
deviation from topological equilibrium for 
relaxation predicted by the model agrees 
\n th  our expenmental results and provldes 
an explanation for the puzzling observa- 
tion that type I1 topoisomerases are much 
better at decatenation and unknotting 
than relaxation (10, 13, 14). 

The ability of type I1 topoisomerases to 
directionally simplify DNA topology is in 
accord with their vhvsioloeical role in 
DNA repllcatlon and' chromosome segrega- 
tion 125). Every turn of the double helix , . 
that is replicated introduces a positive su- 
percoil or catenane link into topologically 
constrained DNA, which must be faithfully 
and rapidly removed by topoisomerases. 
However, given the high intracellular DNA 
concentration (26) and the vresence of 
DNA condensing agents, the topoisomer- 
ases might instead be expected to ensnarl 
chromosomes (27). Our discovery that type 
I1 topoisomerases untangle DNA molecules 
against the thermal drive may help solve 
this problem. 
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A Cytoplasmic Inhibitor of the INK Signal 
Transduction Pathway 
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The c-Jun amino-terminal kinase (JNK) is a member of the stress-activated group of 
mitogen-activated protein (MAP) kinases that are implicated in the control of cell growth. 
A murine cytoplasmic protein that binds specifically to JNK [the JNK interacting protein-1 
(JIP-I)] was characterized and cloned. JIP-1 caused cytoplasmic retention of JNK and 
inhibition of JNK-regulated gene expression. In addition, JIP-1 suppressed the effects 
of the JNK signaling pathway on cellular proliferation, including transformation by the 
Bcr-Abl oncogene. This analysis identifies JIP-I as a specific inhibitor of the JNK signal 
transduction pathway and establishes protein targeting as a mechanism that regulates 
signaling by stress-activated MAP kinases. 

T h e  JNK signal transduction pathway is 
activated in response to environmental 
stress and bv the engagement of several - - 
classes of cell surface receptors, including 
cytokine receptors, serpentine receptors, 
and receptor tyrosine kinases (1). Genetic 
studies of Drosophiln have demonstrated 
that JNK is required for early embryonic 
development (2). In mammalian cells, JNK 
has been implicated in the immune re- 
sponse ( 3 ) ,  oncogenic transformation (4, 
5), and apoptosis (6,  7). These effects of 
INK are mediated, at least in part, by in- 
creased gene expression. Targets of the JNK 
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signal transduction pathway include the 
transcription factors c-Jun, activating tran- 
scription factor-2 (ATFZ), and Elk-l (1 ). 

Although JNK is located in both the 
cytoplasm and the nucleus of quiescent 
cells, activation of JNK is associated with 
accumulation of INK in the nucleus (8). 
Interaction with anchor vroteins is one 
mechanism that may account for the re- 
tention of JNK in specific regions of the 
cell. Anchor proteins participate in the 
regulation of multiple signal transduction 
pathways, including the nuclear factor 
kappa B inhibitor IKB,  the A-kinase an- 
chor protein (AKA!?) group of proteins 
that bind tyve I1 cvclic adenosine 3',5'- , 

monophosphate-debendent protein ki- 
nase, and the ~ 1 9 0  vrotein that binds 
Ca2--calmodulin-dependent protein ki- 
nase I1 19). These anchor vroteins localize , , 

their tethered partner to specific subcellu- 
lar comwartments or serve to target en- - 
zymes to specific substrates (10). Anchor 
proteins may also create multienzyme sig- 
naling complexes, such as the Stejp MAP 
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kinase scaffold complex and the AKAP79 
kinase-phosphatase scaffold complex (I 1 ). 

We used the yeast two-hybrid method to 
identify proteins that interact with JNK 
(1 2). A group of seven independent clones 
corresponding to overlapping fragments of 
one cDNA were identified. This protein, 
designated as the JNK interacting protein-1 
(JIP-I), contains an NH2-terminal JNK- 
binding domain (JBD) and a putative SRC 
homology 3 (SH3) domain in the COOH- 
terminus. The putative SH3 domain is most 
closely related to domains in the tyrosine 
kinase c-Fyn and the p85 subunit of phos- 
phoinositide-3 kinase. JIP-1 is widely ex- 
pressed in murine tissues (Fig. 1A). 

