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Nck, an adaptor protein composed of one SH2 and
three SH3 domains, is a common target for a variety
of cell surface receptors. We have identified a novel
mammalian serine/threonine kinase that interacts with
the SH3 domains of Nck, termed Nck Interacting
Kinase (NIK). This kinase is most homologous to the
Sterile 20 (Ste20) family of protein kinases. Of the
members of this family, GCK and MSST1 are most
similar to NIK in that they bind neither Cdc42 nor
Rac and contain an N-terminal kinase domain with
a putative C-terminal regulatory domain. Transient
overexpression of NIK specifically activates the stress-
activated protein kinase (SAPK) pathway. Both the
kinase domain and C-terminal regulatory region of
NIK are required for full activation of SAPK. NIK
likely functions upstream of MEKKL1 to activate
this pathway; a dominant-negative MEK kinase 1
(MEKK1) blocks activation of SAPK by NIK. MEKK1
and NIK also associate in cells and this interaction is
mediated by regulatory domains on both proteins. Two
other members of this kinase family, GCK and HPK1,
contain C-terminal regulatory domains with homology
to that of NIK. These findings indicate that the
C-terminal domain of these proteins encodes a new
protein domain family and suggests that this domain
couples these kinases to the SAPK pathway, possibly
by interacting with MEKK1 or related kinases.
Keywords MEKK1/Nck interacting kinase/Ste20-related
kinase/stress-activated protein kinase

Introduction

and also to phosphatidylinositol (3,4,5)trisphosphate
(PtdIns[3,4,5]R) (Rametet al,, 1995), while SH3 domains
bind to proline-rich sequences on effector molecules.

One class of signaling molecules with SH2 and SH3
domains lack sequence homology with other proteins
containing known catalytic domains (Schlessinger, 1994;
Pawson, 1995). Studies over the past several years have
elucidated the mechanism whereby SH2 domain-con-
taining proteins without catalytic activity, such as Grb2-
and p85-associated P13 kinase, regulate signal transduction
pathways. SH2 domain-containing proteins in this group
are tightly associated with catalytic molecules, and func-
tion as adaptors linking these molecules to phosphotyro-
sine-containing proteins. Grb2 provides one of the best
examples of how molecules in this group function to
regulate signal transduction pathways (Schlessinger, 1994;
Pawson, 1995). Grb2 is tightly associated via its SH3
domains to the Ras guanine nucleotide exchange factor,
Son of sevenless (Sos). Following growth factor stimula-
tion, binding of SH2 domains of Grb2 to the autophos-
phorylated receptor localizes Sos adjacent to Ras in the
plasma membrane, thereby enabling Sos to activate Ras.

Nck is a ubiquitously expressed protein which is com-
posed of one SH2 and three SH3 domains and, like Grb2,
does not contain homology to any known catalytic domains
and thus fits into the adaptor class of signaling molecules
(Lehmanet al, 1990). Several findings have indicated
that Nck is likely to be an important signaling molecule.
First, Nck is an oncoprotein; cellular overexpression of
Nck results in transformation of NIH 3T3 cells and 3Y1
rat fibroblasts (Chost al, 1992; Liet al, 1992). Secondly,
Nck is a common target for a variety of growth factor
receptors and becomes phosphorylated on serine, threonine
and tyrosine residues after growth factor stimulation (Chou
et al, 1992; Liet al, 1992; Park and Goo Rhee, 1992).
More recently, genetic screens Drosophila have indi-
cated that thérosophilaprotein DOCK is related to Nck
and is important in mediating one of the signals for axonal
guidance (Garrityet al, 1996). Nck may regulate these
processes by functioning as an adaptor molecule to couple
a catalytic subunit, bound to its SH3 domains, to tyrosine-
phosphorylated proteins.

Over the past couple of years, several effector molecules

Over the past several years it has become apparent thathat interact with the SH3 domains of Nck have been
while different signaling molecules may contain distinct identified. These domains have been shown to bind Sos,
catalytic activities, most share several conserved protein Cbl, the Wiskott—Aldrich syndrome protein (WASP) and

domains (Schlessinger, 1994; Cotetral., 1995; Pawson,

a 65 kDa serine/threonine kinase which is likely to be a

1995). These domains are critical for regulating signal member of the PAK 65 family (Rivero-Lezcaret al.,
transduction pathways, and function by mediating protein— 1994, 1995; Bagrodit al., 1995; Chou and Hanafusa,
protein or protein—lipid interactions. For example, two 1995; Huet al, 1995; Galistecet al, 1996). However,
domains frequently found on signaling molecules are SH2 for the most part, the biological significance of these

and SH3 domains (Schlessinger, 1994; Cobieal., 1995;

interactions is still not known. For example, while over-

Pawson, 1995). SH2 domains bind to a phosphotyrosine expression of Nck under some circumstances leads to Ras

moiety in the context of short amino acid sequences
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activation and thus may be accounted for by the interaction
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of Nck with Sos, dominant inhibitory Nck molecules do
not block activation of Ras by Abl or the epidermal
growth factor receptor (EGFR) (Tanala al., 1995). In
addition, the biological significance of Nck binding Chl
or WASP s still not known.

In the hope of further elucidating the role of Nck in
growth factor signaling, we undertook studies to identify
proteins that bind the SH3 domains on Nck. Here, we
report the identification of a novel serine/threonine kinase,
NIK (Nck Interacting Kinase), which binds the SH3
domains of Nckn vitro andin vivo. Transient overexpres-
sion of NIK activates the MEKK1/MKK4/SAPK pathway,
and full activation of this pathway requires both a func-
tional kinase and a conserved C-terminal regulatory
domain. Interestingly, we found that the C-terminal regu-
latory domain of NIK interacts with MEKKZ1. In addition,
this domain is conserved in two other members of this
kinase family, thereby identifying a previously undescribed
binding domain. Upstream regulators of MEKK1 are still
largely unknown. These findings suggest that NIK directly
modulates MEKK1 activityin vivo. NIK and related
kinases may provide a link by which adaptor proteins
such as Nck couple receptors to the INK/SAPK pathway.

