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Nuclear localization of NF-ATc by a

calcineurin-dependent,

cyclosporin-sensitive

intramolecular interaction
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The NF-AT family of transcription factors participates in the regulation of early immune response genes such
as IL-2, IL-4, CD40 ligand, and Fas ligand in response to Ca®*/calcineurin signals initiated at the antigen
receptor. Calcineurin activation leads to the rapid translocation of NF-AT family members from cytoplasm to
nucleus, an event that is blocked by the immunosuppressive drugs cyclosporin A and FK506. We show that
translocation requires two redundant nuclear localization sequences and that one sequence is in an
intramolceular association with phosphorserines in a conserved motif located at the amino terminus of each
NE-AT protein. Mutation of serines in this motif in NF-ATc both disrupts this intramolecular interaction and
leads to nuclear localization, suggesting a model of NF-AT nuclear import in which dephosphorylation by
calcineurin causes exposure of two nuclear localization sequences.
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Signals initiated at the T lymphocyte antigen receptor
result in the orderly expression of multiple genes in pe-
ripheral lymphocytes that direct cell proliferation, im-
munologic function, and ultimately the programmed
cell death of accumulated activated cells. This differen-
tiation program, dubbed activation, requires ~2 weeks
for completion and helps to coordinate the actions of
many cell types through the activation of genes that en-
code cell surface homing receptors, cytotoxic molecules,
and many secreted molecules necessary for an effective
immune response. The final act of T-cell activation is
most commonly cell death, an apparent assisted suicide,
mediated largely by the Fas receptor and its ligand for the
purpose of removing clones of antigen responsive cells
when they are no longer needed (Brunner et al. 1995).
The cell-cell interaction between the polymorphic T-
cell antigen receptor on lymphocytes and major histo-
compatibility/antigen complex (MHC) on antigen-pre-
senting cells activates at least three signaling pathways
in T lymphocytes. One pathway requires Ras and the
mitogen-activated protein (MAP) kinases, terminating in
the activation of serum response factor (SRF) and the
c-fos gene (Downward et al. 1990; for review see Treis-
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man 1995). A second signaling pathway is the Rac/
Cdc42-dependent control of the Jun kinase or stress-ac-
tivated protein kinases (Minden et al. 1995). This widely
distributed signaling pathway may also play an impor-
tant role in cytoskeletal changes necessary for lympho-
cyte function (Stowers et al. 1995). A third essential
pathway controls the elevation of intracellular calcium
([Ca*],) and regulates the Ca>*-dependent protein phos-
phatase calcineurin {Klee et al. 1979).

Calcineurin plays a role in events as diverse as axonal
guidance in mammals (Chang et al. 1995) and light re-
sponses in plants (Luan et al. 1993) but is also a vital
regulatory protein in T-cell activation (Clipstone and
Crabtree 1992; O’Keefe et al. 1992; Woodrow et al. 1993;
Fruman et al. 1995; Zhang et al. 1996) where it controls
the function of the NF-AT (nuclear factor of activated T
cell) family of transcription factors {Shaw et al. 1988;
Clipstone and Crabtree 1992). The medically important
immunosuppressive drugs cyclosporin (CsA) and tacro-
limus {FK506) specifically inhibit the activity of calci-
neurin (Liu et al. 1991) and selectively block the nuclear
localization of NF-ATc (Flanagan et al. 1991). These
drugs prevent the transcriptional activation of a variety
of essential early immune response genes, each of which
contain binding sites for NF-AT (Shaw et al. 1988; Cock-
erill et al. 1995; Chuvpilo et al. 1993; Rooney et al. 1995;
Goldfeld et al. 1993). To date, a null mutation in one
NF-AT family member, NF-ATp, has been reported and
shows reduced expression of interleukin-4 (IL-4), Fas li-
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gand and CD40 ligand (Hodge et al. 1996). NF-AT family
members appear to be controlled primarily at the level of
nuclear localization, as the cytoplasmic form of the pro-
tein is competent for both DNA binding and transcrip-
tion (Flanagan et al. 1991). Although a number of tran-
scription factors including AP-1 and NF-«B may be af-
fected by cyclosporin (Emmel et al. 1989), direction of
NE-ATc to the nucleus by overexpression renders T cells
resistant to cyclosporin and independent of a calcium
stimulus (Timmerman et al. 1996). The latter observa-
tions indicate that NF-ATc nuclear localization may be
the major early event controlled by calcineurin and cal-
cium in T lymphocytes.

Nuclear entry of NF-ATc appears to be accompanied
by dephosphorylation {Jain et al. 1993; Ruff and Leach
1995; Loh et al. 1996), and expression of an activated
form of calcineurin renders NF-AT-dependent transcrip-
tion independent of a Ca?* signal and insensitive to cy-
closporin (Woodrow et al. 1993), suggesting that NF-ATc
family members are substrates for calcineurin and that
dephosphorylation may control NF-ATc localization.
Possible proline-directed kinase sites are present in a
conserved tandemly repeated motif (SPXXSPXXSPrX-
sXtD/ED/Eswl) of unknown function termed the serine/
proline (SP) repeat (Ho et al. 1995; Hoey et al. 1995; Ma-
suda et al. 1995). In addition, a second conserved motif,
termed the serine-rich region (SRR) (Ho et al. 1995} of
unknown function displays a group of possible kinase
sites predicted to be surface exposed.