We examined the interaction of JIP-1 
and JNKl by coimmunoprecipitation anal- 
ysis of lysates from COS-1 cells that were 
transfected with vectors encoding JIP-1 and 
JNK (Fig. 1B). JIP-1 was detected in JNKl 
immunoprecipitates by protein immunoblot 
analysis. Conversely, JNKl was detected in 
JIP-1 immunoprecipitates. Coimmunopre- 
cipitation of transfected JIP-1 with endog- 

enous JNKl and JNKZ was also observed 
(13). Exposure of the cells to ultraviolet 
(W) radiation caused no change in the 
amount of the JNK-JIP-1 complex that was 
detected. The related MAP kinases extra- 
cellular signal-related kinase-2 (ERK2) and 
p38 did not coimmunoprecipitate with 
JIP-1 (13). 

To test whether JIP-1 interacts directly 
with JNK, we performed in vitro binding 
assays. The putative' JBD (residues 127 to 
281) was expressed as a glutathione-s- 
transferase (GST) fusion protein. Recombi- 
nant JNK prepared by in vitro translation 
(14) was incubated with GST-JIP-1 that 
was immobilized on glutathione-agarose. A 
similar amount of binding to JIP-1 was de- 
tected in assays with 10 different human 
JNK isoforms (14). 

JNK binds to the transcription factors 
c-Jun and ATFZ in an isoformdependent 
manner (1 4, 15). Thus, a larger amount of 
JNKZ than JNKl bound to c-Jun and ATF2 
(Fig. 1C). In contrast, the amount of JIP-1 
that bound to JNKl and JNKZ was similar 

Fig. 1. Binding of JIP-1 A h r n  c 
to JNK in vivo and in g b C D ~ . C ~  

B IP IB 
,ggz.s f E!?! m 

vitro. (A) The tissue dis- a w m r  ~nti-HA Y. +FI~@IP-1 
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Northem (RNA) blot - 
analysis of polyadenyl- * 

ated mRNA isolated JIP-r 
4 

from diierent murine tis- 
sues. The integrity of the 
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* 

mRNA was examined by 
hybridization to an actin 
probe. The mobility of 
RNA molecular size Actin ~ & c . I  
standards is indicated 
on the right in kilobases. 
(B) JNK-JIP-1 complex C 
formation in vivo. COS-1 
cells were mock-trans- 
fected [control (Con.)] or - 
transfected with Flag- - -- 0- 

JIP-1 and HA-JNK1 . The 
8 z g z Z ~ C  a cells were irradiated n J N N w ~ ~ ~ Z  

without (-) or with (+) ,.LJ,&L- l a %  

" Z 2 C  
W-C (40 J/m2) and in- 
cubated for 1 hour. Ly- 
sates prepared from the kD 
cells were examined by 53+ 
protein immunoblot (IB) 34+ ' 

m- 
D PI 

analysis with a mixture of 28' m 
antibodies to Flag and 
HA (bottom panel). Flag 3 6 $ 6  6 6 C  

N N N N I ; y g  

immunoprecipitates (IP) x R " ~  r? A & 
were probed with a my- 3 N  7 u. 

clonal antibody to JNK1 s 
(middle panel), and HA immunoprecipitates were probed with an antibody to Flag (top panel). (C) 
Deletion analysis of JIP-1. The GST fusion proteins (Coornassie-stained gel) and the results of the 
binding assay (immunoblot) are shown. The binding of JNKl and JNK2 to GSTand GSTfusion proteins 
corresponding to residues 127 to 202,203 to 281,164 to 240, and 127 to 281 of JIP-1; residues 1 to 
79 of cJun; and residues 1 to 109 of ATF2 is also shown. The mobility of mdecular size standards is 
indicated on the left in kilodaltons. (D) Binding of JNKl and JNK2 to GST and GST fusion proteins 
corresponding to JIP-1 with small deletions between residues 127 and 202. The mobility of mdecular 
size standards is indiied on the left in kilodaltons. 
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(Fig. 1C). Furthermore, the amount of JNK 
that bound to JIP-1 was greater than the 
amount of JNK that bound to ATF2 or 
c-Jun (Fig. 1C). Titration experiments 
demonstrated that the affiiity of JNKZ for 
JIP-1 was approximately 100-fold greater 
than the affinity of JNKZ for c-Jun (13). 
Control experiments demonstrated that 
JIP-1 did not bind to p38 MAP kinase (1 3). 
Together, these data demonstrate that JNK 
binds JIP-1 with greater affinity than the 
transcription factors ATFZ and c-Jun. 

