cell surface molecule that can recognize this
domain.

The observation that only those CTLp’s
and Thp’s that have been signaled through
their antigen-specific surface receptors are
killed by exposure to an antibody recogniz-
ing all lymphocytes (anti-a3) may prove
useful for establishing tolerance in the adult
animal to a particular antigen.
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CREB: A Ca?*-Regulated Transcription Factor
Phosphorylated by Calmodulin-Dependent Kinases

MORGAN SHENG,*t MARGARET A. THOMPSON, T

MicHAEL E. GREENBERGT

2+

The mechanism by which Ca

mediates gene induction in response to membrane

depolarization was investigated. The adenosine 3’,5’-monophosphate (cAMP) re-
sponse element-binding protein (CREB) was shown to function as a Ca?>*-regulated
transcription factor and as a substrate for depolarization-activated Ca®*-calmodulin—
dependent protein kinases (CaM kinases) I and IT. CREB residue Ser’3? was the major
site of phosphorylation by the CaM kinases in vitro and of phosphorylation after
membrane depolarization in vivo. Mutation of Ser'3? impaired the ability of CREB to
respond to Ca®*. These results suggest that CaM kinases may transduce electrical
signals to the nucleus and that CREB functions to integrate Ca** and cAMP signals.

NA ELEMENTS THAT CONTAIN THE
Dconscnsus sequence TGACGTCA

were originally identified as cAMP
response elements (CREs) in neuropeptide
genes (1), but recent studies in neuronal cell
lines have mapped inducibility by mem-
brane depolarization and increased intracel-
lular Ca®* concentrations to similar se-
quences in the c-fos (2—4) and proenkephalin
genes (5). Depolarization of PC12 pheo-
chromocytoma cells is correlated with rapid
phosphorylation of the CRE-binding pro-
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tein CREB on amino acid residue Ser'*?
(4). Phosphorylation of Ser'®? stimulates
the ability of CREB to activate gene tran-
scription (6), suggesting that CREB may
mediate transcriptional induction by Ca?*
as well as by cAMP. However, because
multiple CRE-binding proteins exist (7, §),
distinct members of this family may sepa-
rately confer Ca>* and cAMP inducibility
on the CRE (4). To determine whether
CREB functions as a Ca®*-activated tran-
scription factor and to test if phosphoryla-
tion of Ser'®? is important for this activa-
tion, we have targeted CREB to a different
DNA regulatory sequence by fusing it to the
DNA-binding and dimerization domain of
the yeast transcriptional activator GAL4 (9)
(Fig. 1). The use of a reporter gene that
contains GAL4 binding sites allowed a spe-
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cific functional analysis of CREB without
interference from endogenous CRE-binding
proteins.

When cotransfected into rat PC12 cells
with a human c-fos reporter gene that con-
tained one GAL4 binding site (pAF42G,),
the GAL4-CREB fusion construct con-
ferred Ca®* inducibility (Fig. 1B). In the
absence of stimulation, no transcripts were
detected from transfected or endogenous
c-fos genes. When the intracellular Ca®*
concentration was increased by K* depolar-
ization or by treatment with the Ca?*
ionophore A23187, the major Ca®*-induc-
ible transcript corresponded to correctly
initiated human c-fos (c-fos*Y) mRNA. The
GAL4-CREB fusion protein conferred a
level of induction comparable to that ob-
served in depolarized PC12 cells trans-
fected with a reporter gene containing a
CRE (Fig. 1B).

The Ca®*-dependent induction of c-fos™
by GAL4-CREB required the GAL4 bind-
ing site and was dependent on the CREB
moiety of the GAL4-CREB fusion protein
(Fig. 1B). The GAL4 DNA-binding do-

Fig. 1. Analysis of GAL4-CREB fusions by
cotransfection assay. (A) Structure of GAL4-
CREB fusions and reporter genes (27). GAL4-
B17 contains an acidic activating region (11)
fused to GAL4 (1 to 147), the DNA-binding
domain of GAL4 (9). GAL4-CREB contains the
complete CREB protein (341 amino acids) fused
to the COOH-terminus of GAL4 (1 to 147).
GAL4-CREBALZ lacks the COOH-terminal 29
amino acids of GAL4-CREB, including the leu-
cine repeat dimerization motif (LZ). GAL4-
CREBALZM] contains the Ser'*? to Ala mura-
tion. The constructs pAF42G, (G,;) and
PAF42Gy (Go) contain, respectively, one and
nine GAL4 binding sites inserted at position —42
in the core promoter construct pAF42 (Gy),
which encodes the human c-fos gene (c-fos™) (4).
In pAF42CRE (CRE), the consensus CRE is
inserted at position —42. (B) Ca’>* and cAMP
inducibility of reporter

genes with GAL4-CREB

constructs. GAL4-CREB B
fusion constructs (5 pg)
were transiently cotrans-
fected into PC12 cells
(3, 4) with reporter con-
structs pAF42G, (Gp)
or pAF42G, (G;) (20
pg), as indicated. CRE
(20 ng) was transfected
alone because the CRE
can interact with endog-
enous CREB. An
a-globin expression plas-
mid (pSVa-1; 3 pg) was
used as a control for
transfection efficiency.
Cells were left unstimu-
lated (U) or were stimu-
lated as indicated by 60

