
(Fig. 4B) suggests a model in which receptor- 
activated PI 3-klnase generates PtdIns(3,4,5)- 
P3 to localize cytohesm-1, a - h ~ c h  in turn can 
regulate the guanlne nucleotide escha~lge ot 
ARFl (Fig. 5) .  The  PH do~nalns of GRP1, 
cyto11es11-i-1, and ARNO eshihit 1-ery liigh 
sequence similarity. Thus, the PH ilornai~l ot 
ARNO may also b ~ n d  Ptdins(3,4,5)P3. T h ~ s  
faluily of protems appears to mediate the reg- 
ulation ot proten1 sorting and membrane trat- 
fickillg 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 Ca"-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 Gas-calcineurin signaling. Because GSK-3 responds to signals initiated by Wnt 
and other ligands, NF-AT family members could be effectors of these pathways. 

111 lymphoid cells, stimulation of tlie C a 2 + -  of the  nuclear translocation of NF-ATc is 
calcineurln signalillg path\\-a;- leads to  the  largely responsible for the  immunosuppres- 
nuclear translocation of tlie NF-ATc tamily sive actions of cyclosporin and tacrolimus 
ot  transcription tactors ( I ,  2), which in turn (FK5L76) (4), nliich specifically ~ n h i h i t  cal- 
activate lnlnlune response genes such as cineurin (5). Calclneurin cllrectly clephos- 
those encoding interleukin-?. (IL-2), IL-4, phorYlates NF-ATc o n  critical ser~nes  
CD40 ligand, and Fas ligand (3) .  11lhlh1ti011 present 111 all family meinbers, leading to 
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Fig. 1. Copurification of 
NF-AT kinase activity 
w~th GSK-3. (A) Frag- 
ments of NF-ATc (amino 
acids 196 to 304) (WT) 
or a mutant containing 
S+A substitutions at 
the underlined S posi- 
tions were expressed in 
bacteria as GST fusion 
proteins and used as 
substrates for in vitro ki- 
nase reactions. WT NF- 

Column fraction 
Bmln 

Column fraction 
P.11 poDl 

m 06. VJl 

WT-PKA 
prephas. 

AT protein bound to earad 

beads was phosphoryl- 
ated by PKA to comple- 

q~ 
tion with nonradioactive A n t i -  

GSK-30 
- - 

ATP, and the beads - 48 k~ 
I) W.PKA An+ were then washed to re- prephos. GSK-BP - - - 48 kD 

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-32P]ATP (50 pCi/pmol) and cleaved with Factor Xa to release the fusion protein. This was isolated on 
SDS-polyacrylarnide 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 Edrnan degradation cycle and had the sequence ASVTEESWLGAR of the tryptic peptide 
with Ser2"5 in the second position. A second radioactive fraction released "'P in the third Edman 
degradation cycle and had a molecular size indicating the tryptic peptide KYSLNGR encompassing 
SerZeg in the NF-ATc sequence (3). A second GSTfusion protein encoding residues 223 to 277 of NF-AT 
was purified, phosphorylated in vitro with nonradioactive ATP and PKA, washed, then phosphorylated 
wrth [y-3TP]ATP (50 pCi/prnol) 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; I, Ile; K, Lys; L. Leu; M, Met; N, Asn; P. Pro; 
Q, Gln; 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-"'PIATP and then autoradiographed. Column fractions 
were assayed for the phosphorylation of GS-2, the GSK-3-specific peptide substrate R) (91, as well as 
for protein (0). (C) The P-1 1 pool was further purified on a Mono-S column, and fract~ons 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-3P (lower two gels) 126). 
The peak of NF-AT kinase activity and GSK-3 irnrnunoreactivity is at fraction 21, and the peak of PKA 
irnmunoreactivity is at fraction 24 (10). 

NF-ATc nuclear import (6). Phosphoryl- 
ation of these residues is necessary for nu- 
clear export when Ca2+-calcineurin signal- 
ing is terminated, which suggests a regula- 
tory interplay between calcineurin and an 
unknown kinase (6). 