Results

Identification of NIK using the yeast two-hybrid
system and subsequent cDNA cloning

We screened for proteins that interact with the SH3
domains of Nck using the yeast two-hybrid system. We
identified several partial cDNA clones that interacted
specifically with Nck. The proteins encoded by the clones
interacted with the Nck—LexA fusion, but not with LexA
coupled to a variety of other cDNAs (data not shown).
All clones contained at least one proline motif that matched
consensus motifs previously shown to be critical for
interaction of SH3 domains with target proteins @tal,,

1994). One clone was found to encode a partial sequence

of a serine/threonine protein kinase, termed NIK, which
is the focus of this report.
The clone identified in the yeast two-hybrid system

contained 528 nucleotides (corresponding to amino acids

443-619 of full-length NIK). To identify the full-length
NIK cDNA, an adult mouse brain cDNA library
(Stratagene) was screened using the DNA isolated from
the two-hybrid screen. Several overlapping clones were
identified, the largest of which (cl 16) was ~3 kb. Cl 16
contained a single large open reading frame followed by
a polyadenylation signal and a long ntranslated region

of ~1000 nucleotides. Since the insert from cl 16 did not
contain the 5end of the gene, an embryonic mouse brain
cDNA library (Stratagene) was screened using tha5®

nucleotides of cl 16 as a probe. This approach enabled us

to identify three additional overlapping clones that
extended 5 from cl 16. One of these clones, cl 11,
contained the 5end of the gene; this clone contained an
AUG codon that met Kozak translation initiation criteria
as well as a stop codon that wasdnd in-frame to this
predicted translation start site (Kozak, 1989).

Analysis of the full-length gene demonstrated three

1A) (Hanks and Hunter, 1995). The middle portion of NIK
contains two proline-rich sequences that match consensus
sequences important in mediating SH3-domain binding to
protein targets and are responsible for the interaction of
NIK with Nck in the yeast two-hybrid system (see Figure
4B) (Yu et al, 1994). The C-terminal portion of NIK
lacks any obvious sequence motifs. However, data pre-
sented below strongly suggest that this regions plays an
important regulatory role in NIK function.
The NIK kinase domain is most similar to the p21
activated kinase (PAK) Ste20 family of protein kinases
(Figure 1B) (Ramer and Davis, 1993; Katt al., 1994;
Mansteal., 1994; Creasy and Chernoff, 1995; Martin
et al,, 1995). Of the members in this group identified thus
far, NIK is structurally most similar to human GCK and
MST1 and yeast Sps1 in that NIK does not bind the GTP-
bound form of either Cdc42Hs or Racl (data not shown)
and contains an N-terminal kinase domain with a putative
C-terminal regulatory domain (Fri¢sen1994; Creasy
and Chernoff, 1995; Pombet al., 1995).
Interestingly, NIK is most homologous to a gene identi-
fied in the Caenorhabditis elegangenome sequencing
project and is likely the mammalian homologue of this
gene (Figure 1C). No function has yet been described to
the C.elegansgene, nor has it been characterized at the
MRNA or protein level. NIK is 52% identical and 68%
similar overall to theC.elegansgene (data not shown).
Moreover, the kinase and C-terminal domains of the two
proteins are even more conserved; NIK and@helegans
gene are 86% similar and 72% identical between these
two domains (Figure 1C and data not shown). The
C-terminal domain of NIK is also similar to the regulatory
domains of two other kinases in this group, GCK and
HPK1 (Figure 1C) (Kb, 1994; Pombeet al, 1995;
Hu et al, 1996). The strong conservation of the NIK
C-terminus withGheegansgene and with GCK and
HPK1 suggested to us that this domain plays an important
regulatory role in NIK function.
Northern hybridization analysis was performed on
various human tissues using cl 16 as a probe (Figure 2A).
This analysis demonstrated the presence of two major
bands of 4.5 and 6.5 kb in most tissues, with highest
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regions of homology to other genes in the database. The s,
N-terminus of NIK contains 11 subdomains that are 1151
characteristic of serine/threonine protein kinases (Figure 1291
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Fig. 1. Deduced amino acid sequence of NIK and alignment with other proteins containing similar sequence A)dif& ¢ontains an open

reading frame of 1234 amino acids. The kinase domain is marked by a broken underline (.....). Two proline-rich motifs that match consensus SH3
binding motifs and mediate the association of NIK with Nck are shown in bold. The C-terminal domain of NIK that contains homology to GCK and
the C.eleganggene ZC504 is marked by a double underlire=(=). The initial clone identified in the yeast two-hybrid screen that interacted with

Nck is denoted by single underline (__B)(Amino acid alignment of NIK kinase domain with other Ste20/Pak family members. Identical amino
acids are shown in black and conserved amino acids substitution are shown inQrajighment of the C-terminal domain of NIK with GCK and

the C.eleganggene ZC504. Identical amino acids are shown in black and conserved amino acids substitution are shown in gray.
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¥ only the kinase domain also had full kinase activity (Figure
@)" 3C). These findings confirm that NIK is a protein kinase.

