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ig. 4B) suggests a model in which receptor-
tivated Pl 3-kinase generates PtdIns(3,4,5)-
to localize cytohesin-1, which in turn can

regulate the guanine nucleotide exchange of

ARFI (Fig. 5). The PH domains of GRP1,

¢y

tohesin-1, and ARNO exhibit very high

sequence similarity. Thus, the PH domain of
ARNO may also bind PedIns(3,4,5)P;. This
family of proteins appears to mediate the reg-
ulation of protein sorting and membrane traf-

ficking by PtdIns(3,4,5)P;.
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Nuclear Export of NF-ATc Enhanced by
Glycogen Synthase Kinase-3

Chan R. Beals, Colleen M. Sheridan, Christoph W. Turck,
Phyllis Gardner, Gerald R. Crabtree

The transcription factor NF-AT responds to Ca2*-calcineurin signals by translocating to
the nucleus, where it participates in the activation of early immune response genes.
Calcineurin dephosphorylates conserved serine residues in the amino terminus of NF-AT,
resulting in nuclear import. Purification of the NF-AT kinase revealed that it is composed
of a priming kinase activity and glycogen synthase kinase-3 (GSK-3). GSK-3 phospho-
rylates conserved serines necessary for nuclear export, promotes nuclear exit, and thereby
opposes Ca? " -calcineurin signaling. Because GSK-3 responds to signals initiated by Wnt
and other ligands, NF-AT family members could be effectors of these pathways.

In lymphoid cells, stimulation of the Ca®*-
calcineurin signaling pathway leads to the
nuclear translocation of the NF-ATc family
of transcription factors (1, 2), which in turn
activate immune response genes such as
those encoding interleukin-2 (IL-2), IL-4,
CDA40 ligand, and Fas ligand (3). Inhibition

of the nuclear translocation of NF-ATc is
largely responsible for the immunosuppres-
sive actions of cyclosporin and tacrolimus
(FK506) (4), which specifically inhibit cal-
cineurin (5). Calcineurin directly dephos-
phorylates NF-ATc on critical serines
present in all family members, leading to
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were then washed to re- . - prephos.  GSK-3p - - 48kD
move PKA (WT-PKA

prephos.) and were used as substrates (25). Putative overlapping GSK-3 consensus sites [SPXXS(P)] (8)
are overlined. The nuclear localization sequence (6) is in bold type, and sites phosphorylated by PKA in
vitro are boxed. Wild-type NF-ATc-GST fusion protein was phosphorylated in vitro with PKA with
[y-32PJATP (50 n.Ci/pmol) and cleaved with Factor Xa to release the fusion protein. This was isolated on
SDS—polyacrylamide gel electrophoresis (PAGE) and cleaved by trypsin, and radioactive fragments
were purified by high-performance liquid chromatography (HPLC). One radioactive fraction released *°P
in the second Edman degradation cycle and had the sequence ASVTEESWLGAR of the tryptic peptide
with Ser®#® in the second position. A second radioactive fraction released 2P in the third Edman
degradation cycle and had a molecular size indicating the tryptic peptide KYSLNGR encompassing
Ser?8? in the NF-ATc sequence (3). A second GST fusion protein encoding residues 223 to 277 of NF-AT
was purified, phosphorylated in vitro with nonradioactive ATP and PKA, washed, then phosphorylated
with [y-22PJATP (50 pCi/pmol) and GSK-3p. The fusion protein was isolated on SDS-PAGE and cleaved
by trypsin, and two radioactive fragments were purified by HPLC. One radioactive fragment contained
the tryptic peptide GLGACTLLGSPQHSPSTSPR. Abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Partial purification of NF-AT kinase activity
from brain (24) on phosphocellulose (P-11) resin. Column fractions were assayed for NF-AT kinase
activity (25) on the indicated substrates with [y-3°P]JATP and then autoradiographed. Column fractions
were assayed for the phosphorylation of GS-2, the GSK-3—-specific peptide substrate (M) (9), as well as
for protein (O). (C) The P-11 pool was further purified on a Mono-S column, and fractions were tested
for protein concentration (as measured by absorbance at 280 nm) and NF-AT kinase activity (upper
three gels) and were immunoblotted with antisera specific for GSK-3a and GSK-3 (lower two gels) (26).
The peak of NF-AT kinase activity and GSK-3 immunoreactivity is at fraction 21, and the peak of PKA

immunoreactivity is at fraction 24 (70).

