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Summary

The transcription factor CREB mediates diverse re-
sponses in the nervous system. It is not known how
CREB induces specific patterns of gene expression in
response to different extracellular stimuli. We find that
Ca?* influx into neurons induces CREB phosphoryla-
tion at Ser133 and two additional sites, Ser142 and
Ser143. While CREB Ser133 phosphorylation is in-
duced by many stimuli, phosphorylation at Ser142 and
Ser143 is selectively activated by Ca?* influx. The triple
phosphorylation of CREB is required for effective Ca?*
stimulation of CREB-dependent transcription, but the
phosphorylation of Ser142 and Ser143, in addition to
Ser133, disrupts the interaction of CREB with its cofac-
tor CBP. These results suggest that Ca?* influx triggers
a specific program of gene expression in neurons by
selectively regulating CREB phosphorylation.

Introduction

The transcription factor CREB (cAMP/Ca?* response el-
ement binding protein) is activated in neurons in re-
sponse to trans-synaptic signaling and regulates the
expression of genes that are important for adaptive neu-
ronal responses, such as behavioral adaptation to
changes in the environment (Ginty et al., 1993), as well
as more complex neural functions, such as learning and
memory (reviewed in Frank and Greenberg, 1994). CREB
target genes include immediate-early genes, such as
c-fos (Sheng et al., 1990), and molecules important for
synaptic function, such as brain derived neurotrophic
factor (BDNF) (Tao et al., 1998; Shieh et al., 1998) and
neuronal nitric oxide synthase (nNOS) (Sasaki et al.,
2000). In addition to its functions in mature neurons,
CREB regulates cell proliferation, differentiation, and
survival responses in a range of cell types in developing
vertebrates (Bonni et al., 1999; Riccio et al., 1999; Walton
et al., 1999).

CREB is a bZIP transcription factor that forms both
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homo- and heterodimers with itself or other members
of the CREB family, including ATF1 and CREM. These
dimers interact with a specific DNA element having the
consensus sequence TGACGTCA that is present within
the regulatory regions of CREB target genes. CREB is
inactive as a transcription factor until a cell is exposed
to any one of a range of extracellular stimuli that trigger
the phosphorylation of CREB at a specific site, Ser133,
within its kinase-inducible domain (KID) (reviewed in
Shaywitz and Greenberg, 1999). Phosphorylation of the
KID at Ser133 promotes the association of CREB with
a coadaptor protein, the CREB binding protein (CBP),
via the CBP KIX domain (Chrivia et al., 1993). The recruit-
ment of CBP by CREB to the promoter of a CREB target
gene then induces the assembly of an active polymerase
Il transcription complex, thus leading to target gene
activation (Kwok et al., 1994).

In neurons, trans-synaptic release of glutamate trig-
gers Ca?' influx through the N-methyl-D-aspartate
(NMDA) subtype of glutamate receptors and L type volt-
age-sensitive Ca?* channels (L-VSCCs). The resulting
elevated levels of cytoplasmic and nuclear Ca*" pro-
mote the activation of the Ca?"/calmodulin-dependent
kinase IV (CaMKIV), which then phosphorylates CREB
at Ser133 within the nucleus (Matthews et al., 1994; Bito
et al., 1996). In addition, Ca®>" activates the Ras/MAP
kinase pathway which leads to the activation of Rsk
protein kinases that phosphorylate CREB at Ser133 (Ro-
sen et al., 1994; Xing et al., 1996). While CaMKIV medi-
ates the early phase of Ser133 phosphorylation in mem-
brane-depolarized neurons, the MAPK pathway is
responsible for prolonging Ser133 phosphorylation (Wu
et al., 2001).

An unresolved issue is how Ca?" induction of Ser133
phosphorylation selectively activates the transcription
of particular genes in neurons, since a number of extra-
cellular stimuli that induce CREB Ser133 phosphoryla-
tion fail to activate Ca?*-specific, CREB-dependent
transcriptional programs. Although CREB Ser133 phos-
phorylation is crucial for Ca?*-induction of CREB-
dependent transcription, Ser133 phosphorylation alone
is not sufficient for target gene activation under some
circumstances (Bonni et al., 1995; Tao et al., 1998). In
neurons, Ca*" influx through L-VSCCs triggers CREB
Ser133 phosphorylation within minutes, but the tran-
scriptional induction of a number of CREB-regulated
genes does not occur until later (Tao et al., 1998; West
et al., 2001). In addition, CREB Ser133 phosphorylation
is maintained past the time when the transcription of
some CREB-dependent genes has shut off. These find-
ings suggest that CREB Ser133 phosphorylation alone
may not trigger CREB-dependent transcription. One
possibility is that there are other sites on CREB, CBP,
or an as yet unidentified factor that must be phosphory-
lated at the same time as CREB Ser133 for Ca?" to
effectively activate CREB-dependent transcription
(Chawla et al., 1998; Hardingham et al., 1999; Hu et al.,
1999).

Previous studies have identified additional sites on
CREB that can be phosphorylated in vitro or by overex-
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pression of protein kinases in cells. These examples
include Ser129 phosphorylation by glycogen synthase
kinase Il (Fiol et al., 1994), Ser142 phosphorylation by
CaM kinase Il (CaMKIl) (Enslen et al., 1994; Sun et al.,
1994; Matthews et al., 1994), and phosphorylation of
either Ser142 or Ser143 by casein kinase Il (CKII) (Parker
etal., 1998). In cotransfection studies, CaMKII-catalyzed
phosphorylation of both Ser133 and Ser142 failed to
stimulate CREB-dependent reporter gene transcription
(Sun et al., 1994). In contrast, when CREB Ser142 was
converted to an alanine so that only Ser133 could be
phosphorylated by CaMKIl, CREB-dependent transcrip-
tion was enhanced. On the basis of these studies, it was
suggested that the phosphorylation of CREB at Ser142
inhibits CREB function. Nevertheless, it was not known
whether extracellular stimuli induce the phosphorylation
of endogenous CREB at Ser142 or any site other than
Ser133. It was also not known how phosphorylation at
sites in addition to Ser133 regulates CREB function in
neurons under conditions of physiologic stimulation.

In this study, we have investigated the role of CREB
phosphorylation at Ser142 and Ser143 in CREB-
dependent transcription in neurons. We find that Ca?"
influx through L-VSCCs or NMDA receptors selectively
induces the phosphorylation of CREB at Ser142 and
Ser143, in addition to Ser133. The kinetics of CREB
Ser142 and Ser143 phosphorylation suggest that when
both of these phosphorylation events occur together
with Ser133 phosphorylation they promote CREB activa-
tion. Mutation of Ser142 and Ser143 to alanines reduces
Ca?"-induced CREB-dependent transcription, indicat-
ing that phosphorylation of these sites contributes to
CREB activation. However, in vitro experiments indicate
that the phosphorylation of CREB at Ser142 and Ser143
inhibits the interaction of CREB with the KIX domain of
CBP, raising the possibility that Ca?* influx into neurons
may activate CREB by a CBP KIX-independent mech-
anism.

Results

Characterization of Antibodies Specific for CREB
Phosphorylated at Ser142 and Ser143

CREB Ser142 was a candidate site for regulation by
Ca?* influx into neurons, given evidence that Ser142
phosphorylation is catalyzed by CaMKIl in vitro and
modulates CREB function. In addition, since the residue
immediately C-terminal to Ser142, Ser143, has been
identified as a potential phosphorylation site (de Groot
et al., 1993; Parker et al., 1998), we also investigated
whether Ser143 phosphorylation is regulated by Ca?*
influx. By in vitro phosphotryptic mapping (Figure 1A)
and peptide phosphorylation (data not shown), we found
that CKIl phosphorylates CREB at Ser143 and, to a
lesser extent, Ser142, while CaMKIl phosphorylates
Ser142, but not Ser143.