The JBD of JIP-1 (residues 127 to 281) 
bound to JNKl and JNKZ (Fig. ID). No 
JNK binding with the central region of the 
JBD (residues 164 to 240) or with the 
COOH-terminal region (residues 203 to 
281) was detected (Fig. ID). However, JNK 
binding activity was observed in experi- 
ments that used the NH,-terminal region 
(residues 127 to 202). The effect of progres- 
sive deletions within the JBD indicated that 
JIP-1 residues 144 to 163 are important for 
the interaction of JIP-1 with JNK (Fig. ID). 
We prepared a series of synthetic peptides 
corresponding to this region. Competition 
studies demonstrated that a peptide repre- 
senting the wild-type JIP-1 sequence caused 
a dosedependent inhibition of JNK bind- 

A --- Control 

JlP(148-174) 

Fig. 2 Small NH,-terminal region of JIP-1 is suf- 
ficient for interaction with JNK. (A) Cell lysates 
containing Flag-epitope-tagged JNKl were incu- 
bated with GST and GST-JIP-1 (residues 127 to 
281) bound to glutathione-Sepharose, and bound 
proteins were detected by protein immunoblot 
analysis with an antibody to Flag. The effect of 
increasing concentrations (0,4,8, 16,32, and 64 
d m l )  of synthetic peptide corresponding to 
JIP-1 residues 148 to 174 or to a peptide with a 
scrambled sequence (control) was examined. (8) 
Binding of JNKl to GSTand GST-JIP-1 (residues 
127 to 281) was examined in the absence and 
presence of synthetic peptides (64 pg/ml). The 
effect of the wild-type peptide (JIP-1 residues 148 
to 174), peptides with point mutations (substiu- 
tion with Gly) [ThPQ + GlylSQ (T159G)](18), and 
a peptide with a scrambled primary sequence 
(control) was examined. The mutant JIP(159- 
162G) was constructed by replacement of JIP-1 
residues 159 to 162 with Gly. 
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ing to JIP-1 (Fig. 2A). In contrast, a peptide 
with a scrambled sequence caused no 
change in JNK binding. This region of JIP-1 
contains three amino acids (LyslS5, ThrlS9, 
and Leula) that are conserved in the JBDs 
of ATFZ and c-Jun. A hydrophobic amino 
acid (Leu) at residue 162 is also found in 
c-Jun (Leu) and ATFZ (Phe). Individual 
replacement of each of these residues with 
Gly caused a reduction in the peptide com- 
petition of JNK binding to JIP-1 (Fig. 2B). 
Together, these data are consistent with a 
role for LYsls5, ThrlS9, Leula, and Leu16' in 
the function of the JBD of JIP-1. 

The similarity between the JBDs of JIP- 
1, c-Jun, and ATF2 suggests that JIP-1 may 
compete with these transcription factors for 
interaction with JNK. We therefore exam- 
ined the effect of JIP-1 on JNK activity. 
Phosphorylation of JIP-1 by JNK was de- 
tected. JIP-1 also inhibited phosphorylation 
of c-Jun by JNK (Fig. 3A). In contrast, JIP-1 

caused no change in the phosphorylation of 
substrates by the related MAP kinases p38 
and EM2 (Fig. 3A). We also examined the 
effect of the JBD (residues 127 to 281) on 
the activation of transcription by the JNK 
signal transduction pathway in cells that 
were stimulated by fetal bovine serum. The 
JBD did not inhibit the reporter gene ex- 
pression mediated by the activation do- 
mains of the transcription factors c-Myc 
and Spl or the viral proteins VP16 and Ela 
(Fig. 3B), but it did inhibit the transcrip- 
tional activity of c-Jun and ATFZ (Fig. 3C). 
The partial inhibition of Elk-1 transcrip- 
tional activity (Fig. 3C) probably reflects 
the role of ERK, JNK, and p38 MAP ki- 
nases in Elk-1 regulation (8, 16). Inhibition 
of JNK-regulated gene expression was 
caused by JIP-1, JBD, and a form of JIP-1 in 
which the SH3 domain was deleted (Fig. 
3D). These data indicate that JIP-1 sup- 
presses signaling by JNK. 

ulated sgna  transduct~on ". - z 
cells expresstrig JIP 1 'At 5 , JNK P38 ERK '5 1 5 .- m Cantro~ - r IRn 

Select~ve ~nh~b~t ton of JNK 1.00: 

act~vity by JIP-I. CHO cells 0.75, 
viere serum-starved for 1 $ , 

hour and treated w~ th  or 0.501 
vi~thout mouse nterleukn-1 a 

a 0.25 
!lL-1, 110 ng:mil {JNK and $ 
0381 or I 0 0  nM uhorbol 12- o 
rnyr~state 13-acetate iERK1. -+-+ -+-+ ---- IL-l 2 O.O  GAL^ Myc Ela Spl "PI6 ---- - ---  -+-+ PMA 

