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Abstract

In the nervous system, long-term effects of calcium are due, in part, to the rapid
activation of Immediate Early Genes (IEGs) encoding transcription factors. Evidence has
emerged during the past few years that calcium regulation of one of these genes, the proto-
oncogene c-fos, is dependent on the protein calmodulin. Several laboratories have
proposed that phosphorylation of the transcription factor CREB by the Ca2+/ CaM-

dependent protein kinase IT was responsible for the calcium induction of ¢-fos.

Using KN-62, a cell permeable synthetic compound that had been previously
characterized as a specific inhibitor of CaM-kinase II, we have examined in PC12 cells the
calcium regulation of three IEGs encoding transcription factors: the proto-oncogene c-Fos,
the zinc finger protein NGFI-A and the nuclear receptor NGFI-B. KN-62 inhibited by 60
to 80% the calcium induction of all three IEGs. However, KN-62 also inhibited in vitro
the activity of CaM-kinase IV, another member of the CaM-kinase family. This suggests
that both CaM-kinase II and IV could mediate the calcium induction of the three IEGs.
CaM-kinase IV is present in the nucleus of neurons, rendering it an attractive candidate for

mediating transcriptional regulation by calcium.

We further characterized the ability of CaM-kinase II and CaM-kinase IV to
phosphorylate CREB and to activate transcription through phosphorylation of this
transcription factor. CaM-kinase II and CaM-kinase IV both phosphorylated CREB at
Ser133, the site known to induce transcriptional activation when phosphorylated by PKA.
However, only CaM-kinase IV was able to activate transcription through CREB
phosphorylation in COS-1 cells. The inability of CaM-kinase II to activate transcription
through CREB phosphorylation was postulated to be due to the phosphorylation of another

Ser residue, distinct from Ser133. Indeed, this second phosphorylation site has now been



identified as Ser142, and proven to be a dominant negative determinant (1). A specific
dephosphorylation of Ser142 leaving Ser133 phosphorylated, would result in the activation
of transcription. However, none of the three protein phosphatases tested (protein
phosphatases-1, 2A and 2B or calcineurin), preferentially dephosphorylated Ser142 over
Ser133.

Calcineurin (CaN), the unique Ca2*/CaM-dependent protein phosphatase, is also
involved in the calcium regulation of IEGs. In PC12 cells we used two cell-permeable
specific inhibitors of CaN, FK506 and cyclosporin A (CsA), to show that NGFI-A and
NGFI-B are negatively and positively regulated by CaN, respectively. However, FK506

or CsA does not affect the induction of ¢-fos by calcium.

These results provide a model in which calcium can regulate transcription of IEGs
both positively and negatively. The three IEGs examined in this work can be regulated
differently by increases of intracellular calcium depending on the tissue, subcellular
location and the respective concentrations of CaN and each CaM-kinase. These
observations further suggest that the long-term effects of calcium in the nervous system,
through the regulation of IEGs, are mediated both by Ca2+/CaM dependent protein kinases

and phosphatase.



INTRODUCTION

Eukaryotic cells adapt to chemical, hormonal or electrical changes in their cellular
environment by evoking responses such as cellular proliferation, contraction, secretion,
metabolic adjustments and changes in gene expression. The intracellular molecules that
trigger many of these cellular responses are called second messengers. The three most
common second messengers in eucaryotic cells are: 1) the diacylglycerol that, with inositol
1, 4, 5-triphosphate (InsP3), results from the breakdown of PI 4, 5-bisphosphate (PIP) by
the phosphoinositide-specific phospholipase C (2), 2) cyclic AMP (cCAMP) which is the
product of the release of pyrophosphate from ATP by adenylate cyclase, and 3) CaZt,
whose intracellular concentration is raised by influx from outside the cell or release from
internal organelles (3). Modulation of .specific protein kinase and phosphatase activities by
these second messengers triggers a cascade of biochemical reactions that ultimately lead to
some of the adaptive changes cited above. Approximatively one-third of cellular proteins
can be phosphorylated, so modulation of protein kinases and phosphatases constitutes the
major mechanism for mediating cellular responses.