R \&0 IS é\" NIK binds Nck in cells and interacts specifically
i Q:& R D oF $©«e with the SH3 domains of Nck via two proline-rich
motifs
To confirm that NIK interacts with the SH3 domains of
Kb Nck, as well as to assess whether NIK binds SH3 domains
present in other proteins, we determined whether NIK
95— bound GST fusions containing the SH3 domains of a
75— variety of proteins. Myc-epitope-tagged NIK was trans-
- - fected into 293 cells and binding of NIK in the transfected
44— - - cell lysates to several GST fusions was assessed. NIK
bound a GST fusion protein containing either full-length
or the three SH3 domains of Nck (Figure 4A). In contrast
4 ' : to the association of NIK with Nck, NIK interacted
only weakly with GRB2 and we were unable to detect
; association of NIK with SH3 domains from a variety of
1.35 — other proteins (Figure 4A). While several of these SH3-
domain fusion proteins did not bind NIK, they were able
to bind proline motifs present in a related kinase, human
PAK1 (data not shown), indicating that these fusion
Fig. 2. Northern analysis of NIK.A) An adult tissue mouse Northern proteins were functional.
blot (purchased from Clontech) was hybridized with the*fP]dCTP- We also identified the proline motifs that mediated the
labeled clone identified in the yeast two-hybrid system. association of NIK with the SH3 domains of Nck. NIK
contains two proline motifs that match consensus SH3
expression in the brain and heart. The 4.5 kb messagebinding sites (Figure 1A, shown in bold) (Mt al., 1994;
corresponds to the expected size which codes for the clone Mayer and Eck, 1995). Both of these motifs were also
that we isolated. contained in the partial cDNA isolated using the yeast
two-hybrid screen. To determine which of these proline-
NIK encodes a protein kinase of 140 kDa rich sequences mediates the association of NIK with Nck,
The predicted molecular mass of full-length NIK was the two proline residues in each motif were mutated to
~140 kDa. To confirm that the NIK cDNA encoded a alanine and binding to Nck was determined. Mutations in
protein of this molecular mass, the full-length NIK cDNA either proline motif markedly decreased binding of NIK
was transfected into 293 cells and transfected cell lysatesto an Nck—-GST fusion proteirin vitro (Figure 4B),
were immunoblotted with antibodies to NIK. Antibodies although the second motif was more critical for binding
to NIK specifically recognized a protein of 140 kDa in Nck. These findings are consistent with the idea that high-
cells transfected with NIK, but not in cells transfected affinity binding of Nck to NIK requires the simultaneous
with a vector control (Figure 3A), thereby confirming engagement of two of Nck’s SH3 domains with the two
that the NIK cDNA encodes a protein of the predicted proline-rich sequences in NIK.
molecular mass. In addition to binding Nckin vitro, NIK also bound
To determine whether NIK has kinase activity, 293 cells Nck in cells. 293 cells were transiently transfected with
were transfected with NIK and an immune complex kinase Myc-epitope-tagged NIK and the ability of NIK to associ-
assay was performed on NIK immunoprecipitates using ate with endogenous Nck in cells was assessed by deter-
myelin basic protein (MBP) as a substrate. While kinase mining whether the two proteins co-immunoprecipitate.
activity was detected in NIK immunoprecipitates from Transfection of 293 cells with NIK led to the association
293 cells transfected with vector alone, kinase activity of the two proteins as demonstrated by the co-immunopre-
was markedly increased in cells transfected with NIK cipitation of Nck with NIK using either anti-Myc or anti-
(Figure 3B). The kinase activity immunoprecipitated by Nck antibodies (Figure 4C). In summary, these findings
the anti-NIK antibody was specific; preimmune serum did indicate that NIK and Nck interact in cells and that the
not immunoprecipitate kinase activity (Figure 3B). In interaction is mediated via the SH3 domains of Nck. The
addition to MBP, two other proteins of 140 and 35 kDa inability of a variety of other SH3 domains to bind NIK
were also phosphorylated in the immune complex kinase suggests that NIK may be a specific downstream target
assay. The band at 140 kDa is autophosphorylated NIK, for Nck.
while the band at 35 kDa has not been identified. To rule
out the possibility that a kinase co-precipitating with NIK  NIK activates the MKK4-JNK/SAPK MAP kinase
accounted for the kinase activity, a Myc epitope-tagged pathway
kinase-defective NIK mutant in which the conserved Several distinct MAP kinase modules have been identified
aspartic acid at position 152 was mutated to asparaginein yeast and mammalian cells (Mindest al, 1994;
[NIK(D152N)] was also transiently expressed in 293 Sanckeal, 1994; Yanet al, 1994; Derijardet al,
cells. Kinase activity was detected only in anti-Myc 1995; Herskowitz, 1995). Previous studies have indicated
immunoprecipitates from cells transfected with wild-type that kinases related to NIK are involved in activation of
NIK (Figure 3C). A truncated NIK protein containing the JNK/SAPK family of MAP kinases (Bagrodst al,
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Fig. 3. Immunoblot and immune complex kinase assays of NIK in 293 cells transfected with NIK cDNA.ygates from 293 cells transfected

with 2 pg NIK or vector control were separated by SDS—-PAGE (8%) and, after transfer to nitrocellulose filters, immunoblotted with antibodies to
NIK. (B) Lysates from 293 cells transfected as in (A) were immunoprecipitated with anti-NIK or preimmune antibodies and subjected/itoan

kinase reaction using/{3P]JATP and MBP as substrate. Reactions products were separated by SDS—PAGE (12%) and subjected to autoradiography.
(C) Lysates from 293 cells transfected with Myc-epitope-tagged wild-type NIK, NIK(D152N) or NIK(KD) were immunoprecipitated with the anti-

Myc antibody 9E10. The immunoprecipitates were subjected tm atitro kinase assay as described in (A). To ensure that equal amounts of protein
were immunoprecipitated between samples, one-half of the immunoprecipitate was immunoblotted with the anti-Myc antibody 9E10. NIK(KD)
encodes only the kinase domain of NIK (amino acids 1-310).
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Fig. 4. Association of NIK with Nckin vitro andin vivo. (A) Various GST fusion proteins (as indicated) were incubated with lysates from 293 cells
transfected with Myc-epitope-tagged NIK. After washing, proteins were separated by SDS—-PAGE (8%), and bound NIK was visualized by
immunoblotting with the anti-Myc antibody 9E1M) 293 cells were transfected with Myc-epitope-tagged wild-type NIK or NIK containing point
mutations in the two sequences that match consensus SH3 binding sites in which the two conserved prolines were mutated to alanine. Binding of
each construct to GST-Nck was assessed as in B)N(K or Nck were immunoprecipitated from 293 cells transfected withg2of Myc-epitope-

tagged NIK. The immunoprecipitated proteins were then separated by SDS—PAGE (8%) and immunoblotted as indicated. As a ¢mnbbl, 25

lysates from 293 cells transfected with NIK or vector control were run alongside the immunoprecipitates.