We were unable to detect CREB phosphopeptides
containing phosphorylated Ser142 and Ser143 by
32P-labeling of cultured neurons and phosphotryptic
mapping; we later determined that incubation of neurons
with *P inhibits depolarization-induced Ser142 phos-
phorylation. Therefore, we generated a series of phos-
phospecific antibodies that recognize CREB phosphor-

ylated at Ser142 and/or Ser143. The phospho-Ser142-
specific CREB antibody (anti-P142) was specific for
Ser142-phosphorylated CREB when tested by the fol-
lowing criteria. First, anti-P142 recognized the immuniz-
ing peptide that was phosphorylated at Ser142 (P142)
but did not cross-react with peptides that were unphos-
phorylated (un-P), phosphorylated at the adjacent
Ser143 (P143), or dually phosphorylated at both serines
(P142/143) (Figure 1B). Second, wild-type (wt) CREB
protein that was phosphorylated in vitro by CaMKIl,
which phosphorylates CREB at Ser142, but not at
Ser143 (Figure 1A), was recognized by Western blotting
using anti-P142 (Figure 1C). Replacement of Ser142 with
an alanine (S142A) abolished the ability of anti-P142 to
recognize in vitro phosphorylated CREB (Figure 1C),
while replacement of Ser143 by alanine did not affect
the ability of the antibody to detect CREB (data not
shown). Third, wild-type CREB overexpressed in COS
cells, together with a constitutively active CaMKIl, was
detected by anti-P142, while the mutation of Ser142 to
an alanine abolished detection by this antibody (Figure
1D). Anti-P142 also did not recognize wild-type CREB
overexpressed in COS cells in the absence of CaMKII
(data not shown). Finally, mutation of Ser133 to alanine
(S133A) had no effect upon the ability of anti-P142 to
recognize CREB, although an antibody specific for
Ser133-phosphorylated CREB (anti-P133) no longer rec-
ognized CREB S133A. Taken together, these results in-
dicate that anti-P142 is specific for CREB that is phos-
phorylated at Ser142.

We also produced phosphospecific antibodies that
recognize either Ser143-phosphorylated CREB (anti-
P143) or CREB phosphorylated at both Ser142 and
Ser143 (anti-P142/143). We established the specificity of
these antibodies against CREB protein phosphorylated
with CKIll in vitro (Figure 1E) and synthetic phosphopep-
tides (data not shown) using criteria similar to those
described above for the anti-P142 antibody. These ex-
periments indicate that anti-P143 specifically recog-
nizes the Ser143-phosphorylated form of CREB and
does not bind to CREB when it is phosphorylated at
Ser142 alone or phosphorylated at both Ser142 and
Ser143. Anti-P142/143, by contrast, recognizes CREB
only when it is phosphorylated at both Ser142 and
Ser143 and not when it is phosphorylated at either
Ser142 or Ser143 alone.

Stimuli that Evoke Neuronal Ca?* Influx Induce

the Coordinated Phosphorylation of CREB

at Ser142 and Ser143

We used the phosphospecific anti-CREB antibodies to
determine whether extracellular stimuli that induce
CREB Ser133 phosphorylation in neurons also regulate
the phosphorylation of Ser142 and Ser143. Stimulation
of cultured cortical neurons using membrane-depolariz-
ing concentrations of KClI to activate L-VSCCs or gluta-
mate treatment to activate NMDA receptors induced
CREB phosphorylation at Ser142, as well as at Ser133
(Figure 2A). By contrast, exposure of cortical neurons
to BDNF or a cell-permeable cyclic AMP analog (CPT-
cAMP) failed to induce Ser142 phosphorylation, al-
though both agents stimulated the phosphorylation of
CREB at Ser133.
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Figure 1. Characterization of Antibodies Spe-
cific for CREB Phosphorylated at Ser142,
Ser143, or Both

(A) Phosphorylation of CREB in vitro at
Ser142 and Ser143. Bacterially expressed
CREB protein was phosphorylated in vitro us-
| ing PKA, CaMKIl, or CKIl in the presence of
[*2P-y]ATP. Tryptic digestion was performed
followed by two-dimensional chromatogra-
phy to resolve tryptic fragments. The position
of the single peptide phosphorylated by PKA
is shown (133) (Yamamoto et al., 1988).
CaMKIl phosphorylates the same Ser133-
containing peptide as PKA and an additional
site (dashed circle) that is abolished by muta-
tion of Ser142 (S142A), but not Ser143
(S143A). CKlI catalyzes phosphate incorpora-
tion into a number of peptides, one of which
(dashed circle) is abolished by an alanine mu-
tation of Ser143, but not Ser142. This tryptic
peptide comigrates with the peptide phos-
phorylated at Ser142 by CaMKIl, as well as
with Ser142- or Ser143-phosphorylated syn-
thetic peptides corresponding to the pre-
dicted tryptic fragment that were detected
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fragment representing phosphorylation of
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this experiment. The sample origin is indi-
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(B-E) Rabbit antisera against phosphopep-
tides in which Ser142, Ser143, or both sites
were phosphorylated were affinity purified
and tested for specificity. (B) The immunizing
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peptide that was phosphorylated at Ser142
(P142) and identical peptides that were either
unphosphorylated (un-P), phosphorylated at
the adjacent Ser143 (P143), or phosphory-

lated at both serines (P142/143) were slot-
blotted in equal amounts onto nitrocellulose
membranes and probed with anti-P142. (C)

Recombinant CREB protein was phosphorylated in vitro with CaMKIl, and Western blots were performed using anti-P142. The antibody
recognized wild-type phosphorylated CREB, while S142A mutant CREB was not recognized. Mutation of the adjacent Ser143 (S143A) did not
affect recognition of Ser142-phosphorylated CREB by anti-P142 (not shown). Blotting with a total CREB and anti-P133 CREB antibodies was
done to confirm equal loading and the activity of CaMKII upon Ser133 (not shown). (D) Cos cells were transfected with expression constructs
for a Flag-tagged CREB, either wild-type, S142A, or S133A, together with a constitutively active CaMKII. Cell lysates were analyzed by Western
blotting with anti-P142, anti-P133, or an anti-Flag antibody. (E) Characterization of antibodies specific for CREB phosphorylated at Ser143
(anti-P143) or phosphorylated at both Ser142 and Ser143 (anti-P142/143). CREB protein, either wild-type or mutant, was phosphorylated in
vitro with CKIl or was left unphosphorylated. Western blots were performed using anti-P143, anti-P142/143, or anti-P142. Anti-P142/143
recognized wild-type phosphorylated CREB, while S142A, S143A, or S142A/S143A mutants were not recognized. Anti-P143 recognized wild-
type phosphorylated CREB, while S143A CREB was not recognized; the S142A mutation did not affect recognition of Ser143-phosphorylated
CREB by anti-P143. Anti-P142 recognized phosphorylated CREB that was wild-type or S143A mutant, but the mutation of Ser142 abolished
recognition. Parallel blots were probed using a total CREB antibody to confirm equal loading (data not shown).