Pr3tetn k~nase act~vity ~ ~ a s  --++ --++ --++ JIp.1 

rrieasured n mrnune com 
C plex k~nase assays by - 

D 

means of 3 k g  of substrate 
ERK. JNK and p38 MAP kl- 
nase )/ere assayed w ~ t h  c- 
Jun, ATF2, and myeitn basc 
orote~n as sirbstrates, re- 
spect~vely The effect of the 
addtlon of 3 k g  of GST or 
GST-JIP-1 !residues 127 to 
202 ,vJas exarn,ried (61 Ef- 
fect of JBD iJP-1  resdues 

2 0 6 '  

.- 
9 0 0  

\NT Mu1 WT Mut W M u t  
c-Jun ATF2 Elk-1 

127 to 291 I on reporter gene 
exr;resson rred~ated bv the GAL4 DNA b ~ n d n q  E . WKI .MU(* z .llP.1 

dor-iain GAL41 and GAL4 tus~ons w~ th  the c ~~c I 
E'a S D ~  and VP16 act~vat~on domans 79) CI 
Eriect of JBD on reporler ge le  expression ?led1 
a t ~ d  b~ GAL4 -c Jun  id type WT I]  GAL.1-c- 

I 

Jun iS63A S73A) [rnutat~on (Mut,] GAL4 ATF2 A"1 JNK1 

1 ViT I GAL4 ATF2 1 T69A T71Al 1Mut1 GAL4 
Elk 1 Y O )  and GAL4-Elk 1 rS383Ai (Mutt I 13) 
IDI Erect of J P  1 ( WT, a delet~or mutant l a c ~ ~ n g  
the SH3 domain rlSH31 ires~dues 491 to 540) 
and the JBD on reporter gene expression rned~at 
ed tb, GAL4 ATFZ and GAL4 ATF2 ! T69A T i l A 1  
l i 8 i  E) lnd~rect rnmcrnof~~~orescence analysis of 
the subcellular distr~nuton of transfected JNK1 Antl-JIP 
and JIP 1 The cells were exposed to UV C 140 
J .n r for 1 hour before ttxa'lon Flag-JP 1 sias 
detected w~ti- the M2 antbody and a Texas Red- 
ccnlugated secondar), aqtibod, iredl HA-JNKI 
?.as detected ~ v ~ t h  a polycona ant bod) to HA 

1 
and fluoresce~n sothocyanate-labeled secondary antbodv (green, Three dimensional rnages #ere 
coected by dlgta rnaglng rrlcroscopy ( 1  7 1  Single optical sectlons or the Images are presented 

JIP-1 was detected in the cytoplasm of 
control (13) and UV-irradiated cells (Fig. 
3E). In contrast, JNK was detected in both 
the cytoplasmic and the nuclear compart- 
ments of cells (Fig. 3E). To investigate how 
cytoplasmic JIP-1 can inhibit the nuclear 
function of JNK, we examined the distribu- 
tion of JIP-1 and JNK in transfected cells. 
Expression of JIP-1 reduced the amount of 
nuclear JNK in UV-irradiated cells (Fig. 
3E). In contrast, JIP-1 caused no change in 
the subcellular distribution of p38 MAP 
kinase (1 3), which was also located in both 
nuclear and cytoplasmic compartments of 
cultured cells (1 7). Thus, overexpression of 
JIP-1 causes cytoplasmic retention of JNK 
(Fig. 3E). 

The ability of JIP-1 to inhibit substrate 
phosphorylation and gene regulation by 
JNK (Fig. 3) suggests that JIP-1 may inhibit 