1995; Pomboet al, 1995). To determine whether NIK with an epitope-tagged SAPK or MKK4, and kinase
activates this pathway, we assessed whether overexpresactivity was performed on SAPK and MKK4 precipitates.
sion of NIK activates MKK4 and JNK. MKK4 is one of Overexpression of NIK led to a 3- to 4-fold activation of
the kinases responsible for directly phosphorylating and both MKK4 and SAPK compared with cells transfected
activating JNK/SAPK (Sancheet al, 1994; Derijard with vector control (Figure 5A and B). This magnitude
et al, 1995). 293 cells were transfected with NIK, together of SAPK activation by NIK was similar to the activation
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lysates and subjected to @mvitro kinase reaction using GST-Jun (A), GST—p38 (B) or MBP (C) as substrates (upper panel). Reaction products
were separated by SDS—PAGE and visualized by autoradiography. To ensure that equal amounts of kinases were immunoprecipitated between
samples, one-half of the immunoprecipitate was immunoblotted @B T (A and B) oraMyc (C) antibodies (lower panel).

of this pathway by two known activators of INK, MEKK1 A B
and UV light (Figure 5A). Although NIK activates MKK4
and SAPK, it does not activate the Ras—p42 MAP kinase
pathway; while overexpression of an activated Ras led
to a marked increase in p42 MAP kinase activation,
overexpression of NIK did not (Figure 5C). We did not
detect activation of either p38, MKK3 or MKK6 by NIK
overexpression as assessed by co-transfection of epitope
tagged versions of these proteins with NIK (Hanal,

1996; data not shown). |
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NIK activation of JNK requires the activation of
MEKK1 and MKK4

To confirm that NIK signals through MKK4 to activate g 6 pominant-negative MKK44) and AMEKK1 (B) block

JNK, we determined whether overexpression of a kinase- activation of INK/SAPK by NIK. 293 cells were transfected as in
defective MKK4(K129R) blocks NIK activation of JNK  Figure 5A, with the exception that either kinase dead MKK4(R) or
(Sanchezt al, 1994; Hanet al, 1996). MKKA(K120R) 0ot [ ol TEIGAPK and mmunobioting were-

has previously been shown to function as a dominant- i

negative molecule to inhibit JNK activation (Sanchez assessed as described in Figure 5.

etal, 1994). In support of the idea that NIK signals through

MKK4 to activate JNK, co-expression of MKK4(K129R) with HA-tagged full-length MEKK1 (¢t al., 1996)
together with NIK and epitope-tagged JNK inhibited JNK together with Myc-epitope-tagged NIK and the ability of

activation by NIK (Figure 6A). NIK and MEKK1 to associate was determined by assessing
MEKK1 is a MAP kinase kinase kinase that has been whether the two proteins co-immunoprecipitate. We found
shown to activate MKK4AMEKK?1 containing an arginine that MEKK1 co-immunoprecipitated with NIK as demon-

for lysine substitution in the ATP binding domain strated by the co-immunoprecipitation of HA-epitope-
[AMEKK1(K-R)] is kinase-defective and functions as a tagged MEKK1 with anti-myc antibodies (Figure 7A).
dominant-negative molecule to inhibit endogenous Moreover, the association of MEKK1 with NIK was
MEKK1 (Yan et al, 1994). Co-expression of a mediated through the interaction of the N-terminus of
AMEKK1(K-R) together with NIK inhibited the activation =~ MEKKZ1 with the C-terminus of NIK. The N-terminal 719

of INK by NIK (Figure 6B) AMEKK1(K-R) also inhibited amino acids of MEKK1 and the C-terminal regulatory
the activation of JNK by UV light (data not shown). These domain (Figure 1C) of NIK were sufficient to mediate
findings raise the possibility that NIK functions upstream the association of the two proteins (Figure 7A). These
of MEKK1 to activate JNK. However, we cannot rule out interactions were specific; we did not detect association
the possibility thatAMEKK1(K-R) is functioning as a of NIK with the C-terminal 320 amino acids of MEKK1
dominant-negative by binding and inactivating MKK4; (AMEKK1) (Figure 7B; Yanet al,, 1994).

under this scenario, inhibition YMEKK1(K-R) would

only confirm that NIK signals through MKK4 to activ- Both NIK’s kinase activity and C-terminus are

ate JNK. required for full activation of the JNK/SAPK
pathway
MEKK1 and NIK associate in vivo As discussed above, we found that the C-terminal domain

To begin to address whether NIK may directly regulate of NIK and GCK are 22% identical over 330. Expression
MEKK1 we determined whether MEKK1 and NIK co- of the regulatory region of GCK without the kinase domain
immunoprecipitate. 293 cells were transiently transfected activates SAPK (Retrabp1995). Therefore, we were
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Fig. 7. Association of NIK and MEKK1 in 293 cells transfected with NIK and MEKKA)(293 cells were transfected with Myc-epitope-tagged
full-length or truncated versions of NIK together with HA-tagged full-length or truncated versions of MEKK1. To assess whether MEKK1 and NIK
associate in cells, NIK was immunoprecipitated from transfected cell lysates using the anti-myc antibody 9E10. The washed immunoprecipitates
were separated by SDS—PAGE and associated MEKK1 was assessed by immunoblotting with antibodie8)oAd/A ¢ontrol, an EE-tagged

MEKK1 containing only the C-terminal domain of MEKKAMEKK1) was co-transfected with NIK. The ability of NIK and EE-tagg8MEKK1

to co-immunoprecipitate was assessed as described in (A), with the exceptidiMBEK1 was detected using a monoclonal antibody to the EE
epitope tag (Babco).

interested in determining whether the C-terminus of NIK indicate that both NIK’s kinase activity and C-terminal
and GCK function similarly to activate the SAPK pathway. domain are required for NIK to fully activate the SAPK

In addition, we wanted to determine whether NIK required pathway in cells. The finding that the C-terminal domain

a functional kinase and C-terminus to activate this pathway. of NIK by itself is capable of activating SAPK and ATF2

To address this, several truncated NIK proteins as well as reporter activity, together with the finding that a truncated
a kinase-defective NIK [NIK(D152N)] were expressed in NIK protein lacking the C-terminus fails to fully activate

293 cells and JNK activation was determined. In agreement this pathway, suggests that the C-terminal domain of
with the results obtained with GCK, expression of the NIK plays an important regulatory role, possibly via its
C-terminal domain of NIK alone stimulated a small interaction with MEKK1 or related molecules.

