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for the Measurement of JNK Activity in Cell Extracts
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Activation of JNKs is achieved by dual phosphorylation at
Thr and Tyr within a TPY motif which is distinct from corre-
sponding motifs in other MAP kinases. The JNK signal
transduction pathway is stimulated in response to a wide
array of cellular stresses, as well as by the engagement of
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A colorimetric enzyme-linked immunosorbent assay
(ELISA) for the measurement of kinase activity of c-
Jun N-terminal kinases (JNKs) in cell extracts is de-
scribed. The assay involves passive immobilisation of
the substrate GST-cJun on the surface of a microtiter
plate, selection of JNK protein Kinases directly in sub-
strate-coated wells, kmase reaction, and detection of

. substrate phosphorylat:on by a phosphoepttope spe-

cmc antlbody The ablhty of this assay fo selectlvely
measure JNK actnnty relies on the hlgh affmlty m-
teractlon between JNKs and’ c- -Jun. Accordmgly, we
folun t_h" JNKs could be captured on the microtnter
plate surface thr 1
cJun Moreover JNKs retamed the specmclty of thelr
mteractlon wnth and phosphorylatlon of o-Jun W|th re-
spect to the dependence on both mtact dockmg do-
main and the dlmerlsatton state of c-Jun Th|s novel
procedure represents a marked :mprovement on con-
ventional radioactive assays in terms of sensntwnty,
accuracy of evaluation, low time consumption, high
throughput and amenability to automation. It is ex-

~ pectedtobeuseful forthe acceleratlon andfacilitation .~
of JNK actnuty measurementin cell extracts, in partic- S

ular for Iarge-scale screenmg of clinical samples.
Key words: ELiSA /Kinase assay / MAPK/
Protein immobilisation.

Introduction

The ¢-Jun N-terminal kinases (JNKs), also refetred to as
stress-activated protein Kinases (SAPKs), are proline-di-
rected serine/threonine kinases that represent one of the
five currently known subclasses of the mitogen-activated
protein kinase (MAPK) superfamily. The JNK group com-
prises ten isoforms arising from alternative splicing of
three distinct JNK gene transcripts (Gupta et af., 1996).
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gh bmdmg to the lm oblllsed GST-

cytokine receptors, receptor tyrosine kinases, and ser-
pentine receptors {reviewed in Whitmarsh and Davis,

1996). The importance of JNK protein kinases is under-

lined by their implication in a plethora of physiological
processes suchas hematopoiesis (Hu et al., 19986; Kiefer
et al., 1996, Nishina et al., 1997), oncogenic transforma-
tion (Raitano et af., 1995; Cavigelli et a/., 1996; Xu ét al.,
1996; Frey and Mulder, 1997), -ischemia (Pombo et af.,
1994), T cell activation (Su et al., 1994), leukocyte emigra-
tion (Read et al., 1997), apoptotic cell death (Xia et al.,

1995; Verheij et al., 1996; Chen of al., 1996; Zanke et al.,

19964a; Ichijo et al.,-1997; Yang et al., 1997; Goillot et al.,

1997), and both ‘early embryonic development and im-

mune response n Drosophila {Sluss ef al.,~19986: Rlesgom
‘Escovar et al.; 1996). ‘Many investigators aim to charac-
" “terise the role of UNKs in such processes or to uncover

new modes of action of this pathway. Thus, a rapid, sensi-
tive, high-throughput assay for measurement of JNK ac-
tivity in cell extracts would be of great value. -
Conventional radioactive JNK assays combrise three
basic protocols which ensurethe specn‘tcny of.JNK meas-
urement: e :
(i) a frequently used |mmunocomp!ex assay employlng
- isoform-specific antibodies (Yan et al., 1294); -

. ( iy a :solid-phase assay .based.on -specific - rnteract[on

between JNKs and c-Jun (Hlbl eta! "I 993}, and
(m) anin- gel assay relying upon recoverlng of INK actlwty

by renaturatton after 8SDS- gel electrophoress (Hlbl et

al.,; 1993). . :
These JNK assays use the native protein substrate ¢c-Jun,
often fused to glutathione S-transferase (GST), which is
phosphorylated -during the kinase reaction employing
[2P]ATP. After substrate (i and i}, or kinase (i) separation
by gel electrophoresis, substrate phosphorylation Is as-
sessed by autoradiography. These procedures are un-
doubtedly sufficiently specific, but they also possess
several drawbacks particularly noticeable in high-through-
put screening: they are laborious, not amenable to au-
tomation and require *2P, a high-energy B-emitter which
needs special handling, generates radioactive waste, and
has a half life of only 14 days. This considerably restricts
the flexibility of these procedures. Moreover, these assays
are carried out at subphysiological levels of ATP owing to
the necessity of keeping [*2PIATP levels within experimen-
tally permissive limits.