NF-ATc nuclear import (6). Phosphoryl-
ation of these residues is necessary for nu-
clear export when Ca?*-calcineurin signal-
ing is terminated, which suggests a regula-
tory interplay between calcineurin and an
unknown kinase (6).

We devised an assay for the kinase that
phosphorylates the conserved serines at the
NH,-terminus of NF-AT family members
required for nuclear export (1, 2, 6) (Fig.
1A). The activity of the NF-AT kinase is
reflected by the difference in phosphoryl-
ation of a wild-type NF-AT NH,-terminus
relative to that of an NF-AT substrate con-
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taining serine-to-alanine (S—A) muta-
tions at the critical serines (Fig. 1B). Puri-
fication of the NF-AT kinase from brain
extracts proceeded through ammonium sul-
fate fractionation followed by P-11 and
Mono-S columns (Fig. 1, B and C). The
chromatographic behavior of the NF-AT
kinase ‘was similar to that of GSK-3 (7),
which often phosphorylates serines adja-
cent to serines previously phosphorylated
by protein kinase A (PKA) or another ki-
nase (8). Phosphorylation of several sites in
NF-ATc by PKA could produce a series of
phosphorylation-dependent,  overlapping
GSK-3 consensus sites (8) (Fig. 1A). The
fractions from the P-11 and Mono-S col-
umns were tested for GSK-3 activity (9),
which was found to copurify with that of the
NE-AT kinase (Fig. 1, B and C). Protein
immunoblotting with antibodies to GSK-3«
and GSK-3B confirmed that they copurified

REPORTS

R RIS
A \é-b('r {;%Qg rb@- B *_{b GX *;bo‘;rb&x
& J@CJ S 2 /@% ,,C-"CJ o2
K F -k\ ¥ &

WT-PKA

+GSK-3p
WT WT-PKA
prephos.
Fig. 2. GSK-3 activity in brain extract phospho-
rylates NF-AT. (A) Antisera to GSK-3a and GSK-
3B or control antibodies were used to remove
these proteins from whole brain extract (26). Im-
munodepleted extracts were incubated with PKA-
prephosphorylated NF-AT (WT-PKA prephos.) in
an in vitro kinase reaction with [y-22PJATP, and
the 32P-labeled substrate was detected by au-
toradiography (upper gel; the lower gel shows
Coomassie staining). (B) GSK-3a + B immu-
nodepleted extracts were tested in an in vitro
kinase reaction on two substrates: NF-AT (WT)
to detect the priming kinase activity (77), and
WT-PKA prephos. to detect GSK-3 activity. Five
units of purified GSK-3B were added to the indi-
cated reaction.

with the NF-AT kinase (Fig. 1C), and PKA
eluted in a partially overlapping peak from
the Mono-S column (10). On the basis of
these results, we considered the possibility
that NF-ATc could be a substrate for GSK-3
and PKA.

We assessed the role of GSK-3 in the
phosphorylation of NF-ATc by immunode-
pleting GSK-3 from whole brain extracts.
Depletion of GSK-3a and GSK-3B from
the extracts with specific antibodies com-
pletely and specifically removed the NF-AT
kinase activity toward NF-ATc prephos-
phorylated by PKA (Fig. 2A). However,
this immunodepleted extract maintained
the ability to phosphorylate NF-ATc (Fig.
2B), which indicated that there are at least
two NF-AT kinase activities: an activity
that can act directly on NF-ATc, and a
second activity that requires prior phospho-
rylation of NF-ATc. The second kinase ac-
tivity is that of GSK-3 (as shown by immu-
nodepletion experiments), and the priming
kinase activity can be provided in vitro by
PKA, but specific inhibition of PKA in
extracts indicates that PKA does not pro-
vide all of the priming kinase activity in
either brain or lymphocyte extracts (10,
11).