increase in SAPK activity when compared with full-length
NIK (Figure 8A). However, full activation of SAPK by
NIK required both NIK’s kinase activity and C-terminus;
while overexpression of NIK resulted in a ~5-fold increase We have identified a novel serine/threonine kinase, NIK,
in SAPK activity, expression of the kinase domain alone that interacts with the SH3 domains of Nck. Overexpres-
(data not shown) or NIK(D152N) consistently resulted in sion of NIK constitutively activated the INK/SAPK path-
only a 2- to 2.5-fold increase in SAPK activity. way. NIK interacts with MEKK1 in cells and likely signals

We were able to confirm these results by examining through MEKK1 to activate JNK, suggesting that NIK
whether these same NIK constructs activate an ATF2- directly regulates MEKK1 activity. We found that NIK
stimulated luciferase reporter gene (Figure 8C); SAPK contains a regulatory domain in its C-terminus that is
has been shown to phosphorylate and activate severalconserved in two other members of this kinase family.
transcription factors including ATF2 (Gupé al., 1995). This domain mediates the association of NIK with MEKK1
NIK or the various NIK constructs described above were and is critical for NIK activation of the SAPK pathway,
co-transfected into 293 cells together with a plasmid suggesting that the C-terminal domain of these proteins
expressing a fusion protein consisting of the activation encodes a new protein domain family that couples these
domain of ATF2 and the DNA binding domain of GAL4 kinases to the SAPK pathway, possibly by interacting with
and a plasmid expressing a GAL4 luciferase reporter MEKK1. Our finding that NIK also interacts with Nck

Discussion

(Guptaet al,, 1995). Overexpression of NIK led to a ~20- suggests that SH2/SH3 adaptor proteins couple NIK and
fold increase in the transcriptional activity of ATF2 (Figure related kinases to activation of the SAPK/IJNK pathway
8B). In agreement with the results presented above, by different receptors.

overexpression of the NIK C-terminus, the kinase domain  Studies inSaccharomyces cerevisidmve shown that

or NIK(D152N) also consistently stimulated ATF2 tran- a serine/threonine kinase, Ste20, acts upstream of the
scriptional activity, although the increase in luciferase S.cerevisiadlEKK Stell and downstream of the phero-
activity was 5- to 10-fold less than that obtained with mone hormone receptor (Herskowitz, 1995). Two families
wild-type NIK. The increase in ATF2 transcriptional of protein kinases that are closely related to Ste20 in the
activity was dependent upon phosphorylation of ATF2; kinase domain have been identified in mammalian cells.
increased ATF2 transcriptional activity by NIK was The first family of mammalian Ste20-related kinases are
markedly decreased when threonine at position 71 was activated by binding GTP-bound Cdc42 and Rac and,

mutated to alanine (Guptat al, 1995). These findings based on this characteristic, have been termed PAKs for
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Fig. 8. NIK's C-terminal domain and kinase activity are required for

full activation of the SAPK pathwayA) To assess SAPK activation

by the various NIK constructs, lysates from 293 cells transfected with
5 pg of the indicated plasmid were incubated with i§ of GST-JUN
coupled to glutathione—agarose beads. After washing, SAPK activation
was determined by incubating beads in kinase buffer containing
[y-32P]ATP for 20 min. The reaction was stopped by boiling in sample
buffer, and the reaction products were separated by SDS—-PAGE (12%)
and phosphorylated GST-JUN was quantitated using the
phosphorimager. Meart SD for triplicate determinations are shown.

(B) 0.1 ug of the various NIK constructs were co-transfected into 293
cells together with a 10 ng of a plasmid expressing a fusion protein
consisting of ATF2 and the GAL4 DNA binding domain and1§ of a
plasmid expressing a GAL4 luciferase reporter. Transfection efficiency
was assessed by co-transfectingdLof a plasmid expressing
B-galactosidase under the control of an SV40 promoter. MesBD

from three experiments performed in duplicate are shown. Luciferase
activity is expressed in arbitrary units after being standardized to
B-galactosidase activity.

p21 Activated Kinases (Manseat al, 1994; Bagrodia
et al, 1995; Martinet al, 1995). The second family of
Ste20 homologues, which includes GCK and MST1, lack
Cdc42 and Rac binding domains (Katzal., 1994; Creasy
and Chernoff, 1995; Pombet al, 1995). In addition, in
contrast to PAKs which contain an N-terminal regulatory

cascades are diverse, each module is activated by sequen-
tial phosphorylation of highly conserved components
(Davis, 1994; Cobb and Goldsmith, 1995; Herskowitz,
1995). The MAP kinase modules are composed of three
protein kinases that act sequentially to stimulate a kinase
cascade and are composed of a MAP kinase, an enzyme
that activates MAP kinase (known as a MAP kinase kinase
or MEK) and a kinase that activates MEK (known as
MAP kinase kinase kinase or MEKK). At least six distinct
MAP kinase modules have been identified in yeast and
three distinct MAP kinase modules have been found in
mammalian cells (Herskowitz, 1995). While this system
allows for crosstalk between the different pathways, for
the most part these pathways function independently of
one another in both yeast and mammals. The finding that
NIK activates the INK/SAPK MAP kinase pathway, but
fails to activate the ERK MAP kinase cascade, indicates
that NIK also maintains specificity by activating only one
of the several MAP kinase cascades.

The mechanism whereby specificity is imparted to
different MAP kinase pathways is not known. It has been
proposed that scaffolding proteins impart specificity and
regulate the activation of only a single MAP kinase
cascade by binding and therefore juxtaposing all members
of a particular cascade. For example, the yeast protein
STES5 functions as a scaffolding protein 8icerevisiae
and binds STE20, STE11 and STE7 via non-overlapping
regions (Chokt al,, 1994; Marcuset al,, 1994). NIK may
selectively activate a single MAP kinase module either
by functioning directly as a scaffolding protein or by
interacting with a scaffolding protein to juxtapose NIK
specifically with members of the MEKK1-MKK4 path-
way. Alternatively, by regulating MEKK1 specifically,
NIK may activate a single pathway via MEKK1. This
possibility is supported by studies showing that overexpr-
ession of Raf or MEKK1 activates distinct MAP kinase
modules; overexpression of MEKK1 predominantly activ-
ates JNK, whereas overexpression of Raf predominantly
activates ERK1 and ERK2 (Mindegt al., 1994).

