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The Janus family of protein tyrosine kinases (JAKS)
regulate cellular processes involved in cell growth,
differentiation and transformation through their asso-
ciation with cytokine receptors. However, compared
with other kinases, little is known about cellular regu-
lators of the JAKs. We have recently identified a JAK-
binding protein (JAB) that inhibits JAK signaling in
cells. In the studies presented here we demonstrate
that JAB specifically binds to the tyrosine residue
(Y1007) in the activation loop of JAK2, whose phospho-
rylation is required for activation of kinase activity.
Binding to the phosphorylated activation loop requires
the JAB SH2 domain and an additional N-terminal 12
amino acids (extended SH2 subdomain) containing two
residues (lle68 and Leu75) that are conserved in JAB-
related proteins. An additional N-terminal 12-amino-
acid region (kinase inhibitory region) of JAB also
contributes to high-affinity binding to the JAK2 tyro-
sine kinase domain and is required for inhibition of
JAK2 signaling and kinase activity. Our studies define
a novel type of regulation of tyrosine kinases and might
provide a basis for the design of specific tyrosine kinase
inhibitors.
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Introduction

The growth, differentiation and functions of immune and
hematopoietic cells are controlled by multiple cytokines,
including interleukins (ILs) and colony stimulating factors
(CSFs). Cytokines exert their biological effects through

one or more members of the JAK family of cytoplasmic
tyrosine kinases (JAKSs). Cytokine-induced receptor dimer-
ization leads to the activation of JAKs, rapid tyrosine
phosphorylation of the cytoplasmic domains and sub-
sequent recruitment of various signaling proteins to the
receptor complex (lhle, 1995). Among these proteins are
members of the signal transduction and activators of
transcription (STAT) family (lhle, 1996; Darnell, 1997;
O’Shea, 1997). The tyrosine-phosphorylated STATs form
homo- or heterodimers and translocate into the nucleus,
they then activate target genes.

The regulation of the JAKs is a central component in
the regulation of cytokine signaling. Because of the critical
role of cytokines in mediating inflammation and immunity,
it could be proposed that constitutive activation of JAKs
could contribute to hematopoietic disorders, autoimmunity
and inflammatory diseases. Activation of JAK tyrosine
kinase activity is positively regulated by transphosphoryla-
tion of a critical tyrosine within the activation loop of the
kinase domain (Gauzzt al, 1996; Fenget al, 1997;

Liu etal, 1997; Zhowet al., 1997; Weiss and Schlessinger,
1998). However, little is known regarding the mechanisms
that terminate or down-modulate JAK kinase activity in
cytokine responses. Considerable evidence suggests that
one mechanism involves the recruitment of a tyrosine-
phosphatase-containing SH2 domain (SHP-1) to receptor
complexes resulting in the dephosphorylation of JAKs
(Klingmuller et al., 1995; Jiacet al., 1996). The potential
importance of this mechanism is strongly suggested by
the phenotype omotheater{me/m¢g mice lacking SHP-1
which die from a disease with components of auto-
immunity and inflammation (Shulet al., 1993). However,
SHP-1 has been shown to negatively regulate a number
of receptor and non-receptor tyrosine kinases including
c-kit and ZAP-70 (Plaset al, 1996; Kozlowskiet al.,
1998). Thus, the kinases specifically responsible for the
phenotype remain to be determined. In addition, however,
it has been suggested that a family of small SH2-domain-
containing proteins may also be involved in the relatively
specific regulation of cytokine signaling.

The CIS family of proteins, also referred to as the
SOCS or SSI family has been implicated in regulating
signal transduction by a variety of cytokines (Aman and
Leonard, 1997; Adamust al, 1998; Bjorbaeket al.,
1998; Sakamotet al, 1998). The first member of this
family (CIS1) was cloned as an immediate-early gene in
response to a number of cytokines including erythropoietin
(EPO), IL-2, IL-3 and granulocyte macrophage-colony
stimulating factor (GM-CSF) (Yoshimurat al, 1995),
and is regulated by STAT5 (Matsumatbal.,, 1997). CIS1
tightly binds the tyrosine phosphorylated IL-3 and EPO
receptors, and negatively regulates their signals when it
is overexpressed (Yoshimurat al, 1995; Matsumoto

binding to cell-surface receptors that are associated withet al, 1997). The second family member was independ-
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Fig. 1. The role of each domain of JAB in the inhibition of JAK signaling.) (Schematic structures of wild-type (WT) and mutated JAB proteins.

dN and dC indicate deletion from the N- and C-terminus, respectively, and the number represents the length of each deletion. For example, dN39
indicates a 39-amino-acid deletion from the N-terminus. JN contains only the N-terminal region (codon 1-79). sssss indicates eight repeats of the
serine residue. All constructs contain an N-terminal Myc epitope 83293 cells were transfected with a plasmid mixture containing the reporter
gene, theB-galactosidase gene, the EPOR, STAT5 and each JAB mutant, as described in Materials and methods. After transfection, cells were
incubated in the presence-) or absence (-) of 1 unit/ml EPO for 6 h, and luciferase activity was then measured. Data normalized with the
B-galactosidase activity from duplicate experiments are sho@nEkcess GST-JH1 was transiently expressed in 293 cells with wild-type or mutant
JABs, then purified on GSH-Sepharose. The amounts of JAB and GST-JH1 in the precipitates were estimated by immunoblotting with anti-Myc
(aMyc) and anti-GST ¢GST), respectively. The expression level of each JAB mutant in the total cell lysate (TCL) was measured by
immunoblotting with anti-Myc (TCLaMyc).