We also demonstrated that PKA and
GSK-3 could stoichiometrically phospho-
rylate NF-ATc. Phosphorylation by GSK-
3B alone incorporated <0.01 mol of 3?P
per mole of NF-AT, whereas PKA alone
gave 1 to 2 mol of 2P per mole of NF-AT
and the combination of GSK-3B and PKA
gave 3 to 7 mol of 3*P per mole of NF-AT.
Casein kinase II (CKII) and Ca?*-cal-
modulin—dependent protein kinase II
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(CaMKkII) did not stoichiometrically phos-
phorylate the glutathione-S-transferase fu-
sion protein NF-AT-GST (10). GSK-38
phosphorylated NF-ATc only if it was first
phosphorylated by PKA (Fig. 3A). Similar
results were obtained using dephosphoryl-
ated NF-ATc purified from lymphocytes
as a substrate (10). We tested whether
PKA and GSK-3B contribute to the cel-
lular phosphorylation of NF-ATc by com-
paring the tryptic phosphopeptides from
NF-ATc phosphorylated in vivo with
those derived from in vitro phosphoryl-
ation of the NF-AT fusion protein; we
found them to be identical, with the ex-
ception of one phosphopeptide (Fig. 3B).
These results suggest that GSK-38 and
another kinase synergize to phosphorylate
NF-AT on the sites involved in Ca?*-
dependent nuclear localization in vivo.
The sites of phosphorylation by GSK-3

GST

In vivo PKA

I vivo/

' ; KA+ GSK

PKA + GSK

oy

¥

| o
|

—= Thin-layer chromatography

—> Thin-layer electrophoresis

Fig. 3. Phosphorylation of NF-ATc protein. (A) The
WT fusion protein was phosphorylated in vitro with
the indicated purified kinases. In the rightmost
lanes, the first kinase was permitted to phospho-
rylate the WT substrate with nonradioactive ATP
to completion; then, the WT substrate beads were
washed to remove the kinase and the WT beads
were phosphorylated by the second kinase in the
presence of [y-32PJATP. (B) Two-dimensional
tryptic phosphopeptide mapping of the WT fusion
protein with the indicated kinases in vitro. NF-ATc
was overexpressed in COS cells [which support
reversible Ca2*-dependent nuclear localization
(6)] and labeled with [32P]orthophosphate. In the
lower right panel, the PKA + GSK-3 in vitro phos-
phorylated peptides were mixed with the in vivo
phosphorylated peptides before two-dimensional
separation to establish that they are similar 27).
Phosphopeptides migrating differently are circled
with a dashed line.
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and PKA were defined by Edman degrada-
tion of in vitro 3?P-labeled tryptic frag-
ments. PKA phosphorylates the NF-ATc
fusion protein at two serines (Fig. 1A). The
PKA site at Ser’® creates a series of over-
lapping GSK-3 substrate sites. Phosphoryl-
ation of the PKA-prephosphorylated NEF-
ATc fusion protein by GSK-3B labeled
the peptide that contains this array of

GSK-3 sites, although the exact serines
could not be defined (Fig. 1A).

The biological importance of NF-ATc
phosphorylation by GSK-3 was assessed by
manipulating its activity in cells and deter-
mining the effect on the subcellular local-
ization of NF-ATc. Transfected NF-ATc
family members (6, 12), like endogenous
NE-ATc (4), were cytoplasmic and translo-
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Fig. 4. Inhibition of nuclear localization
of NF-ATc1 after overexpression of
GSK-3B. (A) FLAG epitope-tagged
NF-ATc1 (1 ug) coexpressed in COS

