10.
11.
12.
13.
14.

15.
16.

17.
18.

19.
20.
21,
22.

23.

24,

25.

26.

27.

28.

.29,

30.

92

REFERENCES AND NOTES

J. Bazan, Neuron 7, 197 (1991).
P. H. Patterson and H. Nawa, Cell 72 (suppl.), 123
(1993).

. M. Hibi et al., ibid. 63, 1149 (1990); N. Y. Ip et al.,

ibid. 69, 1121 (1992).

. J. Bazan, Proc. Natl. Acad. Sci. U.S.A. 87, 6934

(1990).

. |. Firmbach-Kraft, M. Byers, T. Shows, R. Dalla-

Favera, J. J. Krolewski, Oncogene 5, 1329 (1990);
L. Velazquez, M. Fellous, G. Stark, S. Pellegrini,
Cell 70, 313 (1992); B. H. Witthuhn et al., ibid. 74,
227 (1993); O. Silvennoinen et al., Proc. Natl.
Acad. Sci. U.S.A. 90, 8429 (1993); L. S. Arget-
singer et al., Cell 74, 237 (1993).

. A F. Wilks et al., Mol. Cell. Biol. 11, 2057 (1991).
. D. S. Kessler, S. A. Veals, X.-Y. Fu, D. E. Levy,

Genes Dev. 4, 1753 (1990); S. Pellegrini and C.
Schindler, Trends Biochem. Sci. 18, 338 (1993);
A. C. Larner et al., Science 261, 1730 (1993); S.
Ruff-Jamison, K. Chen, S. Cohen, ibid., p. 1733;
H. B. Sadowski, K. Shuai, J. E. Darnell Jr., M. Z.
Gilman, ibid., p. 1739; K. Shuai, G. R. Stark, I. M.
Kerr, J. E. Darnell Jr., ibid., p. 1744.

. T. Decker, D. J. Lew, J. Mirkovitch, J. E. Darnell

Jr., EMBO J. 10, 927 (1991).

. C. Schindler, K. Shuai, V. R. Prezioso, J. E. Darnell

Jr., Science 257, 809 (1992).

K. Shuai, C. Schindler, V. R. Prezioso, J. E. Darnell
Jr., ibid. 258, 1808 (1992). .

N. Stahl and G. D. Yancopoulos, Cell 74, 587
(1993).

U. M. Wegenka, J. Buschmann, C. Lutticken, P. C.
Heinrich, F. Horn, Mol. Cell. Biol. 13, 276 (1993).
U. M. Wegenka et al., in preparation.

J. Yuan et al., Mol. Cell. Biol., in press.

C. Lutticken, J. Yuan, F. Horn, unpublished data.
The same 89-kD band was immunoprecipitated
with anti-p91,p84 from an APRF preparation puri-
fied by specific DNA-affinity chromatography,
proving its identity with APRF (73).

M. Murakami et al., Science 260, 1808 (1993).
Coprecipitation of Jak1 and gp130 was enhanced
by a cleavable cross-linker but could also be
observed without cross-linking. Tyk2 also copre-
cipitated with gp130 from HepG2 lysates, albeit to
a smaller extent than Jak1 (75).

X.-Y. Fu and J.-J. Zhang, Cell 74, 1135 (1993).
S. Davis et al., Science 260, 1805 (1993).

D. P. Gearing et al., ibid. 255, 1434 (1992).

J. A. Cooper, B. M. Sefton, T. Hunter, Methods
Enzymol. 99, 387 (1983).

A. Yoshimura and H. F. Lodish, Mol. Cell. Biol. 12,
706 (1992).

The lysis buffer contained 50 mM tris (pH 7.5), 150
mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM sodium
orthovanadate, 1 mM NaF, 0.75 mM phenylmeth-
ylsulfony! fluoride, 15% glycerol, and 10 pg/ml
each of aprotinin, pepstatin, and leupeptin.

C. Schindler, X.-Y. Fu, T. Improta, R. Aebersold, J.
E. Darnell Jr., Proc. Natl. Acad. Sci. USA 89, 7836
(1992).

Because APRF is not detected on immunoblots by
anti-p91,p84, only the amount of p91 protein
could be analyzed on the blot.