certain classes of cell surface receptorszincludingseverak————-
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To bypass the limitations of traditional radioactive

 procedures, several ELISA-based assays for the meas-

urement of activity of recombinant and purified protein
tyrosine kinases have been developed (Cleaveland et a.,
1890; Lazaroetal., 1991; Farley etal., 1992; Angeles et al.,
1996; Cheng and Hui, 1996; Lehel et af., 1997). In general,
these procedures use immobitised synthetic peptide or
polymer substrates which are phosphorylated by the ki-
nase of interest. The phosphorylation of substrateis eval-
vated by detection with a phosphotyrosine antibody and
an appropriate secondary antibody conjugate. Unfortu-
nately, the peptide substrates cannot be used in MAP
kinase assays because of the stringent requirements of
these enzymes for native protein substrates {Robinson
et al., 1996). Therefore, we recently developed an ELISA-
based kinase assay for ERK2, JNK2, and p38 MAP kinas-
s that employs the immobitised GST-conjugated protein
substrates Elk-1, c-Jun, and ATF2, respectively (Forrer ef
al., 1998). This rapid nonradioactive procedure makes use
of phosphoepitope-specific antibodies that selectively
recognise the sites phosphorylated by individual MAP ki-
nases. We found that recombinant MAP kinases mostly
retain their specificity in phosphorylation of immobilised
substrates, although hydrophobic adsorption of such im-

"‘mobilised proteins might result in severe alterations in

their structure {Schwab and Bosshard, 1992; Butleret al.;
1992; Houen and Koch, 1997). Since the phosphorylation
of immobilised substrates fulfilled also all structural re-
quirements for such a reaction, we concluded that MAP
kinases retained their ability to undergo SpeCIfIC blpartite
interactions with the respective substrates.

The binding of JNKs to their substrate c-Jun has re-
cently been found to be a prerequisite for efficient phos-
phorylation (Hibi ef al., 1993; Derijard et al.;1994; Kallunki
et al., 1994). This binding was ascribed to a short docking
region of c-Jun {termed & domain} adjacent to the phos-
phoacceptor sites. Both active and inactive JNKs associ-

ate with ¢-Jun;-however,-phosphorylation of c-Jun by'

active INKs results in dissociation of the c-Jun-J NK com-

plex {Hibi et al., 1993; Dai et af., 1995).-The ability of INKS

to bind c-dun was traced to a small B-strand-like region

near the catalytic pocket of these enzymes (Kallunkietaf.,”

1994). This specificity-determining region located be-
tween subdomains IX and X also represents a region with
the major. sequence differences between individual JNK
isoforms, ‘thereby explaining their different binding affini-
ties to c-Jdun (Gupta et al.; 1 996).'Similar‘docking interac-
tions between JNKs and a distinct binding domain appear

- todirect the phosphorylation of transcription factors ATF2

(Gupta et al., 1995; Livingstone et af.,; 1995; Gupta et al.,
1996}, ATFa (Bocco et al., 1996), Elk-1 (Gille et a/., 1 995),
and NFAT4 (Chow et al., 1997).

By employing such specific, high-affinity interactions
as a selection too! for JINKs, we aimed in this work at de-
veloping an ELISA-based assay for measurement of JNK
activity in cell extracts. We found that JNK protein kinases
could be captured on the microtiter plate surface through
theirbinding to the immobllised GST-Jun. The interactions

between JNKs and the immobilised substrate retained
their specificity with respect to the dependence on both
intact docking domain and the dimerisation state of the
substrate, and therefore conferred specificity to the kinase
selection step of this assay. Finally, the usage of a phos-
phoepitope-specific c-Jun antibody, that selectively
recognises the sites phosphorylated by JNKs, provided
an additional level of specificity to the measurement of
JNK activity by this novel method.

Results

We recently developed an ELISA-based procedure for the
nonradioactive measurement of kinase activity of recom-
binant JNK kinases (Forrer et al., 1998). In order to find a
convenient surrogate method for the tedious measure-
ment of JNK activity in cell extracts by immunocomplex
assay, we further sought to merge the convetiience of
ELISA technology with tools for selection of JNKs. We de-
scribe here a novel colorimetric ELISA-based JNK assay
which employs.immobilised GST-cJun (aa 1-79), a well-
characterised substrate of JNKs, and takes advantage of
the highlyspeoiﬁc intéraction betweeh JNKs and c-Jun for
the selective enrichment of ceiiularJNKs onthe surface of
el m:crotrter plate. The substrate phosphoryiatnon m thls
assay ;s detected by a phosphoepntope-specnﬁc antlbody
recognlsrng c-Jun phosphorylated on Ser73 and upon
mcubatron with the secondary antrbody con]ugated

kalme phosphatase the colour deve!opment rs mo tored :
by measunng the absorbance at410. nm The expenmen- '

tal conditions of all steps of this assay have been optl-'
mised and are mcorporated inthe standard protoo :
scribed in Materlals and Methods Aithough all expen-

ments were done wsth Iysns buﬁer contamlng phos hate :
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Fig.1 Dependence of Signal on the Substrate Coating Concen-
tration.