U K+ F

Globin=>

Reporter CRE

Activator =

U K+

main either by itself (10) or fused to an
acidic activating region (GAL4-B17) (11)
was unable to confer Ca®* inducibility. As
expected, the GAL4-CREB fusion also con-
ferred cAMP-inducible expression on the
GAL4 binding site (Fig. 1B) (12). The
levels of inducibility with Ca®>* and cAMP
were similar, suggesting that CREB func-
tions as a transcriptional regulator that is
responsive to both second messengers. In
contrast, GAL4-CREB did not mediate
transcriptional activation by the protein ki-
nase C activator 12-O-tetradecanoyl phor-
bol-13-acetate (TPA) (Fig. 1B).

Because GAL4-CREB contains the leu-
cine zipper dimerization motf (13, 14),
endogenous PC12 proteins that contain leu-
cine zippers might interact with GAL4-
CREB and cause the observed transcription-
al activation. To test this possibility, we
constructed a GAL4-CREB mutant in which
the leucine zipper was deleted but the GAL4
DNA-binding and dimerization domains re-
mained intact (GAL4-CREBALZ) (Fig. 1A).
GALA4-CREBALZ conferred both Ca** and
cAMP inducibility on the GAL4 reporter

A
GAL4-CREB Ser33 312 341
L L J
[GALa (=140 CREB | =z |
GAL4-B17
| GAL4 (1-147) | B17 |
Go -42 TATA E
1 x GAL4 site E
G, -42 TATA
9 x GAL4 sites
oy -42 TATA E’
1 x CRE E
one -42 TATA
FOAS TRyl KE ) ok Ap E Ol R

G, G, G, e}

GAL4-CREB GAL4-B17 GAL4-CREB  GAL4-CREBALZ

mM K* and 10 mM Ca** (K*), A23187 (10 pg/ml) (A2), or 10 uM forskolin (F) for 60 min or by TPA
(0.3 pg/ml) (T) for 30 min. Correctly initiated transcripts from the transfected reporter gene (c-fos™),
the endogenous rat gene (c-fos™), and the internal control gene (globin), were assayed by ribonuclease

(RNase) protection (3, 4) and are indicated. Bands above c-fo
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represent incorrectly initiated transcripts (28).

construct (Figs. 1B and 2); however, the
magnitudes of Ca®>* and cAMP induction
were reduced. Similarly, GAL4-CREB pro-
teins with other point mutations or small
deletions within the CREB leucine zipper
region that prevent dimerization (14) also
confer Ca>* and cAMP inducibility, but with
reduced efficiency (10). The leucine zipper
may be important for folding the CREB
dimer into an optimal conformation for tran-
scriptional activation. Alternatively, a portion
of the Ca®>* and cAMP responses seen with
GAL4-CREB may be due to dimerization
with endogenous CREB proteins.

To determine whether phosphorylation of
CREB is functionally important for depolar-
ization- and Ca®*-dependent activation of
transcription, we mutated the major site of
CREB phosphorylation in depolarized PC12
cells (Ser33) to alanine. This mutation (M1)
reduced by ~80% the ability of GAL4-
CREBALZ to mediate transcriptional activa-
tion by either membrane depolarization or
cAMP (Fig. 2). The M1 mutation does not
affect the stability of CREB or its nuclear
localization (6). These results suggest that
Ca?*-dependent phosphorylation of Ser'33 is
important for CREB activation by membrane
depolarization. However, mutation of Ser!'33
did not completely abolish the ability of
GALA4-CREBALZ to confer either Ca®* or
cAMP inducibility. The basis of this residual
activity is unclear (15).