The depolarization induction of CREB Ser142 phos-
phorylation in cortical neurons requires an influx of ex-
tracellular Ca?* through L-VSCCs, as KCI induction of
CREB Ser142 phosphorylation was blocked when cells
were pretreated with the L-VSCC blocker nimodipine
(Figure 2B). Likewise, glutamate stimulation of CREB
Ser142 phosphorylation was blocked by the NMDA an-
tagonist APV (data not shown), suggesting that Ca*"
influx through NMDA receptors is required for glutamate
induction of CREB Ser142 phosphorylation. These find-
ings indicate that CREB becomes newly phosphorylated
at Ser142 selectively in response to stimuli that evoke
Ca?* influx into neurons.

Using the anti-P143 antibody, we were not able to
detect CREB that was phosphorylated at Ser143, but
not Ser142, either in unstimulated neurons or in neurons

that were depolarized or exposed to cAMP or BDNF
for various times (minutes to hours; data not shown).
Therefore, it appears that membrane depolarization fails
to induce the phosphorylation of CREB at Ser143 in the
absence of Ser142 phosphorylation. Alternatively, it is
possible that anti-P143 is not sensitive enough to detect
endogenous Ser143-phosphorylated CREB.

Using anti-P142/143, we found that membrane depo-
larization of cortical neurons led to an increase in the
amount of CREB that was phosphorylated at both
Ser142 and Ser143 (Figure 2C). The coordinated phos-
phorylation of CREB Ser143 together with Ser142 was
selectively induced by agents that trigger Ca?* influx
into neurons. No increase in the amount of CREB that
was phosphorylated at both Ser142 and Ser143 was
detected in cortical neurons exposed to BDNF (Figure
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Figure 2. CREB Becomes Phosphorylated at Both Ser142 and
Ser143, Specifically in Response to Neuronal Ca?* Influx

(A) Cortical neurons were either untreated or stimulated with a depo-
larizing concentration of KCI, glutamate (Glu), BDNF, or the cAMP
analog, CPT-cAMP (cAMP). Cells were treated with stimulating
agents for 10 min (for anti-P133) or 20 min (for anti-P142) and then
lysed and analyzed by Western blotting using the anti-P142 or anti-
P133 CREB antibodies.

(B) Cortical neurons were treated with the VSCC inhibitor nimodipine
(Nim) for 1 hr or left untreated and were then stimulated by depolar-
ization (KCI) for 20 min or left untreated. Cells were then lysed and
analyzed by Western blotting with anti-P142.

(C) Membrane depolarization of neurons induces CREB phosphory-
lation at both Ser142 and Ser143. Primary cultures of cortical neu-
rons were either untreated (con) or stimulated with KCI or BDNF.
Stimulating agents were added for 10 min (for determination of
Ser133 phosphorylation) or 30 min (for measurement of Ser142 and
Ser143 phosphorylation). Cell extracts were analyzed by Western
blotting using the anti-P142/143, anti-P142, or anti-P133 CREB anti-
bodies.

(D) Cortical cultures were untreated or stimulated with KCI for 20
or 30 min and then lysed. Western blots of cell extracts were incu-
bated in the presence (CIP) or absence (—) of calf intestinal alkaline
phosphatase, washed, and then probed with anti-P142, anti-P142/
143, or a total anti-CREB antibody. Because a minor portion of
the binding of anti-P142/143 to CREB is resistant to phosphatase
treatment and is seen in both the untreated and KCI-stimulated
samples, there appears to be some cross-reactive binding of anti-
P142/143 to unphosphorylated CREB.

2C) or a cAMP analog (data not shown), although these
agents stimulated Ser133 phosphorylation.

Membrane depolarization of the pheochromocytoma
cellline PC12 also induced the phosphorylation of CREB
at Ser142 and at Ser142 together with Ser143, as de-
tected by Western blot analysis of extracts from PC12
cells (data not shown). Exposure of PC12 cells to a
cAMP analog or to nerve growth factor failed to induce
adetectable increase in CREB Ser142 and Ser143 phos-
phorylation, although these stimuli effectively induced
CREB Ser133 phosphorylation. In addition, stimulation
of COS or HEK 293 cells with agents that activated CREB
Ser133 phosphorylation, including cAMP analogs, epi-
dermal growth factor (EGF), and phorbol esters, failed
to induce Ser142 or Ser142/Ser143 phosphorylation
(data not shown).

We performed an additional control experiment to ver-
ify that the depolarization-stimulated increases in the
CREB species detected in cortical neurons by anti-P142
and anti-P142/143 represented inducible phosphoryla-
tions of CREB. Western blots of lysates from unstimu-
lated or depolarized cortical cultures were treated with
a nonspecific phosphatase, calf intestinal alkaline phos-
phatase (CIP), or incubated in the same buffer without
phosphatase (—) prior to antibody detection (Figure 2D).
The depolarization-induced increases in the species de-
tected by both anti-P142 and anti-P142/143 were abol-
ished by phosphatase treatment, confirming that these
antibodies recognize inducibly-phosphorylated species
of CREB in cortical neuronal lysates. Anti-P142/143 was
able to bind to CREB to a limited extent in the absence
of depolarization (Figure 2C). However, this binding to
CREB in extracts of unstimulated cells most likely re-
flects the presence of antibodies that recognize an un-
phosphorylated form of CREB, since this binding was
not altered when Western blots were treated with phos-
phatase (Figure 2D).

Immunostaining of cortical neurons using the anti-
P142, anti-P142/143, and anti-P133 antibodies revealed
that membrane depolarization induced the phosphory-
lation of CREB at Ser142, at Ser142 together with
Ser143, as well as at Ser133 within the nuclei of neurons
(Figure 3A). The specificity of the antibodies used for
immunostaining was confirmed by the ability of appro-
priately phosphorylated CREB peptides to abolish stain-
ing, whereas the identical unphosphorylated peptides
did not block staining (Figure 3A). Thus, in addition to
inducing CREB Ser133 phosphorylation within the nu-
cleus, membrane depolarization induces CREB phos-
phorylation at both Ser142 and Ser143 within the nu-
cleus. Moreover, these coupled phosphorylation events
occur specifically in response to stimuli that lead to Ca?*
influx into neurons and are not activated by BDNF or
cAMP (data not shown).

The observation that elevated Ca?* induces the phos-
phorylation of CREB Ser142 and Ser143 in cultured neu-
rons suggested that these phosphorylation events might
also be regulated in the brain by stimuli that trigger Ca?*
influx. To test this possibility, we induced seizure activity
inrats using the convulsant drug Metrazol (pentylenetet-
razol), a stimulus known to induce Ca?* influx into neu-
rons leading to both CREB Ser133 phosphorylation and
gene transcription (Morgan et al., 1987; Moore et al.,
1996). Metrazol treatment caused an increase in the
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(A) Cortical neuron cultures were untreated
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and then stained by immunocytochemistry
using anti-P142, anti-P142/143, or anti-P133.
No nuclear staining was observed using pre-
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ies (data not shown). For competition con-
trols, antibodies were incubated with a CREB
peptide that was unphosphorylated (peptide)
or phosphorylated (P-peptide) at Ser142 (for
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P142/143).
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levels of CREB Ser133 and Ser142 phosphorylation and
a modest increase in Ser142/Ser143 phosphorylation
that occurred later (Figure 3B). This suggests that in-
creased synaptic activity in the brain leads to the induc-
tion of the coordinated phosphorylation of CREB at
Ser133, Ser142, and Ser143.