! I I cells with GSK-3B (3 ng) (28) or the
empty vector in nonstimulated cells

(NS) or cells treated with 2 uM ionomycin and 10 mM CaCl, (I + Ca?*) to induce nuclear localization of
NF-ATc. NF-ATc was visualized with FLAG mAb M2 and indirect immunofiuorescence. (B) Inhibition of
endogenous NF-AT-dependent transcription by overexpression of GSK-3B. Jurkat-T antigen cells
were transfected with 2 ug of the indicated transcription reporter plasmid and either 3 g of the GSK-38
expression construct or empty vector. NF-AT SEAP activity is expressed as a percentage of the
ionomycin-stimulated and phorbol 12-myristate 13-acetate (PMA)-stimulated control activity; AP-1 and
HIV-LTR SEAP activities are expressed as a percentage of PMA-stimulated activity (29). (C) Comparison
of the ability of various serine-threonine kinases to inhibit the nuclear entry of cotransfected NF-ATc in
COS cells. COS cells were cotransfected with 1 pg of FLAG epitope-tagged NF-ATc1 and 1 pg of
serine-threonine kinases (3 pg of GSK-3B, 0.5 ng of ERK). Cells were stimulated with ionomycin and 10
mM Ca?*, and the percentages of cells expressing NF-AT localized in the nucleus, cytoplasm, or both
compartments were scored visually and are presented as a percemtage of expressing cells. The
transfected ERK kinase was activated by adding PMA (25 ng/ml). (D) Comparison of the relative
expression of the HA epitope-tagged kinases shown in (C) by immunoblotting 15 pg of whole cell
extracts with HA mAb 12CAS.

o Cytoplasmic
® Nuclear
B Both

Fig. 5. Increased nuclear export of NF-ATc after overexpression of
GSK-3B. COS cells were cotransfected with expression constructs
encoding FLAG epitope-tagged NF-ATc1 (1 wg), calcineurin Aand B
(0.5 g each) (75), and 2 pg of vector (), GSK-3B (<), or GSK-KM
(O), a catalytically inactive GSK-3B (76). Cells were also cotransfected
with a version of NF-ATc1 in which the underlined serines in Fig. 1A
were changed to alanines (6) with calcineurin and GSK-3p (4). The
inclusion of Ca-calcineurin promotes NF-ATc nuclear entry (6, 12) and
overcomes the cytoplasmic localization of NF-ATc induced by GSK-
3B overexpression. Wild-type NF-ATc was localized in the cytosol in
98% of unstimulated expressing cells, whereas 90% of cells translo-
cated NF-ATc to the nucleus with | + Ca?* treatment; this transloca-
tion was completely blocked by FK506. NF-ATc was localized in the
nucleus by treatment with | + Ca2* for 60 min, then the medium was changed to medium with FK506 (20
ng/ml) to terminate Ca2* signaling and to block nuclear reentry of NF-ATc. Transfected NF-ATc was
detected with FLAG mAb M2 by indirect immunofluorescence, and 200 expressing cells were scored as
expressing NF-ATc in the cytoplasm, nucleus, or both compartments.
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cated to the nucleus when cells were stim-
ulated by agents that increase intracellular
Ca’* (Fig. 4A). COS cells, like many cells,
express GSK-3 (13), but overexpression of
GSK-3p blocked the Ca?*-calcineurin—in-
duced nuclear translocation of coexpressed
NE-ATc in COS cells (Fig. 4A). GSK-3p
overexpression also inhibited transcription
directed by endogenous NF-AT or AP-1
components (Fig. 4B). GSK-3 produces an
inhibitory phosphorylation on Jun (14). We
tested several serine-threonine kinases and
found that although GSK-3 was expressed
in smaller amounts, it was most active in
inhibiting nuclear entry of NF-ATc (Fig. 4,
C and D). Overexpression of PKA had little
effect on NF-ATc localization, which may
indicate that endogenous PKA activity or
another kinase is adequate to phosphorylate
NF-ATc in COS cells or that such phos-
phorylation is necessary, but not sufficient,
for nuclear export. These results indicate
that the Ca’*-calcineurin signaling path-
way is opposed by GSK-3.