ently cloned by three groups and is termed JAB, SOCS- JAB demonstrate a novel type of inhibition of tyrosine
1 or SSI-1 (Endoeet al, 1997; Starret al., 1997; Naka kinase activity through the independent binding of JAB
et al., 1997). We identified JAB by screening for proteins to both the critical tyrosine in the activation loop of the
that bound to the JAK2 tyrosine kinase (JH1) domain kinase domain and the catalytic groove. Elucidation of
(Endoet al., 1997). Staret al. (1997) cloned SOCS-1 as the molecular mechanism of kinase inhibition by JAB
an inhibitor of IL-6-induced differentiation and growth may provide a novel strategy for the design of specific
arrest of the murine monocytic leukemia cell line M1; tyrosine kinase inhibitors.

and Nakaet al. (1997) identified SSI-1 using an antibody

that recognizes a common sequence of the SH2 domainResuIts

of STATs. The potentially specific role for JAB in cytokine

signaling is suggested by the observation that it does not SH2 domain and sequences immediately

inhibit activation of the fibroblast growth factor (FGF) N-terminal of JAB are necessary and sufficient for
receptor, the insulin receptor, Flt-3 or c-kit (Endbal, inhibiting JAK signaling

1997; Masuharaet al, 1997; Nakaet al, 1997; Starr We have reported previously that EPO-dependent STAT5-
et al, 1997). Although JAB apparently inhibits JAK reporter gene activation in the 293-cell transient assay was
signaling when expressed ectopically, the molecular mech-inhibited completely by co-expression of JAB (Masuhara
anism by which JAB specifically inhibits JAK tyrosine et al, 1997). In this assay, N-terminally or C-terminally
kinases has not as yet been determined. To address thi¢lag- or Myc-tagged proteins were as effective as wild-
qguestion, we identified the domains of JAB that are type JAB and consequently in the studies presented
required for inhibition and determined the tyrosine residue here N-terminal Myc-tagged versions of JAB were used
of JAK2 JH1 with which JAB associates. Results from throughout. As illustrated in Figure 1, mutants with
mutational analysis and biochemical characterization of deletions of sequences carboxyl to the SH2 domain (dC20,
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Fig. 2. Suppression of JAK2 activation vivo by N-terminal
truncated JAB mutants. 293 cells were transfected with ¢r without
(=) expression plasmids carrying the EPO receptor (EPOR), Flag-
tagged JAK2 (F-JAK2) and truncated dN51JAB or dN60 JAB. After
stimulation with 20 units/ml of EPO for 20 min, total cell extracts
(TCL; a and b) or anti-Flag immunoprecipitatesag IP;

c—e) were blotted with anti-PYaPY; a and c), anti-MycdMyc;

b and d) or anti-Flago(Flag; e). Positions for Flag-JAK2 (F-JAK2),
the EPOR and Myc-JAB (M-JAB) are indicated by arrows.

dC40 and dC44) retained the ability to inhibit STAT5
activation of transcription. Importantly, this region con-

tains sequences that are found in all CIS family members

and is referred to as the CIS homology (CH) domain
(Masuharaet al., 1997), SOCS box (Stamet al., 1997,
Hilton et al., 1998) or SC motif (Minamotet al., 1997).

Moreover, a mutant (dN51/dC40) that contains deletions
of both the carboxyl sequences and 51 amino acids

from the N-terminal region retained the ability to inhibit
signaling. However, further deletion of the N-terminal

Molecular mechanism of JAK2 inhibition by JAB
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Fig. 3. Effect of N- or C-terminal deletion of JAB on LIF-induced
growth arrest of M1 leukemic cellsAj Total cell extracts from

parental M1 cells (lane 1) and transformants expressing wild-type JAB
(lane 2), dN64 (lane 3) and two independent clones of dC40 (lanes 4
and 5) were immunoblotted with anti-MydBY Parental M1 cells

(1X10P) and transformants were cultured in medium containing 10%
horse serum supplemented with the indicated concentrations of LIF for
5 days and viable cells were then scored. The viable cell number in
the presence of LIF is shown as a percentage of that without LIF.

(dN51 and dN60) were transiently expressed in 293 cells.
Consistent with the reporter gene assay shown in Figure

sequences caused loss of activity (AN68; see Figure 6B1B, EPO-dependent tyrosine phosphorylation of JAK2

for other N-terminal deletions). The importance of the
SH2 domain is illustrated by the loss of activity by
mutations of the phosphotyrosine-binding residue Arg105
to Lys (R105K) or Glu (R105E) or by deletion of the
SH2 domain (JIN).

The ability of the mutants to associate with the JAK2

kinase domain was also assessed using N-terminal Myc-

and the EPOR was suppressed in the presence of dAN51JAB
(Figure 2a and c, lanes 2 and 4). Association of dN51JAB
with F-JAK2 was dependent upon stimulation with EPO
(Figure 2d, lanes 3 and 4), suggesting that phosphorylation
of JAK2 is necessary for JAB binding. However, no such
of phosphorylation inhibition and binding increase was
seen for the inactive dN60JAB (Figure 2a, ¢ and d; lanes

tagged mutants and JAK2 JH1 domain fused to glutathione 5 and 6). These data indicate that sequences immediately
Stransferase (GST). GST-JH1 and JAB derivatives were N-terminal to the SH2 domain are important for JAK2
transiently co-expressed in 293 cells, and GST-JH1 waskinase inhibitionin vivo.

then purified on GSH-Sepharose. Co-precipitation of JAB
was measured by immunoblotting with anti-Myc (Figure
1C). Consistent with the biological assays, 51 N-terminal
or 40 C-terminal amino acids were not required for
co-immunoprecipitation of the mutants with GST-JH1
(Figure 1C, lanes 1-5). However, the SH2 domain and
sequences immediately N-terminal to the SH2 domain
were required for kinase-domain binding activity (Figure
1C, lanes 6-9).