To investigate the function of CREB Ser142 and
Ser143 phosphorylation, we determined the time
courses of Ca?*-stimulated Ser142 and Ser143 phos-
phorylation and dephosphorylation. Membrane depolar-
ization of cortical neurons induced the rapid phosphory-
lation of CREB at Ser133 within 1-2 min, which was
sustained at a high level for at least 60 min (see also
Tao etal., 1998). By contrast, the depolarization-induced
phosphorylation of CREB at Ser142 occurred more
slowly, was not detectable until 2-5 min, and reached its
highest levels approximately 15 min after depolarization
(Figure 4). CREB that was phosphorylated at both
Ser142 and Ser143 became detectable slightly later and
accumulated more gradually (Figure 4). Subsequently,
beginning about 30 min following depolarization, the
levels of both Ser142-phosphorylated CREB and
Ser142/Ser143-phosphorylated CREB declined with
similar kinetics and were appreciably dephosphorylated
by 1 hr after depolarization, while CREB Ser133 phos-
phorylation was still maintained at a high level.

Ca?" influx induces CREB Ser142 and Ser143 phos-

phorylation in neurons with kinetics that more closely
parallel the kinetics of CREB activation than does Ser133
phosphorylation. This is suggested by the kinetics of
CRE-dependent transcription and the transcription of
the CREB targets c-fos and BDNF in neurons. In a previ-
ous study, our laboratory demonstrated that Ca?* influx
induces CREB Ser133 phosphorylation more rapidly and
for a longer period of time than the time course of c-fos
and BDNF transcriptional induction in response to mem-
brane depolarization (Tao et al., 1998). By contrast,
CREB phosphorylation at Ser142 and Ser143 occurs in
neurons after depolarization, specifically at times when
c-fos and BDNF genes are turned on. Around the time
that c-fos and BNDF transcription shuts off (Tao et al.,
1998), CREB becomes dephosphorylated at Ser142 and
Ser143. The kinetics of CREB phosphorylation and de-
phosphorylation at Ser142 and Ser143 suggest that the
coordinated phosphorylation of CREB at these sites
might play a role in the Ca?*-specific activation of CREB-
regulated genes.

Ca?* influx through L-VSCCs leads to CREB Ser133
phosphorylation via the rapid but transient activation of
CaMKIV, followed by the more prolonged activation of
the Ras/MAPK/Rsk pathway (Wu et al., 2001). Given the
distinct kinetics of Ser142/Ser143 phosphorylation and
Ser133 phosphorylation, we asked if these events were
mediated by different kinase pathways. The CaMK inhib-
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Induced Phosphorylation of CREB at Ser133,
Ser142, and Ser142/Ser143

(A) Cortical neuronal cultures were untreated
(con) or depolarized with KCI for the indicated
— times and then lysed and analyzed by West-
ern blotting with anti-P142, anti-P142/143,
and anti-P133.

(B) Data from several Westemn blot experiments,
including that shown in (A), were scanned
densitometrically to quantify amounts of im-
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itor, KN-62, blocked glutamate induction of Ser142
phosphorylation, but did not significantly reduce Ser133
phosphorylation at 30 min (Figure 5A), a time point when
the CaMKIV-dependent phase of Ser133 phosphoryla-
tion is over. Because KN-62 is known to interfere with
Ca?" influx through L-VSCCs in addition to inhibiting
CaMKs, we stimulated neurons with glutamate in the
presence of the L-VSCC blocker nimodipine. Thus, the
glutamate-stimulated CREB phosphorylation we ob-
serve is due to Ca?" influx through glutamate receptor
channels without any contribution from L-VSCCs, and
the KN-62 inhibition of Ser142 phosphorylation is attrib-
utable to the specific inhibition of CaMKs. By contrast,
the MEK inhibitor PD98059 did not interfere with gluta-
mate induction of Ser142 phosphorylation, although it
partially blocked Ser133 phosphorylation. These results
suggest that a CaMK may be required for Ser142 phos-
phorylation, while the MAPK pathway appears to be
dispensable. Given the ability of CaMKII (but not CaMKIV)
to phosphorylate CREB Ser142 in vitro, it is possible
that a nuclear-localized isoform(s) of CaMKIl (reviewed
in Soderling et al.,, 2001) catalyzes Ca?*-stimulated
Ser142 phosphorylation in neurons.

To further examine if Ca?*-stimulated Ser142 phos-
phorylation is mediated by a signaling pathway that is
distinct from the pathways that mediate Ser133 phos-
phorylation, we used a recently described functional
knockin technique (Dolmetsch et al., 2001) to determine
if the specific features of the L type VSCCs that are
required for signaling to CREB Ser133 are also required
for Ser142 phosphorylation. Neurons were transfected
with a mutated form of the L type channel (DHP-LTC)
that is insensitive to dihydropyridine channel blockers,
such as nimodipine, but is otherwise normal. When neu-
rons transfected with the DHP-LTC are treated with ni-
modipine, endogenous L type channels are inhibited,
but the DHP-LTC can still mediate Ca?* influx in re-
sponse to membrane depolarization, so that depolariza-
tion leads to Ca*"-dependent signaling events specifi-
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cally in cells expressing the DHP-LTC. Using this
knockin approach, it was possible to define features of
the L-VSCC that are critical for CREB Ser133 phosphory-
lation and transcriptional activation (Dolmetsch et al.,
2001). Dolmetsch et al. (2001) showed that calmodulin
(CaM) binding to an isoleucine-glutamine (IQ) motif in
the carboxy-terminal cytoplasmic domain of the channel
is important for Ras/MAPK/Rsk activation and CREB
Ser133 phosphorylation when neurons are exposed to
elevated levels of KCI.

To assess whether CaM coupling to the Ras/MAPK
pathway is critical for membrane depolarization induc-
tion of CREB Ser142 phosphorylation (Dolmetsch et
al., 2001), we transfected neurons with the wild-type
L-VSCC, the DHP-LTC, or various mutants of the DHP-
LTC IQ motif that are deficient for CaM binding. We
then depolarized the neurons and monitored the level
of Ser142 phosphorylation in the transfected cells by
immunofluorescence staining. We found that a point
mutation (IA) in the IQ region of the DHP-LTC that specifi-
cally disrupts the association of CaM with the channel,
but does not affect Ca?* influx through the channel,
abolished CREB Ser133 phosphorylation (Dolmetsch et
al., 2001), but did not lead to a decrease in Ser142
phosphorylation (Figure 5B). Another point mutation (IE)
in the DHP-LTC, which generates only a transient rise
in intracellular Ca?>* and therefore mediates less Ca?*
influx than the wild-type DHP-LTC, was less effective
at mediating Ser142 phosphorylation. These results sug-
gest that while the amount of Ca?* influx through the
L-VSCC affects the level of CREB Ser142 phosphoryla-
tion, CaM binding to the channel is not required for
depolarization induction of Ser142 phosphorylation. Be-
cause CaM binding to the L-VSCC is coupled to the
activation of the Ras/MAPK/Rsk pathway, these results
suggest that activation of Ras and MAPK are not re-
quired for Ser142 phosphorylation, consistent with our
findings using pharmacological inhibitors of MEK (Fig-
ure 5A). Ca*" influx through the L-VSCC may by itself
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Figure 5. Ca?"-Stimulated CREB Ser142 Phosphorylation Is Medi-
ated by a Signaling Pathway Distinct from Ser133 that Requires a
CaM Kinase, but Not MAP Kinase

(A) Cortical neurons were treated with the CaM kinase inhibitor KN62
(2 or 5 uM) or the MEK inhibitor PD98059 (30 M) for 30 min or left
untreated and were then stimulated with glutamate (Glu) (10 M)
for 20 min or left untreated.