We measured the effects of GSK-3 on the
nuclear export of NE-AT by first causing its
translocation to the nucleus by stimulating
cells with ionomycin, then removing the
Ca’*-calcineurin signal and blocking further
nuclear import with the calcineurin inhibitor
FK506 (15). Overexpression of GSK-38 in
amounts approximately one-tenth those of
NE-ATc enhanced the movement of NF-AT¢
into the cytoplasm relative to that in cells
transfected with the vector or with a catalyt-
ically inactive form of GSK-3B (16) (Fig. 5).
GSK-3B overexpression did not influence the
constitutive nuclear localization of NF-ATc
with S—A mutations in the serine-proline
repeats (Fig. 5) (6). These data indicate that
GSK-38 acts catalytically to direct the nucle-
ar export of NF-ATc and that the regulation
of nuclear export involves the phosphoryl-
ation of NF-ATc at conserved serines.

Because NF-ATc family members are ex-
pressed in many tissues and have sequence
similarity at the NH,-terminal residues in-
volved in nuclear import and export, GSK-3
may control the compartmentalization of
each of the four different NF-ATc family
members (I, 2). In peripheral lymphocytes,
antigen receptor signaling leads to the rapid
inactivation of GSK-3 (9). Thus, antigen re-
ceptor signaling would lead to the nuclear
localization of NF-ATc both by facilitating
nuclear import through the activation of cal-
cineurin (4, 15, 17) and by slowing nuclear
export through the inhibition of GSK-3. Ac-
tivators of PKA suppress IL-2 production and
T cell activation (I8), consistent with the
possibility that NF-ATc is a substrate for
PKA. GSK-3 is widely expressed and its ac-
tivity is inhibited by insulin (19), growth fac-
tors (20), and the lithium ion (21). Moreover,
GSK-3 has been shown to be involved in
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dorsal-ventral pattern formation in Xenopus
{16) and in segment polarity determination in
Drosophila, where it was discovered as zest
white 3 or shaggy (22). The Wingless signaling
pathway to GSK-3 is conserved in mammals
(23), which raises the possibility that the
Wingless signaling pathways may control the
nuclear export of NF-AT family members in
the tissues where these genes are coexpressed.

REFERENCES AND NOTES

1. J.-P. Shaw et al, Science 241, 202 (1988); P. G.
McCaffrey et al., ibid. 262, 750 (1993); S. N. Ho et al.,
J. Biol. Chem. 270, 19898 (1995); T. Hoey, Y.-L.
Sun, K. Williamson, X, Xu, Immunity 2, 461 (1995).

. J. P. Northrop et al., Nature 369, 497 (1994).

. D. B, Durand et al., Mol. Cell. Biol. 8, 1715 {1988};
P. N. Cockerlll et al., ibid. 15, 2071 (1995); S. Chuv-
pilo et al., Nucleic Acids Res. 21, 5694 (1993); J. W.
Rooney, T. Hoey, L. H. Glimcher, immunity 2, 473
(1995); A. E. Goldfeld, P. G. McCaffrey, J. L.
Strominger, A. Rao, J. Exp. Med. 178, 1365 (1993).

4. W. M. Flanagan, B. Corthesy, R. J. Bram, G. R.
Crabtree, Nature 352, 803 (1991); L. A. Timmerman,
N. A. Clipstone, S. N. Ho, J. P. Northrop, G. R.
Crabtree, ibid. 383, 837 (1996).

. J. Liuetal, Cell 66, 807 (1991).

. C. R. Beals, N. A Clipstone, S. N. Ho, G. R.
Crabtree, in preparation. To distinguish the four
genes that encode the four cytoplasmic, cyclospor-
in-sensitive, calcineurin-dependent,  constitutive
subunits of NF-AT1 (7) from the nuclear, inducible
subunits (NF-ATn) [W. M. Flanagan et a/., in (4)], the
Genome Nomenclature Committee has designated
the four genes encoding the NF-AT subunits as NF-
ATcl (NF-ATc), NF-ATc2 (NF-ATp), NF-ATc3 (NF-
ATx or NF-AT4), and NF-ATc4 (NF-AT3).