W e  devised an assav for the kinase that 
phosphorylates the consenred serines at the 
NH2-terminus of NF-AT family members 
required for nuclear export (1, 2, 6) (Fig. 
1A). The activity o f  the NF-AT kinase is 
reflected by the difference in phosphoryl- 
ation of a wild-type NF-AT NH2-terminus 
relative to  that of an NF-AT substrate con- 

C. R. Beals and G. R. Crabtree, Howard Hughes Medical 
Instie, Department of Developmental Biology, Stanfwd 
University, Stanford. CA 94305, USA. 
C. M. Sheridan and P. Gardner, Department of Molecular 
Pharmacology, Stanford University, Stanford, CA 94305, 
USA. 
C. W. Turck, Howard Hughes Medical Institute. University 
of Calfomia, San Francisco. CA 94143, USA. 

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 o f  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 o f  several sites in 
NF-ATc by PKA could produce a series of 
phosphorylationdependent, overlapping 
GSK-3 wnsensus sites (8) (Fig. 1A). The 
fractions from the P-11 and M o n o s  wl- 
umns were tested for GSK-3 activity (9), 
which was found to copur~fy wi th that o f  the 
NF-AT kinase (Fig. 1, B and C). Protein 
immunoblotting wi th antibodies to GSK-3a 
and GSK3P confirmed that they wpurified 

. . .  , - WT-PKA 
prephos. 0 - - - 

+GSK-3R 

WT WT-PKA 
prephos. 

Fig. 2. GSK-3 activity in brain extract phospho- 
rylates NF-AT. (A) Antisera to GSK-3a and GSK- 
3p 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-32P]ATP, and 
the 32P-labeled substrate was detected by au- 
toradiography (upper gel; the lower gel shows 
Coomassie staining). (B) GSK-3a + p immu- 
nodepleted extracts were tested in an in vitro 
kinase reaction on two substrates: NF-AT (WT) 
to detect the priming kinase activity (1 l), and 
WT-PKA prephos. to detect GSK-3 activity. Five 
units of purified GSK-3p were added to the indi- 
cated reaction. 

wi th the NF-AT kinase (Fig. lC), and PKA 
eluted in a partially overlapping peak from 
the Mono-S column (10). On the basis o f  
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 G S K 3 P  from 
the extracts wi th 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 o n  NF-ATc, and a 
second activity that requires prior phospho- 
rylation of NF-ATc. The second kinase ac- 
t ivi ty 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 o f  PKA in 
extracts indicates that PKA does not  pro- 
vide al l  o f  the priming kinase activity in 
either brain or lymphocyte extracts (10, 
1 1). 

W e  also demonstrated that P K A  and 
GSK-3 could stoichiometrically phospho- 
rylate NF-ATc. Phosphorylation by GSK- 
3P alone incorporated ~ 0 . 0 1  mo l  o f  32P 
per mole o f  NF-AT, whereas P K A  alone 
gave 1 to  2 mo l  o f  32P per mole o f  N F - A T  
and the combination o f  G S K 3 P  and P K A  
gave 3 to  7 mo l  o f  32P per mole o f  NF-AT. 
Casein kinase I1 (CKII) and Ca2+-cal- 
modulin-dependent protein kinase I1  
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(CaMkII) did not  stoichiometrically phos- 
phorylate the glutathione-S-transferase fu- 
sion protein NF-AT-GST (10). GSK-3P 
phosphorylated NF-ATc only if it was first 
phosphorylated by P K A  (Fig. 3A). Similar 
results were obtained using dephosphoryl- 
ated NF-ATc purified from lymphocytes 
as a substrate (10). W e  tested whether 
PKA and GSK-3P contribute to  the cel- 
lular phosphorylation o f  NF-ATc by com- 
paring the tryptic phosphopeptides from 
NF-ATc  phosphorylated in vivo w i th  
those derived from in vitro phosphoryl- 
at ion o f  the NF-AT fusion protein; we 
found them to  be identical, w i th  the ex- 
ception o f  one phosphopeptide (Fig. 3B). 
These results suggest that GSK-3P and 
another kinase synergize to  phosphorylate 
NF-AT o n  the sites involved in Ca2+- 
dependent nuclear localization in vivo. 