Protein kinases and phosphatases can be classified into two main categories
depending on whether they phosphorylate/dephosphorylate tyrosines or serines/threonines.
Most of the kinases and phosphatases controlled by second messengers belong to the ser/thr
family. These kinases can be further divided into multifunctional or substrate specific
enzymes. The three best studied multifunctional enzymes are the cAMP dependent-protein
kinase (PKA), protein kinase C (PKC) and the Ca2+/CaM-dependent protein kinase II
(CaM-kinase IT). Diacylglycerol will, with phosphatidylserine and calcium, activate PKC
(4, 5); cAMP, by binding to the regulatory subunit of PKA (6,7), will release the active



catalytic subunit of PKA; Ca2+, by forming a complex with calmodulin (one of the major
intracellular calcium receptors), will activate a whole family of Ca2+/CaM-dependent protein
kinases (8-11) and the protein phosphatase, calcineurin (CaN) (12).

In the nervous system, as well as other tissues, activation of second messenger
pathways ultimately results in the modulation of specific gene transcription. In the brain
trans-synaptic activity initiates changes that determine the short and long-term phenotypes of
neuronal cells. The genes that are responsive to trans-synaptic stimulation in neuronal cells
can be classified in two categories: immediate early genes (IEGs) are induced transiently
within minutes of stimulation without requiring new protein synthesis (13-17) (see Table 1,
p. 5) whereas expression of a second class, the late response genes (17-22), is modified
within hours. The modulation of this latter class of genes requires new protein synthesis
and is believed to be responsible for long-term changes in neuronal cells. As our work
studies the regulation of IEGs transcription, this section will focus on these genes.

IEGs were originally characterized in non-neuronal cells because of their
responsiveness to growth factors. The proto-oncogenes c-fos and c-myc were among the
first IEGs identified (23, 24), and they were shown to be very important in the regulation of
cell growth as their mutation or deregulation lead to cell transformation. For most IEGs their
regulatory function comes from the fact that they regulate the subsequent transcription of
other genes. Most IEGs (but not all), such as c-jun (25), c-fos (26), c-myc (27), NGFI-A
(28) (also called zif/268, egr-1, KROX24, Tis8 (29-31, 77)) and NGFI-B (32) (also called
Nur/77,N10, TIS1, NAK-1 (33-36)) have been shown to encode transcription factors.

The Fos and Jun families of transcription factors are among the best known
examples of IEGs whose mechanism of action is well understood (37-40). These two
proto-oncogenes encode proteins that interact and function cooperatively as a bimolecular
complex in order to regulate the expression of target genes. c-Fos and c-Jun, like other
members of the basic region/leucine zipper family of transcription factors (bZip) (41), form

a heterodimeric complex through leucine zipper motifs consisting of four to five leucine



TABLE 1. A list of representative Immediate Early genes*

Immediate Early genes

Structure and function

JE

KC, MGSA, gro

B-actin

2'-5' oligo-adenylate synthetase
Rho-B

c-myc

Jos family

c-fos

fra-1
fos-B

Jun family

c-jun

jun-B

Jjun-D

NGFI-A, zifi268, egr-1, TIS8, KROX24

KROX20, egr-2
NGFI-B, Nur/77, TIS1

SRF

Cytokine
Cytokine

Cytoskeletal component

Enzyme
Ras-like G protein

Transcriptional factor ?

Sequences similarities with the Helix loop
helix motif of the MyoD E box binding
transcription factor family

Transcription factor, leucine zipper.
Members form heterodimeric transcription
complexes with members of jun family;
dimerization occurs through the leucine
zipper domain; the complex recognizes the
AP-1 consensus sequence -TGACTCA-

Function as an activator or repressor
depending on jun partmer

Regulatory function unknown
Regulatory function unknown

Transcription factors, leucine zippers.
Members form homodimers or
heterodimers with other member of the fos
or jun family; dimerization occurs through
leucine zipper domain, all complexes
recognize the consensus DNA
-TGACTCA- sequence

c-Fos/c-Jun dimer functions as a
transcriptional activator

Fos/Jun-B has transcriptional repressor
function

Constitutively expressed jun family
member

Transcription factors, zinc finger
containing protein; binds to DNA
consensus sequence -GCGGGGGGCG-

Transcription factors, zinc finger.