While MEKK1 has been shown to function upstream
of MKK4 (also known as SEK1 and JNKK) (Minden
etal, 1994; Yaret al, 1994), regulatory elements upstream
of MEKK1 have been poorly characterized. In some
instances, Ras has been shown to function upstream of
MEKK1 in mammalian cells (Lange-Carter and Johnson,
1994). However, it is clear that MEKK1 is also regulated

by pathways that do not involve Ras. Based upon studies
in yeast, it has been proposed that a mammalian homologue

of Ste20/PAK regulates MEKK1 in mammalian cells
(Herskowitz, 1995). However, direct evidence for a PAK
family member activating an MEKK in mammalian cells

and a C-terminal kinase domain, members of this secondhas not yet been published. While we have been unable

family contain an N-terminal kinase domain and
C-terminal regulatory region. NIK fits into this second
family of Ste20 homologues. Within this family, NIK is

most similar functionally and structurally to GCK and
HPK1 (Pomboet al, 1995). First, these kinases are
constitutively active when transiently overexpressed in

cells, and overexpression of all three kinases results in

activation of the MKK4-SAPK MAP kinase pathway.

Second, these kinases share a conserved C-terminal regu-

latory domain (Figure 1C).
While the upstream signals that regulate MAP kinase
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to prove definitively that NIK directly regulates MEKK1,
our finding that NIK and MEKK1 co-immunoprecipitate,
coupled with the finding that dominant-negative MEKK1
blocks JNK/SAPK activation by NIK, suggests that NIK
directly regulates MEKK1 activityvo. Therefore, NIK
is a good candidate for upstream regulation of MEKK1
by a PAK/Ste20 family member.
Since the kinase domain of MEKK1 is constitutively
active when isolated from cells transiently transfected
with the full-length MEKK1 cDNA, we have been unable
to assess whether NIK activates MEiieEe activity.



NIK is a new Ste20-related kinase

In contrast to previous studies that overexpressed truncated regulate specific MEKKs, and that this regulation is
versions of MEKK1, we have overexpressed the full- mediated by direct protein—protein interaction.
length MEKK1 clone (Mindenret al, 1994; Yanet al, The role of NIK binding to Nck in NIK regulation

1994; Xuet al, 1996). Thus, itis unlikely thatthe MEKK1  and NIK activation of the JNK/SAPK pathway is most
clone we used is constitutively active based upon the lack intriguing. One possibility is that subcellular targeting of
of a critical negative regulatory domain. A previous report NIK by Nck in growth factor-stimulated cells localizes
has suggested that the endogenous MEKK1 is inactive NIK adjacent to MEKK1, thereby enabling the two pro-
(Lange-Carter and Johnson, 1994). It is possible that underteins to interact. The finding that MEKK1 is found
physiological levels of expression, MEKK1 is keptinactive predominantly in the particulate fraction (>ai al., 1996)
by interacting with a negative regulator. Overexpression suggests that binding of the SH2 domains of Nck to
of MEKK1 may titrate out a negative regulator and allow autophosphorylated receptors, or to other tyrosine-phos-
MEKK1 activation. The finding that NIK binds MEKK1  phorylated proteins in growth factor-stimulated cells, local-
raises the possibility that overexpression of NIK activates izes NIK to a similar subcellular compartment as MEKK1.
MEKK1 by displacing this putative negative regulator In support of this idea, NIK is recruited to the platelet-
from MEKK1. Alternatively, although not mutually — derived growth factor receptor (PDGFR) in cells transi-
exclusive, phosphorylation of MEKK1 by NIK, possibly ently transfected with epitope-tagged NIK (data not
facilitated by the interaction of the C-terminus of NIK shown). Thus far, we have been unable to assess subcellular
with MEKK1, may induce a conformational change that localization of endogenous NIK or whether external factors
contributes to MEKK1 activation; this would account for regulate NIK's kinase activity due to the fact that endo-
our finding that NIK’s kinase activity is required for full ~9enous NIK protein is present in low abundance.
activation of the SAPK pathway. Several lines of ewdence now place Nck as an important
The C-terminus of NIK is highly conserved between adaptor molecule coupling receptors to reorganization of
mouse NIK, itsC.elegandiomologue (contained in cosmid ~ the cytoskeleton. The finding that Nck binds WASP, a
Zc504) and two related kinases, GCK and HPK1 (Pombo protein respon_S|bIe for med!atlng the effect of CDC42I—_|s
et al, 1995: Huet al, 1996). These findings, coupled ©N reorganization of the actin cytoskeleton, together with
with the demonstration that this domain mediates the the finding that abrosophila protein related to Nck,
association of NIK with MEKK1, suggest that the DOCK, also couples receptors fo cytoskeletal changes,
C-terminal regions in these proteins may encode a new 2IS€S the possibility that NIK participates in regulating