The HepG2 cells were labelled with [32P]ortho-
phosphate (1 mCi/ml) for 1 hour in phosphate-
and serum-free medium. After stimulation with
IL-6 or IFN-v, the cells were lysed, immunoprecip-
itated with anti-p91,p84, separated by SDS-
PAGE, and blotted to PVDF membrane. The APRF
band was excised and hydrolysed for 1 hour at
110°C in 6 N HCI. Phosphoamino acid analysis
was performed by two-dimensional thin-layer
electrophoresis (22).

Gel retardation assays were done as described
(12). The 32P-labeled synthetic oligonucleotide 5'-
GATCCTTCTGGGAATTCCTA-3' (upper strand)
representing the proximal APRF binding site of the
rat a,-macroglobulin promoter (72) was used as a
probe.

Antiserum to Tyk2 was raised and affinity-purified
against a glutathione-S-transferase fusion protein
containing a portion of human Tyk2.

We used FAO cells to measure the effect of LIF,

CNTF, and IL-11 on Jak1, p91, and APRF tyrosine
phosphorylation because HepG2 cells respond-
ed poorly to these cytokines (75).

31. In several lanes of Fig. 2C, two APRF bands (89
and 87 kD) are observed. These are caused by a
different serine phosphorylation status of APRF
(15).

32. Cross-linking was performed by incubation of pel-
leted cells in phosphate-buffered saline with 100 pM
sodium orthovanadate and the cleavable cross-
linker dithiobis-succinimidyl-propionate (DSP, 0.5
mM) for 30 min at 4°C as described (23).

33. The monoclonal antibodies to gp130 used for
immunoprecipitation did not recognize gp130 in
immunoblot experiments. Therefore, direct detec-
tion of gp130 on the blot was not possible.

34. Supported by grants from the Deutsche Fors-
chungsgemeinschaft, Bonn, Germany, the Fonds
der Chemischen Industrie, and the Swiss National
Science Foundation. We thank A. Nordheim and
J. Krieg for help with phosphoamino acid analy-
sis.

29 September 1993; accepted 16 November 1993

Association and Activation of Jak-Tyk Kinases by
CNTF-LIF-OSM-IL-6 B Receptor Components

Neil Stahl,* Teri G. Boulton, Thomas Farruggella, Nancy Y. Ip,
Sam Davis, Bruce A. Witthuhn, Frederick W. Quelle,
Olli Silvennoinen, Giovanna Barbieri, Sandra Pellegrini,
James N. lhle, George D. Yancopoulos*

A recently defined family of cytokines, consisting of ciliary neurotrophic factor (CNTF),
leukemia inhibitory factor (LIF), oncostatin M (OSM), and interleukin-6 (IL-6), utilize the
Jak-Tyk family of cytoplasmic tyrosine kinases. The B receptor components for this cy-
tokine family, gp130 and LIF receptor B, constitutively associate with Jak-Tyk kinases.
Activation of these kinases occurs as a result of ligand-induced dimerization of the receptor
B components. Unlike other cytokine receptors studied to date, the receptors for the CNTF
cytokine family utilize all known members of the Jak-Tyk family, but induce distinct patterns
of Jak-Tyk phosphorylation in different cell lines.

Although they have different biological
activities, CNTF, LIF, OSM, and IL-6
make up a cytokine family on the basis of
their predicted structural similarities (I, 2)
and shared B signal-transducing receptor
components (3-8). Receptor activation by
this cytokine family results from either
homo- or heterodimerization of these B
components (6, 8, 9). IL-6 receptor activa-
tion involves homodimerization of gp130
(9), a protein initially identified as the IL-6
signal transducer (10). CNTF, LIF, and
OSM receptor activation requires het-
erodimerization between gp130 and a sec-
ond gp130-related protein known as the LIF
receptor B (LIFRB) (6), initially identified
for its ability to bind LIF (11). Both CNTF
and IL-6 also require specificity-determin-
ing o components that are more limited in
their distribution than the B components
and thus determine the cellular targets of
the particular cytokines (8). Both the
CNTF binding protein CNTFRa (12) and
the IL-6 receptor IL-6Ra (10, 13) can
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function as soluble proteins, consistent
with the notion that they do not interact
with intracellular signaling molecules but
that they serve to help their ligands interact
with the appropriate signal-transducing
subunits (8).