Wells were coated for 2 hat 37 °C with theindicated concentration
of GST-cJun diluted in TBS. 50 png/well of extract from starved
NIH3T3 irradiated with 200 J/m? UV-Cwere added and incubated
overnight at 4°C. ELISA was performed as described in Materials
and Methods, Each data point represents the mean of three par-
aliel determinations * s.e.m. from one ELISA experiment.
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buffered saline, Tris buffered saline can be used equally
well. This assay tolerated aiso higher concentrations of
the nonionic detergents Nonidst P-40 (1%; w/v), Triton X~
100 (0.1%; w/v), and Tween-20 (0.19%; w/v). However,
commonly used components of lysis buffers like the ionic
detergent SDS (0.1%; w/v) or the reducing agent DTT
(0.5 mu) led to a drastic reduction of the obtained signals,
Additives like Mg?*, which might facilitate an illegitimate
phosphorylation of the substrate during the incubation
with cell extract, should also be omltted from the Iys:s
buffer (data not shown).

in order to determine the optimal substrate concen-

tration-for plate coating,.the.signal was measured in.re=-
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sponse toincreasing GST-cJun concentrations. As shown
in Figure 1, the signal intensity continuously increased
within the concentration range used in this experiment. To
keep the substrate consumption low, the GST-cJun con-
centration of 0.5 ng/well was chosen for all subsequen’t
experiments.

To provide evidence that no illegitimate phosphoryla-
tion of GST-cJun took place during the overnight incuba-
tion with the cell extract at 4°C, we examined the time
course and the ATP dependence of the kinase reaction.

- We found that the reaction rate of GST-cJun phosphoryla-

tion’ was constant for 120 min, and that the kinetics curve
intersected the ordinate at the zero point (Figure 2A). This
result suggested that the substrate phosphorylation was
confined to the kinase reaction step of this assay. As
shown inFigure 2B, the kinase actlvntymcreased alsoinan
ATP- dependent manner, and the response was saturable.
The apparent K., value for selected kinases (14 = 2 M)
correeponded well with our previous results obtained with
recombinant JNK2 (Forrer et al., 1998). Moreover, conver-
gence of the ATP dose response curve with the abscissa,
i.e. the absolute requurernent for extraneous ATP again
ruled out the possibility of any illegitimate phosphorylation
of GST-cJun prior to the kinase reaction step. It is worth
pomtang out in this context that the assays us:ng radloac-
tive tracer ATP are inefficient'at ATP concentratlons close
to the. physuologlcat millimolar levels, ‘unless -a large
amount of radicactive ATP is added. In contrast for this
ELISA-type of assay, no substantial loss of sensrtlwty was
observed in the millimolar range.

Next, we compared the signal-to-enzyme concentra—
tion relationship for the JNK activities present in extracts
from NIH3T3 cells that had been irradiated with UV-C or
left untreated. Both kinase reactions were linear with re-
specttothe protein content over atleast one order of mag-
nitude (Figure 3A). As expected, an approximately ten-fold
increase in the extent of GST-clun phosphorylation was
observedin extracts from UV-treated cells. As determined’
by immunoblotting, the levels of JNK1 and JNK2 proteins
remained unchanged after UV-C treatment (data not
shown). We also tested whether recombinant, fully-active
JNKs (Khokhlatchev et al., 1997) were able to deliver sig-
nals comparable with their cellular counterparts. Indeed,
signals generated by as little as 5 ng of recombinant JNKs
could be detected (data not shown).

ed overnlght at 4°C ‘and ELISA was performed ‘as described in
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Fig.2 Time Cotirse and ATP Dependence of the Phosphoryla-
tion Reactron )

{A)Kinase bufferwnhout ATP wawqed atthe begmnmg ofthe 190
min incubation period. Then, at 20 min intervals, ATP was added
to a final concentration of 1mm, and the kinass reaction was al-
lowed to proceed for indicated time periods. {B) The effect of ATP

. onthe phosphorylation of GST-cJun was examined by varying the

ATP congcentratiori in the kinase buffer. The data were fitted by

non!mear regressnon into the Michaelis-Menten equatron usmg'-‘_ .
) SlgmaPlot {Jandel, 8an Rafael, CA, USA), and the apparent Ko .
vallgof 14 £ 2 BM was obtalned Inboth expenments 50 p.g/welt e

of extract from UY- treated NIH3TS cells wers added and inct

Materials and Methods. Each data point in (&) and (B) is the mean

of three parallel determinations * s.e.m. from one ELISA experi-.