We have focused our attention on the mechanism of
nuclear entry of NF-ATc family members because NF-
AT translocation appears essential for the activation of
early immune response genes in lymphocytes and its in-
hibition appears to be in part responsible for the immu-
nosuppressive actions of cyclosporin A.

Results

Calcineurin appears to be rate-limiting for NF-ATc
nuclear entry

Most tissues express one of the NF-AT family members.
A variety of cell types, including lymphocytes and fibro-
blasts, support the Ca>*-dependent nuclear localization
of transfected as well as endogenous NF-ATc family
members (Shibasaki et al. 1996). To develop an accurate
assay for NF-AT translocation, we expressed NF-ATc in
COS cells that, unlike lymphocytes, have abundant cy-
toplasm and hence allow easier assessment of cytoplas-
mic and nuclear localization. As with NF-ATc3(4) (Shi-
basaki et al. 1996), we found that the amino terminus of
NF-ATc was sufficient for Ca®*-regulated nuclear import
that was blocked by FK506 (Fig. 1B). Transfected NF-ATc
moved into the nucleus within 5-15 min after ionomy-
cin treatment (Fig. 1A,B) and moved back out into the
cytoplasm within 30 min of FK506 addition (Fig. 1D).
These translocations occurred even if protein synthesis
was inhibited (data not shown). The full-length protein
behaved similar to a fusion of the amino-terminal 418
amino acid with green fluorescent protein (GFP) (Fig.

Mechanism of NF-ATc nuclear translocation

1C). This time course of nuclear localization is consis-
tent with that observed with murine lymphocytes acti-
vated by antigen presentation (Timmerman et al. 1996)
and indicates that COS cells can support physiologic
translocation of NF-ATc. As with NF-ATc3(4) (Shibasaki
et al. 1996) overexpression of calcineurin enhanced the
movement of NF-AT into the nucleus of COS cells (Fig.
1A), suggesting that calcineurin is rate limiting for the
movement of both NF-ATc¢ and NF-ATc3 into the
nucleus.

Addition of heterologous nuclear localization
sequences to NF-ATc results in Ca®*-independent,
FK506-resistant nuclear import

The observation that overexpressed NF-ATc is cytoplas-
mic in Jurkat T lymphocytes (not shown) and COS cells
suggests that there is not an easily saturated cytoplasmic
anchoring protein necessary to retain NF-ATc in the cy-
toplasm. Transfection of the NF-ATc expression con-
struct over a 200-fold range of DNA concentration did
not result in higher levels of constitutive nuclear local-
ization {data not shown). If NF-ATc was localized by a
cytoplasmic anchoring partner, the addition of a fully
active nuclear localization sequence (NLS) to NF-ATc
should not overcome the cytoplasmic retention of NF-
ATec. Expression of NF-ATc with zero, one, or two copies
of the SV40 large T antigen NLS in COS cells results in
a progressive increase in constitutive nuclear localiza-
tion (Fig. 2) which was insensitive to FK506 {data not
shown). In contrast, addition of the mutant NLS se-
quence, NLS-T (Kalderon et al. 1984}, to NF-ATc re-
sulted in substantially less nuclear entry. The low level
of nuclear localization resulting from inclusion of NLS-T
may be attributable to slight activity of this mutant,
which, like the wild-type sequence, is enhanced when
present in multiple copies (Roberts et al. 1987). These
results argue against a mechanism of cytoplasmic local-
ization dependent on a dominantly acting cytoplasmic
binding protein.

Two NLSs are necessary and sufficient for NF-ATc
nuclear translocation

We noted four groups of clustered basic residues con-
served among NF-ATc proteins that could possibly be
NLSs. We tested these sequences for NLS activity by
linking them individually to the cytoplasmic exchange
factor SOS. Two of these chimeric proteins, SOS-682,
incorporating residues 682-685 of NFATc, and SOS-265,
incorporating residues 265-267, are localized in the
nucleus (Fig. 3). These two conserved regions within NF-
ATc are thus NLSs.

To determine whether these NLSs are required for
nuclear import of NF-ATc, each sequence was mutated
separately and in combination within the context of full-
length NF-ATc. Mutation of the sequence at 265-267
from KRK to QIL reduced the extent of nuclear localiza-
tion of NF-ATc in response to ionomycin, but up to 60%
of cells show some Ca?*-dependent nuclear accumula-
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Figure 1. The amino terminus of NF-ATc is sufficient for rapid
and calcineurin-dependent cytoplasmic to nuclear translocation.
[A) Diagram of the NF-ATcl protein. NF-ATc family members
have a RSD that binds DNA and a conserved amino terminus that
contains serine- and proline-containing elements, a SRR, and three
repeats (SP1, SP2, SP3). The amino acid boundaries of the SRR and
SP repeats are indicated for human NF-ATcl. The relative posi-
tions of two NLSs are also marked. The expressed proteins contain
a FLAG epitope tag at the amino terminus. (B) Time course of
nuclear translocation of NF-ATc in COS cells. Cells were tran-
siently transfected with NF-ATc (SH160c), treated with ionomycin
plus calcium (I + Ca*™) for the indicated time, and stained with the
anti-FLAG antibody. Values are expressed as the percentage of cells
with predominantly nuclear fluorescence. The proportion of cells
with nuclear NF-ATc was also determined for cells treated with
FK506 plus I+ Ca™ or with ionomycin plus 2.5 mm EGTA for 60
min. Efficient nuclear translocation of NF-ATc in COS cells re-
quires both ionomycin and the elevation of extracellular calcium.
The reason for this requirement for Ca>* may be that ionomycin
stimulation of COS cells does not result in an intracellular Ca>*
level as high as stimulated lymphocytes (R. Lewis, unpubl.). (C}
Analysis of subcellular localization of chimeric NF-AT({CA418)-
GFP protein in nonstimulated (NS) cells or those treated with iono-
mycin plus calcium (I + Ca'*). The position of the SRR and SP
repeats is indicated. (D) Exit of NF-ATc (O) and NF-AT(CA418)-
GFP (O) from the nucleus. Transfected cells were stimulated with
I+ Ca™ for 1 hr to localize the expressed protein in the nucleus.
The medium was then replaced with that containing FK506. Slides
were fixed at the indicated time, and the percentage of cells with
cytoplasmic NF-ATc was determined. Cells expressing NF-ATc in
the cytoplasm and those expressing NF-ATc in both cytoplasm and
nucleus were added and divided by the total number of analyzed
expressing cells. The error bars represent the standard deviation of
the calculated value.