Members of the steroid hormone receptor
transcription factor family, ligand
unknown. Binds DNA consensus sequence
-AAAGGTCA- as a monomer

Transcription factor, binds to the DNA
sequence -CC(AT)6GG-

* Adapted from Sheng and Greenberg (1990) Neuron, 4, 477-485



residues regularly spaced at intervals of seven amino acids (41-48). This Fos/Jun complex
interacts with the regulatory element known as the transcription factor AP-1 (activator
protein-1) binding site 5'-TGAGTCA-3' or the TPA-responsive element (TRE) through
basic residues that are adjacent to the leucine zipper motifs and placed in apposition to each
other following heterodimerization. The Jun family members can form hetero-and
homodimer complexes with each other, while the Fos family members can only form
heterodimeric complexes with members of the Jun family (49-52). The fact that different
members of each family can form heterodimeric and homodimeric complexes with similar,
although not identical, DNA-binding affinities adds another level of complexity in the
regulation of transcription through the AP-1 complex. It has also been demonstrated that the
AP-1 complexes can interact with cAMP-responsive elements (CRE) 5-TGACGTCA-3'
(50, 53).

Transcriptional activation by c-Fos and c-Jun is regulated by transcriptional, post-
transcriptional and post-translational mechanisms. The mRNAs produced by these genes -
have a very short half-lives, and the termination of their transcription requires new protein
synthesis. In the case of the proto-oncogene c-fos, destabilizing sequences have been
identified in its mRNA, and removal of these sequences increases the stability of the fos
mRNA (54). Fos and Jun activity are also regulated by protein phosphorylation.
Phosphorylation of Ser 361 of Fos by PKA is required for its ability to act as a repressor of
its own expression (55-56), and activation of PKC results in the decreased phosphorylation
of Jun at sites that negatively regulate its DNA-binding activity (57).

The IEGs NGFI-A and NGFI-B were identified by differential hybridization
screening of a ¢cDNA library constructed from PC12 cells treated with NGF and
cycloheximide (28, 32). The product of the NGFI-A gene is localized in the nucleus. The
NGFI-A protein contains zinc-finger domains, binds specifically to the consensus sequence
5-GCGGGGGCG-3' and transactivates a promoter containing this sequence (58-60).

Binding sites for NGFI-A have been found in many genes such as jun D, c-Ha-ras (61),



int-2 (62), human c-abl (63), rat hsc73 (64), human histone H3.3 (65), mouse
metallothionein (66), the A chain of platelet-derived growth factor (67), the mouse
neurofilament protein (68), the murine adenosine deaminase (69), the rat cardiac alpha
myosin-heavy chain (70), synapsin I (71), thymidine kinase (72) and NGFI-B (73, 74). In
transactivation assays NGFI-A has been shown to activate a reporter gene under the control
of promoter regions from synapsin I (75), NGFI-B (74) and thymidine kinase (72). NGFI-
A is induced by cAMP, activation of PKC and calcium. NGFI-A has also been identified as
a growth response gene (15, 30, 76-80), and it has been established that its product is
essential for and restricts differentiation of myeloblasts along the macrophage lineage (81).
In the hippocampal model of long term potentiation NGFI-A is induced by high frequency
stimulation, and this induction is blocked by antagonists of the Ca2+ permeable NMDA-
receptor (82, 83), suggesting a role in synaptic plasticity. In support of this model, NGFI-A
has recently been identified as a candidate plasticity-related gene using a differential
complementary cDNA cloning procedure (84). In addition, chemically and electrically
induced seizures activate NGFI-A gene expression (85, 86).

The 60 kDa protein product of NGFI-B is a member of the nuclear receptor
superfamily of ligand-dependent transcription factors. NGFI-B has been called an orphan
receptor because no ligand has been found for this receptor. However, when synthesized,
NGFI-B is constitutively active under all culture conditions examined (87). The
transcription of NGFI-B is activated by cAMP, PKC, and calcium in cell culture and in rat
brain after seizure induction (88). NGFI-B binds as a monomer to the DNA sequence 5'-
AAAGGTCA-3' (NBRE) that contains only a single estrogen receptor "half-site" in contrast
to other nuclear receptors that commonly bind as dimers (89). Such DNA binding sites for
NGFI-B can be found in the promoter of many genes including those encoding the
corticotropin-releasing factor (90-92), lipid binding proteins (93-99), and neuron-related
genes including the 7y subunit of NGF, the ¥ subunit of the muscle acetylcholine receptor

and N-myc (100-102). An NBRE-like sequence present in the promoter of the steroid



biosynthetic enzyme 21-hydroxylase has been shown to be responsible for the induction of
this gene by the hormone ACTH (103). It has very recently been demonstrated by two
different laboratories that in T cells NGFI-B is required for apoptotic signals delivered
through the T-cell receptor (104-105).

