme
activity. However, the active JNKi2 from our purified
preparation displayed similar specific enzyme activity with
or without MKK4 treatment. Similar conclusions were also
obtained from the MKK7-catalyzed JNI§2 activation
experiment (Figure 4B). The lack of an additional increase
in specific activity indicates that the human JNikZprotein
from our expression system is fully activated.

Substrate Kinetic Profile of Bi-Reactant Phosphorylation
Reaction Catalyzed by Human JNKinetic mechanisms for
enzymatic reactions with two substrates include two major
categories: sequential and pifgong. Distinctions between
sequential versus pirgpong mechanisms can be made by
analyzing initial rate data in LineweaveBurk plots when
one substrate is varied at several fixed levels of the other
substrate 35). Sequential mechanisms will exhibit a con-
verging plot pattern, whereas pirgong mechanisms will
give rise to a family of parallel lines with a constant slope.
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Ficure 5: Substrate kinetic profiles of a JNK-catalyzed two-substrate reaction. (A) Plot of initial reaction rate as a function of ATP
concentration at four fixed ATF2 concentrations of @M (x), 0.8uM (a), 1.6uM (O), and 3.2uM (4). (B) Double-reciprocal plot of
1/rate vs 1/[ATP] at four fixed ATF2 concentrations of Bl (x), 0.8uM (a),1.6uM (O), and 3.2uM (#). The best fit of the data with

ATP as the varied substrate to eq 1 yieldeldaof 0.54uM and aKj, of 1.2 uM for ATF2, and aK, of 5.3 uM for ATP. (C) Plot of the

initial reaction rate as a function of ATF2 concentration at four fixed ATP concentrationgdf (®), 2 «M (O), 4 uM (), and 8uM (x).

(D) Double-reciprocal plot of 1/rate vs 1/[ATF2] at four fixed ATP concentrations pML(¢), 2 uM (O), 4 uM (4), and 8uM (x). The

best fit of the data with ATF2 as the varied substrate to eq 1 yieldéd af 4.1 uM and aKj, of 10.2uM for ATP, and aK, of 1.1 uM

for ATF2.

Table 1: Kinetic Constants for Human JN&2 from suggests that there is no cooperativity between the ATP and
Two-Substrate Kinetiés protein substrate binding sites for activated JNR2 The
- insignificant substrate cooperativity was also reflected in the
substrate Km (M Kia (uM Kea? (Min4 Insign . . ) ;
. 423;0)9 1;1(1 0)9 ;([) (3j:36) double reciprocal plots (Figure 5B and D), in which the
GST-ATE2 08L03 134002 : ) family of lines intersect close to theaxis, suggesting that