tion of NF-ATec (Fig. 3). Mutation of the sequence KRKK
at position 682-685 to TRTG, or precise removal of these
4 residues, had no effect on nuclear localization of NE-
ATc in response to Ca®* elevation (data not shown).
However, NF-ATc containing mutations in both regions
remains cytoplasmic after ionomycin treatment. Thus,
like other nuclear proteins with multiple NLSs (Richard-
son et al. 1986), the two NLSs are partially redundant, as
suggested by the observation that either can direct cyto-
plasmic SOS to the nucleus but both must be mutated to
prevent nuclear entry. These data also indicate that both
NLSs must be inactive in the absence of Ca>* stimula-
tion.

Mutation of serines in the amino terminus leads to
constitutive nuclear localization of NE-ATc

Because the amino terminus of NF-ATec is sufficient for
calcineurin-dependent nuclear entry, we wished to de-
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termine whether phosphorylation of the amino terminus
directed subcellular compartmentalization of the tran-
scription factor. The amino terminus of each NF-ATec
protein contains three copies of a sequence that we call
the SP-repeat motif (Ho et al. 1995; Hoey et al. 1995;
Masuda et al. 1995). An additional SRR 23 amino acids in
length lies just amino-terminal to the first SP repeat (Ho
et al. 1995} {Fig. 1A). Phospho-amino acid analysis re-
vealed that all phosphorylation is located on serines
(N.A. Clipstone, unpubl.). Two-dimensional tryptic pep-
tide maps show many phosphopeptides derived from the
amino-terminal 418 amino acids (Beals et al. 1997). To
determine whether phosphorylation of these particular
serines could regulate NF-ATc localization we mutated
select groups of conserved serines in the SRR and SP
repeats to alanines and determined the subcellular local-
ization of these mutants in COS cells. Mutation of all
the serines within the SRR {(mSRR) leads to constitutive
nuclear localization in 100% of expressing cells that is
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Figure 2. Addition of NLSs to NF-ATc results in constitutive
nuclear localization. {A) Analysis of nuclear localization of NE-
ATc with wild-type or mutant NLS encoded at the amino ter-
minus. COS cells were transiently transfected with NF-ATc
expression constructs with zero, one, or two copies of either the
NLS from SV40 large T antigen (NLS) encoded between the
FLAG epitope and the second amino acid of NF-ATc, or one or
two copies of a mutant form of the NLS (NLS-T). Cells were
stained with the anti-FLAG antibody. The percentage of un-
stimulated cells with nuclear fluorescence is indicated. {B) Lo-
calization of NF-ATc in cells transfected with the expression
construct containing two copies of the SV40 large T antigen

(NLS) or with the expression construct containing two copies of
NLS-T.

unaffected by FK506 (Fig. 4A). mSRR has an increased
mobility on SDS electrophoresis, is present in the
nucleus by Western blotting (Fig. 4B), and shows reduced
incorporation of *?P after in vivo labeling with ortho-
phosphate (data not shown), consistent with the hypoth-
esis that these serines affect the phosphorylation state of
the protein in vivo. An NF-ATc mutant in which serines
in the first SP repeat were substituted with alanines
(mSP1) is also constitutively localized to the nucleus in
100% of expressing cells and shows a reduction in mo-
lecular weight (Fig. 4B). Similar results were obtained in
NF-ATc mutants with S — A mutations in the first and
third SP repeat (mSP13) and in versions in which muta-
tions were engineered in all three SP repeats (mSP123)
or combined with the mutations in the SRR
(mSRR + SP123) (data not shown). The subcellular local-
ization of each of these mutant forms of NF-ATc is con-
stitutively nuclear if they are expressed in Jurkat cells
(data not shown), indicating that these phosphoserines
control subcellular localization in a variety of cell types.
The unregulated nuclear entry of the S — A mutations is
not likely to be caused by denaturation of the protein,
because each of these mutated forms of NF-ATc partici-
pate in NF-AT-dependent transcription in lymphocytes
{C.R. Beals, unpubl.).