protein domain family that mediates protein—protein inter- ”1'5 |pa1tgg§y éR'V?roiLelchggéaé 1995; tAslpeln;ég)m
action. Moreover, the finding that overexpression of the &' & ), Garrityet al, 1996, Symonset al, 1996).
C-terminus of NIK by itself activates the SAPK pathway, The potential ap'l'ty of Nck's t.hree SH3 domains simul-
together with the finding that a truncated NIK lacking its ﬁ:?seeosuzt;rl]}(/a toosbsmbql'tse;iwearfllcrtcj)lgsetraelﬂt aﬁi?r?toihgn?jl'?}%LiE;
C-terminus fails to fully activate this pathway, is consistent molecules t?ounld It:)chk’s SH3 domains d%terminles bio-
with the idea that this domain couples NIK to the SAPK . . ;
pathwayin vivo, possibly via the interaction with MEKK. logical response. Future studies will focus on the upstream
NIK’s kinase activity, however, is required for maximal ggr;ils tg?rsv\;ggulgaz NOIE’ (;] ;ng'\qlilrlﬁnregxlhaé?ﬁ eﬁh(la\lliles/
stimulation; activation of JNK/SAPK signaling by over- involvecfl)in meg’iating cytoskeletal chgnges by Nck
expressing the C-terminal domain or a kinase-defective '
NIK was less than that observed for the wild-type NIK.
Only one previous study has demonstrated interaction of Materials and methods
MEKKZ1 with a Ste20 family member, HPK1 (Het al, )
1996). However, in confrast to the association of NIK :Sﬁ'—f;rg;?ﬁgfw;:sasnip};liﬁed by PCR and expressed as a fusion with
W'th MEKKl’_ the kinase domain of HPK1 bound the the LexA DNA binding domain using the vector BTM116 (LexA—Nck)
klnas? dpmgm of MEKK]-- A|th0_Ugh HPK1 contains a (voyjtek et al, 1993; Isakoffet al, 1996). The cDNA library used to
domain in its C-terminus that is homologous to the screen for interactions was made from TA1 cells that had been partially
Cterminus of NIK (Figure 10). these investgalors were dfeeniaie o aipeeyes Toe o2 aay tes Soned 2o e
unable to demonstrate that HPK1's C-terminus either g,q.ih "o Pl (pvP16-TAL) (Voyjtelet al, 1993; Isakoffet al.
activates SAPK or associates with MEKK1; however, they 1996). To identify novel proteins that interact with Nck, L40 yeast cells
only tested binding of HPK1 to a truncated MEKK1 stably expressing LexA-Nck were transformed with pV16-TAL. cDNA
lacking the N-terminal residues that we identified as being g';’rr‘ﬁ:dtit‘;g ilgtfl:ﬁ]‘;tehﬂs‘;‘i’g;‘] :‘icnkt‘r’]"sre ide”tiﬁedftg’ va'legting.fortgro""lth
. P . P . . presence 0O m -aminotriazole.
C”tlcal for associating with NIK. It is mtngt_mg that, of . Yeast transformations and routine care of yeast were as described
:Eetk'mises rlelated t? NILK gnth/ those Cofntl\?lllgmlg F? Kdlomaén previously (Guthrie and Fink, 1992; VoyjteX al, 1993).
at is homologous to the C-terminus o , an
GCK, activate the SAPK pathway when overexpressed Isolation of full-length cDNA and sequencing
(Creasy and Chernoff, 1995; Pomebal, 1995; Huet al,, ;hi ?'?ne i?edntifi};? ;\? Lh?) yteg_sdt tW(;-hybtfid Si/ﬁéeg; gf)nta(ijnedfat hr69i0n
. - - at Interactea wi C u 10 not contain endas o e
1996)' Fpr gxample, while SO.K]' is the kinase mOSt.re!ated gene. To obtain the full-length cDNA, the clone identified in the yeast
to NlK_ in its kinase dom?-ma SOK1 lacks a 3|m|_|ar two-hybrid system was labeled using random primers antfP]dCTP
C-terminal regulatory domain and also does not activate and used to screen)aZap 70 murine brain cDNA library (Stratagene)
SAPK (Pomboet al, 1996). Many different PAKs and als PFEViOU,?_'yddeS%fibtﬁd (5k9|ni§t alt-)'NlA991)- Positive Clongs were
H e _ plaque-purinied an e exclseda C S were sequenced using an
MEKKs have r_]OW been identified (Lange Carter and automated sequencer (Applied Biosystems). While the initial screening
Johnson, 1994; Blanlet al, 1996). Based on these igentified clones containing the' @nd of the gene, it did not identify
findings, we suggest that specific PAK family members the 5 end. To obtain more 'Ssequence information, the-fnost 250
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nucleotides of the largest clone (cl. 16) was amplified by PCR and, after Antibodies
labeling with [a-32P]dCTP, used to screen)azap 70 murine embyro The anti-NIK antibody is a rabbit polyclonal antibody raised against a

cDNA library (Stratagene). Positive clones were analyzed as described GST fusion protein corresponding to amino acids 443—-619 of full-length
above. NIK. Antibodies against the FLAG-epitope (M2) and against the HA-

) epitope (12CA5) were purchased from IBI (Kodak) and Boehringer
Northern blot analysis Mannheim respectively. The antibody 9E10 was used for immunoprecipit-

An_adult tissue Northern blot (Clontech) was hybridized with the tion and immunoblotting the Myc-tagged constructs (Eanal,
[a-32P]dCTP-labeled clone identified in the yeast two-hybrid system 19gs).

(corresponding to amino acids 443-618 of the full-length clone) according

to the manufacturer’s specifications. Kinase assays

Constructs, epitope tagging, mutagenesis and transient cell To assay for NIK kinase activity, 293 cells were transfected with NIK.
expression, ’ After 48 h, cells were lysed and NIK was immunoprecipitated using

AII'NIK constructs were expressed in the cytomegalovirus-based expres- ither the anti-myc antibody 9E10 or the anti-NIK antibody described
sion vector pRK5 (Liet al, 1992). The NIK kinase domain (amino above. The immune co_mplex was then washed three times with lysis
acids 1-310) and C-terminus (amino acids 908-1233) of NIK were Puffer and twice with kinase buffer (20 mM HEPES, pH 7.4, 10 mM
obtained by PCR using full-length NIK as a template. Both constructs M3Cl2: 20 mMp-glycerophosphate, 10 mM NaF, 0.2 mM orthovanadate
were Myc-epitope-tagged at their C-terminus as described below and a@nd 1 mM dithiothreitol). ézfter a 30 min incubation at 30°C in kinase
Kozak sequence was incorporated into tHeofigonucleotide of the buffer containing 1QuCi [y-**P]ATP and 5ug MBP, the kinase reaction
C-terminal construct to enable expression in mammalian cells (Kozak Was terminated by adding an equal volume &f 2ample bgﬁer and the
etal, 1989). GST-tagged INK/SAPK atdMKKA(K-R) were expressed ~ reaction products were separated by SDS-PAGE (12.5%).

using the vector pEBG (Sanchezt al, 1994; Yanet al, 1994). Immune complex kinase reactions using JNK/SAPK or MKK4 were