The transducing kinase that couples the
depolarization-induced Ca?* signal to the
phosphorylation and activation of CREB
may be a Ca?*-calmodulin-dependent pro-
tein kinase (CaM kinase). CaM kinases are
activated when the intracellular Ca®>* con-
centration is increased after membrane de-
polarization (16, 17), and induction of c-fos
by depolarization is specifically inhibited by
calmodulin antagonists (18). CaM kinases I
and IT have wide tissue distributions but are
especially abundant in neural tissues (17,
19). CaM kinase II has been implicated in
diverse regulatory processes in the nervous
system, including long-term potentiation
(LTP) (20). The CaM kinase I substrates
synapsin I and protein III are both neuron-
specific proteins that are phosphorylated on
a single common amino acid residue by both
cAMP-dependent protein kinase (PKA) and
CaM kinase I (17, 21). The fact that a
common residue in CREB (Ser'3?) is phos-
phorylated in vivo in response to either
Ca?* or cAMP suggested the possibility
that CaM kinase I may mediate Ca®*-depen-
dent phosphorylation of CREB.

We tested whether purified CREB can
serve as a substrate in vitro for CaM kinase I
or II. Two major CRE-binding polypep-
tides of 43 and 38 kD were purified by
DNA-affinity chromatography from extracts
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Fig. 2. Effect of the Ser!3? to Ala mutation on
GAL4-CREBALZ. Transient transfection assays
were performed as in Fig. 1 with GAL4-
CREBALZ or GAL4-CREBALZM]1 and report-
er constructs pAF42G,, or pAF42Gg as indicated.
Bands that represent correctly initiated transcripts
are indicated as in Fig. 1.

of mouse L cells. The 43-kD protein has the
same molecular size as CREB purified from
brain or PC12 cells (22), comigrates with
CREB immunoprecipitated from PC12
cells, and is quantitatively immunoprecipi-
tated by a CREB-specific antiserum (Fig. 3)
(10). The 38-kD protein (termed CREB B)
is likely to be a distinct CREB-related pro-
tein (23).

Both CREB and CREB B are substrates
for CaM kinases I and II in vitro (Fig. 3).
After phosphorylation, both CREB and
CREB B retain their ability to bind the
CRE, as determined by specific retention on
a CRE-affinity column (10). We performed
two-dimensional tryptic phosphopeptide
mapping to identify the sites of CREB phos-
phorylation by CaM kinases I and II. The
major tryptic phosphopeptide (site 1) labeled
in vitro by CaM kinases I and II comigrated
with the CREB tryptic fragment phosphoryl-
ated in vivo in response to increased Ca>* (4)
(Fig. 4). Tryptic peptide 1 contains Ser'3 as
the only Ser or Thr residue (6, 7). We there-
fore conclude that the major in vitro site of
CREB phosphorylation by CaM kinases I
and IT is Ser'3. Whether CaM kinases direct-
ly phosphorylate CREB on Ser'*? in vivo
remains to be determined. The two-dimen-
sional tryptic maps revealed that in additdon
to Ser'3%, CREB was consistently phospho-
rylated by CaM kinases I and II at several
minor sites (Fig. 4), the significance of which
is unknown.

We found that CREB is a substrate for
PKA, as well as the CaM kinases, and that
the major site of phosphorylation by PKA is
also Ser'33 (Fig. 4) (22). The ability of both
CaM kinase II and PKA to phosphorylate
CREB in vitro on the same site has been
demonstrated independently by Dash and
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Fig. 3. In vitro phos-

phorylation of CREB Ca2+
and CREB B by purified
protein  kinases. (A) e A

CaM kinase II. (B) CaM
kinase I. (C) PKA. Reac-
tions were performed
with [32P]ATP at 30°C
for 5 min, and contained
5 to 10 ng of affinity-
purified CREB (+
CREB) (29) or an equiv-
alent volume of buffer
(— CREB). CaM kinase
reactions (30) were per-
formed in the presence
of Ca?* (+ Ca?*) or in
the presence of excess
EGTA (- Ca?*). La-
beled products were sep-

-97
-
-68
CaM Kil—[ .
o g — . 9=z - - -43
s Pesb . -,
-29

arated on SDS-polyacrylamide gels and visualized by autoradiography. The positions of CREB and
CREB B are marked by “a” and “b”, respectively. The autophosphorylated products of CaM kinase I
(CaM KI) (37 to 42 kD) and CaM kinase II (CaM KII) (51 to 53 kD and 60 kD) are indicated. A
diffuse band of ~80 kD in the PKA lane is not consistently seen between different experiments.
Positions of molecular size markers are indicated in kilodaltons.

co-workers (24). In addition, they have
shown that phosphorylation of this site
stimulates the ability of CREB to activate
transcription in an in vitro RNA polymerase
II-dependent transcription system. The
phosphorylation in vitro of a common reg-
ulatory site (Ser’33) by Ca®>*- and cAMP-
regulated protein kinases provides a bio-
chemical explanation for how Ca®>* and
cAMP signaling pathways might converge
to activate CREB in vivo.