S — A mutation of the SRR results in the smallest
alteration in apparent molecular weight, so we reasoned
that this region might contain the smallest number of
critical phosphoserines necessary for cytoplasmic local-
ization. These mutants can be dephosphorylated further

Mechanism of NF-ATc nuclear translocation

after transfection into cells and ionomycin treatment
(Fig. 4B), indicating that the SRR mutant is still a sub-
strate for a phosphatase, possibly calcineurin. We refined
our analysis by mutation of smaller blocks of serines in
the SRR. Alanine substitution at residues 172-176, 178—
181, and 184-188, but not residues 191-194, results in
nuclear accumulation of NF-ATc in 100% of expressing
cells in the absence of Ca®*/calcineurin signaling (Fig.
4C). Interestingly, the mutants with constitutive nuclear
localization remain in the nucleus after adding FK506, a
treatment that leads to rapid cytoplasmic accumulation
of wild-type NF-ATc, NF-ATp, or NF-ATC3 that has

CNKRKYSLN
G KRKK

A 263271
681-685

S0S-265

S0sS-682

Wild Type m265 mM265+682

Figure 3. Two partially redundant NLSs are necessary and suf-
ficient for nuclear localization of NF-ATc. (A) Two conserved
putative NLSs in NF-ATc are identified, and their positions in
NF-ATc are indicated. {B) Short sequences in NF-ATc redirect
the cytoplasmic protein SOS to the nucleus. An expression con-
struct encoding SOS (SOS-E] was expressed and visualized with
12CA5 antibody. Constructs encoding SOS-E attached to resi-
dues 263-271 of NF-ATc (SOS-265) or attached to residues 681—
685 of NF-ATc (SOS-682) were also detected with the 12CA5
antibody. (C) Nuclear localization of NF-ATc with one or more
mutations in the NLSs. A diagram of the mutations made in the
NLS in NF-ATc is above the wild-type sequence. The mutant
expression constructs were transfected in COS cells, and the
cells were stimulated with I + Ca** for 60 min. The percentage
of cells staining in nucleus (lighted shaded areas), cytoplasm
(solid areas), or both compartments (darkly shaded areas) was
determined. m265 bears the mutation at residues 265-267;
m265 + 682 contains the m265 mutation as well as the muta-
tion in residues 682-685.
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Figure 4. Serines in the SRR or first SP repeat results in constitutive nuclear localization and are substrates for calcineurin. (A}
Analysis of subcellular localization of wild-type and S — A mutations of NF-ATc. COS cells were transfected with wild-type (WT)
NF-ATc expression constructs or with S — A mutations in the SRR (mSRR) or first SP repeat (mSP1) and left unstimulated or treated
with FK506 (FK). {B) Immunoblot of cytoplasmic (C) or nuclear (N} extracts of cells transfected with wild-type (WT) or mutant forms
of the NF-ATc ¢cDNA. Transfected cells were treated for 60 min with media without additions (NS) or with ionomycin and calcium
(I + Ca**) and then separated into cytoplasmic and nuclear fractions and detected after electrophoresis with the anti-FLAG antibody.
(C) Summary of the analysis of the nuclear localization of NF-ATc with mutations in the SRR. The sequence for each mutant is
presented in single-letter code; (-) an identical residue. (Right) The localization of each mutant in transfected and unstimulated cells
is indicated as cytoplasmic (C) or nuclear (N) localization. (D) Conserved serines in the SP repeats are phosphorylated by cellular
kinases and dephosphorylated by calcineurin. GST fusion proteins with amino acids 196-304 of NF-ATc {196-304 WT) or with S — A
mutations in the three SP repeats (196-304 S — A) were phosphorylated by incubation with [y-**PJATP and a partially purified
preparation of cellular NF-AT kinase activity. After phosphorylation, the fusion proteins were washed to remove cellular proteins and
incubated with phosphatases as indicated prior to separation by electrophoresis and autoradiography. Coomassie staining confirms

that the substrate proteins are present.

been transported to the nucleus by stimulation (Flanagan
et al. 1991; Shibasaki et al. 1996, Timmerman et al.
1996) (Fig. 4A). This result indicates that phosphoryla-
tion of these residues is necessary for export of NF-ATc
from the nucleus.

To determine whether calcineurin could be the phos-
phatase directing nuclear entry, we made use of muta-
tions in NF-AT at specific phosphoserines giving consti-
tutive nuclear localization. We then determined whether
calcineurin could specifically dephosphorylate the resi-
dues associated with nuclear entry. Amino acids 196-
304 of NF-ATc were expressed in bacteria as a glutathi-
one S-transferase (GST) fusion protein [196-304 WT
(wild-type]]. We also expressed a GST fusion protein in
which conserved serines shown to be involved in nuclear
import in the three SP repeats were changed to alanines
(196-304 S — A). The difference in phosphorylation be-
tween these two proteins represents the specific phos-
phorylation of one or more of the conserved serines in
the SP repeats. A brain extract containing the NF-AT
kinase was used to phosphorylate NF-AT at approxi-
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mately seven phosphates per NF-AT on the same serines
as used in vivo (Beals et al. 1997). The NF-ATc kinase
activity was more active on the 196-304 WT substrate
than the 196-304 S — A substrate (Fig. 4D). Once phos-
phorylated, the 196-304 WT substrate is readily dephos-
phorylated by in vitro treatment with several phospha-
tases, including calcineurin and phosphatase I, which is
activated by calcineurin (Cohen 1989; Fig. 4D). These
results indicate that the conserved serines in the SP re-
peats that control nuclear localization of NF-ATc are
substrates for cellular kinases and calcineurin. Glycogen
synthase kinase-3 (GSK-3) is a highly conserved proline-
directed serine-threonine kinase that phosphorylates
NF-AT in vivo and opposes Ca”>*/calcineurin-induced
nuclear entry (Beals et al. 1997). GSK-3 phosphorylates
the conserved serines in the SP repeats in vitro. The
serines in the SRR and SP repeat motifs conform to a
GSK-3 consensus substrate sequence (Fiol et al. 1994).
Taken together, these results suggest that the conserved
serines in these two motifs are phosphorylated in vivo by
cellular kinases and dephosphorylated by calcineurin.
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Phosphoserines in the SRR control an intramolecular
interaction within NF-ATc