It has been postulated that the products of some IEGs play a critical role in
modulating neuronal responsiveness or plasticity. Numerous IEGs encode, as described
above, transcription factors which, by regulating the induction of late genes, mediate many
long-term responses to trans-synaptic signals in neuronal cells (106-108). The approach to
understanding synaptic-regulated gene expression should be at three different levels (109) :
(1) how does activation of second messenger pathways regulate IEGs expression; (ii) how
do the products of the IEGs regulate the expression of the late genes; and (3) what is the
role of IEGs and late genes in the long-term responses of neurons. It has been known for a
long time that synaptic activation causes rapid responses in neurons. These responses,
which are dictated by the particular stimulation paradigm, vary from milliseconds to minutes
depending on the readout parameter. However, more recently, it has also been shown that
these short-term stimuli can be transduced to slower, long-term responses in neuronal cells
(110, 111). Gene expression is one of the mechanisms that mediate these changes (112).

The focus of our laboratory is to understand the mechanisms of regulation, and the
functions of Ca2t/CaM-dependent protein kinases and phosphatase in the nervous system.
More particularly, the work of this thesis has focused on the role of CaM-dependent protein
kinases and phosphatase in the regulation of IEGs expression by Ca2+. We have decided to
focus on the regulation of IEGs expression by calcium because of its critical regulatory role
in neuronal cells. Calcium is particularly important in the nervous system where it plays an
important role in the organization of the cytoskeleton (113), neuronal excitatibility, synaptic
plasticity (114) and learning and memory (115). Ca2+ is also one of the major regulators of
neurotransmitter synthesis and secretion (116). Neither Nat influx nor K+ efflux is

required for synaptic transmission, only calcium entering the cell through voltage-dependent



channels in the presynaptic terminal is essential (117). We chose PC12 cells as our model,
rather than true neuronal cells, because of the extensive and numerous studies on
transcriptional regulation already reported in this cell line.

The basal cytosolic concentration of free calcium in resting cells is 10-100 nM,
whereas outside the cell [Ca2+] is in the low mM range. The intracellular calcium
concentration rises rapidly to 106 M or more in response to appropriate incoming signals.
Calcium flux through the plasma membrane or the endoplasmic/sarcoplasmic reticulum is
regulated by a complex network of exchangers, channels and pumps. This network is
responsible for the induction, propagation and termination of the calcium signal. In contrast
to the relatively few mediators for cAMP and diacylglycerol, intracellular response to
calcium is mediated by a variety of proteins and enzymes. After an increase of intracellular
[Ca2+], wransmission of the Ca2+ signal requires intracellular Ca2+ receptors in order to
trigger a cellular response. Many Ca2+ receptors share in general a common Ca2+-binding
motif, a 29 amino-acid helix-loop-helix structure called an EF hand (118). The EF hands
bind Ca2* with Kgs ranging from 10-9 M (parvalbumin) to 10-5 M (low affinity sites of
calmodulin). Upon binding of calcium, these intracellular receptors undergo conformational
changes which allow their interaction with and activation of target proteins.

Among the increasing number of Ca2+ binding proteins being identified in the brain,
calmodulin is unique because it interacts and controls the activity of many proteins such as
NO synthetase (119-121), adenylate cyclase (122), plasma membrane ATPase (123),
inositol 1, 4, 5-triphosphate (IP3) kinase (124), CaM-kinase I (125), II (8), III (126, 127)
and IV (128-130) as well as the unique Ca2+/CaM-dependent protein phosphatase
calcineurin (12). However, in the brain as well as in other tissues, the major CaM-binding
proteins are the CaM-kinase II and calcineurin, each of which constitutes 0.5-1.0% of total