Receptor activation by the CNTF family
of cytokines results in the immediate tyro-
sine phosphorylation of the B components
and other cellular proteins (3, 5, 14-17).
Because the B receptor components do not
contain intrinsic tyrosine kinase domains,
tyrosine phosphorylation was hypothesized

_ to result from the activation of one or more

receptor-associated tyrosine kinases, which
appear to be essential for downstream
events because tyrosine kinase inhibitors
were found to block the early tyrosine
phosphorylations and subsequent physio-
logical responses (3, 14). We report here

‘that gp130 and LIFRB associate with the

Jak-Tyk family of cytoplasmic protein tyro-
sine kinases (18-21) in the absence of
ligand and that Jak-Tyk kinase activity is
induced after cytokine binding. Unlike oth-
er cytokines studied to date (21-24), the
CNTF family of factors utilizes all known
members of the Jak-Tyk family but elicits
distinct profiles of Jak-Tyk activation in
different cells.

Stimulation of responsive cells with
CNTF or LIF induces tyrosine phosphoryl-
ation of both gp130 and LIFRB, which form
a complex that can be recovered after cell



lysis with antibodies to either B subunit (5,
6). Stimulation of cells with IL-6 [along
with soluble IL-6Ra (sIL-6Ra) for cells that
do not express their own IL-6Ra] results in
tyrosine phosphorylation and complex for-
mation involving gp130 but not LIFRB (6,
9). After lysis of cells in Brij 96 detergent,
immunoprecipitation of the receptor com-
plexes formed upon addition of CNTF, LIF,
OSM, or IL-6 + sIL-6Ra resulted in the
copurification of a tyrosine-phosphorylated
130-kD protein (pp130) along with the
tyrosine-phosphorylated B subunits (Fig. 1,
A and B). In vitro kinase assays with these
receptor complexes revealed prominent ty-
rosine phosphorylation of the associated
pp130 as well as the B components (Fig.
1A), which suggests that pp130 might be a
receptor-associated tyrosine kinase. Sup-
porting this possibility, neither pp130 nor
associated tyrosine kinase activity was re-
covered when receptor complexes were iso-
lated after lysis of the cells in a different
detergent, NP-40 (Fig. 1C); similar deter-
gent-dependent association of a kinase with
its target has been reported (25). In vitro
tyrosine phosphorylation of LIFRB, but not
gp130, was observed before complex forma-
tion (Fig. 1, A and C, lanes 5), which
suggests that pp130 might be constitutively
associated with LIFRB but incapable of
autophosphorylation before B component
dimerization. Consistent with the notion
that the receptor-associated tyrosine kinase
that accounts for the in vitro kinase activity
is identical to the kinase that functions in
vivo, the tyrosine kinase inhibitor stauro-
sporine was similarly effective at inhibiting
pp130 tyrosine phosphorylation in vitro or
in vivo (Fig. 1D).

The three known members of the Jak-
Tyk kinase family (Jak1, Jak2, and Tyk2) are
all equally related to each other and range
from 130 to 134 kD in size (18-21). Jakl and
Tyk2 are required for interferon a (IFN-a)
signaling (22, 26), Jakl and Jak2 are re-
quired for IFN-vy signaling (27), and eryth-
ropoietin (EPO), growth hormone (GH),
and IL-3 activate only Jak2 (21, 23, 24).
The similarity in size between pp130 and
members of the Jak-Tyk family of kinases,
together with the recent findings that other
cytokines use these kinases, led us to inves-
tigate whether any of the Jak-Tyk kinases are
involved in signaling initiated by the CNTF
family of factors. Tyrosine phosphorylation
of Jakl and Jak2, but not Tyk2, was ob-
served after stimulation of EW-1 cells with
CNTF, IL-6 + sIL-6Ra (Fig. 2A), LIF, and
OSM (28). In contrast, stimulation of these
cells with IFN-a induces phosphorylation of
Tyk2 and Jakl but not of Jak2 (Fig. 2A).
Tyrosine-phosphorylated ~ Jakl  precisely
comigrated with the gp130-LIFRB-associat-
ed ppl30, whereas Jak2 comigrates with a
fainter gpl30-LIFRB-associated tyrosine-

phosphorylated protein that migrated slight-
ly faster than pp130 (Fig. 2B) (29). Stimu-
lation of EW-1 cells with CNTF also in-
creased the in vitro kinase activity of both
Jakl and Jak2 (Fig. 2E).