The results described above raise the possibility that
both basic NLSs interact with phosphoserines on the SP
repeats and the serine-rich region to prevent nuclear en-
try in the unstimulated state. Such intramolecular inter-
actions are difficult to discern because of the difficulty of
expressing separate parts of the same protein at concen-
trations that would be equivalent to the high effective
concentration of residues on the same peptide chain. To
overcome this barrier to detecting intramolecular inter-
actions, we immobilized one part of NF-ATc and looked
for interactions with other regions expressed in extracts
of COS cells, which phosphorylate and translocate NE-

Mechanism of NF-ATc nuclear translocation

ATc under Ca®*/calcineurin control. When the carboxyl
terminus of the protein containing the Rel similarity do-
main and one of the two partially redundant NLSs was
immobilized (GST 415-716), it interacted readily and
specifically with the amino-terminal half of NF-ATc (1-
418) when expressed in COS cell extracts (Fig. 5A), as
well as interacting with the endogenous protein in ex-
tracts from lymphocytes (data not shown). Because the
amino terminus, which contains multiple phospho-
serines, might simply interact with basic residues in the
Rel similarity region, we mutated the NLS in the rel
similarity domain and examined binding of this mutated
protein to amino-terminal residues 1-418 (Fig. 5B). Mu-
tation of the carboxy-terminal NLS from KRKK to TRTG
abolished binding to the amino-terminal 418 residues.
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expression vector (Vector) or a vector en-
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nal 418 residues of NF-ATc (2-418)
(Northrop et al. 1994) were incubated with
glutathione-agarose beads coupled to GST
or incubated with beads coupled to a GST
fusion with the RSD of NF-ATc (GST-
RSD). Affinity-selected proteins were de-
tected by immunoblotting with the anti-
HA 12CA5 antibody. (B) COS cell extract
containing 1-418 WT were incubated with
GST-RSD or a version with a mutation in
the carboxy-terminal NLS (mNLS) and
bound proteins detected with the 12CA5
antibody. (C) Extracts of COS cells that had
been transfected with the HA epitope-
tagged amino-terminal 418 residues of NF-
ATc (1-418 WT) or versions in which
S — A mutations were present in the SRR
or SP repeats were incubated with GST-
> RSD and then washed. The associated pro-
teins were detected with the 7A6 antibody.
The immunoblot shows the expression of
the transfected expression constructs in 4

ug of cellular extract.
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This mutation is unlikely to result in denaturation be-
cause alteration of this NLS still permits cooperation
with NF-ATn and NF-AT-dependent transcription in
vivo (data not shown). Moreover, this interaction is sen-
sitive to the presence of phosphoserines in the amino
terminus (Fig. 5C). The amino-terminal 418 residues
with S — A mutation in the SRR shows reduced associa-
tion with the carboxyl terminus of the protein, whereas
S — A changes in the three SP repeats affect this asso-
ciation less strongly. Each set of mutations results in
more rapid migration on SDS electrophoresis, indicating
that these S — A mutations prevent phosphorylation.
Nonoverlapping S — A mutations within the SRR (Fig.
4C) were also tested in this intramolecular association
assay. Alanine substitutions in residues 172-176 reduce
the association with the rel similarity domain (RSD),
whereas alanine substitutions in serines between 191
and 194 do not alter the association with the RSD. In-
terestingly, there is a correlation between binding to the
RSD in the intramolecular association assay and Ca>*/
calcineurin-independent nuclear entry—ml172-176 is
constitutively nuclear and m191-194 undergoes regu-
lated nuclear entry. The differences in the in vitro intra-
molecular association assay between each S — A muta-
tions of NF-ATc are unlikely to be attributable to dena-
turation, as all mutants are immunoprecipitated by a
monoclonal antibody to the region of NF-ATc in the SP
repeats (Northrop et al. 1994), are stable when expressed
in cells, and direct NF-AT-dependent transcription [data
not shown). The binding activity is unlikely to indicate
a head-to-tail dimer forming between full-length NF-
ATc molecules, as the protein is a monomer in solution
and when bound to DNA (Hoey et al. 1995). Thus, the
interaction within NF-ATc is dependent on residues in
the SRR as well as an intact carboxy-terminal NLS. The
correlation between the subcellular localization of mu-
tants in the SRR and their behavior in in vitro binding
assays (Figs. 4 and 5) suggests that this intramolecular
association controls exposure and function of the car-
boxy-terminal NLS. The S — A changes in the three SP
repeats disturbs binding to the RSD only weakly and
suggests that these phosphoserines may not participate
as strongly in the interaction with the carboxyl terminus
of the protein. The dephosphorylation of the SP repeat
motifs may result in nuclear localization by another
mechanism, perhaps by exposure of the other NLS that
lies between the second and third SP repeats.