LTR TK-neo LTR-neo TK-Bcr-Abl 

LTR-JBD TK-Bcr-Abl LTR-as-JBD TK-Bcr-Abl 

Fig. A JIP-1 inhibits pre-B cell transformation by 
Bcr-Abl. (A) JNK activation by v-AM and Bcr-Abl is 
suppressed by JIP-1. JNK a c t i i  was measured 
in an immune-complex kinase assay of 293 cell 
lysates by means of a pdydonal JNK antibody 
and the substrate GST-Jun. The effect of trans- 
fedon of the cells with plasmid vectors that ex- 
press V-AM, Bcr-AM, and the JBD of JIP-1 (resi- 
dues 127 to 281) is presented. (8) Primary mouse 
marrow cells were infected with the bi-cistronic 
retroviruses illustrated (20). The mean density 
(X 1 04) (+SE) of nonadherent pre-B cells on day 
10 is presented. The data shown are derived from 
three independent experiments plated in triplicate. 
The empty box in the first line indicates that the 
vector does not contain an insert in this position. 
(C) Photomicrographs of representative plates 
from (B) are shown. 
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the biological effects of the JNK signaling 
pathway. We investigated the effect of JIP-1 
on the promotion of apoptosis by JNK after 
the withdra~val of nerve growth factor 
(NGF) from PC12 cells (6 ) .  Expressio~l of 
the JBD of JIP-1 (residues 127 to 231) 
reduced the NGF lvithdra~val-i~~duced apo- 
ptosis by more than 9046 (13). These data 
demonstrate that JIP-1 suppresses the bio- 
logical actions of the JNK signal transduc- 
tion pathxay. 

W e  also examined the effects of JIP-1 011 

oncogenic transformation. The Bcr-Abl leu- 
kemia oncogene causes activation of JNK, 
hut not ERK (5). Thus, transformation hy 
BCY-Abl may he mediated, in part, by the 
JNK signaling pathway. Expression of BCY- 
Abl or the viral oncogene v-Abl caused 
constitutive activation of JNK (approxi- 
mately fivefold), which was blocked by co- 
expression of JBD (Fig. 4.4). We prepared 
hi-cistronic retroviruses expressing Bcr-Abl 
alone or together with JBD in the sense and 
antisense orientations (Fig. 4B). Immuno- 
blot analysis of Bcr-Abl and JBD confirmed 
that the retrovlral constructs expressed the 
appropriate proteins. The recombinant ret- 
roviruses were used to infect primary mar- 
row cells, and the transformation of precur- 
sor B cells (pre-B cells) xas monitored in 
culture. Bcr-Abl caused transformation of 
pre-B cells (Fig. 4C). JBD inhibited trans- 
formation when it was expressed in the 
sense but not in the anti-sense orientation. 
These data implicate the INK pathway in 
pre-B cell transformation by Bcr-Abl. Be- 
cause Bcr-Abl has a role in human disease, 
both JNK and JIP-1 are candidate targets 
for the design of therapeutic strategies for 
the treatment of chronic mveloid leukemia. 

The  results of this stuby demonstrate 
that one role of JIP-I may he to suppress 
signal transduction by the JNK pathway. 
For example, JIP-1 may compete x i t h  sub- 
strates that bind JNK. Alternatively, JIP-1 
may have a more direct role in targeting 
JNK to specific regions of the cell or to 
specific substrates. Indeed, overexpression 
of JIP-1 caused retention of JNK in the 
cytoplasm. Therefore, in addition to other 
possible physiological functions, JIP-1 may 
act as a cytoplasmic anchor for JNK. 
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In the Gramineae, the cyclic hydroxamic acids 2,4-dihydroxy-l,4-benzoxazin-3-one 
(DIBOA) and 2,4-dihydroxy-7-methoxy-l,4-benzoxazin-3-one (DIMBOA) form part of the 
defense against insects and microbial pathogens. Five genes, 5x1 through 5x5, are 
required for DIBOA biosynthesis in maize. The functions of these five genes, clustered 
on chromosome 4, were demonstrated in vitro. Bxl encodes a tryptophan synthase cc 
homolog that catalyzes the formation of indole for the production of secondary metab- 
olites rather than tryptophan, thereby defining the branch point from primary to sec- 
ondary metabolism. 5x2 through Bx5 encode cytochrome P450-dependent monoox- 
ygenases that catalyze four consecutive hydroxylations and one ring expansion to form 
the highly oxidized DIBOA. 

A s~lbstantial m~mher  of secondary metab- 
olites in plants are dedicated to pathogen 
defense. These include the cyclic hydrox- 
amic acids, which are found almost esclu- 
sively in Gramineae. For example, DIM- 
BOA and its precursor DIBOA are present 
in maize. DIMBOA confers resistance to 
first-brood European corn borer (Ost~i i~ia  

nubilalis), northern corn leaf blight (Hel- 
mii~thospo~iuin tu~cicum), maize plant louse 
(Rhophalosiphum inaydis), and stalk rot (Dip- 
lodia inavdis), as xell as to the herbicide 
atrasine (1) .  DIBOA is the main hydrox- 
amic acid in rye, whereas DIMBOA is the 
predominant form in wheat and maize (1 ) .  
The DIMBOA and tryptophan biosynthetic 
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