Surprisingly, the pattern of Jak phos-
phorylation induced by members of the
CNTF family differed in various cell lines.
SK-MES cells incubated with IL-6 + sIL-
6Ra (Fig. 2C) or OSM (28) revealed tyro-
sine phosphorylation of primarily Jak2,
with only minor phosphorylation of Tyk2
and Jakl. On the other hand, stimulation

Fig. 1. Copurification of a tyro- A
sine-phosphorylated 130-kD pro-
tein and tyrosine kinase activity
with CNTF, LIF, OSM, and IL-6
receptor complexes. EW-1 cells
were starved in serum-free medi-
um for 2 to 4 hours, then stimulat-
ed for 5 min without (None) or with
the indicated factors (50 ng/ml) or
with IL-6 (50 ng/ml) supplement-
ed with soluble human IL-6Ra (1
pg/ml) (designated SR; R & D
Systems, Minneapolis, Minneso-
ta). The cells were then lysed (5),
in 1% Brij 96 detergent, except in
(C), where 1% NP-40 detergent
was used as indicated. Proteins
from lysates were immunoprecip-
itated with antiserum specific for
LIFRB (Anti-LIFRB) (5) except in
(A) where antiserum specific for
gp130 (Anti-gp130) (6) was used
as indicated. The samples were
either immunoblotted (5) with an-
tibodies to phosphotyrosine (Anti-
PTyr) (A, B, C, and D, left panels)
or subjected to an in vitro tyrosine
kinase assay (36) (A, C, and D,
right panels). Cells were incubat-

Anti-LIFRB

Anti-gp130

REPORTS

of U266 cells with IL-6 resulted in tyrosine
phosphorylation of Tyk2 and Jak1 with no
apparent change in the phosphorylation of
Jak2 (Fig. 2D). These results are not ex-
plained by differential expression of the
kinases, because immunoblots of lysates
from U266 and EW-1 cells revealed equal
amounts of Jak2 and Tyk2 (28). In con-
trast, EPO, GH, or IL-3 cause prominent
tyrosine phosphorylation of only Jak2 in all
responsive cell lines analyzed (21, 23, 24).

An attractive model for cytokine recep-
tor function suggests that receptor B com-
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ed as described (3) with staurosporine (Stauro.) (D) [concentration (M) used is indicated].

Fig. 2. Tyrosine phos- A EW-1 cells o ;niins Antl-  Anti-
phorylation and activa- Nofactor  CNTF sDLL-'gl{u N P _Jakl LR Jako
tion of Jaki, Jak2, and . GG T T T 2 T2 2 T2 Chms oo Lt
Tyk2 in response to the d E Pop: - - 2
CNTF family of factors. . ¥
Either EW-1 (A, B, and ; Sk '
E), SK-MES celis (C), or g -
U266 cells (D) were T e | s
stimulated with the indi- R A e R R (i B U R
cated factor and lysed
asin Fig. 1, exceptthat € SK-MES cells -6+ D U266 cells E Invitro kinase
the buffer contained 1% No factor _ siL-6Ra Nofactor  IL-6 IP: Anti-Jaki Anti-Jak Jak2
Triton X-100 or 1% Brij jp- g1 J2 72741 J2 T2 1P 1 &2 T2”J1 J2 T2 ONTR
96 (B, lane 4 only). Pro- s i
teins from lysates were = ’Zﬂ 2
then  immunoprecipi- - = * —'- -2 o
tated (IP) with antisera =, = d B
to LIFRE (LR), JakT TR

1 28R 2 3 RES 8 50 3 4

(J1), Jak2 (J2), or Tyk2
(T2) as indicated (37)

and then immunoblotted with antibodies to phosphotyrosine (A through D) or subjected to an in vitro

kinase reaction (E) as described (Fig. 1). In

B).