To confirm the important role of the N-terminal region
of JAB on JAK2 kinase activity in cells, the EPO receptor
(EPOR), Flag-tagged JAK2 (F-JAK2) and Myc-tagged
JAB constructs lacking 51 or 60 N-terminal amino acids

JAB has been shown to prevent IL-6-induced or leuke-
mia inhibitory factor (LIF)-induced growth arrest and
differentiation of M1 cells (Masuharat al., 1997; Naka
et al, 1997; Starret al, 1997). We therefore examined
selected mutants for their ability to function in this
assay to determine whether comparable determinants were
required. As shown in Figure 3B, the C-terminal truncated
mutant (dC40), as well as wild-type JAB, inhibited LIF-
induced growth arrest in stably transfected cells. However,
deletion of 64 amino acids of the N-terminal resulted in
a loss of activity comparable with the transient EPO/
STATS reporter assay, as well as JH1-binding assay (Figure
6B and C). The differences in activity were not due to
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GST JH1 Kgg2 Y1007/Y1008 peptides and the specific binding of phospholipase C
(PLC)-1 to other phosphopeptides (ppY931/Y934 and
A A pY966). We also carried out an vitro binding assay for

JAB and JH1 in the presence of phosphopeptides to
- KD) YY->FF (FF . . ) .
Ke=D (KD) 2EFAEED confirm the specificity of the interaction between phospho-

peptides and JAB SH2 domain. The}@alue (the peptide

Blot - wt FF KD concentration required for 50% inhibition of binding of
a JAB to JH1) of the pY1007 peptide is 4IM, whereas
TCL aMyc E - M-JAB that of pY1008 was>20 uM (data not shown). Therefore,
JAB SH2 domain binds to pY1007 specifically.
b The ability of various mutants to bind the phospho-
— peptide-containing pY1007 is illustrated in Figure 5B.
oMyc . -« M-JAB Binding did not require the CH domain or 51 amino acids
GSH-bound from the N-terminus (lanes 1-5). However, deletion of 68
¢ = amino acids from the N-terminal region disrupted binding,
oGST *l -4 GST-JH1 although this deletion does not include sequences normally
associated with the SH2 domain (dN68; lane 6). The
d importance of the SH2 domain is indicated by the loss of
| oPY - ~a GST-JH1 binding activity on deletion of entire SH2 domain (JIN;
1 2 3 4 lane 7) or by mutations of the phosphotyrosine-binding
Arg105 residue (R105K and R105E; lanes 8 and 9). Thus,
Fig. 4. Phosphorylation-dependent binding of JAB to JAK2—JH1. both the SH2 domain and a region N-terminal to the SH2
Positions of mutations are shown. Myc-JAB (M-JAB) was domain are essential for the binding to pY1007.

co-expressed in 293 cells without (=) or with GST fusion of wild-type
JH1 (wt) and JH1 mutants carrying YY1007, 1008FF (FF) or K882D

(KD). After purification on GSH-Sepharose, bound materials were Twelve amino acids immediately N-terminal to the

analyzed by immunoblotting with anti-Myayc; b), anti-GST SH2 domain are essential for binding to pY1007
(aGST; ¢) and anti-PY(PY; d). The total cell lysate (TCL) was also To elucidate the function of the N-terminal region of JAB,
blotted with anti-Myc (a) to confirm equal expression of Myc-JAB. we created a series of deletion mutants of JAB from

Gly52 to Gly79 next to the classical SH2 domain. First,
differences in levels of expression (Figure 3A). Together we found that N-terminal 24 amino acids (F56—-G79) in
the results from all assays demonstrate that JAB activity addition to the SH2 domain were essential for EPO-
requires the SH2 domain and a region of ~24 amino acids dependent STAT5 activation (Figure 6B). Two-hybrid

N-terminal to the SH2 domain. analysis and ann vitro pY1007 peptide-binding assay

indicate that 12 amino acids (168—G79) immediately N-
JAB binds to pY1007 in the activation loop of terminal to the SH2 domain were required for binding
JAK2 (Figure 6C and D). This 12-amino-acid region, which we