(B) Cortical neurons transfected with DHP-LTC or an IA mutant DHP-
LTC (IA) together with GFP were depolarized in the presence of
nimodipine and APV for 30 min and then stained with anti-P142 and
the nuclear stain Hoechst 33342 (Hoechst).

(C) Anti-P142 CREB staining in neurons transfected with wild-type
L-VSCC (wt), DHP-LTC, or DHP-LTC mutants (IA or IE) and depolar-
ized in the presence of nimodipine and APV. The IE mutant elevates
intracellular Ca?* to a lesser extent than the DHP-LTC and IA mutant
(Dolmetsch et al., 2001). The graph shows the percentage of neurons
that are both transfected with the DHP-LTC and positive for phos-
pho-Ser142 CREB (at least 50 transfected cells were scored for
each LTC; n = 2 = range of data).

be sufficient to mediate Ser142 phosphorylation, per-
haps by triggering the activation of a CaM kinase that
functions in the nucleus.

Phosphorylation of Ser142 and Ser143

Contributes to CREB-Mediated Transcription
Induced by Depolarization

We tested the effects of converting Ser142 and/or
Ser143 to alanine on CREB-mediated transcription in
membrane-depolarized cortical neurons. To compare
the ability of wild-type and mutant CREBs to activate
transcription and distinguish the effects of exogenously
introduced CREB from those of endogenous CREB,
wild-type and mutant CREBs were fused to the DNA
binding domain of the yeast transcription factor Gal4.

Plasmids that drive the expression of wild-type or mu-
tant Gal4CREB were cotransfected into neurons to-
gether with reporter genes that contain Gal4 binding
sites within their regulatory region, and the ability of
these Gal4CREB proteins to activate reporter gene ex-
pression was examined before and at times after mem-
brane depolarization. For this analysis, we used a re-
porter gene construct containing five Gal4 binding sites
within a minimal promoter controlling expression of a
luciferase gene (Gal4-luciferase), and luciferase activity
was assayed to measure reporter gene activation. In
addition, some experiments were repeated using a sec-
ond reporter gene that contained five Gal4 binding sites
within a minimal c-fos promoter driving expression of a
human c-fos (c-fos") gene, and we assessed Gal4CREB
induction of the c-fos" reporter using an RNase protec-
tion assay (Sheng et al., 1988).

Membrane depolarization of cortical neurons led to
the activation of wild-type Gal4CREB-dependent ex-
pression of both the Gal4-luciferase reporter (Figure 6A)
and the Gal4-fos" reporter (Sheng et al., 1991). The in-
duction of CREB-mediated gene expression required
phosphorylation of Gal4CREB at Ser133, since the mu-
tation of Ser133 to an alanine (S133A) abolished the
induction of these reporter constructs. In contrast to
Ser133, the replacement of Ser142 by an alanine (S142A)
did not impair the ability of Gal4CREB to mediate activa-
tion of either reporter gene. Rather, the ability of Gal4-
CREB S142A to drive reporter gene transcription was
enhanced relative to wild-type Gal4CREB (Figure 6A),
as has previously been documented in depolarized GH,
cells (Sun et al., 1994). We conclude that one conse-
quence of CREB phosphorylation at Ser142 alone may
be to attenuate the level of CREB-dependent tran-
scription.

In contrast to the Ser142 alanine mutation, the re-
placement of Ser143 by alanine (S143A) caused a signifi-
cant reduction in the level of Gal4CREB-mediated tran-
scription of the Gal4-luciferase reporter (Figure 6A).
Replacement of both Ser142 and Ser143 by alanines
(S142A/S143A) caused an even greater impairment of
the ability of Gal4CREB to mediate transcription (Figure
6A). The effects of the Ser143 mutation and the Ser142/
Ser143 double mutation were significant, but not as se-
vere as the effect of mutating Ser133 to an alanine.
These results suggest that phosphorylation of Ser142
together with Ser143, as it occurs on endogenous CREB
in membrane-depolarized neurons, leads to the en-
hancement of CREB-dependent transcription.

The effects of each of these three mutations (S142A,
S143A, and S142A/S143A) on transcription of a Gal4-
fos reporter gene were similar to their effects on the
Gal4-luciferase reporter (data not shown). Mutations of
Ser142 and/or Ser143 to alanine had no effect on the
expression or the stability of Gal4CREB (data not shown)
or on the ability of Gal4CREB to mediate transcriptional
responses to cAMP and PKA. In HEK 293 cells, Gal4CREB-
dependent transcription, in response to cAMP treatment
(Figure 6B) or cotransfection with an active form of PKA
(not shown), was not impaired by alanine mutations of
Ser142 and/or Ser143, while mutation of Ser133 to ala-
nine abolished PKA-stimulated transcription. Further-
more, in cortical neurons, mutation of Ser143 or both
Ser142 and Ser143 to alanine had no effect on cAMP-
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Figure 6. Phosphorylation of Both Ser142
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(A) Mutations of Ser142 and Ser143 have dis-
tinct effects on Gal4CREB transcriptional ac-
tivation in response to depolarization. Corti-
cal neuronal cultures (in 12-well plates) were
cotransfected with Gal4CREB (1.25 pg), ei-
ther wild-type or S142A, S143A, S142A/
S143A, or S133A mutant, along with the Gal4-
luciferase reporter (0.25 p.g). Cultures were
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with 60 mM KCI for 5-7 hr (KCl, dark bars),
harvested, and assayed for luciferase activ-
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done in triplicate. The mean value of each
set of triplicate luciferase measurements was
then normalized to the wild-type, unstimu-
lated (wild-type, control) value to allow com-
parison between experiments. Data are from
several independent experiments (n = 4 ex-
periments for S142A and S142A/S143A
Gal4CREB; n = 3 experiments for S143A and
S133A Gal4CREB). Error bars show standard
deviation.

(B) Mutations of Ser142 or Ser143 do not di-
minish Gal4CREB transcriptional activation
by cAMP. HEK 293 cells (in 12-well plates)
were cotransfected with Gal4CREB wild-type
or mutant constructs (1 pg) together with a
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Gal4-luciferase reporter (2 j.g). Cells were un-
treated (con, light bars), or stimulated with 75
wM or 300 uM CPT-cAMP (gray and black
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ﬁ 8 bars) for 5-7 hr. Each condition was done in
?4_'2 4 triplicate. Error bars show standard devia-
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E " (C) Mutations of Ser143 or Ser142/Ser143 spe-
- cifically attenuate depolarization responses in
E neurons. Cortical cultures (in 12-well plates)
G I‘? & > \ 0 & > were cotransfected with wild-type or mutant
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S ° method was used in this experiment to avoid

possible nonspecific effects of Ca?*" uptake
using a Ca?" phosphate transfection proto-

col. Cells were stimulated and assayed as in (A). Each condition was done in triplicate. Error bars show standard deviation. Data are from

four independent experiments.

(D) Ser142 and Ser143 mutations attenuate depolarization-stimulated transcription mediated by Gal4CREBALZ. Cortical neuronal cultures
were cotransfected with Gal4CREBALZ (1.25 pg), either wild-type or mutant, along with Gal4-luciferase (0.25 j.g). Cells were stimulated and
assayed as in (A). Each condition was done in triplicate. Error bars show standard deviation. Data are from three independent experiments.
(E) Mutations of Ser142 or Ser143 do not attenuate Gal4CREB transcriptional activation by cAMP. HEK 293 cells (in 12-well plates) were
cotransfected with Gal4CREBALZ WT or mutant constructs (1 j.g), together with a Gal4-luciferase reporter (2 ug). Cells were stimulated and

assayed as in (B).