“Pep” indicates the presence or absence of

cognate peptide used for competition during immunoprecipitation. The arrowheads in (E) indicate
the position of Jak1 (left panel) or Jak2 (right panel).
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ponents are constitutively associated with
the Jak-Tyk kinases, which then become
activated upon ligand-induced B subunit
homo- or heterodimerization (8). This
model is consistent with the observation
that kinase activity is associated with
LIFRP before ligand binding (Fig. 1, A and
C). An alternative model would entail
recruitment of Jak kinases into the complex
after ligand binding (24). We therefore
investigated whether Jak-Tyk kinases could
associate with LIFRB and gpl130 before
receptor activation by co-expressing these
proteins in COS cells. We used expression
constructs encoding forms of LIFRB and
gpl30 that were tagged at their COOH-
termini with an epitope from the c-Myc
protein, allowing for specific immunopre-
cipitation and detection by the monoclonal
antibody 9E10 (6, 30). Cells cotransfected
with the tagged versions of either LIFRB or
gpl30, together with Jakl or Jak2, were
lysed with Brij 96. Proteins were immuno-
precipitated with 9E10 and blotted with
antisera to the Jak kinases. Both Jakl and
Jak2 associated with either LIFRB or gp130
in the absence of ligand (Fig. 3A). Further-
more, a truncated version of LIFRB that
retains only the first 74 amino acids of the
cytoplasmic domain was fully capable of
binding to Jakl and Jak2 (Fig. 3A). This
finding implicates the membrane proximal
region of LIFRP as the Jak binding domain;
similar findings with the EPO receptor (23)
suggest that cytokine receptor membrane
proximal regions, many of which (including
that of gpl30) contain conserved motifs
required for receptor function (16), mediate
interactions with the Jak-Tyk kinases.

If the Jak-Tyk kinases function as the
proximal kinases activated in response to

Fig. 3. Jak1 and Jak2 associate with gp130 and
LIFRB in the absence of ligand and enhance
IL-6—induced tyrosine phosphorylation of
Gp130. (A) COSMS5 cells were cotransfected
(Cotrans.) with plasmids (5 ng) encoding mu-
rine Jak1 or Jak2 (21, 36), along with those
encoding either human LIFRB (LIFR), a truncat-
ed version of human LIFRB (truncated at the
unique Esp | site) encoding only 74 amino
acids of the cytoplasmic domain (LRtr74), or
human gp130 (6). The receptor constructs ex-
pressed an epitope tag at the COOH-terminus
that consisted of three repeats of the 10-amino
acid sequence from c-Myc [recognized by the
monoclonal antibody 9E10 (38)], each separat-
ed by two glycines. After immunoprecipitation
with 9E10, the samples were immunoblotted
with antisera to either Jak1 or Jak2 (anti-Jak1
and anti-Jak2), as indicated. (B) COSMS5 cells

the CNTF family of factors, overexpression
of B receptor components together with
these kinases should enhance the ligand-
induced increase in B ‘subunit tyrosine
phosphorylation. We expressed an epitope-
tagged form of gp130, either alone or with
Jakl or Jak2 or both, and examined re-
sponses to IL-6 + sIL-6Ra. Upon stimula-
tion with IL-6 + sIL-6Ra, neither mock-
transfected nor gpl30-transfected COS
cells revealed substantial tyrosine phos-
phorylation of gp130 at the exposure shown
(Fig. 3B). In contrast, cotransfection with
either Jakl, Jak2, or both Jakl and Jak2
(31) gave rise to a substantial increase in
the ligand-induced tyrosine phosphoryla-
tion of gpl30 (Fig. 3B); analogous results
were obtained with Tyk2 (32). These re-
construction experiments demonstrate that
all three known members of the Jak-Tyk
family are equally capable of mediating
ligand-induced phosphorylation responses.

Our findings emphasize the equivalency
of LIFRB and gp130 as signal-transducing
receptor components that can associate
with, and mediate the activation of, the
Jak-Tyk family of kinases. The Jak-Tyk
kinases are constitutively associated with 8
receptor components but become activated
only upon ligand stimulation, perhaps by
means of transphosphorylation as ligand-
induced hetero- or homodimerization of the
B components brings the bound Jak kinases
into close apposition (8). We suggest that
receptor components used by other cyto-
kine families are similarly preassociated
with Jak-Tyk kinases and that activation of
these associated kinases follows ligand-in-
duced homo- or heterodimerization of the
receptor components (8). The affinity of
the Jak-Tyk kinases for cytokine receptors