Discussion
Model of NF-ATc nuclear import

Our studies support a model for NF-ATc translocation in
which the function of two nuclear localization se-
quences is masked by phosphoserines in the SP repeats
and the SRR, preventing nuclear localization of the phos-
phorylated protein. We propose that dephosphorylation
alters an intramolecular association and exposes the
NLSs leading to nuclear localization (Fig. 6). Precisely
how the amino-terminal phosphoserines of NF-ATc
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Figure 6. Model of the mechanism of NF-ATc nuclear entry.
Cytoplasmic NF-ATc is phosphorylated on the SP repeats and
SRR masking the activity of its two partially redundant NLSs,
the sequence KRK at position 265-267, and the sequence KRKK
at position 682-685. Dephosphorylation in response to activa-
tion of calcineurin leads to an alteration in an intramolecular
interaction and perhaps a conformational change, exposing one
or more of the NLSs to the nuclear import machinery. Once in
the nucleus, termination of calcium signaling results in rapid
export to the cytosol, possibly by the exposure of nuclear export
sequences (NES).

mask the function of the NLSs is not yet certain, but an
electrostatic interaction between the basic residues of
the NLS and the phosphoserines is most likely, as we
have demonstrated an intramolecular interaction depen-
dent on the carboxy-terminal NLS and portions of the
SRR. The model depicted in Figure 6 is likely to be ex-
tended to the other members of the NF-ATc gene family
based on the conservation of the NLSs, the SRR, and the
SP repeat regions. The amino terminus of NF-ATc3 and
NF-ATp (Luo et al. 1996; Shibasaki et al. 1996) undergo
Ca**-sensitive nuclear entry.

NF-AT family members contain a region similar to the
Rel family of transcriptional activators (Wolfe et al.
1997) suggesting that NF-AT might be retained in the
cytoplasm through association with an IxkB-like mol-
ecule. The NLS of NF-«B p65 is passively masked by its
association with IkB (Baeuerle and Baltimore 1996 or
with IkB-like sequences in the cytoplasmically localized
precursor protein pl05 (Rice et al. 1992). For NF-kB,
nuclear entry ensues following proteolytic processing of
either IkB or of the ankyrin-repeat-containing regions of
the p105 precursor. However, several observations indi-
cate that the mechanism of NF-AT nuclear localization
is different than NF-kB. First, DNA-binding activity is
not detectable after treating the cytoplasmic form of NF-
AT with nonionic detergents (Durand et al. 1988), as is
the case for NF-kB. Second, none of the known IkB mol-
ecules are able to inhibit the function of NF-ATc in co-
transfection assays (J. Northrop and G.R. Crabtree, un-
publ.). Third, overexpressed NF-ATc is cytoplasmic, un-
like the nuclear localization observed upon
overexpression of the RelA/NF-xB p65 family members
(Baeuerle and Baltimore 1996). Fourth, despite extensive
efforts, we have been unable to detect an interaction of
cytoplasmic NF-AT with another molecule with charac-
teristics similar to an IkB (C.R. Beals and G.R. Crabtree,
unpubl.). Finally, the sequences within NF-kB family
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members that interact with IkB are not conserved in NF-
AT family members.

All NF-AT family members isolated so far contain two
unique motifs, the SRR and the SP repeats. Our studies
indicate that these sequences regulate the function or
exposure of two partially redundant NLS elements in
NF-ATc. NF-ATc proteins bearing S — A mutations in
these motifs are phosphorylated less intensely and are
localized to the nucleus in the absence of Ca®* stimula-
tion, suggesting that dephosphorylation of these residues
leads to nuclear entry. NF-ATc, NF-ATp, and NF-ATc3
all return rapidly to the cytoplasm once Ca®* levels are
reduced or signaling is interrupted. Surprisingly, S — A
mutations in these motifs prevent nuclear export of NF-
ATec, as they remain nuclear in the presence of FK506, a
treatment that causes the wild-type protein to return
rapidly to the cytoplasm. Thus, our data indicate that the
SRR and SP repeats are involved in nuclear import after
activation and export from the nucleus once signaling is
terminated. Glycogen synthase kinase-3 phosphorylates
conserved serines in the SP repeats and promotes nuclear
export of NF-AT, opposing Ca>*/calcineurin signaling
(Beals et al. 1997).

The nature of the dephosphorylation-dependent
change leading to nuclear entry could be either dissolu-
tion of salt bridges or a conformation change, or both.
The observation that several different S — A mutations
render NF-AT constitutively nuclear suggests that NF-
ATc must assume a highly organized structure to com-
pletely mask the activities of two redundant NLSs.
Many independent dephosphorylation events could alter
this structure, exposing one or more of the redundant
NLSs leading to Ca>*-independent, cyclosporin-resistant
nuclear entry. The observation by Rao and colleagues
that the cytoplasmic, phosphorylated form of NF-ATp
binds DNA less well is also consistent with a conforma-
tional change in these proteins (Loh et al. 1996). In vitro
binding experiments indicate that an intramolecular as-
sociation between phosphoserines in the SRR motif may
control exposure of the carboxy-terminal NLS. The phos-
phoserines in the SP repeats appear not to participate in
this interaction, and the nuclear localization that results
from S — A mutations in this motif may result from
exposure of the other NLSs that lies between the second
and third SP repeat.