The sites of phosphorylation by GSK-3 

GST WT GST 

PKA L G: 

 in-layer ele ctrophoresi 

and PKA were defined by Edman degrada- 
t ion of in vitro 32P-labeled tryptic frag- 
ments. PKA phosphorylates the NF-ATc 
fusion protein at two serines (Fig. 1A). The 
PKA site at Ser245 creates a series of over- 
lapping GSK-3 substrate sites. Phosphoryl- 
ation o f  the PKA-prephosphorylated NF- 
A T c  fusion protein by GSK-3P labeled 
the peptide that contains this array o f  

HIV-I 
of thm 
COS 
serin 

empty vector in nonstimulated cells 
(NS) or cells treated with 2 pM ionornycin and 10 rnM CaCI, (I + Ca2 ' ) to induce nuclear localization of 
NF-ATc. NF-ATc was visualized with FLAG mAb M2 and indirect imrnunofluorescence. (B) Inhibition of 
endogenous NF-AT-dependent transcription by overexpression of GSK-3P. Jurkat-T antigen cells 
were transfected with 2 pg of the indicated transcription reporter plasrnid and either 3 p.g of the GSK-3P 
expression construct or empty vector. NF-AT SEAP activity is expressed as a percentage of the 
ionornycin-stimulated and phorbol 12-rnyristate 13-acetate (PMA)-stimulated control activity; AP-1 and 

LTR SEAP activities are expressed as a percentage of PMA-stimulated activity (29). (C) Comparison 
e ability of various serine-threonine kinases to inhibit the nuclear entry of cotransfected NF-ATc in 
, cells. COS cells were cotransfected with 1 pg of FLAG epitope-tagged NF-ATcl and 1 pg of 
e-threonine kinases (3 pg of GSK-3P, 0.5 pg of ERK). Cells were stimulated with ionomycin and 10 
Ca2', and the percentages of cells expressing NF-AT localized in the nucleus, cytoplasm, or both 
partments were scored visually and are presented as a percentage of expressing cells. The 
;fected ERK kinase was activated by adding PMA (25 ng/rnl). (D) Comparison of the relative 
ession of the HA epitope-tagged kinases shown in (C) by imrnunoblotting 15 pg of whole cell 

extracts with HA rnAb 12CA5. Fig. 3. Phosphorylation of NF-ATc protein. (A) 1 ne 
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 VVT substrate beads were 
washed to remove the kinase and the VVT beads 
were phosphorylated by the second kinase in the 
presence of [y-32P]ATP. (6) Two-dimensional 
tryptic phosphopeptide mapping of the WTfusion 
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 r2P]orthophosphate. In the 
lower right panel, the PKA + GSK-3P invitro 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. 

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

The biological importance of NF-ATc 
phosphorylation by GSK-3P 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), l ike endogenous 
NF-ATc (4), were cytoplasmic and translo- 

P 50 

UJ 0 
GSK-3P + 

NF-AT 
. *  - 

HIV-LTR 

C; Vector Vector + @4eccrie 42 kD- - 0 

Fig. 4. lnh~b~t~on of nuclear local~zat~on 
of NF-ATcl after overexpresslon of 
GSK-3P. (A) FLAG ep~tope-tagged 
NF-ATcl (1 pg) coexpressed In COS 
cells with GSK-3B (3 wq) (28) or the 

Fig. 5. Increased nuclear export of NF-ATc after overexpression of 
GSK-3P. COS cells were cotransfected with expression constructs 100 
encoding FLAG epitope-tagged NF-ATcl (1 pg), calcineurin A and B 2 
(0.5 pg each) (15), and 2 pg of vector (O), GSK-3P (0), or GSK-KM 75 
(0), a catalytically inactive GSK-3P (1 6). Cells were also cotransfected .? 
with a version of NF-ATcl in which the underlined serines in Fig. 1A 3 50 
were changed to alanines (6) with calcineurin and GSK-3P (A). The 3 
inclusion of Ca-calcineurin promotes NF-ATc nuclear entry (6, 12) and 5 25 
overcomes the cytoplasmic localization of NF-ATc induced by GSK- 5 
3P overexpression. Wild-type NF-ATc was localized in the cytosol in 5 