Analysis of the amino acids that flank
Ser'33 in CREB (7) revealed that this resi-
due lies within a stretch of amino acids the
sequence of which is consistent with it being
a recognition site for CaM kinases I and II
and PKA. The local peptide sequence (-Ser-
Arg-Arg-Pro-Ser'33-Tyr-Arg-) conforms to
the motif -Arg-X-X-Ser(Thr)- (where X rep-
resents any amino acid), which is the mini-

Fig. 4. Sites of CREB A
phosphorylation by

CaM kinase I, CaM ki- s

nase II, and PKA. Two- ’1
dimensional tryptic ™

phosphopeptide  maps

(4, 31) are shown. =

CREB was phosphoryl-

ated in vitro by (A) CaM .

kinase I, (B) CaM kinase

II, or (C) PKA, as indicated. (D) CREB B
phosphorylated by CaM kinase II (32). (E) CREB
immunoprecipitated from *2P-labeled PC12 cells
that had been subjected to K*-induced depolar-
ization for 5 min (4). The major phosphopeptide
(marked “1”) comigrates with the CREB tryptic
fragment phosphorylated in vivo in response to
Ca®* in mixing experiments (10) and corresponds
to phosphorylation of Ser'** (4, 6). The track of
faint spots trailing beneath phosphopeptide 1

mum specificity determinant for CaM kinase
IT (19), as well as to the PKA consensus
recognition sequence (-Arg-Arg-X-Ser-)
(25). Overlap in the phosphorylation sites of
CaM kinase IT and PKA has been described
for other substrates (26). Moreover, the Ser
residue in synapsin I that is phosphorylated
by both CaM kinase I and PKA (21) lies
within a sequence (Arg-Arg-Arg-Leu-Ser-
Asp) that is similar to the CREB Ser'3? site.

The finding that a regulatory site in
CREB is phosphorylated by both Ca**- and
cAMP-dependent protein kinases in vitro
provides an explanation for the observation
that CREB can mediate a transcriptional
response to either Ca®>* or cAMP. Thus, the
increasingly complex role of the CRE in
gene regulation may be a reflection of its
importance as a target of multiple signal

transduction pathways in the cell.

B Cc

. o P
» -
. .

D E

{ & e
"

varies in intensity between experiments and probably represents peptides phosphorylated at the same
site that have not completely migrated to the major spot 1 position during chromatography. Origins are
marked by a black dot. Electrophoresis at pH 1.9 was performed from left (+) to right (—), and
chromarography was performed in the ascending direction.
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Recognition of Self Antigens by Skin-Derived T Cells
with Invariant 8 Antigen Receptors

WENDY L. HAVRAN, YUEH-Hs1u CHIEN, JAMES P. ALLISON

Thy-1"* dendritic epidermal T cells (dECs) express invariant v3 antigen receptors and
are found in intimate contact with keratinocytes in murine epidermis—thus raising the
possibility that keratinocytes express a ligand for the antigen receptor of these T cells.
Thy-1* dECs were stimulated to produce lymphokines by interaction with kerati-
nocytes in vitro. This stimulation was mediated through the dEC antigen receptor and
did not appear to be restricted by the major histocompatibility complex. Thus, dECs
can recognize self antigens and may participate in immune surveillance for cellular

damage rather than for foreign antigens.

phoid tissues express diverse antigen

receptors that consist of « and B chains
and recognize antigens bound to self major
histocompatibility complex (MHC) pro-
teins. A minority of lymphoid T cells express
clonally diverse ¥3 T cell receptors (TCRs)
(1) and recognize a wide array of antigens,
including MHC class I, II, and Ib gene
products, as well as bacterial heat shock
proteins (2-7). In contrast to the lymphoid
organs, several epithelial tissues contain most-
ly ¥3 T cells. The epidermis contains a unique
population of cells, the Thy-1* dECs (8-10),
which express invariant y8 TCRs composed
of V,3/J,1-C,1 and V;1/D;2/J52-C; chains
(11, 12) and have not been found elsewhere
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in the adult mouse (13). Similarly, the intra-
epithelial T cells of the female reproductive
tract and the tongue express yd TCRs com-
posed of an invariant V., 4/J,1-C,1 chain and
an invariant 3 chain identical to that found in
the dECs (14). The absence of clonal diversity
in the TCRs of these epithelium-associated T
cells suggests that they might perform immu-
nological functions that are distinct from
those of T cells with clonally diverse antigen
receptors. These nondiverse T cells might
recognize damage-induced self antigens in a
mechanism of trauma signal surveillance (11,
15). Here, we provide evidence in support of
this concept by demonstrating that dECs can
specifically recognize self antigens produced
by skin-derived keratinocytes. This informa-
tion and the physical interactions observed in
situ lend support to a potential role of dECs
in surveillance of skin keratinocytes in vivo for
damage induced by stress, infection, or other
means.
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