ment, . .-

Although not necessary for most abplications; we next

sought to reduce the amount of extract and the length of
incubation required for the binding of sufficient quantities
of JNK molecules to generate detectable signals. To pur-
sue this task, we took advantage of favourable properties
of polyethyiene glycol (PEG), a water-soluble, hydropho-
bic and nondenaturing polymer, which is known to cause
macromolecutar crowding, and consequently to facilitate
the interaction of binding partners (Maehara et af., 1985;
Harrison and Zimmerman, 1986). As shown in Figure 3B,
by using 156% PEG 8000 we were able to reduce both the
amount of extract and the incubation time necessary for
efficient JNK binding about five-fold. Nevertheless, be-
cause of problems with the protein precipitation encoun-
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an 3 Lmeanty ofthe JNKAssay

A Extracts from untredted or UV-irradiated (200 J/m"’) starved

NIH3T3 cells were diluted several times by a factor 1.5 and incu-
bated-overnight at 4°C. (B) Extracts from untreated or UV-irradi-

ated (200 J/m?) starved NIM3T3 cells were supplemented withan -

equal volume of lysis buffer containing 30% PEG 8000, diluted
severaltimes by factor 1.5 and incubated overnightat 4 °C. ELISA
was performed as described in Materials and Methods. Each data
point in (A) and (B} is the mean of three paral!el determmatlons +
s.eam. from one ELISA expenment SRR oo

tered at h:gher protem concentratrons PEG is to be used
with caution. e

In order to. examine the specnflcny of thls JNK assay, we
attempted to deplete individual JNKisoforms from the cell
extracts. A polyclénal antibody recognising JNK1 (C-17,
Santa Cruz), that was able to deplete this isoform com-
pletely (as judged by immunoblotting), caused up to'50%
reduction of .the -measured  kinase -activity (data not
shown). Unfortunately, no JNK2-specific antibody avail-
able to us could deplete the extracts of this isoform which
presumably accounts for the residual phosphorylation of
GST-cdun.

To further analyse the spemfrcnty of this assay, we ex-
amined whether the kinase binding during the selection
step retained its dependence on the docking domain of ¢-
Junwhich s distinct from, and located N-terminally to, the
phosphoacceptor sites. For this purpose, we compared
the phosphorylation rate of GST-cJun (aa 1-79) with the
phosphorylation rate of GST-AcJun (aa 43-223) which

lacks the critical N-terminal residues. As shown in Figure
4A, the selected kinases exhibited a strong preference for
the substrate with the intact docking domain. We previ-
ously demonstrated that the deletion of this domain leads
to an approximately four-fold reduction inthe rate of phos-
phorylation of immobilised GST-¢cJun by recombinant
JNK2 (Forrer et al., 1998). Here, the effect of this deletion
was substantially larger. Thus, besides itsrole in phospho-
rylation, the docking domain of ¢-Jun appears to be im-
portant also for the capturing of INKs during the selection
step of this assay. Since both natural JNK substrates and
the GST fusion proteins are dimers (Lim et a/., 1994), we
were interested whether the dimerisation contributes to
the binding and phosphorylation of c-Jun by JNKs. We
therefore fused ¢-Jun and Ac-Jun with the monomeric
bacteriophage iambda protein D (pD) {Forrer and Jaussi,
1988). As shown in Figure 4A, these monomeric sub-
strates appeared to be entirely ineffective in the binding
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Fig.4 Influence of N-terminal Docking Domain and of Fusion
Partner on the Binding and Phosphorylation of JNK Substrates.
The wells were coated with 0.5 ug/well of GST-cJun (A) or GST-
ATF2 (B}, orwith equimelar amounts of other fusion proteins ag
described in the text. Subsequently, 50 pg/well of extract from
UV-treated NIM3T3 cells were added and incubated overnight at
4°C, and ELISA was performed as described in Materials and
Methods. The rate of phosphorylation obtained for GST-cJun ot
GST-ATF2 was setto 100% for each data set. Each data barin (A)
and (B} is the mean of three parallel determmatlons +s.e.m. from
one ELISA experlment
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Fig.5 Specificity of the Kinase-Substrate Interaction.
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{A) The competition assay with inactive recombinant JNK1, JNK2, and p38 kinases was performed as described in Materiat and Methods.
Briefly, the kinases were dephosphorylated by lambda phosphatase, and thereafter 1, 10, and 50 pg/well of JINK1, or equimelar amounts
of JNK2, p38, or only lambda phosphatase {mock) were allowed to pre-bind in the GST-cJun coated microtiter plate for 12 hat 4°C. Sub-
sequently, 50 pg/well of extract from Uv-treated NIH3TS cells (E50) were added and incubated for additional 12 hat4 °C. Therate of phos-

phorylation obtained for ES0 was set to 100%. (B) The extracts from UV-treated NIH3T3 cells were preincubated with 2, 20and 200 pg/ml

of recombinant GST or GST-cJunfor2 h onice. Afterwards, the mlxtures were inctibated on GST-cJun Ccoated microtiter plate overright
at4°C, and ELISA was performed as described in Materials and Methods. Each data bar in (A) and (B) is the mean ofthree paraliel deter-

minations + s.e.m. from one ELISA experiment.