7. K. Hughes, B. J. Pulverer, P. Theocharous, J. R.
Woodgett, Eur. J. Biochemn. 203, 305 (1891).

. C.J. Fioletal., J. Biol. Chem. 269, 32187 (1994).

. G. I, Welsh, S. Miyamoto, N. T. Price, B. Safer, C. G.
Proud, ibid. 271, 11410 (1996).

10. C. R. Beals and G. R. Crabtree, unpublished data.

11, GSK-3 immunodepletion does not effect the phos-
phorylation of the unprimed NF-AT substrate be-
cause under conditions of substrate excess, only a
small percentage of substrate becomes primed and
hence available for subsequent phosphorylation by
GSK-3. We know that enzyme is limiting in these
assays because there is no detectable alteration of
the mobility of the substrate upon Coomassie stain-
ing, which would reflect phosphorylation. We can
clearly detect such mobility differences when they
occur as seen in Fig. 3A.

12. F. Shibasakl, E. R. Price, D. Milan, F. McKeon, Na-
ture 382, 370 (1996); C. Luo et al,, Proc. Natl. Acad.
Sci. U.S.A. 93, 8907 (1996)

13. J. R. Woodgett, in Methods in Enzymology, T. Hunt-
er and B. M. Sefton, Eds. (Academic Press, San
Diego, CA, 1991}, vol. 200, p. 564.

14, E. Nikolakaki, P. J. Coffer, R. Hemelsoet, J. R.
Woodgett, L. H. Defize, Oncogene 8, 833 (1993).

15. N. A. Clipstone and G. R. Crabtree, Nature 357, 695
(1992).

16. X. He, J. P. Saint-Jeannet, J. R. Woodgett, H. E.
Varmus, |. B. Dawid, ibid. 374, 617 (1995).

17. J. Llu et al, Cell 66, 807 (1991).

18. D. Mary, C. Aussel, B. Ferrua, M. Fehimann, J. im-
munol. 139, 1179 (1987).

19. D. A. E. Cross, D. R, Alessi, P, Cohen, M. Andjel-
kovich, B. A, Hemmings, Nature 378, 785 (1995).

20. H. Eldar-Finkelman, R. Seger, J. R. Vandenheede,
E. G. Krebs, J. Biol. Chem. 270, 987 (1995).

21. P. S. Klein and D. A. Melton, Proc. Natl. Acad. Sci.
U.S.A. 93, 8455 (1996).

22. M. Bourouis et al., EMBO J. 9, 2877 (1990); E. Sieg-
fried, L. A. Perkins, T. M. Capacl, N. Perrimon, Na-
{ure 345, 825 (1990).

23. D. Cook et al., EMBO J. 15, 4526 (1996); V. Stam-
bolic, L. Ruel, J. R, Woodgett, Curr. Biol. 6, 1664
(1996).

w N

[ Ne)]

o

24, Extracts were prepared from rat brains homoge-
nized in 2 volumes of 20 mM tris (pH 7.5), 1 mM
EDTA, 5 mM EGTA, 2 mM dithiothreitol (DT T), and
50 mM B-glycerol-phosphate with protease and
phosphatase inhibitors [0.1 mM Na VO, 1 mM phe-
nylmethylsulfony! fluoride, pepstatin (1 wg/ml), apro-
tinin (1 wg/ml), leupeptin (5 wg/ml), and 1 mM ben-
zamidine]. A portion of the 80,000g supernatant was
passed over a G-50 sizing column to remove endog-
enous adenosine triphosphate (ATP), made 10% in
glycerol, and used as whole brain extract (5.5 mg of
protein per milliliter). The NF-AT kinase activity was
followed through NH,SO, fractionation and separa-
tion on phosphocellulose, eluting with 200 mM NaCl.
These active fractions were pooled and further puri-
fied on a Mono-S column (7).