(F) CREB S142A/S143A acts as a dominant inhibitor of Ca?"-activated transcription mediated by endogenous CREB. Cortical neurons were
transfected with FlagCREB (120 ng), either wild-type, S142A/S143A, or S133A, together with a CRE-luciferase reporter gene (180 ng). A lipid-
mediated transfection method was used in this experiment. Cells were stimulated, assayed and quantified as in (A). Each condition was done
in triplicate. Error bars show standard deviation. Data are from three independent experiments.

stimulated transcription mediated by Gal4CREB, while
these mutations caused a clear reduction in transcrip-
tion stimulated by depolarization (Figure 6C). These data
indicate that the Ser142 and Ser143 alanine mutations
produce specific effects upon Ca?*-dependent CREB-
mediated transcription rather than nonspecific alter-
ations of CREB function.

It is noteworthy that the Ser142 and Ser143 mutations
affected to some extent the level of Gal4CREB-mediated
transcription in the absence of any depolarizing stimu-
lus. It may be that these changes reflect a low level of

Gal4CREB-dependent transcription in the absence of
stimulation due to basal phosphorylation of CREB at
Ser142 and Ser143, or they may reflect nonspecific ef-
fects of the Ser142 and Ser143 mutations in the context
of Gal4CREB. Because the CREB Ser142 and Ser143
mutants are not deficient in transcriptional responses
to cAMP, it appears more likely that basal levels of
Ser142 and Ser143 phosphorylation could account for
the small effects of the mutations that are detected in
unstimulated cells.

The observation that the phosphorylation of CREB at
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Ser142 has a different effect on CREB activity than does
the phosphorylation of CREB at both Ser142 and Ser143
suggests that these phosphorylation events could regu-
late CREB function at several levels. For example, phos-
phorylation of CREB at Ser142 by CaMKIl has been
reported to cause a switch from CREB dimers to mono-
mers bound to DNA in vitro (Wu and McMurray, 2001).
This has been proposed to interfere with the recruitment
by CREB of CBP to gene promoters and to thereby inhibit
transcription. To determine if the changes in Gal4CREB-
mediated transcription that we observed with alanine
mutations of Ser142 or Ser143 might be due to the inabil-
ity of Gal4CREB phosphorylated at these sites to form
dimers with endogenous CREB family members, we trans-
fected cortical neurons with a version of Gal4CREB in
which the leucine-zipper dimerization domain of CREB
was deleted (Gal4CREBALZ). Because this Gal4CREBALZ
fusion protein can dimerize only via its Gal4 domain,
Gal4CREBALZ can not form heterodimeric complexes
with endogenous CREB family members. Therefore, the
effect of the Ser142 and Ser143 mutations on the ability
of CREB to activate transcription could be analyzed
independently of effects upon CREB dimerization.

While membrane depolarization of cortical neurons acti-
vated transcription mediated by wild-type Gal4CREBALZ,
the mutation of either Ser142 or Ser143 to alanine led
to a significant reduction in transcription mediated by
Gal4CREBALZ following depolarization (Figure 6D). This
indicates that Ser142 and Ser143 phosphorylation have
effects on CREB-mediated transcription that are inde-
pendent of effects on dimer formation, and in this con-
text, Ser142 and Ser143 phosphorylation both contrib-
ute to the activation of transcription in response to
depolarization. The mutation of either Ser142 or Ser143
to alanine in the context of Gal4CREBALZ did not appear
to have a nonspecific effect on the ability of CREB to
activate transcription, since these mutants, when ex-
pressed in HEK 293 cells, showed responses to cAMP
stimuli that were indistinguishable from wild-type (Fig-
ure 6E).

Surprisingly, while mutation of Ser142 in full-length
Gal4CREB led to an enhancement of transcription, this
mutation in the context of Gal4CREBALZ led to an inhibi-
tion of transcription. This suggests that Ser142 phos-
phorylation may have two distinct effects upon CREB-
mediated transcription. Ser142 phosphorylation may,
under certain circumstances, attenuate CREB-dependent
transcription by inhibiting the ability of CREB to dimerize
with particular CREB family members. However, in the
context of Gal4CREBALZ and, perhaps, under condi-
tions in cells where CREB dimer formation is inhibited,
Ser142 phosphorylation (together with Ser143 phos-
phorylation) may enhance the ability of promoter-bound
CREB to activate transcription in response to membrane
depolarization.

To further test if the coordinated phosphorylation of
Ser142 and Ser143 plays an important role in depolariza-
tion-induced transcription mediated by CREB, we exam-
ined if CREB in which both Ser142 and Ser143 were
converted to alanines could, when expressed at high
levels, act as a dominant inhibitor of endogenous CREB
function. When cortical neurons were transfected with
a CRE-luciferase reporter gene that can be activated by
endogenous CREB, the transfection of a plasmid that

drives expression of a CREB bearing an alanine mutation
of Ser133 (S133A) significantly repressed reporter gene
transcription relative to wild-type CREB (Figure 6F).
Overexpression of a CREB mutant in which Ser142 and
Ser143 were converted to alanines (S142A/S143A) led
to a partial inhibition of reporter gene expression, indi-
cating that CREB that cannot be phosphorylated at
Ser142 and Ser143, when overexpressed in neurons,
can compete with endogenous CREB for binding to
CREs and thereby block the ability of endogenous CREB
to mediate a Ca?* response.

Phosphorylation of Both Ser142 and Ser143

Disrupts the Interaction of CREB

with the CBP KIX Domain

One mechanism by which the phosphorylation of Ser142
and Ser143 might modulate CREB function is by affect-
ing the interaction of CREB with its cofactor CBP. The
CREB KID includes Ser142 and Ser143, is required for
the interaction of CREB with CBP, and has been shown
to be critical for PKA stimulation of CREB-dependent
transcription. The solution structure of the Ser133-phos-
phorylated KID bound to the KIX domain of CBP shows
that the residues immediately flanking Ser142 and
Ser143 interact directly with the CBP KIX domain (Rad-
hakrishnan et al., 1997). CREB Ser142 is positioned in
close apposition to the KIX surface, and the addition of
a phosphate to Ser142 is predicted to sterically interfere
with binding of the KID to the KIX domain (Parker et al.,
1998). Although one study reported that acidic amino
acid substitutions at Ser142 do not interfere with KID-
KIX binding (Sun and Maurer, 1995), in another report,
phosphorylation of a CREB KID polypeptide by CKIl
disrupted the KID-KIX interaction (Parker et al., 1998).
It was not clear from this later study whether it was the
phosphorylation of CREB at Ser142, Ser143, or both of
these amino acids that was critical for disrupting the
KID-KIX interaction.

To determine the effect of CREB phosphorylation at
Ser142 and/or Ser143 on the KID/KIX interaction, we
employed an in vitro GST binding assay in which Flag
epitope-tagged CREB proteins (FlagCREB) were incu-
bated with the KIX domain of CBP fused to glutathione-
S-transferase (GST-KIX). Wild-type and mutant forms of
FlagCREB were phosphorylated in vitro and then incu-
bated with GST-KIX. The amount of FlagCREB that inter-
acted with GST-KIX was determined by capturing the
GST-KIX/CREB complexes with glutathione-agarose
beads. The fraction of FlagCREB that bound to the
beads and the fraction that failed to bind to GST-KIX
was estimated by Western blotting with an anti-Flag
antibody. The effect of CREB phosphorylation at Ser133,
Ser142, and Ser143 on the KID/KIX interaction was es-
tablished using the various phosphospecific antibodies
to determine whether the different phospho-CREB spe-
cies were capable of binding to GST-KIX (present in
the pellet) or were not capable of binding to GST-KIX
(present in the supernatant).