aThe kinetic parameters were calculated from the data of three affinities of ATP and ATF2 to the free enzyme are essentially
independent exp%riments using the equation for the sequential mech-the S.ame as thelm values. The .Sequentlal feature of thF."
anism described under Kinetic Data Analysis. The standard deviations "€action suggests that JINK must bind both substrates, forming
are shown? The k. value, the catalytic constant of the enzyme, was a ternary complex to proceed with catalysis.
calculated fromVimax by using a known concentraion of JNK in the Inhibition of JNK by SP60012%Ve then determined the
reaction Vmax = ke [E1)- substrate-binding order for the JNK reaction using dead-end
Steady-sta’[e kinetics studies were performed using ATP Substrate inhibitors. The inhibition effect of SP600125 on
and the protein substrate ATF2 to differentiate between JNK was determined using both ATP and ATF2 as sub-
sequential and pingpong mechanisms. Initial rates were Strates. As shown in Figure 6, when using ATP as the
determined at four fixed concentrations of ATF2 with varying Variable substrate, the Lineweavddurk plots generated at
ATP concentrations (Figure 5A and B). A family of similar  several fixed inhibitor concentrations displayed a common
plots was also generated from initial rates determined with intercept on they-axis with slopes increasing linearly with
Varying concentrations of ATF2 at four fixed ATP concen- inhibitor concentrations. This result indicated ATP’s com-
trations (Figure 5C and D). The double-reciprocal plots of Petitive inhibition of SP600125 for JINK2 with a Kis of
1/v versus 1/[ATP] and 1/ versus 1/[ATF2] displayed  0.34uM.
converging line patterns. The results from three repeat When the ATF2 concentration was varied in the presence
experiments gave identical intersecting patterns in the of various constant levels of SP600125, the double-reciprocal
reciprocal plots. The data best fit a sequential mechanismplots revealed a noncompetitive inhibition pattern with a
for the JNK reaction (eq 1). The average kinetic constants group of converging lines that intersected at a common point
generated from these data are summarized in Table 1. Theon thex-axis (Figure 7A). The plot of either the slope or
equilibrium dissociation constants for ATP and ATF2 from y-intercept versus inhibitor concentration yielded a linear
the free JNK enzymeK() are within 2-fold of their relationship with &js of 0.48uM (Figure 7B) and & of
respectivek, values. The small difference in these param- 0.42uM (Figure 7C). The inhibition pattern and the average
eters, most likely in the range due to experimental variation, inhibition constants of SP600125 are shown in Table 2. The
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Ficure 6: JNK inhibition pattern by SP600125 with ATP as the 'é 200
varied substrate. (A) Double-reciprocal plot of 1/rate vs 1/[ATP] £ i
at five fixed inhibitor concentrations of OM (a), 1.25uM (x), £ 100
2.5uM (9), 5uM (W), and 10uM (A). (B) Re-plot of the slope <
from panel A vs inhibitor concentrations. The best fit of the data P
to competitive inhibition (eq 3) yielded s of 0.34uM. '1 0 1 2 3 1'1 5 ('5
noncompetitive inhibition pattern of SP600125 versus ATF2 [Inhibitor] (uM)
clearly rules out the possibility that ATF2 binds as the first Figyre 7: INK inhibition pattern by SP600125 with ATF2 as the
substrate in an ordered mechanism. varied substrate. (A) Double-reciprocal plot of 1/rate vs 1/[ATF2]

Inhibition of JNK by the JIP-1 (153163) Peptide.A at four fixed inhibitor concentrations of @M (x), 1.25uM (9),

distinction of an ordered versus a random mechanism was2-5#M (W), and 5uM (»). (B) Re-plot of the slope from panel A
vs inhibitor concentrations. The best fit of the data to noncompeti-

made using a peptide inhibitor, JIP-1(I5B63). Figure 8 o inhibition (eq 4) yielded & of 0.484M. (C) Re-plot of the
shows the inhibition mode of JIP-1 (15363) on INK2:2. y-intercept froEnqpa%gI A vs inhibitor coﬁcen(tre{tionsr.) The best fit
The common intersection point on tieaxis in the double-  of the data to noncompetitive inhibition (eq 4) yielde#;aof 0.42
reciprocal plots of rate versus ATF2 concentration indicated #M.

that the inhibition was competitive against the protein
substrate, with &;s of 0.99uM. The competitive result of ~ Table 2: Dead-End Inhibition Patterns and Inhibition Constants for
the JIP-1 peptide with ATF2 revealed that the binding of Human JNK22?

the molecules is mutually exclusive and is consistent with variable  inhibition

them competing for a common docking groove on JNE2 inhibitor substrate mode  Ks M) Ki@M)

These results support the idea that when JNK binds with its SP600125 ATP competitve ~ 0#0.1 N/A

substrates, the proteiprotein recognitions take place in the SP600125 GST-ATF2 noncompetitive @t50.2 0.5+0.1
. . JIP-1(153-163) GST-ATF2 competiive 1.2 0.3 N/A

common docking site on JNK, where the JIP-scaffold jp1 (153 163) ATP noncompetitive 1.6 0.8 1.3+ 0.3

pr(lit_elns aglzodlnteracz. tes that the JIP-1 tid a Each inhibition constant was calculated from data obtained in two
igure emonstrates that the -1 peptide (1B33) identical experiments using the equation for either competitive or

inhibited JNK noncompetitively versus ATP. Both the slope noncompetitive inhibition described under Kinetic Data Analysis. The
andy-intercept in the double-reciprocal plot changed linearly average results are shown.

as a function of increasing concentration of the peptide
inhibitor, resulting in &;s of 0.88uM (Figure 9B) and &; cooperative interactions between the binding sites of ATP
of 0..97/1M (Figure 9;:). The kinetic features of the JIP_-_1 and the protein substrate.