--&-d 
98% of unstimulated expressing cells, whereas 90% of cells translo- 4 
cated NF-ATc to the nucleus with I + Ca2+ treatment; this transloca- 8 0 10 20 30 

tion was completely blocked by FK506. NF-ATc was localized in the FK506 treatment (rnin) 

nucleus by treatment with I + 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 stlm- 
ulated by agents that increase ~ntracellular 
Ca'- (Fig. 4 X ) .  COS cells, lilte Inany cells, 
espress GSK-3 ( I  3 ) ,  but overespression of 
GSK-3P liloclteii the  Ca2--calcineurin-in- 
ii~lceii nuclear translocation of coexpressed 
NF-ATc in C O S  cells (Fig. 4X). GSK-3P 
overexpression also inhibited transcription 
directed hl- endogenous NF-AT or XP-1 
components (Fig. 4B). GSK-3 produces an  
inhibitor\- pl~osphorylation on J L I ~  ( 1  4 ) .  W e  
tested several serine-threonine kinases and 
found that although GSK-3 was expressed 
in slnaller amounts, it was inost active in 
inhibiting n~lclear entry of NF-ATc (Fig. 4 ,  
C and D). O.verexpression of PKX had little 
effect o n  NF-ATc localization, ~ i -h lch  ma\- 
indicate that endogenous PKX activity or 
another kinase is adequate to phosphorylate 
NF-ATc in C O S  cells or that such phos- 
phorylation is necessary, hut not sufficient, 
for nuclear export. These results indicate 
that the  Ca'--calcineusin signaling path- 
way is opposed by GSK-3. 

\Ve measured the effects of GSK-3 on the 
nuclear export of NF-AT by flrst causing its 
translocation to the nucleus by stimulating 
cells n-ith ionomycin, then removing the 
Ca2--calcineurin signal and blockillg further 
nuclear ~ ~ n p o r t  a.it11 the calclneurin inhibitor 
F K 3 6  (15). Overexpresslon of GSK-3P in 
amounts approximately one-tenth those of 
NF-ATc enhanced the movement of NF-ATc 
into the cytoplasm relative to that in cells 
transfected \n th  the vector or rvith a catalyt- 
ically inactive form of GSK-3P ( 16) (Flg. 5). 
GSK-3P o~erexpression dld not ~nfluence the 
constitutive nuclear localiration of KF-ATc 
with S-A mutations in the serine-proline 
repeats (Fig. 5) (6).  These data indicate that 
GSK-3P 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 conserr-ed serines. 

Because NF-ATc falnilr memliers are ex- 
pressed in Inany tissues and have sequence 
similarity at the NH,-terminal residues in- 
~011-ed in nuclear import and export, GSK-3 
1nay control the compartmenta1i:atlo of 
each of the b u r  dli-ferent NF-ATc family 
melnbers (1.  2 ) .  In peripheral lymphocytes, 
antigen receptor slgl~aling leads to the r apd  
inacti~;ation of GSK-3 (9).  Thus, antigen re- 
ceptor signalulg n.ould lead to the nuclear 
localization of KF-ATc 110th by hcllitating 
nuclear import through the activation of cal- 
cineurin (4 ,  15. 17) and hy slo\ving nuclear 
esport through the inhlbitlon of GSK-3. Xc- 
tivators of PKA suppress IL-2 production and 
T cell activation (18),  consistent ~v i th  the 
possibilitJ- that NF-ATc is a sulistrate for 
PKA. GSK-3 is n-idely expressed and its ac- 
tivity 1s lnhihited 117- ~nsulln (19), growth fac- 
tors (2J ) ,  and the lithium ion (2 1 ). Moreover, 
GSK-3 has been sho\vn to be inl:ol~ed in 

dorsal-ventral pattern forination in %nobiis 24 

(16) and in segment polarity determination in 
Drosophiln, n-here it was disco~.ered as ;?st 
wiute 3 or shngg? (22). The \Slingless signaling 
pathway to GSK-3 is conserveii in ~nam~na l s  
123), a-hich raises the vossibilitv that the 
P'ingless signaling pathn-ays ma\- control the 
nuclear export of KF-AT famill- ~nell~bers in 
the tissues )?-here these genes are coexpressed. 
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