and/or -capability- of -being :phosphorylated :'.by'-,cellular =

JNKs, and again, this effect surpassed many-fold our pre-
vious observatlons obtained with recombinant INK2. Fi-
nally, since the transcription factor ATF2 is phosphorylat-

ed by INKs with an efﬂclency comparable to ¢-Jun, we .

also exammed the structural reqmrements for the immo-
bilised ATF2-der|ved substrates. As shown in Figure 4B,
analogouisly to ¢-Jun, we obssrved the same dependence
on both intact N-terminal docking domain and the dimeri-
sation state of this substrate. Collectively, these data point
to the necessity of substrate dlmensatlon perse, asapre-
requisite for binding and phosphorylat[on of substrates by
JNKs. : e . L

Due to dlffuswn rate control and a slow off—rate reac-

._tlons between binding partners on sol:d phase seldom_‘,

reach equilibritm within the time range used for ELISA ex-
periments (Nygren and Stenberg, 1985; Franz and Stege-

mann, 1991 Nygren and Stenberg, _‘1991) Therefore, the

rules for competltwe binding of reagents in solution phase
where the. reactlon is reversible and not Imited by diffu-
sion, do not apply tothe nonequmbnum solid phase con-

_ dntlons Consequently, it is not surprising | that the amount

of reagents irequired for .efficient competmon .on solid
phase :is usuaily cons1derab!y ‘higher :than the amount

© required under equivalent solution phase conditions. De-

spite this fact, we decided to further analyse the assay
specificity by coniducting competition experiments with
inactivated recombinant kinases. We singled out two rep-
resentative JNK isoforms—JNK1a1 and JNK2a2, which
have been reported to display a significant difference in
binding to c-Jun (Gupta et al., 1996), and a related protein
kinase p38a, which is known to be activated by almost
identical stimuli as the JNK pathway, and might, therefore,
be detrimental for the specific measurement of JNK activ-

I

ity in this 'as_say. As, s_hoWn in-Figure 54, with. increasing -

concentrations both JNK1a1 and JNK2a:2 competed effi-

ciently with cellular JNKs for GST-cJun binding, aithough, |

as expected, JNK2a2 was the better competitor. In con-
trast, p38« kinase was even at high concentrations entire-

ly unable to compete for GST-cJun These results imply
that the activity of some JNK isoforms s, due to tighter -

binding to ¢c-dun, detected preferenhaliy over the activity

. of others, and that p38 kinase does not interfere with the

measurement of "JNK activity in this assay.

. Finally, we tested whether the kinase selection is spe- .
cific for ¢-Jun. As shown in Figure 5B, in contrast to GST-

alone, the added recomblnant GSTcdun efﬂmentiy com-

peted with the immobilised substrate for the. blndlng o
“JNKs from cell extract, Hence the k:nase seiectlon in thlsﬁf
“assay is indeed mediated by the blndlng to’ c-Jun “ahd is

not attributable to any unspecific interaction.

Dlscussmn

Onglnally, JNK proteln kinases were identified as a novel
subgroup of the MAP kinase superfamily that bind to the ¢-
Jun transactivation domain, phosphorylate it on Ser63
and Ser73, and are potently activated in response to the
oncoprotein Ha-Ras and UV irradiation (Hibi et al., 1993;
Derijard etal., 1994). Overthe past several years, the over-
whelming complexity of activating stimuli and the exten-
sive ramification of upstream signalling elements became
apparent. Many investigators aim at characterising the
role of JNKs in various physiological processes or to un-
cover new modes of action of this pathway. Thus, a rapid,
sensitive, high-throughput assay for measurement of JNK
activity in cell extracts would be of great value.
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Traditional radioactive assays, although sufficiently
specific, possess several drawbacks which make them
unattractive especially for large-scale screening. In partic-
ular, low throughput, laboriousness, hazards associated
with waste disposal and handling of radioisotopes, as well
as the high amount of cell extract required for a single
analysis, i.e. low sensitivity, are the major obstacles hind-
ering widespread use of these assays. In addition, ra-
dicactive procedures use subphysiological ATP and sup-
raphysiological substrate concentrations, and are often

accompanied by evaluation problems such as high back- -

ground, and nonlinearities introduced by autoradiography
and photographic processing.