The ability of JAB to associate with the JAK2 kinase termed the extended SH2 subdomain, is critical for the
domain in an SH2-dependent manner, as shown in Figureinteraction of JAB with pY1007.
1C, suggests that the interaction may occur with a specific  Among CIS family members, little similarity was found
site of tyrosine phosphorylation of JH1. Recent studies in the N-terminal region. However, lle at position 68, Leu
have identified all the major sites of autophosphorylation at 75 and Gly at 79 are highly conserved (boxed in Figure
of JAK2 (T.Matsuda and J.N.lhle, unpublished data), 6A). At codon 68, some CIS members possess Leu or Val
including Y1007 which is critical for the activation of instead of Ile. However, these amino acid residues are quite
kinase activity (Fengt al., 1997). To confirm the binding  similar in nature. Interestingly, these three amino acid
of JAB to the phosphorylated kinase, we created mutant residues are also found at the same positions close to the
GST-JH1 constructs containing YY1007, 1008FF (FF) SH2 domain of STATs (STAT1 and STAT3 sequence in
and K882D mutations (KD, kinase inactive) (Figure 4). Figure 6A). Similarity among the SH2 domains of CIS
Wild-type JAB did not bind to mutant GST—JH1 containing family members and those of STATs may not be surprising,
YY1007, 1008FF and K882D mutations (Figure 4). Since because SSI-1/JAB was cloned using an antibody against
both FF and KD mutants were unphosphorylated, this common sequences in the SH2 domain of STATs (Naka
suggests that tyrosine phosphorylation of JH1 is a pre- etal., 1997). Substitution of conserved lle68 with Glu (I68E)
requisite for binding between JAB and JH1. and Leu75 with Glu (L75E) abolished or markedly reduced
In addition to phosphorylation of the regulatory sites EPO-dependent STAT5 signaling (Figure 6B) as well as
in the activation loop (Y1007 and Y1008), phosphorylation the interaction with JH1 and pY1007 (Figure 6C and D),
occurs on Y931, Y934 and Y966 in the JH1 kinase domain suggesting the essential role of 1le68 and Leu75 on binding
(Matsudaet al., unpublished data). To identify at which to the phosphotyrosine residue. Gly79 was able to be
of these sites JAB might bind, we examined the ability replaced with Glu (G79E), although this amino acid is also
of JAB to bind to phosphopeptides containing these conserved. Defined X-ray crystal structures of STAT1 and
residues. As illustrated in Figure 5A, among a variety of STAT3 were reported recently (Becker al., 1998; Chen
phosphopeptides, JAB, either Myc- or Flag-tagged, bound et al.,, 1998). The region of STAT1(L0) including these
only to phosphopeptides containing a phosphorylated conserved amino acids interacts with the phosphate-binding
Y1007 (pY1007). The specificity of this interaction is loop betweeBC andBD of the SH2 domain, and is indeed
illustrated by the lack of binding of CIS1 to any of the involved in phosphotyrosine binding (Chenal., 1998).
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Fig. 5. Binding of JAB to phosphorylated Y1007 (pY1007) in the activation loop of JAKY). $equences of phosphopeptides and
non-phosphopeptides of JH1 used are shown on the left. The beads conjugated with the indicated peptides were incubated with 293 cell extracts
expressing N-terminal Myc-tagged JAB (a), N-terminal Flag-tagged JAB (b) or Myc-tagged CIS1 (¢gooflpurified 4G10 (anti-PY monoclonal
antibody) (e). After washing, beads and aliquots of total cell extracts (input) were subjected to SDS—PAGE and immunoblotting with anti-Myc

(a and c) or anti-Flag (b). Membrane of (a) was reprobed with antiyPL@). 4G10 was detected with peroxidase-conjugated anti-mouse IgG (e).

(B) Binding of mutant JAB proteins to pY1007 phosphopeptide. Each JAB mutant was expressed in 293 cells and cell extracts were incubated with

beads conjugated with pY1007 phosphopeptide (pY1007). Input (lower panel) and bound JAB proteins (upper panel) were detected by

immunoblotting with anti-Myc.

Amino acids other than 168 and L75 in this region may

(C1J) effectively bind the pY1007 peptide, these mutants

not be so important because chimeric JAB mutants, C1J andbound to GST—JH1 much more weakly than did shorter

C1JdN67, boundto pY100id vitro and JH1 in yeast (Figure
6C and Djn vitro binding of C1JdN67 is not shown). These
chimeric mutants contain the entire N-terminal region or 12
amino acids of the extended SH2 subdomain of CIS1 in
place of the JAB N-terminal region respectively. Again,
substitution of 168E in CIJdN67 (C1JdN67,I68E) com-
pletely abolished binding (Figure 6C and data not shown
forinvitro binding assay), further supporting the importance

deletion mutants (dN51, dN54, dN55) (Figure 6C and D;
compare pY1007 Bound with JH1 Bound). These 12
amino acids (codon 56—67) are also essential for inhibition
of EPO/STATS signaling (Figure 6B). These observations
suggest that the region between F56 and R67 is another
site of interaction with JH1 and is important for signal
inhibition. Within these 12 amino acids, eight are identical
or closely related between JAB and CIS3, which also

ofthe lle residue at 68. These dataraise the strong possibilitybinds to JH1 and inhibits JAK signaling (Figure 6A),
that the extended SH2 subdomain is part of the SH2 domainfurther suggesting the involvement of this region in JAK

in this family, and is essential for recognition of a specific
phosphopeptide sequence.

Additional 12 amino acids N-terminal to the

extended SH2 subdomain are required for signal
inhibition as well as high-affinity binding to JH1
Although deletion mutants containing the extended SH2
subdomain (dN56-67) and the C1J chimeric molecule

signal inhibition.

To address the function of this region, we mutated
amino acid residues conserved between JAB and CIS3 in
the context of the dN51 backbone (Figure 7A). Substitution
of F56 with S or D, F59 with A or E, D64 with R, and
Y65 with A abolished the ability of JAB to inhibit the
EPO/STATS5 signaling (Figure 7B). The Y65A mutation
had a lesser effect. F56L and F59L substitutions had no
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Molecular mechanism of JAK2 inhibition by JAB

effect on JAB activity, suggesting that the hydrophobic several CIS family member proteins and wild-type or
nature of these positions is very important. The Y65F several mutant JAB proteins, am vitro autophosphoryl-
mutant was as effective as wild-type JAB. Relatively ation assay was then carried out (Figure 9A and B). To
extensive changes at other positions (H55D, R57E, T58A, exclude the possibility that JAB recruits an unidentified
S61E, H62E) had no significant effects. inhibitory molecule in 293 cells to JH1, an vitro kinase