brain protein.
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The biological role of calcium in the nucleus has not received a lot of attention. This
is surprising because it has long been known that Ca2+ is important in the regulation of
nuclear functions. The observation that small peptides freely diffuse from the cytosol into
the nuclei lead to the believe that nuclei were incapable to maintain ion gradients accross
their membranes. However, the recent report of the presence of selective ion channels
within the nuclear membrane (131) demonstrated that it was not the case. Conflicting results
have been reported concerning stimulation-induced changes of free-calcium in the nucleus
of neurons (132). Using fluorescence imaging techniques different response of
nucleoplasmic and cytosolic Ca2+ concentrations in response to extracellular stimuli have
been reported in a variety of different cell types (133-136). Some studies have demonstrated
that isolated nuclei are capable of ATP-dependent Ca?+-uptake and IP3-inducible Ca2+
release (137, 138). It is now clear that Ca2* and Ca2+-binding proteins regulate both the
structure of the nucleus (i.e., during cell cycle progression (139)) and the function of the
nucleus (i.e., gene transcription, see below). The Ca2+-binding protein CaM is present in
the nucleus of neurons as well as other cell types (140-144). It has now been clearly
demonstrated that the nuclear CaM levels are modulated by the action of hormones and can
be modified by different pharmacological agents (145). CaM as well as other Ca2+-binding
proteins such as the protease, calpain, are clearly involved in the regulation of nuclear

events (146).
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A. Regulation of gene expression by calcium

The role of calcium and calmodulin in the regulation of gene expression has now
been reported for numerous genes, including prolactin (147-149), proopiomelanocortin
(150), insulin (151), tyrosine hydroxylase (152), muscarinic receptor (153), nicotinic
acetylcholine receptor (154) and the IEGs c-fos (155-159), NGFI-A (16) and NGFI-B (16,
73). Our knowledge of transcriptional regulation by calcium progressed mainly because of
the results obtained in the nervous and the immune systems within the past 5 to § years.

In PC12 cells the transcription of many IEGs is strongly increased upon stimulation
by various neurotransmitters, growth factors and membrane depolarization with sometimes
markedly different responses (16). In regards to the effects of calcium, Morgan and Curran
demonstrated in 1986 for the first time that ¢-fos induction in PC12 cells by KCI,
veratridine (depolarization vig Na* channel activation) and BK8644 (calcium channel
agonist), but not the induction by NGF, all depended on extracellular calcium and were
blocked by several CaM antagonists (e.g., chlorpromazine, trifluoperazine and W7) (14).
These results were particularly interesting since induction of ¢-fos by the phorbol ester PMA
was not affected by CaM antagonists, suggesting that a calmodulin -mediated modification
of a transcriptional activating protein (TAP) was responsible for the induction of ¢c-fos by

calcium.

Transcriptional regulation by Ca?*+/CaM-dependent protein kinases

The best studied CaZ+-responsive cellular IEG involved in signal transduction is ¢-
fos, and this gene has recently attracted a lot of attention from néurobiologists. One of the
most successful strategies has been to borrow concepts and reagents from oncogene
research and to apply them to the nervous system (37). Since the report by Morgan et al. in
1986, the mechanism(s) by which calcium control c-fos expression has been extended

principally through the laboratory of Michael Greenberg. These investigators have identified
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a calcium responsive element (CaRE) about 60 bp 5' of the mRNA start site in human c-fos
(155, 156). The sequence of the CaRE is very similar to the consensus CRE which had
been identified as a cAMP-responsive element in the promoter of the somatostatin gene
(160) and of many other cAMP responsive genes (161). The CaRE sequence also mediates
c¢cAMP induction of c-fos (162), and mutational analyses of this sequence showed identical
bases are essentials for both calcium and cAMP induction (156). However, this sequence is
not involved in the activation of c-fos by serum and growth factors . The transcription factor
CREB (see Figure 1, p.13), which binds to the CaRE/CRE, mediates Ca2+-inducibility by
membrane depolarization/ionophore treatment. In fact, upon membrane depolarization
CREB is phosphorylated (independently of a cAMP-activated pathway) (156, 157) on the
site (Ser133) known to be responsible for transcriptional activation by PKA (163) (see
Figure 1, p.13). In PC12 cells, expression of a construct in which CREB had been fused to
the DNA binding domain of the yeast transcriptional activator Gal4 co-transfected with a
reporter gene under the control of Gal4 binding sites allowed the specific analysis of
transactivation by CREB without interference from endogenous CRE-binding proteins. In
this system, CREB was shown to function as a Ca2*-regulated transcription factor upon
membrane depolarization or treatment with the calcium ionophore A23187, and mutation of
Ser133 abolished the ability of CREB to mediate activation by Ca2+(157). However,
evidence that calcium and cAMP converge on the CaRE-CRE/CREB system is further
strenghtened by the fact that calcium and cAMP act synergistically to induce transcription
through the CaRE in vitro, (164) in PC12 cells (156) and in pancreatic islet cells (165).
Other members of the CREB family of transcription factors, the Activating Transcription
Factor-1 (ATF-1) and the CRE modulator CREM can also mediate calcium and cAMP
signals although with some differences as compared to CREB (166, 248).