in contrast, the ELISA-type of JNK assay described
here avoids all of the above difficulties. It is straightfor-
ward, precise, well suited for high-throughput screening
and is not encumbered by inaccuracy in evaluation. We
demonstrated that the phosphorylation of the substrate is
confined to the kinase reaction step, and that no illegiti-
" mate phosphorylation by unrelated kinases took place
during the kinase selection step, i.e. during the incubation
with cell extract. Although for sensitivity reasons we were
not able to directly monitor the binding of cellular JNKs to
GST-cdun, we demonstrated by competition experiments
that the kinase selection is mediated by the specific bind-
ing of JNKs, particularly JNK2 isoform, to c-Jun. At the
same tin;ie,‘this binding proved to be dependent on the in-
tact docking.domain of c-Jun which is known to deliver a
major contribution to binding of JNKs to ¢c-Jun. Further-
more, the linearity of this assay with respect to the amount
of extract and the time course of the kinase reaction en-

sures an accurate evaluation. Finally, the sensitivity of this - -
procedure surmounts those of radioactive assays tp to- -
100-fold; whereas about 1 mg of total protein is usually re--

quired in the radioactive procedures, here aslittle as 10 ug
sufiiced 1o generate a satisfactory signal {an amount that

permits repeated analysis of biopsy samples). Moreover, -

the sensitivity of the ELISA procedure might be further im-
proved by employing chemltummescent mstead of colon-
‘metric detection. - Wedth s e
As stated above, the spec:flc:ty in thJs JNK assayiscon-
ferred by the high-affinity interaction between JNKs and
their substrate c-Jun. Such interactions are a hallmark of
MAP kinase signal transduction cascades. Récently, sev-
eral consecutive members of these cascades werereport-
ed to associate with each other The' recnprocal interac-
tions between MAPKK kinases and activating GTPases
(Teramoto et al.;1996; Fangereta! 1997), MAPK kinases
and MAP kinases (Sanchez &t al., 1994; Zanke et al.,
1996b; Fukuda etal. , 1997), as well as various members of
the MAPK family with a number of adaptor, scaffold, or
even inhibitor proteins (Choi et af., 1994; Marcus et al.,
1994; Kharbandaetal., 1995; Martietal., 1997; Posas and
Saito, 1997; Whitmarsh ef al., 1998) have been proposed
to assure the specificity within these signal transduction
pathways. For kinase assays, however, the specific inter-
actions between substrates and the respective MAPKs
may be particularly valuable. In addition to the interaction

with c-Jun, \JNKs are known to associate with several
other transcription factors, e.g. ATF2 (Gupta st al., 1995;
Livingstone et al., 1995; Gupta et al., 1996), ATFa (Bocco
et al., 1896), Elk-1 (Gille ef al., 1995), NFAT4 (Chow et al.,
1997), and c-Rel (Zanke ef al., 1996b), and to date, a dis-
tinct domain responsible for the binding to JNKs has been
described for ATF2, Elk-1, and NFAT4. Similarly, ERK MAP
kinases have also been reported to associate with their
substrates c-Myc (Gupta and Davis, 1994), Elk-1 (Yang et
al., 1998b), Spi-B (Mao et al., 1996), p90rsk (Hsiao ef af.,

1994), and Mnk1 and Mnk2 (Waskiewicz et af., 1997). -

Moreover, the targeting of ERK MAP kinases 1o their sub-
strates Elk-1 and é—Myo appears to be directed by specif-
ic interactions with distinct docking domains, although in
the case of Elk-1, the modes of binding to ERK and JNK
are different (Yang et al,, 1998a}. Therefore, analogously to
c~Jun in the procedure presented here, Elk-1-based re-
combinant proteins might be particularly good candidates
for serving as selective substrates in an assay monitoring
ERK activity. In general, the employment of specific ki-
nase-substrate interactions in ELISA-based kinase .as-
says would be superior to selection by specific antibodies
as used in radioactive immunccomplex - assays. Apart
from the low sensitivity and laboriousness of such proce-

.dures, the use of antibodies forkinase selection mightlead

to a high background owing to cross-reactivity in ELISA. -
The applicability of ELISA-based kinase assays is fimit-
ed by their semiquantitative nature-with respect to the de-

“termination of the-amount of phosphate mcorporated into '

substrate. Accordmgly, the assay presented here can be
used for comparison of JNK activities in different: samples;

“however, the day-to-day variations, a factor that may dis-

able performance of large-scale screenings, are not ex-

_ cluded. Such adverse effects, however, can be eliminated
by introduction of internal and external standards. As an
internal standard, we used GST-cJun in vitro phosphory—. '
lated by JNK2 (Forreretal., 1998). Alternatively, a JNK ¢ en-.