A Receptor Receptor
g & E 2 5?3 5
2y oy 2 5 8
Blot: Cotrans.: IL-6+ SR: - +
Anti-Jak1  Jak1 - < J3ki> ——
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were cotransfected with the indicated combinations of plasmids encoding Jak1 (0.5 ng), Jak2 (0.5
ng), or gp130-flag (gp130F) (10 ng); the latter is modified with the flag epitope at the COOH-
terminus as described (6). After ~40 hours, the cells were serum-starved and stimulated with IL-6
+ slL-6Ra as indicated, lysed in buffer containing 1% Brij 96 detergent, immunoprecipitated with
the flag monoclonal antibody M2 (IBI, New Haven, Connecticut), and immunoblotted with phos-
photyrosine antibody. Longer exposures revealed induced phosphorylation of gp130 in the

absence of cotransfected Jaks (lane 3).
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may vary, and some receptors may require

* dimerization for optimal binding, perhaps

explaining a failure to note an association
between the GH receptor and Jak2 before
ligand stimulation (24).

The B receptor components for the

" CNTF family of cytokines share the ability

to utilize all the known members of the
Jak-Tyk family; they may, by extension,
also utilize as yet undiscovered members of
this kinase family. Whereas the overlapping
activities of different classes of cytokines
may be explained by convergence at the
level of Jak-Tyk kinases, it is also true that
different cytokines can, in some cases, elicit
qualitatively different responses from the
same cells. These differences may result
from the use of distinct combinations of the
Jak-Tyk kinases by the different cytokine
receptors; alternatively, the different cyto-
kine receptor B components may serve as
docking proteins to recruit distinct sets of
potential substrates for the Jak-Tyk kinases
or may interact with other kinases.

Another unexpected feature of the
gp130-LIFR receptor systems is the finding
that a particular cytokine induced distinct
patterns of Jak-Tyk phosphorylation in dif-
ferent cell lines. Although this is somewhat
reminiscent of Src family members, it differs
because the choice of the Src kinase used
largely depends on which members are ex-
pressed (33, 34). In contrast, cell lines that
yield distinct patterns of Jak-Tyk phosphor-
ylation in response to the same factor dis-
play similar profiles of Jak-Tyk expression.
If the amount of Jak-Tyk kinases is limiting,
it is conceivable that the cell-specific ex-
pression of one cytokine receptor that pref-
erentially associates with and thus depletes
one Jak-Tyk family member may in fact
regulate which family members are avail-
able for use by another cytokine receptor in
that cell. Regardless of mechanism, a single
cytokine may induce phosphorylation of
distinct repertoires of intracellular sub-
strates in different cells through activation
of different combinations of the Jak-Tyk
kinases.

REFERENCES AND NOTES

-

. J. F. Bazan, Neuron 7, 197 (1991).
. T. M. Rose and G. Bruce, Proc. Natl. Acad. Sci.
U.S.A. 88, 8641 (1991).

n

3. N.Y. Ip etal, Cell 69, 1121 (1992).

4. D. P. Gearing et al., Science 255, 1434 (1992).

5. N. Stahl et al., J. Biol. Chem. 268, 7628 (1993).

6. S. Davis et al., Science 260, 1805 (1993).

7. H. Baumann et al., J. Biol. Chem. 268, 8414
(1993).

8. N. Stahl and G. D. Yancopoulos, Cell 74, 587
(1993).

9. M. Murakami et al., Science 260, 1808 (1993).

10. M. Hibi et al., Cell 63, 1149 (1990).

11. D. P. Gearing et al., EMBO J. 10, 2839 (1991).

12. S. Davis et al., Science 259, 1736 (1993).

13. T. Taga et al., Cell 58, 573 (1989).

14. K. Nakajima and R. Wall, Mol. Cell. Biol. 11, 1409
(1991).



Wi

15. K. A. Lord et al., ibid., p. 4371.

16. M. Murakami et al., Proc. Natl. Acad. Sci. U.S.A.
88, 11349 (1991).

17. T. Taga et al., ibid. 89, 10998 (1992).

18. |. Firmbach-Kraft, M. Byers, T. Shows, R. Dalla-
Favera, J. J. Krolewski, Oncogene 5, 1329 (1990).