As shown in Figure 7C, all substitution mutants had no assay using JAB proteins expressed in bacteria and GST—
effect on binding to the pY1007 peptide (pY1007 Bound). EPO receptor cytoplasmic domain fusion protein (GST—
Altering F56 to E or S (but notto L), F59 to A or E (but EPOR) as a substrate was also performed (Figure 9C).
not to L), D64 to R and Y65A reduced the ability of JAB Consistent with our hypothesis, JAB, but not other mem-
to bind to JH1 (Figure 7C, JH1 Bound). Therefore, all bers of the family including CIS1, CIS2 or CIS3, inhibited
substitutions that resulted in reducing the affinity of JAB JAK2-JH1in vitro kinase activity (Figure 9A, lanes 2-4).
for JH1, decreased or diminished signal inhibition activity. We have shown that CIS1 and CIS2 do not bind to GST—
F56, F59, D64 and Y65 were especially critical, and these JH1 in vitro (Masuharaet al., 1997), which is consistent
were conserved between CIS3 and JAB. As shown in with their inability to inhibit kinase activity. CIS3 has
Figure 7C (JH1 Bound), F59 mutations exhibited a more been shown to interact with JH1 weakly and to inhibit
profound effect on JH1 binding than F56, D64 and Y65 cytokine signaling, however, we could not detect the effect
mutations, suggesting that F59 is the most critical residue of CIS3 on JAK2 tyrosine kinase activity using this assay.
in this region. This is probably because the affinity of CIS3 to JH1 is

To quantify the affinity of JAB to the JH1 domain, we too weak to bind to JH1 at a sufficient level for kinase
performedn vitro binding assays at various concentrations inhibition in vitro (Masuharaet al., 1997).
of JAB deletion mutants that did or did not inhibit JAK Deletion of the C-terminal sequences (dC40) did not
signaling (Figure 8). The concentration of Myc-JAB in affect the ability to bind to JHIln vitro and to block
cell lysates was semi-quantitatively estimated by immuno- kinase activity, neither did the deletion of 51 amino acids
blotting using myc-tagged GST protein or recombinant from the N-terminus (dN51) (Figure 9B, a and b, lanes 2
JAB as a standard. As shown in Figure 8B, classical SH2 and 4). Blotting with anti-GST or anti-PY indicated that
domain plus extended SH2 subdomain (dN56), as well asthe inhibition of kinase activity was not due to proteolytic
the shorter deletion mutant (dN39) that has full JAK signal degradation or dephosphorylation of GST-JH1 (Figure
inhibitory activity, bound to pY1007 with equal affinity 9B, d and e). Similar results were obtained by using
(Kg= ~50-100 nM). However, dN39 binds to JH1 with recombinant proteins from bacteria and GST-EPOR as a
very high affinity K4= ~1-5 nM), whereas dN56 binds polypeptide substrate (Figure 9C, a). Wild-type JAB,
to JH1 weakly with aKy of ~50-100 nM (Figure 8A). dN51, as well as dN51/dC40, efficiently inhibited JH1
The mutant dN75, which lacked the extended SH2 sub- tyrosine kinase activity (Figure 9C lanes 2, 4 and 6).
domain, did not bind to JH1 and pY1007 at any concentra- However, R105E (Figure 9C, lane 3), dN60 (Figure 9B,
tion. The affinity of dN56 to JH1 was close to that of lane 3) and F59E (Figure 9B and C, lane 5) mutants did
the pY1007 phosphopeptide, suggesting that the regionnot affect kinase activity. These are consistent with the
containing classical plus extended SH2 subdomain bindsresults of a biological assay using reporter gene (Figures
to JH1 through only the phosphorylated activation loop. 1B, 6B and 7B) and indicate the essential role of the SH2
However, the fully active JAB that contains essential domain and N-terminal region close to the extended SH2
N-terminal 12 amino acids probably interacts with JH1 at subdomain. Thus, we propose to term this 12-amino-acid
two different sites; the phosphorylated activation loop by region (F56—R67) the ‘kinase inhibitory region’, because
the SH2 domain and another JH1 region by the 12 aminoiit is critical for inhibition of JAK signaling as well as
acid region, resulting in a high-affinity binding. kinase activity.

The SH2 domain and the kinase inhibitory region
are necessary for inhibition of JH1 kinase activity
JAB was isolated by its ability to bind to the kinase In the present study, we have focused on the molecular
domain of JAK2 and is hypothesized to inhibit cytokine mechanism of JAK inhibition by JAB. Previous reports
signaling by blocking kinase activity. To test this, purified indicate that a certain level of JAB expression can poten-
GST-JH1 was incubated with 293 cell lysates containing tially block many cytokine functions, including LIF,

Discussion

Fig. 6. The effect of N-terminal deletion and mutations on JAB activify) Amino acid sequences of the N-terminal region of mutant JAB proteins.
Sequences of human JAB (51-78), murine JAB (52-79) and human CIS3 (18-45) are shown in the first three lanes. Asterisks indicate identical or
conserved amino acids among them. dN51-dN75 are N-terminal deletion mutants, and the number indicates the length of deletion. In I68E, L75E
and G79E, substitution mutants are at the positions indicated in the dN51 backbone. Dots indicate unchanged amino acids. Sequence of the proximal
N-terminal SH2 region of CIS1 is shown. C1J is a chimeric molecule containing the N-terminal region of CIS1 (1-81) and the SH2 domain and
C-terminal region of JAB (80-212). C1JdN67 has 12 N-terminal amino acids (170—-G81) of CIS1 and the SH2 domain and C-terminal region of JAB
(80-212). C1JdN67,I68E is a mutant C1JdAN67 containing an I-to-E substitution at the position corresponding to 68 of JAB. The last two lines
indicate the sequences of the N-terminal SH2 proximal region of STAT1 and STAT3. Three amino acids conserved among CIS family members and
STATs are boxed.R) EPO-dependent reporter gene assay was carried out in the presence of the indicated JAB mutants in 293 cells. Data
normalized with the-galactosidase activity from duplicate experiments are sho@nTo-hybrid analysis of JH1-JAB mutant interaction. Yeast

strains carrying pBTM-JH1 and each JAB mutant in pACT2 were restreaked on a filter paper and stameitib§-galactosidase assay.