. zyme sample with defined dctivity or a Iyoph:hsed ‘extract’

from actwated NIH3T3 cells could be used as external
standards. - TR A AT R

R conclus:on we establlshed a color;me’crtc ELISA-
based INK-assay that could assist in monitoting of UNK
activity in cell extract samples of different origin. This nov-
el ‘procedure ‘represents -a-marked :mprovement upon
conventional radioactive JNK assays in terms of sensitivi-
ty, accuracy, low tirme consumption, high throughput, and
amenability to automation. ‘To our knowledge, this is the
first reported ELISA-based kinase assay that specifically
measures a single selected kinase activity in cell extracts.
It has a potential to be adapted for other kinase-substrate
pairs where the interactions are sufficiently specific and
where the phosphoepitope-specific antibodies are avail-
able.

J R NP

R N AALLLE (L a0k 0 it s A Sy g 3 8 01 e




3

Materials and Methods

Materials

The following reagents were used: polystyrene 98-well microtiter
plates Immulon 4 {Dynatech Laboratories, Embrach-Embraport,
Switzerland); Ni-NTA agarose and the pQE30 system (Qiagen,
Basel, Switzerland); glutathione Sepharose 4B (Amersham Phar-
macia Biotech, Dibendorf, Switzerland); polyclonal antibodies
detecting c-Jun phosphorylated on Ser73, and ATF2 phosphory-
lated on Thr71 {(New England Biolabs, Beverly, MA, USA); poly-
clonal antibody detecting JNK1 (C-17} and alkaline phosphatase-
conjugated goat anti-rabbit IgG& (Santa Cruz Biotechnology, San-
ta Cruz, CA, USA); Complete Mini EDTA-free protease inhibitor

cocktailand 4-nitrophenylphosphate (4-NPP) {Boehringer Mann- ..

heim, Mannheim, Germany); polyethylene glycol (PEG) 8000 (Flu-
ka, Buchs, Switzerland); bovine serum albumin (BSA) (Sigma,
Buchs, Switzerland); and Dulbecco's Modified Eagle Medium
{DMEM) and donor calf serum {DGS) {Life Technologies, Basel,
Switzerland). All other reagents were of the highest purity avail-
able.

Bacterial Expression Vectors

Bacterial expression vectors (pGEX derivatives, Pharmacia
Biotech) for GST-cJun (aa 1-79) and GST-AcJun (aa 43-223)
(Derijard et al., 1994), GST-ATF2 {aa 1-109) and GST-AATF2 (aa
60-109) {Gupta ef al., 1995) were kindly provided by Dr. B. Davis
(University of Massachusetts Medical School, Worcester, MA,

USA). Plasmids for the expression of monomeric protein sub-
strates were generated by employing the novel bacterial expres-
sion vector pDEX (Forrer and Jaussi, 1998), which is a pQE30 de-
rivative containing the bacteriophage lambda coat protein D (pD)
as fusion partner. The appropriate DNA fragments were PCR am-
plified using the above mentioned GST expression vectors as
templatas, followed by subcloning into pDEX, Expression vectors
for the following N-terminaliy Hiss-tagged pD fusion protein sub-
strates were constructed: pD-cJun {aa 1-79), pD-AcJun (az 43~
79), pD-ATF2 (aa 1-99), and pD-AATF2 (aa 60-99). JNK1a1 and
JNK2a2 (Kallunki et af., 1994; Gupta et al., 1996) were PCR am-
plified from the plasmids pcDNA3-JNK1 and pcDNA3-JNK2
{(kindly provided by Dr. B. Dérijard; Centre de Biochimie, Nice,
France) and subcloned into pQE30. Abacterial expression vector
for Hisg-tagged p38a (Han et al,, 1994) was kindly provided by Dr.

J. Han (The Scripps Research Institute, La Jolla, CA, USA). Bac- ~

teriophage lambda protein phosphatase (lambda PPase) was
PCR amplified using wild-type phage and subcloned into pQES0.

Recombinant i’roteins

The GST fusion proteins were expressed in £. coli and purified by
glutathione affinity chromatography according to the instructions
fromm Pharmacia Biotech. All Hisg-tagged proteins were ex-
pressed in £. coli and purified by Ni**-chelate chromatography
according to the instructions from Qiagen with the exception of
lambda PPase where all buffers and the bacterial culture media
were supplemented with 4 miv MnCl,. All purified proteins were
dialysed against Tris buffered saline (TBS; 20 mm Tris-HCI, pH 7.5,
150 mm NaCl) and stored at —70°C in aliquots. Protein concen-
trations were estimated by a modified Lowry method using the
Bio-Rad DC protein assay (Bio-Rad Laboratories, Glattbrugg,
Switzerland) and BSA as a protein standard.