CaM-kinase II has been proposed by a number of laboratories (157, 164, 165) to
mediate CREB phosphorylation upon an increase of intracellular calcium since i) it

phosphorylates CREB on Serl33 -in vitro (157, 164) (see Figure 1, p.13), ii) in vitro |
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transcription assays using a CaRE-containing c-fos promoter indicated that phosphorylation
of CREB by CaM-kinase II results in a small increase in gene transcription (164) and iii)
KN-62, a cell permeable compound that has been originally characterized as a specific
inhibitor of CaM-kinase II (379), blocked membrane depolarized-activation of a reporter
under the control of the glucagon CRE (165) or the c-fos CaRE sequence (158). This
hypothesis is supported by the fact that CaM-kinase II is abundant in PC12 cells and it is
activated by membrane depolarization (167) or release of calcium from intracellular stores
(168). However, no stimulation of a CRE-reporter gene was observed in pituitary cells co-
transfected with an expression vector encoding a constitutively-active form of CaM-kinase
IT (169). The same constitutively-active form of CaM-kinase II gives a 60-fold stimulation
of expression of a reporter gene under the control of a region of the Rous Sarcoma Virus
Long Terminal Repeat (RSV LTR) (169). This region, called the CaM-kinase-response
element (CaMRE), binds the bZip transcription factor C/EBPJ (also called NFIL-6,
AGP/EBP, LAP, IL6/DBP (170-173)). CaM-kinase II phosphorylates C/EBP within the
leucine zipper at position 276, and KN-62 prevents the phosphorylation of C/EBP in GH3
cells upon treatment with the calcium ionophore A3187 (174). Mutation of Ser276 to Ala
abolished the ability of the constitutively-active form of CaM-kinase II to activate
transcription through the CaMRE (174). Thus, evidence for a role of CaM-kinase II in
transcriptional regulation through the C/EBPS system is strong, but CaM-kinase II appears
to be quite weak in stimulating transcription via the CRE/CREB system. Another CaM-
kinase, CaM-kinase I can also phosphorylate CREB at Ser133 in vitro (157); however,
there is no evidence that this enzyme is involved in the regulation of transcription by calcium

and calmodulin.

Transcriptional regulation by the Ca?+/CaM-dependent protein phosphatase: Calcineurin
If calcium-induced phosphorylation-can regulate transcription, then calcium induced-

dephosphorylation may also be involved in transcriptional regulation. Indeed, it has recently
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been demonstrated that calcineurin also regulates gene transcription. Cyclosporin (CsA)
(175), and more recently FK506 (176, 177), have been used clinically for years as very
potent immunosuppressors without understanding their mode of action at the molecular
level. These drugs blocked early events in the activation of T-lymphocytes, including IL-2
gene transcription (178-180). Recently, the intracellular receptors of CsA (181) and FK506
(182, 183) have been characterized as proline isomerases called immunophilins. Calcineurin
(CaN) (12), the unique Ca2+/CaM-dependent protein phosphatase, binds to the drug-
isomerase complexes (184, 185) with consequent inhibition of its Ca2+-dependent
phosphatase activity (184-186). Nonimmunosuppressive cyclophilin-binding cyclosporin
that does not inhibit CaN activity has been characterized (187). It is now clear that the
inhibition of CaN by the immunosupressor-isomerase complex in T cells (188, 189) is
responsible for the inhibition of IL-2 transcription (190, 191). NF-ATp, a 120 kDa protein
(192) constitutively phosphorylated in unstimulated T-cells, is part of a complex that binds
DNA and is required for IL-2 gene transcription. Two groups have recently found NF-ATp
to be a substrate of CaN in vitro (193, 194). The kinase that phosphorylates NF-ATp is as
yet unknown. The phospho-NF-ATp is restricted to the cytosol, and upon
dephosphorylation NF-ATp translocates into the nucleus (193, 195). Activation of IL-2
transcription in Jurkat cells requires not only an increase of intracellular calcium, but also
phorbol ester treatment which results in the activation of PKC. In the nucleus NF-ATp
interacts with the transcription factors Fos and Jun in order to regulate IL-2 gene
transcription (194), thus providing a novel mechanism for regulation of gene transcription
which integrates the calcium-dependent and protein kinase C-dependent pathways of T cell
activation. In a pancreatic islet cell line, CsA and FK506 inhibit CRE-mediated gene
transcription after membrane depolarization (196). Rapamycin antagonizes the inhibitory
effect of FK506 but not of CsA, suggesting that FK506 and CsA may act through complex
formation with distinct intracellular immunopholins (196). Overexpression of calcineurin