(D) Binding of mutated JAB to JH1. Upper panel: each mutated JAB was transiently expressed in 293 cells and subjected to pY1007
phosphopeptide-binding assay (pY1007 Bound). Middle and lower panels: GST-JH1 and each JAB mutant were co-expressed in 293 cells and
precipitated with GSH-Sepharose. Myc-JAB was detected by immunoblotting in the total cell lysate (TCL) or GSH-bound materials (JH1 Bound)
with anti-Myc.
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Fig. 7. The effect of amino acid substitution in the kinase inhibitory region of JAB.Ynchanged amino acids are shown as dots, substituted

amino acids by a one letter code. All substitutions except Y65F were introduced into the dN51 backbone. The Y65F mutation was introduced into
full-length JAB. All mutants contain an N-terminal Myc-epitope taB) EPO-dependent reporter gene assay was carried out in the presence of the
indicated substitution mutants in 293 cells. Data normalized witi3tigalactosidase activity from duplicate experiments are sho@nB(nding of

mutated JAB to JH1. Upper panel: each mutated JAB was transiently expressed in 293 cells and subjected to pY1007 phosphopeptide-binding assay
(pY1007 Bound). Middle and lower panels: GST-JH1 and each JAB mutant were co-expressed in 293 cells and precipitated with GSH—Sepharose.
Myc-JAB was detected by immunoblotting with anti-Myc in the total cell lysate (TCL) or GSH-bound materials (JH1 Bound).

interferony, GM-CSF, leptin, IL-2 and EPO (Masuhara mechanism of specific inhibition of JAK2 tyrosine kinase
et al, 1997; Nakeet al, 1997; Staret al, 1997; Adams activity by JAB is interesting from a biochemical point
et al, 1998; Bjorbaelet al., 1998; Sakamotet al., 1998). of view and may provide useful insights for developing
JAB specifically inhibits members of the JAK family of agents that specifically inhibit tyrosine kinases.

tyrosine kinases relative to a number of other receptor Our studies demonstrate the existence of three functional
kinases and cytoplasmic kinases, including the FGF- domains: the kinase inhibitory region, the extended SH2
receptor, c-kit, Flt-3, the insulin receptor and syk (Endo subdomain and the SH2 domain. The function of the
et al, 1997; Masuharat al, 1997; Nakeet al., 1997 and C-terminal region has not been clarified in this study, but
unpublished data). Although the physiological functions it is apparently not necessary for JAK signal inhibition.
of JAB in vivo are not clear at present, the molecular The SH2 domain and extended SH2 subdomain are both
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Fig. 8. Properties of binding of JAB proteins to JH1 and pY1007 phosphopeptide. Purified GST-JH1 bound to GSH-Sepharoseads

conjugated with the pY1007 phosphopepti®) (vas incubatedn vitro with serially diluted extracts of cells transfected with dN3)(dN56 ©)

or dN75 (A). After washing, aliquots of samples were blotted with anti-Myc to measure binding to JH1 (upper panel, dN75 is not shown because of
the lack of binding) and quantified using a densitometer (lower panel). The concentrations of input JAB proteins were estimated by immunoblotting
of cell extracts and standard Myc—GST protein with anti-Myc antibody.

sufficient and necessary for binding to the pY1007 phos- inhibitory region can potentially interact with the catalytic
phopeptide, indicating that the extended SH2 subdomain groove of the JH1 kinase domain. Since we did not observe
is a part of the SH2 domain, which is important for tyrosine phosphorylation of the intact JAB molecule by
phosphotyrosine-containing  peptide binding. Two JAK2, the kinase inhibitory region may function as a non-
branched-chain amino acids, 168 and L75 conserved amongphosphorylatable ‘pseudosubstrate’ or mimic activation
the CIS family and STATs were essential for binding to loop, thereby preventing the access of substrates and/or
pY1007. The kinase inhibitory region is responsible for ATP to the catalytic pocket (Figure 10C). This hypothesis
high-affinity binding to JH1, which is necessary for signal must be verified by kinetic analysis or more directly by
and kinase inhibition. Furthermore, we also identified four co-crystal structure analysis using purified JAB and JH1.
important amino acids that are necessary for JAK2 signal

inhibition, F56, F59, D64 and Y65. These are summarized Comparison with Ser/Thr kinase inhibitors

in Figure 10A. The molecular mechanism underlying the inhibition of

serine/threonine kinases by intrinsic kinase inhibitors is
Role of the kinase inhibitory region in JAK well understood. For example, cyclin-dependent kinase
inhibition inhibitors (CDKIs) are well characterized both biochemic-