peptide are summarized in Table 2. The noncompetitive

mode of JIP peptide versus ATP further eliminated the pscussioN

possibility of an ordered mechanism with ATP as the first

binding substrate for the JNK reaction. In that case, JIP-1 In this work, we used steady-state kinetics analysis to
(153-163) would display uncompetitive inhibition against characterize the kinetic mechanism of active human JNK2
ATP, and the double-reciprocal plots would show a group The intersecting plot pattern in substrate kinetic profiles
of parallel lines with a constant slope at various fixed levels revealed the sequential nature of the JMRZ2reaction,

of the peptide inhibitor. Taken together, our data in this study indicating the involvement of a ternary complex in JNK
suggest a sequential, random mechanism for the JNK-catalysis. The substrate-binding order to JN&R2was
catalyzed phosphorylation reaction with no substantial determined using dead-end substrate competitive inhibitors.
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Because of the absence of an uncompetitive inhibition pattern [Inhibitor] (uM)

for either substrates, JNK2 must randomly bind ATP and 5,z 9: Inhibition of INK by JIP-1 (153 163) with ATP as the
ATF2 to form a ternary complex. Thus, the JNK-catalyzed varied substrate. (A) Double-reciprocal plot of 1/rate vs 1/[ATP]
phosphorylation reaction exhibits a sequential, random kinetic at five fixed inhibitor concentrations of M (4), 1.25uM (x),
mechanism. 2.5uM (0), 5uM (M), and 10uM (»). (B) Re-plot of the slope

. ; _ : from panel A vs inhibitor concentrations. The best fit of the data
The inhibition data with JIP-1 (153163) displayed a  "oorc e enitve inhibition (eq 4) yieldedH, of 0.88 M. (C)

single competitive inhibition component against the substrate, ge_piot of they-intercept from panel A vs inhibitor concentrations.
ATF2. The pure competitive nature of ATF2 against JIP- The best fit of the data to noncompetitive inhibition (eq 4) yielded

1(153-163) is consistent with the hypothesis that the JIP-1 aKj; of 0.97uM.

homology sequence plays an important role in the initial

substrate docking interaction. What is the quantitative Kinase binding capability39—41). The competitive inhibi-
importance of this role? In our hands, the affinity of the JIP- tion of JIP-1 (153-163) against ATF2 eliminated the
1(153-163) peptide for the inhibition of JINK2 activity possibility that the local phosphorylation sequence on the
is 1.1uM (Table 2), which is also similar to the dissociation JNK substrate independently binds into JNK phosphorylation
constant for ATF2 binding to INK, 1.3uM (Table 1). catalytic site without the docking element. If that were to
Bar and co-workers found that ATF2 and cJun peptides occur, the JIP-1 peptide would exhibit mixed type (noncom-
analogous to JIP-1(153163) were less effective inhibitors  petitive) inhibition with respect to ATF2 because of the
of JNK activity than the JIP peptide81). They observed  separated binding location of the JIP-1 peptide and substrate
39 and 36% inhibition of JNK activity, respectively, using on JNK. These data are consistent with a model of substrate
1.7 uM peptide, suggesting that thg for the inhibition of binding to JNK in which the majority of the initial binding
JNK activity is in the low micromolar range. These data energy results from interactions distal to the catalytic site
suggest that the JIP-1(15363) peptide, ATF2 peptide, and  with minimal contribution from the proximal substrate
ATF2 protein all bind to JNK with similar affinity. We also ~ phosphorylation sequence. This mechanism is similar to
found the JIP-1 peptide to be competitive with c-Jun for substrate docking events described for other MAP kinases
JINK202 (data not shown). This has also been reported for (42).