Considerable evidence suggests that nuclear compart-
mentalization of NF-AT is the major mechanism by
which NF-AT family members are regulated. First, all
NF-AT family members isolated thus far are initially
cytoplasmic and translocate to the nucleus after stimuli
that increase cytoplasmic Ca®>* levels (Flanagan et al.
1991; Shaw et al. 1995; Timmerman et al. 1996). Second,
the phosphorylated cytoplasmic form of NF-ATc specifi-
cally binds DNA and is capable of directing in vitro tran-
scription when complemented with a nuclear extract of
PMA-stimulated cells as a source of the nuclear compo-
nent of NF-AT, NF-ATn (Flanagan et al. 1991). Third,
deliberate nuclear localization of NF-AT bypasses the
need for a Ca®* stimulus for NF-AT-dependent transcrip-
tion and IL-2 production (Timmerman et al. 1996). Fi-

Mechanism of NF-ATc¢ nuclear translocation

nally, cells in which NF-AT is expressed constitutively
in the nucleus are resistant to the actions of cyclosporin
A and FK506, at least in the sense that the endogenous
IL-2 gene is activated in the presence of these drugs
(Timmerman et al. 1996). Consequently, the details of
the mechanism of NF-AT nuclear localization defines
new targets for the development of immunosuppressive
drugs.

NF-AT proteins appear to be expressed in the cyto-
plasm of most cell types including excitable cells such as
neurons and muscle cells, as well as mast cells that re-
lease intracellular granules in response to transient Ca>*
elevation. Recent studies indicates that although NF-
ATc translocates to the nucleus rapidly in response to
brief calcium elevation, it will remain in the nucleus
only if the level of Ca®>*/calcineurin signaling is main-
tained {Timmerman et al. 1996). The rapid shuttling of
NF-ATc may underlie the way that cells discriminate
transient changes in intracellular Ca®>* concentration
that give rise to events such as exocytosis, adhesion, and
synaptic transmission from the more sustained increases
that participate in cell proliferation and differentiation.
The intramolecular mechanism of control of nuclear lo-
calization that we have described is well suited to allow
rapid transit of NF-ATc between the cytoplasm and the
nucleus. This follows from the fact that intramolecular
interactions are generally much faster than interactions
between different molecules. Nuclear localization via an
intramolecular interaction allows rapid changes in gene
expression in response to the wide variety of stimuli that
regulate intracellular Ca>* in cell types as diverse as lym-
phocytes and neurons.

Materials and methods
Materials

Ionomycin was obtained from Calbiochem and dissolved in
DMSO. FK506 was a gift from Fukisawa (Chicago, IL) and dis-
solved in ethanol. Cell culture media were from Sigma.

DNA expression constructs

Expression constructs used for in vivo subcellular localization
of NF-ATc are based on pSH160c encoding the FLAG epitope
tag (Ho et al. 1995) inserted at an Xbal site immediately 5 to the
second codon of the human NF-ATcl ¢DNA in the pBJ5 vector
(Northrop et al. 1994). The constructs bearing the SV40 NLS and
mutant (NLS-T) were created by insertion of synthetic oligo-
nucleotides at the Xbal site of pSH160c. The inserted NLS is
CTAGTCCTAAGAAGAAGAGAAAGGTAT; the sequence of
NLS-T is CTAGTCCTAAGACGAAGAGAAAGGTAT and
substitutes a threonine for a lysine (Kalderon et al. 1984). All
point substitutions were created by sequential overlap exten-
sion PCR (Ho et al. 1989). The SRR was mutagenized by chang-
ing the 11 serines to alanines in residues 172-194 to form
mSRR. Further mutations in the SRR were created as described
in Figure 4C. The first SP repeat was mutagenized by changing
four serines to alanines in residues 199-211, mSP1. The second
SP repeat was mutagenized by changing serines at 233 and 237
to alanines, mSP2. The third SP repeat was mutagenized at five
serines at 278, 282, 286, 290, and 299, mSP3. Carboxy-terminal
deletion constructs to amino acid 418 were made with a hem-
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agglutinin (HA] epitope tag at the amino terminus and are based
on pSH102cA418 (Northrop et al. 1994). The S — A substitu-
tions made in the SRR and SP repeats were subcloned into this
deletion construct. The NLS at residues 265-268 was changed
to QIL. The NLS at residues 682-685 was changed to TRTG.
The SOS expression constructs were based on the human SOS
c¢DNA tagged at the carboxyl terminus by a HA epitope, pSOS-E
(Holsinger et al. 1995). pSOS-265 was created by insertion of an
oligonucleotides encoding the sequence LECNKRKYSLNVD at
the unique Sall site between SOS and the HA epitope. The
pSOS-682 construct was created by inserting the sequence en-
coding LEGKRKKVD. The pSH160cA418-GFP construct was
made by fusing the BamHI-NotI fragment encoding GFP from
PEGFP-1 (Clonetech) following the Pvull site at codon 418 of
SH160c. pSH172 (GST-RSD), a fusion protein between GST and
residues 415-716 of NF-ATc, was derived from DT102, which
was constructed by inserting into the BamHI-EcoRI sites of
PGEX-3X (Pharmacia) a PCR-amplified fragment of NFATcl in
which a BamHI site was placed 5’ to codon 415 in the appro-
priate frame and an EcoRI site placed 3’ to codon 591. To create
the full-length RSD {amino acids 415-716) as a GST fusion, the
Notl-EcoRI fragment of pSH160c was then inserted into simi-
larly digested pDT102, creating pSH172. A mutant form of
SH172 in which the NLS at residues 682-685 was changed to
TRTG, creating mNLS. All PCR-generated constructs were
verified by DNA sequencing.