Using this GST pull-down assay, we found that un-
phosphorylated CREB did not bind to GST-KIX at all,
while incubation with PKA, which phosphorylates CREB
at Ser133 alone, caused a dramatic increase in CREB
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Figure 7. CREB Phosphorylation at Both Ser142 and Ser143 Dis-
rupts CREB Binding to CBP-KIX In Vitro

Recombinant FlagCREB protein, either wild-type or mutant, was
either left unphosphorylated (con) or was phosphorylated using PKA
(PKA). A portion of the PKA-phosphorylated CREB was then phos-
phorylated using CKIl (CKIl). Equal amounts of each CREB sample
were incubated with GST-KIX, and glutathione-agarose beads were
then added. Supernatants containing CREB that was not bound
to the GST-KIX/glutathione bead complex were saved. GST-KIX
complexes were precipitated, washed several times, and solubilized
in Laemmli buffer. CREB that was either bound to the GST-KIX
complex or that remained in the supernatant (not shown) was de-
tected by Western blotting using an anti-Flag antibody (anti-Flag)
and by phosphospecific CREB antibodies (not shown).

binding to KIX (Figure 7, top panel). We found that essen-
tially, all of the Ser133-phosphorylated CREB was found
in the pellet bound to GST-KIX. This PKA-induced
CREB-KIX association was dependent upon Ser133
phosphorylation, as the interaction was completely
abolished by the mutation of Ser133 to alanine (data not
shown). Thus, as previously shown (Chrivia et al., 1993),
the phosphorylation of CREB at Ser133 promotes the
interaction of CREB with the CBP KIX domain.

We next asked if the phosphorylation of Ser142 and/
or Ser143 affects the ability of Ser133-phosphorylated
CREB to interact with the CBP KIX domain. We first
phosphorylated CREB at Ser133 with PKA and then in-
cubated the Ser133-phosphorylated CREB with CKIl to
phosphorylate CREB at Ser142 and Ser143. When CREB
was phosphorylated at both Ser142 and Ser143, in addi-
tion to Ser133, CREB was completely incapable of bind-
ing to GST-KIX (Figure 7, top panel). Western blotting
using the phosphospecific CREB antibodies confirmed
that CREB that was phosphorylated at Ser133, Ser142,
and Ser143 was only found in the unbound fraction (data
not shown). This result demonstrates that the phosphor-
ylation of CREB at both Ser142 and Ser143 effectively
disrupts the Ser133-dependent interaction between
CREB and CBP-KIX (Figure 7, top panel).

We next investigated whether phosphorylation of
Ser142, Ser143, or both sites is required to disrupt the
CREB-CBP interaction. We employed versions of CREB
in which Ser142 and/or Ser143 were mutated to alanine.
Under conditions where wild-type or mutant CREBs
were phosphorylated at Ser133 by PKA but were left
unphosphorylated at Ser142 and Ser143, the wild-type
and mutant CREBs bound to CBP KIX equally well, indi-

cating that the mutations of Ser142 and Ser143 did not
disrupt the overall structure of the CREB KID. When
wild-type CREB was phosphorylated at Ser133, Ser142,
and Ser143 by both PKA and CKIl, CREB was completely
incapable of binding to CBP KIX. By contrast, when
CREB Ser142 and/or Ser143 were mutated to alanine
and CREB was phosphorylated with PKA, the additional
phosphorylation by CKIl no longer effectively disrupted
the CREB-KIX interaction (Figure 7). This indicates that
the phosphorylation of CREB at both Ser142 and Ser143
is required to effectively disrupt the Ser133-dependent
CREB-KIX interaction. However, given that this assay
does not measure binding affinities, it is possible that
the phosphorylation of either Ser142 or Ser143 alone
reduces the affinity of CREB binding to CBP KIX to some
extent. It should be noted that CREB was effectively
phosphorylated at Ser133 by PKA, as determined using
the anti-P133 CREB antibody, regardless of whether
Ser142 or Ser143 were phosphorylated by CKIl or were
mutated to alanines.

Discussion

Intracellular signaling pathways that are induced by Ca?*
influx into neurons are known to activate CREB by stimu-
lating its phosphorylation at Ser133. However, it has not
been clear how Ca?* stimulation of Ser133 phosphoryla-
tion selectively induces the transcription of particular
genes in neurons, given that some extracellular stimuli
that stimulate CREB Ser133 phosphorylation fail to acti-
vate Ca’*-specific, CREB-dependent transcriptional
programs. We show here that, specifically in response
to stimuli that trigger Ca?* influx into neurons, CREB
becomes modified by the phosphorylation of Ser133,
Ser142, and Ser143 and that these three phosphoryla-
tion events together promote CREB-mediated transcrip-
tion through a mechanism distinct from that activated
by other extracellular stimuli. The triple phosphorylation
of CREB at Ser133, Ser142, and Ser143 is induced in
primary neuronal cultures or PC12 cells by membrane
depolarization and also in the cerebral cortex in vivo by
seizure activity. The kinetics of Ca?*-stimulated Ser142
and Ser143 phosphorylation is distinct from that of
Ser133 phosphorylation; Ser133 phosphorylation oc-
curs first and is followed by the phosphorylation of
Ser142 and Ser143.

It has been previously shown that the phosphorylation
of Ser133 activates CREB-dependent transcription by
allowing recruitment of the coactivator CBP to the pro-
moters of CREB-dependent genes (Chrivia et al., 1993;
reviewed in Goldman et al., 1997). We show here that
the additional phosphorylation of Ser142 and Ser143,
together with Ser133, makes a significant contribution
to Ca?*-activated transcription but may cause a disrup-
tion of the CREB/CBP interaction. These results suggest
that the Ca?-induced triple phosphorylation of CREB
may be a critical step in a Ca?*-specific mechanism of
CREB transcriptional activation, one which is not acti-
vated by several other stimuli and which may not require
the participation of CBP as a cofactor.

While we can readily detect Ser142 and Ser143 phos-
phorylation in depolarized neurons using phosphospe-
cific antibodies, a more difficult question to address has
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been the stoichiometry of these phosphorylation events.
It will be important to determine what fraction of CREB
molecules in each neuron become inducibly phosphory-
lated at each site. Experiments using our phosphospeci-
fic antibodies in immunoprecipitation and electropho-
retic mobility shift assays suggest that these events
occur on a significant portion of the CREB in neurons
following depolarization. In addition, our finding that ala-
nine mutations of Ser142 or Ser143 significantly reduce
Gal4CREB-mediated transcription would not be ex-
pected unless Ser142 and Ser143 become phosphory-
lated to a considerable extent following membrane de-
polarization. Finally, it should be considered that if a
Ca’*-specific activation mechanism involves the
Ser142/Ser143 phosphorylation of CREB that is pre-
bound to only a specific subset of CREB target genes,
then stoichiometric phosphorylation of these sites on
CREB might not be expected.