Without the kinase inhibitory region, JAB binds to JH1 ally and physiologically. The crystal structure of the
with similar affinity to pY1007 phosphopeptide (Figure p27<P1 pound to the cyclin A-Cdk2 complex has been
8), suggesting that this region is a second binding site for resolved (Russ@t al, 1996). The C-terminal region of
JH1. Some kinase inhibitory region mutants, such as F56D p27 inserts into the catalytic cleft, and F87 and R90 in
and dN58, can still bind to JH1, however, they never this region mimic ATP, thereby inhibiting kinase activity.
inhibit EPO/STATS signaling even at very high levels of Recently, crystal structures of the complex of cyclin D-
expression (H.Yasukawa, data not shown), suggesting thatdependent kinase Cdk6 bound to the cell-cycle inhibitor
a simple binding of the JAB SH2 domain to the activation p19NK4d and pl1é¥K4a have also been determined
loop is not enough to inhibit kinase activity. We noticed (Brothertonet al., 1998; Russet al., 1998). The structures
that the kinase inhibitory region resembles somewhat thereveal that the INK4 inhibitors bind next to the ATP-
activation loop of JAKs (Figure 10B). Therefore, we binding site of the catalytic cleft, thereby preventing
hypothesized that the kinase inhibitory region may mimic both productive binding of ATP and the cyclin-induced
the activation loop by functioning as a pseudosubstrate. rearrangement of the kinase from an inactive to an active
Consistent with this idea, a synthetic 15mer peptide conformation. It is interesting that both Kip/Cip and INK4
corresponding to this region was phosphorylated well by inhibitors inhibit kinase activity by preventing ATP binding
GST-JH1in vitro, and also suppressed JH1 kinase activity to the catalytic cleft, although they inhibit ATP binding
in a competitive manner against substrate (H.Yasukawa,by totally different mechanisms. The kinase inhibitory
data not shown). These data indicate that the kinaseregion of JAB possesses essential F56 and F59 for kinase
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Fig. 9. The effect of JAB on GST-JH1 kinase activity vitro.

(A) Purified GST-JH1 bound to GSH-Sepharose was incubated
without (-) or with extracts of cells transiently transfected with
plasmids carrying CIS1 (lane 2), CIS2 (lane 3), CIS3 (lane 4) and JAB
(lane 5). After washing, the beads were incubated witF2P]ATP,

then analyzed with SDS—PAGE and autoradiography (a). The
arrowhead indicate¥P-labeled GST-JH1. Aliquots of the total cell
extracts were blotted with anti-Myc (b)BY GST-JH1 was incubated

in vitro with extracts of cells transfected without (—; lane 1) or with
the indicated JAB mutants (lanes 2-5). After washing, aliquots of
samples were blotted with anti-Myc to measure binding to JH1 (b).
The input JAB proteins were estimated by immunoblotting of total cell
extracts with anti-Myc (c). To confirm the stability of GST-JH1 after
incubation with the cell extracts, the same membrane was reprobed
with anti-GST (d) and anti-PY (e). For the vitro kinase assay, the
beads resuspended in kinase reaction buffer were further incubated
with [y-32P]ATP for 15 min, then analyzed by SDS—PAGE and
autoradiography (a) Q) Lysate (1 ml) ofEscherichia colitransformed
with pQE vector carrying Myc-tagged full length JAB (lane 2), R105E
(lane 3), dN51 (lane 4), F59E (lane 5) dN51/dC40 (lane 6) or vector
alone (lane 1) were incubated with GST-JH1 conjugated to
GSH-Sepharose fd. h at 4 °C.After washing, ann vitro kinase

assay using GST-EPOR as substrate was performed (a). Aliquots of
cell lysates were blotted with anti-Mya@lyc) to show a similar level
of JAB proteins was inoculated into the reaction (b).
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inhibition. There is a possibility of the interaction of these
Phe residues with the ATP-binding sites in the catalytic
cleft such as p27.

Other well-characterized Ser/Thr kinase inhibitors are
cAMP-dependent protein kinase (PKA) inhibitors, PKis.
PKla and PKPB work as pseudosubstrates and share a
common sequence FXXXXRXXRRXXI/L, which has
been shown to be the core element of PKI activity and to
be essential for high-affinity docking to the PKA catalytic
site. The crystal structure of the catalytic subunit of the
PKA and PKb(5-22) complex has revealed that the
specific residues of the catalytic subunit interact with each
of these key residues in PKI (Knightoet al, 1991).
Protein kinase C (PKC) also has a pseudosubstrate region
(19-36) within its regulatory domain (House and Kemp,
1987). Both PKI and PKC pseudosubstrate regions are
non-phosphorylatable substrates; substitution of Ala with
Ser in the core region transforms the pseudosubstrates
into potent substrates (Chereg al., 1985, 1986; Scott
et al, 1985; House and Kemp, 1987). Similarly, DY64,65
of JAB may be involved in recognition as a pseudo-
substrate.

Comparison with Grb10 and Grb14

Recently, other SH2 proteins Grb10 and Grb14 have been
shown to contain a second novel domain that interacts
with the insulin receptor and insulin-like growth factor
receptor in an activation loop-dependent mannerdtid.,
1998; Kasus-Jacolst al., 1998). These studies suggest
that Grb10 and Grbl1l4 may interact within or near the
activation loop of the insulin-receptor-kinase domain,
thereby physically blocking tyrosine kinase activity.
Although there is no sequence similarity between the
kinase inhibitory region of JAB and any domains of Grb10
or Grb14, it is interesting to note whether other tyrosine
kinases possess their own specific inhibitory SH2 protein
that interacts with the activation loop. It may also be
possible to design a specific JAB-like tyrosine kinase
inhibitor acting against a given tyrosine kinase, by modify-
ing the SH2 domain to bind to the kinase activation loop,
as well as the kinase-inhibitory region to the catalytic
pocket of the kinase.

Materials and methods

Cells and transformants

M1 myelogenous leukemia cells were cultured in Dulbecco’s modified
Eagle’'s medium (DMEM) containing 10% horse serum. M1 transformants
were obtained by electroporation with pcDNA3 carrying Myc-tagged
full-length JAB, dN64 and dC40 and maintained in the presence of
0.5 mg/ml G418 as described previously (Masuleral., 1997). Growth

of M1 cells in the presence of LIF was measured as described. 293
Cells were maintained in DMEM-10% calf serum (CS).