Cells culture and transfection

COS-7 cells were maintained in Dulbecco’s modified Eagle me-
dium (DMEM) with 10% fetal calf serum (FCS), 100 ng/ml of
penicillin G, 100 pg/ml of streptomycin, and 10 mm HEPES (pH
7.4) at 37°C in 5% CO,. Cells were transfected by electropora-
tion with 1 pg of plasmid DNA (Clipstone and Crabtree 1992),
plated on glass coverslips, and stimulated 18-24 hr post-trans-
fection in fresh media or fresh media supplemented with drugs
as described in the figure legends. Ionomycin was used at a final
concentration of 2 uM, CaCl, was added to 10 mm, FK506 was
used at 2 ng/ml. FK506 was added at 2 ng/ml 15 min prior to
addition of calcium and ionomycin. Cells were incubated at
37°C for 60 min unless indicated otherwise.

Immunofluorescence

Cells adhering to coverslips were fixed in 4% paraformaldehyde
and permeabilized in 0.1% Triton X-100. The FLAG epitope was
detected by incubating with 1 pg/ml of anti-FLAG M2 antibody
(Eastman Kodak Co.), whereas the HA epitope was detected by
incubating with 1:2000 dilution of 12CA5 ascites. These mono-
clonal antibodies were detected by incubation with biotin-con-
jugated anti-mouse IgG (Caltag), followed by streptavidin-FITC
and DAPI (Molecular Probes). Fluorescence was visualization
with a Zeiss Axiophot fluorescence microscope. The NF-
AT(CA418)-GFP chimera was detected using its autofluores-
cence. Fluorescent cells in which the nucleus and plasma mem-
brane could be identified were scored as containing predomi-
nantly cytoplasmic staining, predominantly nuclear staining, or
both cytoplasmic and nuclear staining. At least 100 cells were
scored on each coverslip. Cells undergoing mitosis or with mul-
tiple nuclei were excluded. For all deletion constructs, the sub-
cellular localization was confirmed using a confocal imaging
fluorescence microscope.

Immunoblotting

Cytoplasmic and nuclear extracts of COS cells were prepared
(Ho et al. 1995) and subjected to SDS-PAGE. Western blotting
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was performed using the M2 or 12CA5 antibody and detected
with anti-mouse peroxidase and chemiluminescence (Amer-
sham).

Protein interaction

A GST fusion protein consisting of the Rel domain of NFATc],
GST-RSD (residues 415-716), was expressed in bacteria and af-
finity purified on glutathione-agarose (Smith and Johnson
1988). Residues 1-418 of NF-ATcl tagged at the amino termi-
nus with the HA epitope (Northrop et al. 1994) were expressed
in COS cells and an extract made by lysis in buffer A (Ho et al.
1995) with protease and phosphatase inhibitors. One hundred
micrograms of this extract was incubated with 30 pl of gluta-
thione-agarose coupled to GST, GST-RSD, or GST-mNLS (~2
ng of fusion protein) in 300 pl of incubation buffer (50 mm
HEPES at pH 7.8, 150 mm NaCl, 1 mm EDTA, 50 mm NaPO,,
0.5% NP-40) with protease and phosphatase inhibitors as in Ho
et al. {1995) for 2 hr at 4°C and washed three times in incubation
buffer. Affinity-selected proteins were eluted from the washed
beads with SDS sample buffer and detected by immunoblotting
using either the 7A6 (Northrop et al. 1994} or 12CA5 monoclo-
nal antibodies.

In vitro dephosphorylation

Residues 196-304 of NF-ATcl (Northrop et al. 1994) were
cloned into the Smal site of pGEX-3X to generate pGSP. A GST
fusion protein in which the S — A substitutions in all three SP
repeats described above was similarly constructed, pGAP, with
9 S and 10 T residues remaining. For kinase assays, 1 pg of
fusion protein immobilized on glutathione-Sepharose with
whole brain extract (55 pg protein) (C.R. Beals and G. Crabtree,
unpubl.) was incubated with 100 um ATP and [y->P]ATP (400
pCi/umole) in 50 pl of kinase buffer (20 mm Tris at pH 7.5, 10
mMm MgCl,, 1 mm DTT) for 30 min at 30°C. Kinase reactions
were terminated by washing the agarose beads three times in 1
ml of calcineurin buffer and then dephosphorylated with calci-
neurin as above, or treated with 2 units of shrimp alkaline phos-
phatase (U.S. Biochemical) or 5 units of protein phosphatase I
(Boehringer Mannheim) in the buffer described by the manufac-
turer for 30 min at 30°C. Samples were then electrophoresed
and exposed for autoradiography.
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