19. A. F. Wilks et al., Mol. Cell. Biol. 11, 2057 (1991).

20. A. G. Harpur, A.-C. Andres, A. Ziemiecki, R. R.
Aston, A. F. Wilks, Oncogene 7, 1347 (1992).

21. O. Silvennoinen et al., Proc. Natl. Acad. Sci.

. US.A 90, 8429 (1993).

22. L. Velazquez, M. Fellous, G. R. Stark, S. Pellegrini,
Cell 70, 313 (1992).

23. B. A. Witthuhn et al., ibid. 74, 227 (1993).

24. L. S. Argetsinger et al., ibid., p. 237.

25. A. D. Beyers, L. L. Spruyt, A. F. Williams, Proc.
Natl. Acad. Sci. U.S.A. 89, 2945 (1992).

26. M. Muller et al., Nature 366, 129 (1993).

27. D. Watling et al., ibid., p. 166.

28. N. Stahl, unpublished data.

29. The ability to detect the fainter gp130-LIFRB—
associated protein in receptor complexes varied
between experiments. Under different lysis condi-
tions than those depicted for lanes 2 and 6 in Fig.
2B (with Brij 96 instead of Triton X-100), it was
possible to detect the associated B components
co-immunoprecipitating with the antiserum to
Jak1.

30. S. Davis et al., Science 253, 59 (1991).

31. The increase in phosphorylation observed upon
co-expression of Jak1 and Jak2 is most likely an
additive effect of a higher total amount of kinase
(Fig. 3B). Further overexpression of either Jak1,
Jak2, or Tyk2 (achieved by increasing the amount
of plasmid transfected) resulted in constitutive
phosphorylation of both the Jak kinases and the
co-expressed B subunit (Fig. 3B).

32. N. Stanhl, L. Velazquez, S. Pellegrini, G. D. Yanco-
poulos, unpublished data.

33. E. Eisenman and J. B. Bolen, Nature 355, 78
(1992).

SRR

34. J. B. Bolen, Oncogene 8, 2025 (1993).

35. O. Silvennoinen and J. N. Ihle, unpublished data.

36. We tested immunoprecipitates for in vitro tyrosine
kinase activity by incubating the washed beads
for 15 min at room temperature in 20 mM Hepes
(pH 7.2), 10 mM MnCl,, 30 pM sodium orthovan-
adate, 0.1% Birij 96, and 10 p.Ci of [y-32P]adenos-
ine triphosphate (6000 Ci/mmol; NEN Dupont).
The kinase assays were stopped with electropho-
resis sample buffer, and the samples were boiled,
subjected to SDS—polyacrylamide gel electropho-
resis, and electroblotted to Immobilon P (Milli-
pore). The membrane was then incubated in 1 M
NaOH at 65°C for 60 min to eliminate serine and
threonine phosphorylation before autoradiogra-

phy.

37. The Jak1 (Fig. 2, A through D) and Jak2 antisera
were as described (217); the Jak1 antiserum used
for Fig. 2E was raised in rabbits against an
NH,-terminal peptide (35). Rabbit antiserum to
Tyk2 was raised and affinity-purified against an
engineered  glutathione-S-transferase  fusion
product containing a portion of human Tyk2.

38. G. I. Evan, G. K. Lewis, G. Ramsay, J. M. Bishop,
Mol. Cell. Biol. 5, 3610 (1985).

39. We thank L. S. Schleifer, Y. Ourania, and the
entire Regeneron community for their enthusiasm
and support; M. J. Macchi, R. Rossman, L. De-
Feo, and J. Cruz Jr. for tissue culture expertise; D.
M. Valenzuela, J. Griffiths, and C. New for help
with molecular cloning technologies; D. Mahoney
and L. Crawford for assistance with graphics; and
L. Pan for excellent technical assistance. The
work by BAAW., FW.Q, O.S., and J.N.I. was
supported in part by the National Cancer Institute
Center Support grant P30 CA21765, by grant RO1
DK42932 from the National Institute of Diabetes
and Digestive and Kidney Diseases, and by the
American Lebanese Syrian Associated Charities.