Hemagglutinin (HA)-tagged MKK4 was expressed using the vector performed as described previously (Hahal, 1996)._Brief|y, epitope—_
pCDNA3 (Hanet al, 1996). The C-terminal 320 amino acids of EE- tagged JNK/SAPK or MKK4 were co-transfected into 293 cells with

epitope-taggedAMEKK1 and AMEKK1(K-R) were expressed in the NIK or with vector control. At 24 h aﬂer transfection, cells were serum-
vector pRK5 (Yaret al, 1994). Dominant-negative MKK4 and dominant- stqrved overr_ught in DMEM containing 0.2% FBS, lysed and precipitated
negativeAMEKK1 contained a K- R mutation in the ATP binding site  USiNg glutathione-agarose. Am vitro kinase assay was then performed

of the kinase domain (Yaet al, 1994; Hanet al, 1996). Full-length on the precipitates as descrlb(_ed above. GST-c-jun (containing amino
HA-tagged MEKK1 and MEKK1(1-719) have been described previously acids 1-223) coupled to glutathlone—agarosg was used as a substrate for
(Xu et al, 1996). The GAL4-ATF2 and GAL4-ATF2(T71A) are in the JNK/SAPK and GST-p38 cou_pled to glutathl_one—agarose was used as a
vector pSG424 as described previously (Sadowski and Ptashne, 1989) Substrate for MKK4 (Kallunkiet al, 1994; Mindenet al, 1994; Han

NIK was Myc-epitope-tagged (DQKLISEEDL) at the C-terminus ©t &l, 1996). . ) - . )
using PCR and cloned into pRKS. Briefly, an oligonucleotide was SAPK kinase activity using GST—c-Jun (containing amino acids 1-

synthesized containing the &nd of NIK followed by the Myc epitope 223 Of c-Jun) coupled to glutathione—agarose beads was determined by
sequence, a stop codon and a convenient restriction site. This 3 incubating 50Qug of lysates from 293 cells transfected with the various

oligonucleotide was used in a PCR reaction to generate a C-terminal CONAS with 10 ug of GST—c-Jun for 2 h at 4°C. After washing the
fragment of NIK which was then used to replace Xha—Hindlll beads three times with lysis buffer and twice with kinase buffer, the

fragment in the 3end of full-length NIK. kinasz_e _reaction was startgd by incubating beasczis ipl26nase puffer

For site-directed mutagenesis, NIK was subcloned into the vector cOntaining 20uM non-radiolabelled ATP andy{**P]ATP (15uCi per
pALTER (Promega), and mutagenesis was performed according to the sampl_e). Afterlnc_ubatlon_at 30°C for 20 min, the reaction was termlngted
manufacturer’s specification. To facilitate screening of mutants, novel bY Poiling the mixtures in sample buffer for 5 min and the reaction
restriction sites were incorporated into the oligonucleotides used for Products were separated by SDS—-PAGE (12%).
mutagenesis, and mutant NIK constructs were identified by restriction
digest. The NIK mutants were subcloned back into pRK5 for expression Reporter assays

in 293 cells. The following oligonucleotides were used: A fusion protein consisting of ATF2 (amino acids 1-505) and the GAL4
, DNA binding domain was expressed in 293 cells either alone or together
NIK(D152N) S-CGTTATTCACCGAAATATTAAGGGCCA- with NIK (Gupta et al, 1995). Transcriptional activation of ATF2 was
AAAT measured by co-transfecting a luciferase reporter plasmid contaixing 5
NIK(P574A,PS77A)  5CCGCTCTCAGGATGCATGTCCAGCTTC- GAL4 DNA binding domains. All transfections were standardized
CCGCAGT by co-transfecting a control plasmid expressirfiygalactosidase
NIK(P611A,P614A) 5GACGAGGTGCCTGCAAGGGTTGCCGT- (Promega).
GAGAACGA
293 cells were transfected with §RO,)3 as previously described Accession number
(Chen and Okiyama, 1987). The NIK sequence has been submitted to the DDBJ/EMBL/GenBank;

accession number U88984.
GST fusions and in vitro binding studies

Oligonucleotides flanking the regions of interest and containing appro-
priate restriction sites were synthesized and PCR was used to amplify Acknowledgements
the DNA fragments. The products obtained from PCR were sublconed

into pGEX3X and the various GST fusions were isolated as described We thank Stan Hollenberg of Oregon Health Sciences for kindly
previously (Leeet al, 1993). The following fusion proteins were providing the cDNA library and yeast vectors, and David Ron, Michael
produced: full-length Nck, the three SH3 domains of Nck (amino acids Karin, Dan Littman and Joseph Schlessinger for providing reagents and
2-257), the SH3 domain of p85, ITK (amino acids 185-231) andyPLC  plasmids. We thank Steven Isakoff and Jonathan Chernoff for critically
full-length Grb2 and full-length p38 (Skolnikt al., 1991, 1993; Lee reading the manuscript. This work was supported by grants from the

et al, 1993; Hanet al,, 1994). NIDDK and American Diabetes Association EYS.

To assay binding of NIK to GST fusion proteins, myc-tagged NIK
were overexpressed in 293 cells. 500 of lysates containing myc-
tagged NIK were incubated for 90 min with 4g of the various GST References
fusion proteins coupled to glutathione—agarose beads. After washing the )
beads four times with lysis buffer (Skoln#t al, 1993), proteins were ~ Aspenstrom,P., Lindberg,U. and Hall,A. (1996) Two GTPases, Cdc42
separated by SDS-PAGE (8%) and immunoblotted with the anti-myc and Rac, bind directly to a protein implicated in immunodeficiency

antibody 9E10 (Evamt al, 1985). Binding of NIK mutants containing disorder Wiskott-Aldrich syndromeCurr. Biol., 6, 70-75.

alanine for proline substitutions in putative SH3 binding motifs to GST— Bagrodia,S., Derijard,B., Davis,R.J. and Cerione,R.A. (1995) Cdc42 and

Nck were performed as for wild-type NIK. PAK-mediated signaling leads to Jun kinase and p38 mitogen-activated
protein kinase activationl. Biol. Chem.270, 27995-27998.

Cell lysis, immunoprecipitation and immunoblotting Blank,J., Bervins,P., Elliott,E.M., Sather,S. and Johnson,G.L. (1996)

Cell lysis, immunoprecipitation and immunoblotting were as previously Molecular cloning of Mitogen-activated protein/ERK Kinase Kinases

described by Skolnilet al. (1993). (MEKK) 2 and 3.J. Biol. Chem. 271, 5361-5368.
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