renders these cells even more resistant to the inhibitory effects of CsA and FK506 (196).
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Additional pathways used by calcium to regulate IEGs

Depending on the cell line or mode of increase, Ca2* can activate different signalling
pathways that result in the induction of c-fos. In hippocampal neurons both membrane
depolarization and stimulation of NMDA receptors result in elevation of intracellular Ca2+,
activation of CaM-kinase II (197) and induction of c-fos (158). However, induction of ¢-
fos by membrane depolarization, but not by NMDA receptor stimulation, is blocked by the
CaM-kinase antagonist KN-62. The NMDA response appears to be mediated by the serum
response element (SRE), not the CaRE/CRE (158). The SRE can also mediate Ca2+-
induction of c-fos in response to treatment of fibroblasts with thapsigargin, an inhibitor of
the Ca2+/ATPase pump (198). In fibroblasts, macrophages and Myeloid leukemia cells,
Ca2+ induction of ¢-fos may largely involve relief of a block in transcriptional elongation in
the first intron rather than transcriptional initiation (199-201).

The regulation of other IEGs by calcium has also been investigated (16). The most
interesting results have been obtained for NGFI-B. The transcription of NGFI-B is
activated by growth factors and second messenger pathways such as cAMP and calcium.
However, in PC12 cells stimulation of NGFI-B expression by membrane depolarization is
20-fold stronger than By growth factors, even though NGFI-B was initially identified as a
NGF-inducible gene. Yoon et al. (73) identified a portion of the NGFI-B promoter
essential for Ca2* stimulation. This sequence of 64 nucleotides (from -22 to -86) within the
NGFI-B promoter is responsible for the induction by membrane depolarization and NGF in
PC12 cells (73). Although this sequence does not contain a CRE/CaRE motif, it contains a
number of potential binding sites for known transcription factors including two AP-1-like
sequences very similar to the FAP element in the c-fos promoter which can function as an
AP-1 or CRE (202-205), two GC-rich sequences with two overlapping copies of the SP1-
binding site (206), and a binding site for a family of zinc-finger proteins including NGFI-A
(58, 207). In fibroblasts, this latter region of the NGFI-B promoter centered at -55, has
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been shown to bind NGFI-A after serum stimulation. In addition, an expression vector
encoding NGFI-A transactivates a reporter gene under the control of the first 126
nucleotides of the NGFI-B promoter (74). This result is particularly interesting due to the
fact that this region (-22 to -86) of the promoter also confers a delayed-early expression of
NGFI-B to serum in fibroblasts (74). In fact, although initially believed to be a serum-
inducible immediate-early gene (77), transcriptional activation of NGFI-B by serum in
fibroblasts is composed of two components; an immediate-early one, which can occur in
the absence of de novo protein synthesis, and a delayed-early component, which is
dependent on de novo protein synthesis (possibly NGFI-A). The immediate early
expression of NGFI-B by serum is mediated primarily by sequences located between
nucleotides -86 and -126 upstream of the transcription start site. However induction of
NGFI-B by NGF or membrane depolarization in PC12 cells does not require de novo
protein synthesis, is mediated by the region -22 to -86 and shows no evidence of a delayed-
early component (74).