29 September 1993; accepted 19 November 1993

Targeting of Go,, to the Golgi by Alternative
Spliced Carboxyl-Terminal Region

Jean-Pierre Montmayeur* and Emiliana Borrellit

Heterotrimeric guanosine triphosphate (GTP)-binding proteins (G proteins) may partici-
pate in membrane traffic events. A complementary DNA (cDNA) was isolated from a mouse
pituitary cDNA library that corresponded to an alternatively spliced form of the gene
encoding the G protein alpha subunit Go,,. The cDNA was identical to that encoding Go,,
except that the region encoding for the carboxyl-terminal 24 amino acids was replaced by
alonger region encoding 35 amino acids that have no sequence similarity with Go;, or other
members of the G protein family. This alternative spliced product and the corresponding
protein (sG,,) were present in several tissues. Specific antibodies revealed that sG,, was
localized in the Golgi apparatus, suggesting a role in membrane transport. Thus, alternative
splicing may generate from a single gene two G protein alpha subunits with differential

cellular localization and function.

Proteins that bind GTP participate in the
control of many cellular events (I1). GTP-
binding proteins are divided into two classes:
the small Ras-related GTP-binding proteins
and the heterotrimeric GTP-binding proteins
(G proteins). Genetic and biochemical stud-
ies in yeast have shown that the first class
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participates in membrane trafficking (2). In
mammalian cells this role has been assigned to
members of the Arf and Rab families of small
GTP-binding proteins (2). Heterotrimeric G
proteins have classically been defined as the
intracellular transducers of signals at the cell
surface. However, they also appear to partic-
ipate in the regulation of membrane traffick-
ing events (3-5). A nonhydrolyzable analog
of GTP, GTP-y-S, stimulates GTP-binding
proteins and inhibits membrane transport.
This effect was thought to result from activa-
tion of monomeric GTP-binding proteins.
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However, AlF,~, a compound that activates
heterotrimeric but not monomeric GTP-bind-
ing proteins, has the same effect as GTP-y-S
on membrane trafficking (3). These and other
results suggest that heterotrimeric GTP-bind-
ing proteins can also influence transport in
both secretory and endocytic pathways (4-7).
Two G proteins, Goy; (8, 9) and Ga, (10),
have been shown to be associated with the
Golgi apparatus and their activation modifies
the transport of proteins (9, 10).

The data presented in this paper demon-
strate the existence of a protein generated
by alternative splicing of the gene encoding
Gay, (G,,). The alternatively spliced tran-
script encodes a protein with a different
COOH-terminus that confers localization
in the Golgi apparatus. The alternative
localization of this form of G,;, which we
term sG,,, suggests that this protein may
function in the control of membrane trans-
port events.

We screened a mouse pituitary cDNA
library (11) at low stringency (40% forma-
mide, 42°C) with a G,, cDNA fragment
including sequences conserved between the
three inhibitory G protein a subunits (amino
acids 200 to 320) (12) and isolated several
cDNA:s. Three isoforms of G;, were obtained.
Two of the cDNAs incorporated an alterna-
tive 3’ untranslated region and corresponded
to previously described cDNAs (Fig. 1) (12,
13). The third isoform is identical to G,,
through the coding region until amino acid
position 331, where the remainder of the
COOH-terminal coding region is substituted
by a different sequence that encodes 35 amino
acids, resulting in an open reading frame of
366 amino acids (Fig. 1). The nucleotide and
amino acid sequences of this segment are not
similar to those of other G proteins.

To determine the genomic structure of
the 3’ region of the mouse G,, gene, a
genomic library was screened with an Xba
I-Xho I fragment (Fig. 1) containing the
divergent COOH-terminal fragment of
sG,,. This fragment contains the sequences
from the Xba I site of sG;,, 3’ to the end of
the cDNA. In the human genome the G;,
gene is encoded by nine exons (14). The
eighth and ninth exons contain the
COOH-terminal portion of the coding re-
gion and the 3’ untranslated sequences,
respectively (14). Accordingly, we isolated
two phages containing the corresponding
region from the mouse genome and deter-
mined the sequences of exons 8 and 9 and
the boundaries of intron 8 (Fig. 1C). By
comparison with the cDNA sequences, we
established that the alternative 3’ region
present in sG,, is derived from exon 9 and
so results from alternative splicing. Both
the predicted donor and acceptor splice
sites that generate this isoform are nonca-
nonical.

We confirmed the existence of sG;, by
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