Cell Culture and Preparation of Cell Extracts

NIH3T3 ¢ells were maintained in DMEM supplemented with 10%
donor calf serum, 50 [U/ml penicillin, and 50 p.g/mi streptomycin.
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Extract from UV-treated cells was prepared by starving the cells
for 20 h by reduction of serum to 0.2%, followed by UV-C irradia-
tion with 200 J/m? using the Stratalinker UV-crosslinker (Strata-
gene), and incubation for 1h, The cells from & 150 cm? culture
plate were then rinsed with ice cold phosphate buffered saline
(PBS; 8.1mum NagHPO,, 1.5mm KHPO,, pH 7.4, 137 mmM NaCl,
2.7 v KCI), harvested with a rubber policeman in 1 ml ice cold
PBS containing 1 mM Na;VO, and 25 mM NaF, collected by short
spin centrifugation, resuspendedin 0.5 ml NP-40 lysis buffer [LB;
PBS containing 0.1% (w/A) Nonidet P-40, 25mmM NaF, 1 mm
NazVO,, 10muM B-glycerophosphate, 1 mm EGTA, 1 tablet/10 ml
of Complete Mini EDTA-free], incubated on ice for 30 min, and
centrifuged at 10000 g for 10 minat 4 °C. The supernatant was re-
tained and the protein concentration was estimated using the
Bio-Rad DC protein assay. :

JNK Assay (ELISA)

The microtiter plate was coated with 50 wl/well of GST-cJun pro-
tein substrate sotution (10 pug/ml in TBS) for 2 h at 37°C in a mi-
crotiter plate incubator (Solo, Denley, Billingshurst, England). Af-
ter washing four times {unless otherwise specified, all washes
were performed by rinsing with deionised water), the plate was in-
cubated with 200 pl/well of blocking buffer (BB; TBS containing
0.25% BSA, 0.05% Tween-20, and 0.02% NalNs) for 30 min at
room temperature. The plate was then washed twice, vortexed for
10 s, washed two times, and tempered at 4°C for 10 min. Subse-
quently, 50 plrwel of celi exiractin LB were loaded and incubated
overnight (approximately 12 h), or for 3 h if PEG was added, at
4°C. The plate was then rapidly washed twice with 200 plfwell
TBSs00 (20 mm Tris-HCI, pH 7.5, 500mM NaCl) containing 0.05%
Tween-20, and twice by adding TBS;g without detergent for §
min at 37°C, with vortexing after all wash steps. The kinase reac-
tion was initiated by adding 50 pl/well of kinase buffer (50 mm Tris-
HCI, pH 7.5, 10mm MgClz, 10 mm B-glycerophosphate, 100 pg/
miBSA, 0.1 mM iNazVOs, 1mmDTT, 1mm ATP) and allowed to pro-
ceed for 1h at 37 °C. The plate was then washed three times be-
fore it was incubated with phosphoepitope-specific antibody
{1:2000 in BB, 50 pliwell) for T h at 37 °C. After three washes, al-
kaline phosphatase-conjugated goat anti-rabbit IgG (1:2000 in
BB, 50 plfwel)) was added for 1 h at 37 °C to capture the antibody-
phosphorylated protein substrate complex. Finally, the plate was
washed three times, then washed and vortexed twice, and 75 pl/
well of alkaline phosphatase substrate solution (3mm 4-NPP,
50 mm NaHC0;, 50 mm MgCly) were added for 1 to4h at 37 °C. The
formation of 4-nitrophenoclate was measured at 410 nm using a
microtiter plate reader (Dynatech MR4000, Dynatech Laborato-
ries). The detection was linear until not mose than about 4% of the
plastic-bound substrate was phosphorylated as deduced from
signals generated by fully phosphorylated GST-cJun.

Competition Assay

First, the recombinantJNK1a1, JNK2a2, and p38c were dephos-
phorylated by lambda PPase to ensure the inactivation of partial-
ly autophosphorylated eénzymes. Kinase solutions {1 mg/mt in
TBS) were supplemented with 4 mm MnCland 10 pg/ml lambda
PPase, and incubated for 1 hat 37 °C. The decline of kinase activ-
ity was monitored as previously described (Forrer et af., 1998).
The kinase solutions were diluted two times, and for competition,
50 pliwell of dephosphorylated kinases were alfowed to pre-bind
in the GST-cJun coated microtiter plate for 12 h at 4°C. Subse-
quently, 50 plfwell of cell extracts in modified LB {TBS containing
0.1% (w/v} Nonidet P-40, 50 mm NaF, 2mm NasgVQ,, 20mm B-
glycerophosphate, 2mm EGTA, 2 tablets/10 ml Complete Mini
EDTA-free] were added, and incubated for additionat 12 h at 4°C.
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All further steps corresponded to the protocol deseribed in the
preceding paragraph.

For the competition by recombinant GST and GST-cJun, the
extracts from UV-treated NIH3T3 cells (1 mg/ml} were supple-
mented with recombinant GST and GST-cdun to a final concen-
tration of 2, 20 and 200 ug/ml and incubated on ice for 2 h. Sub-
sequently, 50 pi/mi of the mixtures were incubated on GST-cJun
coated microtiter plate overnight at 4°C, and ELISA was per-
formed as desciibed above. :
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