25. Residues 196 to 304 of NF-ATc1 (3) were cloned into
pGEX-3X to generate pGSP. A GST fusion protein with
S—A substitutions (Fig. 1A), pGAP, was similarly con-
structed with 9 serine and 10 threonine residues re-
maining. Bacterially expressed proteins were purified on
glutathione agarose and used at 1 g of fusion protein
per 10 wl of bead slurry [D. B. Smith and K. S. Johnson,
Gene 67, 31 (1988)]. The fusion proteins were used
directly or were prephosphorylated on agarose by ad-
dition of 5 units of PKA (Sigma) per microgram of fusion
protein at 30°C in kinase buffer 20 mM tris (pH 7.5), 10
mM MgCl,, and 1 mM DT T] with 1 mM ATP for 2 hours
and then washed to remove PKA and ATP. One unit of
PKA Is defined as 1 pmol of 32P transferred per minute.
Kinase assays incubated fusion protein (1 wg) on gluta-
thione Sepharose, 100 pM ATP with [y-3?P]ATP (400
wCl/pmol) in 50 wl of kinase buffer for 30 min at 30°C.
Beads were Incubated with 10 pl of column fractions or
of whole brain extract (65 pg of protein), 2.5 units of
purified PKA or GSK-3B (New England Biolabs), or
both. Experiments with crude or partially purified brain
extracts included aprotinin, leupeptin, and pepstatin @l
at 1 pg/ml), 0.1 mM B-glycerol-phosphate, and 1 mM
Na,VO,. Kinase reactions were terminated by washing
the agarose beads twice with 1 ml of TEN [50 mM tris
(pH 7.8), 1 mM EDTA, 150 mM NaCl, and 0.5%
NP-40] to remove phosphorylated cellular proteins,
fractionated on SDS-PAGE, autoradiographed, and
stalned with Coomassle to ensure that the substrate
was not degraded.

26. Immunodepletion of GSK-3 activity in 110 pg of
whole brain extract was done in 200 wl of TEN, 1 mM
DTT, and protease and phosphatase inhibitors (24)
with 3 g of anti-GSK-3a (sheep polyclonal, Upstate
Biotechnology), anti-GSK-38 [immunoglobulin G1
(Il9G1) monoclonal, Transduction Labs], or both, and
20 pl of protein G-Sepharose at 4°C for 4 hours. The
IgG1 mouse monoclonal antibody (MAb) M2
(Kodak), sheep polyclonal anti-HIVp17 (NIH), or both
were used as control antibodies. The NF-AT kinase
assay used 2.5 pl of the supernatant (1.2 pg of
protein) (23).

27. COS cells transfected with 3 ug of pSH102 (2) were
labeled with [*?PJorthophosphate (1 mCi/ml) for 6
hours and iImmunoprecipitated with the hemaggluti-
nin (HA) mAb 12CAS5, transferred to polyvinylidene
difluoride membrane, and digested with trypsin. Oxi-
dized peptides (1000 cpm) were separated by elec-
trophoresis on cellulose at pH 1.9 for 30 min at 1000
V and then chromatographed in the second dimen-
slon using butanol-acetic acid-pyridine solvent [W. J.
Boyle, P. Van der Geer, T. Hunter, Methods Enzymol,
201, 110 (1991)].

28. Human GSK-3B cDNA (76) and ERK cDNA were
cloned into pBJ-5. Drosophila CKIl cDNA was poly-
merase chain reaction-amplified and cloned into
pBJ-5. Murine PKA ¢cDNA and an activated form of
PKC-p were cloned into pSRa. The calcineurin A
and B expression constructs (15), CaMkli constructs
[M. Srinivasan, C. F, Edman, H. Schulman, J. Celf
Biol. 126, 839 (1994)], COS cell NF-AT translocation
assay (6), and Jurkat-T antigen cell transcription re-
porter assays (2) were as described.

29, D.M. Spencer, T. J. Wandless, S. L. Schreiber, G. R.
Crabtree, Science 262, 1019 (1993).

30. We thank M. Karin for helpful discussions and shar-
Ing unpublished information.

7 November 1996; accepted 29 January 1997

1933