Luciferase assay

The STATS responsive promoter-luciferase reporter gene, which carries
four repeats of the GAS sequence with the jun promoter, was described
previously (Masuharat al, 1997). This reporter gene has been used
for STAT3 activity measurement in an earlier study, but can also be used
for STATS activity. EPO-dependent luciferase activity in 293 cells co-
transfected with STAT5 and the EPO receptor cDNA was measured as
described previously (Masuhae al., 1997).

Mutant cDNA construction
All cDNAs used herein were derived from murine JAB. Deletion,
substitution and chimeric mutants were generated using standard poly-
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merase chain reaction (PCR) methods. cDNA fragments were subclonedanti-phosphotyrosine (PY) (4G10), anti-Myc (9E10), anti-Flag (M2;

into EcaRI/Xhd sites of pcDNA3-Myc as described previously (Endo
et al, 1997). Sequences of all mutant cDNAs were confirmed. This was

Kodak) and anti-PL&1 (Santa Cruz, CA, USA) antibodies. For semi-
guantitative analysis, cell extracts containing Myc-JAB were diluted

essential because errors were frequently found in the PCR product with buffer A containing 1 mg/ml BSA, then used for vitro binding

probably because of the high GC content of JAB cDNA. For N-terminal
and C-terminal Flag-tagging, JAB cDNA was cloned in a pFLAG-
CMV2 or a pFLAG-CMVS5 vector (Kodak, CT, USA). To produce His6
and single Myc-tagged JAB in bacteria, the PCR product of JAB
cDNA carrying N-terminal Myc-tag was subcloned into pQE32 (Qiagen,
CA, USA).

Binding of JAB to GST-JH1 or phosphopeptides in vitro

assay. The concentration of JAB in the cell lysates was estimated roughly
by immunoblotting with anti-Myc antibody using purified Myc-tagged
GST produced in bacteria or with anti-SOCS1 antibody (SantaCruz)
using purified recombinant JAB (kindly provided by Dr A.Gertler, The
Hebrew University of Jerusalem, Israel) as a standard protein.

JAK2-JH1 in vitro kinase assay
A polypeptide substrate, GST-EPOR cytoplasmic domain (codon 325—

Peptides and phosphopeptides were synthesized and coupled to CNBr430) containing two tyrosine residues was produced in NM522 bacteria
activated Sepharose 4B according to the manufacturer’s instructions and purified on GSH-Sepharose. Purified protein was dialyzed against

(Pharmacia, Uppsala, Sweden). Approximatelyubfoles of the peptide
were coupledd 1 g dried Sepharose resin. GST-JH1 expressed in 293
cells (5ug plasmid/transfection) grown in 10-cm dishes was purified in

10 mM Tris-buffered saline (TBS) and concentrated to 2 mg/ml.
GST-JH1 expressed in 293 cells | plasmid/transfection) grown
in 10-cm dishes was purified in 1Qd (50% v/v) of GSH-Sepharose

100 pl (50% v/v) of GSH-Sepharose just before the experiment. Myc- just before the experiment. The resin was diluted 10-<10@ith

tagged JAB and mutants in pcDNAS (fg/transfection) were transiently
expressed in 293 cells grown in 10-cm dishes. Cells were lysed in 1 ml
of lysis buffer A (20 mM HEPES buffer pH 7.3, 150 mM NacCl, 0.5%
NP-40, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium
vanadate, 1 mM phenylmethylsulfonyl fluoride and 1% aprotinin), then
centrifuged. Before the precipitation experiments, bovine serum albumin
(BSA) was added at a final concentration of 1 mg/ml. Cell extracts were
incubated with 20ul (50% v/v) of peptide-conjugated Sepharose or

Sepharose S-200, because the kinase activity was too high. For the
in vitro binding assay, 2@l of resin was incubated with 1 ml of cell
extract from 293 cells transiently transfected with each JAB mutant
(1.0 pg plasmid/10 cm dish) or 1 ml of bacterial lysate (from 10 ml
overnight culture) carrying His-tagged JAB or mutants at 4°C for 1 h,
then washed twice with kinase reaction buffer (50 mM HEPES buffer
pH 7.5, 50 mM NaCl, 5 mM MgG, 5 mM MnCl and 0.1 mM
NagVO,). The recombinant protein was produced in bacteria without

GST-JH1 Sepharose, then washed twice with phosphate-buffered salineisopropyl{3-p-thiogalactopyranoside (IPTG) treatment, because the addi-

(PBS) containing 0.5% NP-40, and analyzed by immunoblotting with

tion of IPTG resulted in degradation and aggregation of JAB protein.
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For thein vitro autophosphorylation assay, the beads resuspended in

20 pl of kinase reaction buffer were further incubated wigP]-ATP
(10pCi/sample; final concentration M) for 15 min atroom temperature.

pseudosubstrate prototope in its regulatory dom&oience 238
1726-1728.
Ihle,J.N. (1995) Cytokine receptor signalingature 377, 591-594.

After washing twice with PBS, the beads were subjected to 10% SDS- lhle,J.N. (1996) STATs: signal transducers and activators of transcription

PAGE and autoradiography. For substrate phosphorylatiqrg &ST—
EPOR and 10@M cold ATP were included in the reaction and substrate
phosphorylation was measured by immunoblotting with anti-PY.

Two-hybrid assay

To detect the interaction of JAB mutants with JH1, L40 was transformed
with pBTM116 carrying JH1 or the c-kit tyrosine kinase domain (Endo
et al, 1997) and pACT2 (Clontech, CA, USA) carrying the indicated
mutant JAB cDNAs, then selected in medium lacking tryptophane and
leucine as described previously (Masuhatal., 1997). Transformants
were restreaked on a paper filter and stained using situ 3-galactosid-
ase assay.
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