The identities of the protein kinases that mediate
CREB phosphorylation at Ser142 and Ser143 in vivo are
not known. Although we have used CaMKIl and CKII to
phosphorylate these sites in vitro, there is currently no
compelling evidence that these are the specific kinases
that catalyze Ser142 or Ser143 phosphorylation in neu-
rons. Our results using pharmacological inhibitors, as
well as a functional knockin of the L-VSCC, suggest that
Ser142 phosphorylation does not depend upon activa-
tion of a Ras/MAPK/Rsk pathway, but may instead be
mediated by a CaM kinase, possibly one of the nuclear
isoform(s) of CaMKIl «, 3, or vy (reviewed in Soderling et
al., 2001). Interestingly, we have not observed depolar-
ization-induced CREB Ser142/Ser143 phosphorylation
in embryonic day (E)18 cortical neurons that were main-
tained in culture for only 2-3 days, rather than 6-8 days,
suggesting that a kinase or other cellular component
that mediates signaling to Ser142 and Ser143 may be
developmentally regulated during this time period.

In contrast to the phosphorylation of CREB at Ser142
in the absence of Ser143 phosphorylation, CREB phos-
phorylation at both Ser142 and Ser143 (together with
Ser133) appears to activate Ca?*-stimulated transcrip-
tion (Figure 6), even though the phosphorylation of
Ser142 and Ser143 disrupts CREB binding to the KIX
domain of CBP (Figure 7). How might these three phos-
phorylation modifications of CREB function to bring
about transcriptional activation? CREB that is triply
phosphorylated could interact with a domain of CBP
that is distinct from the KIX domain. Alternatively, triply
phosphorylated CREB may recruit a different coactiva-
tor to CREB-responsive promoters. Whatever the iden-
tity of the cofactor that interacts with CREB when it
is phosphorylated at serines 133, 142, and 143, this
interaction may participate in the assembly of a tran-
scriptional complex at promoters such as the BDNF
promoter, which is selectively activated by Ca?* at times
when CREB is phosphorylated at all three of these sites.

Our findings suggest the existence of a distinct, stimu-
lus-specific mechanism of CREB activation that is trig-
gered by Ca?" influx into neurons. This type of mecha-
nism may provide a basis for the neural-specific and
Ca?"-selective induction of a specific program of gene
expression. This Ca?"-specific activation mechanism
may allow CREB to function in a unique way to mediate
responses to synaptic activity in mature neurons and to

selectively activate the transcription of target genes that
are critical for adaptive responses in the nervous
system.

Experimental Procedures

2D Peptide Mapping

Recombinant FlagCREB (1 .g), either wild-type, S142A, S143A, or
S142A/S143A mutant, was incubated at 30°C in kinase buffer (50
mM Pipes [pH 7.3], 10 mM MgCl,, 0.5 mM Na;VO,, 1 mM DTT, 0.5
mM CaCl,, 0.1 mM (*3P-y)ATP, 10 wg/ml calmodulin, 0.1 mg/ml BSA,
1 mM PMSF, and 0.5 pg/ml leupeptin) with PKA, CaMKII, or CKIl
for 1 hr. Phosphorylated CREB proteins were isolated from SDS-
PAGE, and 2D tryptic peptide mapping done as described (Boyle
etal., 1991) using pH 1.9 electrophoresis and phosphochromatogra-
phy buffers. To identify the phospho-Ser142- and phospho-Ser143-
containing CREB peptides, synthesized phosphopeptides corre-
sponding to the predicted tryptic peptide (ILNDLSSDAPGVPR) were
included and their migration visualized by ninhydrin (Sigma) staining.

Antibody Reagents

Peptides encompassing CREB amino acids 134-145 were synthe-
sized with Ser142, Ser143, or both phosphorylated; conjugated to
KLH; and injected into rabbits. Antisera were purified by affinity to
protein A and peptides (phosphorylated or unphosphorylated). The
anti-P133 CREB antibody has been previously described (Ginty et
al., 1993). The total CREB antibody was raised against recombinant
CREB in rabbits. The anti-Flag (M2) antibody was from Sigma.

Plasmids

FlagCREB (gift of Dr. R. Goodman) was subcloned into pcDNAS in
which the CMV promoter was replaced by an RSV promoter to
generate pCD/RSV-FlagCREB for mammalian expression and into
pET16b to generate pET16b-FlagCREB for bacterial expression. Ac-
tive CaMKII (CaMKIIACT) (Planas-Silva and Means, 1992) was cloned
into pSG5 to generate pSG5-CaMKIIACT. The GST-KIX expression
construct (KIX 10.4) was a gift of Dr. M. Montminy (Parker et al., 1996).
The following have been described: Gal4dCREB, Gal4CREBMI1,
Gal4CREBALZ (Sheng et al., 1991) and Gal4-luciferase (pG5E1b/
lux) (Abdollah et al., 1997). Mutations were introduced into CREB
by PCR. CRE-luciferase contains three copies of a somatostatin
CRE in vector pGL3.

Cell Culture, Transfection, and Stimulation

Embyronic day (E)17 and E18 cortical cultures were prepared as
described (Xia et al., 1996) and maintained for 7 days except where
noted. Cortical cultures were transfected using calcium phosphate
(Xia et al., 1996). For experiments using DHP-LTCs, cortical cultures
were maintained for 5 days and transfected as described (Dolmetsch
et al., 2001). Cultures were membrane-depolarized by addition of
60 mM KCI with 9.2 mM CaCl,. The cAMP analog, 8-(4-chlorophe-
nylthio)-cAMP (CPT-cAMP) was from Sigma; BDNF (Amgen) was
used at 100 ng/ml. Nimodipine (5 nM; Sigma-RBI), KN62 (2 uM or
5 wM), or PD98059 (30 M), when used, were added to cells 30 min
before stimulation.

Western Blot and Immunostaining

Western blotting and immunocytochemistry were done as described
(Ginty et al., 1993). Treatment of blots with calf alkaline intestinal
phosphatase (CIP; NEB) was performed in 50 mM Tris (pH 7.5), 1
mM MgCl,, using 6 U/ml CIP for 15 min at room temperature. For
seizure induction, rats were injected intraperitoneally with pentyl-
enetetrazole (Metrazol; 55 mg/kg body weight; Sigma) or a saline
control following an IACUC-approved protocol. Cerebral cortices
were dissected and solubilized in Laemmli buffer for Western
blotting.

In Vitro Phosphorylation and GST-KIX Binding Assays

Wild-type or mutant FlagCREB proteins were expressed and purified
as described (Bullock and Habener, 1998) and phosphorylated in
vitro with CaMKIl, CKIl (both recombinant, Calbiochem), or PKA
(purified, Sigma) in 50 mM PIPES, 10 mM MgCl,, 10 mM B-glycerol
phosphate, 0.4 mM sodium vanadate, 1 mM DTT, 10 pg/ml leupep-
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tin, 1 mM PMSF, 0.1 mg/ml BSA, and 0.1 mM ATP for 10-30 min
at 30°C. For reactions using CaMKIl, 0.5 mM CaCl, and 10 pg/ml
calmodulin were included. GST-KIX pull-down assays were done
essentially as described (Parker et al., 1996).
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Note Added in Proof

A report by Gau et al. (2002) in this issue of Neuron provides addi-
tional evidence that CREB Ser142 phosphorylation contributes to
Ca*"-stimulated transcription and physiological responses medi-
ated by CREB. Light was shown to induce CREB Ser142 phosphory-
lation in the suprachiasmatic nucleus (SCN), and mice in which
Ser142 was mutated to alanine showed deficits in both light-induced
phase shifts of circadian rhythms and light-stimulated gene expres-
sion in the SCN. These results further support an important role
for CREB Ser142 phosphorylation in the activation of Ca?*-specific
programs of gene expression that mediate adaptive responses.