the inhibition of INKIx1 (38). These observations indicate Information on the cooperative interaction between the
that substrate binding utilizes the distal contacts in the JNK binding sites for ATP and the protein substrate can be
docking groove to mediate substrate recognition and that theascertained from the ratio d/Ki.. In a sequential bi-
substrate structure in the near vicinity of the phosphorylation substrate reaction, th&, of a substrate is determined from
site contributes little to substrate binding energy. Consistent the initial rate data when the enzyme is saturated with the
with this binding model, a high affinity peptide substrate other substratei, is defined as the equilibrium dissociation
based on the phosphorylation elements in ATF2 or c-Jun constant of the substrate from the free enzyme. The dis-
has yet to be reported. By itself, the sequence flanking the sociation constants for inhibitor release from the free enzyme
phosphorylation site on a substrate usually exhibits poor or the binary enzymesubstrate complexKis and Kj,
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respectively, define the ability of the substrate to alter the the order of substrate binding to a kinase can be affected by
binding site for the inhibitor 34, 43). In this study, an the substrate used in the investigati&f,(54—56). p38, a
approximately 2-fold difference was observed betwign well studied MAP kinase, displayed an ordered, sequential
andK, for both ATP and ATF2. This difference may reflect mechanism with the protein substrate ATF2 binding first
a slightly increased binding affinity for one substrate in the (53). However, when using a peptide substrate, ATP was
presence of the other substrate (Table 1). However, in theobserved to bind first52). The authors proposed that p38
JNK inhibition analysis using SP600125 and JIP-1 peptide, presents a random binding opportunity for the substrates and
the values ofKis and K; were essentially the same thatthe preferred order is highly dependent on the phosphoryl
(Table 2), indicating that there is no substantial cooperative acceptor. Clearly, JNK differs from p38 in having a random
interaction between the ATP site and the substrate dockingmechanism when the protein substrate ATF2 is used.
site on INK22. Similar results were observed with INKIL, Interestingly, the Michaelis constant for ATF2 binding to
which showed that the JIP-1 peptide had a similar affinity p38 was 12-fold greater than the dissociation constant,
for JINK and that JNK complexed with ATR38). These indicating that the binding of ATP affected the binding of
results are in contrast to the results of Heo et 32) that GST-ATF2. The random mechanism for the JNiZbinding
showed that the binding of the same JIP-1 peptide decreaseaf ATP and ATF2 is consistent with the lack of cooperativity
the affinity of INK1 for ATP. Using ITC, they observed an between the docking domain for the protein substrate and
approximately 3-fold decrease in affinity for ATP upon the the ATP site in the catalytic center of INK2.
binding of the JIP-1 peptide. Structural studies supported A basic understanding of kinetic characteristics of an
these findings, that is, peptide binding was observed to induceenzyme target is required to establish sensitive methods to
a hinge motion between N-terminal and C-terminal domains detect inhibition. In this work, we revealed that the JNIR2
of JINK and distortion of the ATP binding cleft. They also reaction proceeds with a random, sequential mechanism. INK
found a similar affinity of the JIP-1 peptide for JNK1, can associate with analogue inhibitors in the presence and
0.42uM, using ITC to measure direct binding, as reported absence of the protein substrate or ATP. Therefore, both
here for the JIP-1 inhibition of the steady-state phosphory- catalytic and direct binding assays will be appropriate for
lation of ATF2 by INK2x2 (1.1uM). Barr and co-workers  JNK inhibitor development.
(31) also observed th&y value for the JNK2-JIP peptide The data in this study are consistent with a kinetic
interaction to be in the low micromolar range using surface mechanism for activated JNK in which (1) substrate binding
plasmon resonance/BlAcore technology. is primarily due to the distal contacts in the INK2docking

A major distinction between this study and the one by groove that allow the delivery of the substrate phosphory-
Heo et al. is that this study used activated JR2whereas  lation sequence into the catalytic center, (2) there is minimal
the study by Heo used inactivated JNKIL It is possible  allosteric communication between the protein substrate
that the different results are due to a difference in the humandocking site and the ATP binding site in the catalytic center
JNK isoforms generated from the alternative splicing of three for activated JNK&2, in contrast to what is observed with
JNK genes; however, they share highly conserved sequencehe inactivated JNK1, and (3) the reaction proceeds via a
homology with similar overall structurel{, 32). An alterna- random sequential mechanism.
tive explanation for the differences between the two studies
relates to the structure of the ATP binding site in activated ACKNOWLEDGMENT
versus inactivated JNKs. Comparing the results suggests that
ATP binds a little more tightly to the activated form
(4.3 uM) than the inactivated form (18M). Binding in the
substrate docking domain decreases the affinity of ATP for
the inactivated enzyme but has no effect on the affinity of ReFERENCES
ATP for the activated enzyme. Heo and co-workers proposed
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change in the catalytic binding site that increases the
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phorylation motif. The release of the phosphorylation loop, 2.
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