In contrast to NGFI-B, NGFI-A is induced to 5-fold greater levels by growth
factors than by depolarization. The regulation of NGFI-A by calcium is difficult to
investigate due to its weaker responsiveness in comparison to c-fos and NGFI-B. Thus,
we don't know which promoter sequence(s) in NGFI-A are responsible for Ca2+
induction. The promoter of NGFI-A contains (at positions -84, -106, -370 and -408) four
sequences similar to the serum-response-element (SRE), a GC-box (the recognition site for
the transcription factor Spl (208)) centered at -286 and a sequence related to the CRE
located at nucleotide -140 (209). Multiple signal transduction pathways converge on the
same sequences of the NGFI-A promoter to regulate the expression of this gene. Two
SREs and an AP-1-like sequence present within the first 106 bp of the NGFI-A promoter
are necessary for induction of this IEG by NGF, TPA and serum in PC12 cells, and any

two of the three sequences described above-are sufficient for induction by NGF (210).
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In some cases activation of a Ca2+/CaM-dependent protein kinase or phosphatase
cannot account for the results reported on gene induction by calcium, and cross-talk
between the calcium and other signalling pathways have been described. For example,
inhibition of PKA abolishes the ability of calcium to activate the transcription of c-fos (211,
212) and NGFI-A in PC12 cells (211). Calcium can regulate the level of intracellular cAMP
through CaM-dependent adenylate cyclase which has recently been cloned and characterized
(122). The cross-talk between the calcium and the cAMP signalling pathways can also occur
at the level of PKA. A model has been proposed whereby Ca2+ and cAMP converge
directly on PKA (213). In this model Ca2+ activates the protease calpain which may degrade
the regulatory subunit of PKA and thereby lead to increased levels of its active catalytic
subunit. This model predicts that Ca2+ and cAMP converge to produce a prolonged increase
in PKA activity, greater than cAMP alone. Further studies will be necessary to understand
the role of PKA in the regulation of gene expression by calcium. However, it is interesting
to note that calpain has been reported to modulate gene transcription by regulating the
cellular levels of transcription factor proteins such as c-Fos and c¢-Jun, possibly through

removal of the DNA-binding domain (214, 215).
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B. Role of phosphorylation in the regulation of gene expression

Phosphorylation regulates transcription factor activity at three different levels (216).
The transcription factor or its protein kinase can be sequestered in the cytosol and thus be
inactive because it cannot reach its target in the nucleus. Activation of the kinase or
phosphorylation (dephosphorylation if the transcription factor is constitutively-
phosphorylated) of the transcription factor or its cytoplasmic anchoring protein allows
translocation into the nucleus. Secondly, phosphorylation of the transcription factor
modulates its binding (positively or negatively) to target DNA. Lastly, interaction of the
transcription factor with the transcriptional machinery can be modified by phosphorylation
of the transcription factor within its transactivation domain. These three different types of
regulation are not exclusive and each transcription factor can be regulated by

phosphorylation at several distincts levels.

Regulation of transcription factors by nuclear translocation

Regulation of transcription by compartmentalization is limited to eukaryotes as
prokaryotes do not have nuclei. The main examples of such regulation are the transcription
factors SWI5 (217, 218), ISGF3 (219, 220), NF-ATp (see above), the Rel-related family
of transcription factors (NF-xB p50, NF-xB p65, p49, c-Rel, Rel B and Dorsal) (221)
(222) and the CAAT-enhancer binding protein B (C/EBP) (170-173). In unstimulated
cells, except in B cells, NF-xB is held in the cytoplasm in an inactive complex with the
inhibitory protein IxB (223). In response to various stimuli such as TPA, the complex NF-
KB/IkB dissociates (224), probably due to phosphorylation of IkB (225-228), and NF-kB-
DNA binding activity can be detected in the nucleus (223). C/EBPp (see above) localization
varies from cell to cell. It is mainly localized in the nucleus of Hela and G/C cells (173, 174)
but is cytosolic in unstimulated PC12 cells (173). In PCI2 cells, C/EBP is induced to

translocate from the cytosol to the nucleus by an increase of the intracellular concentration of
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cAMP (173); however, there is no evidence that C/EBP is a direct substrate of PKA in

cells.

Regulation of DNA binding activity

Transcription factor binding activity can be affected either positively or negatively by
phosphorylation. Phosphorylation-induced negative regulation of transcription factor
binding activity has been demonstrated for ¢-Myb, c-Jun, the basic helix-loop-helix (bHLH)
protein-Max, myogenin and the POU proteins, Octl and GHF1/Pitl. Phosphorylation of c-
Myb by casein kinase II (CKII) results in a large decrease in DNA binding activity which is
reversed by phosphatase treatment (229). The proto-oncogene c-Jun is phosphorylated in
vitro in its C-terminal domain by several protein kinases including GSK-3, casein kinase
I, ERT, and cyclin B/p34¢dec2, However, only phosphorylation by GSK-3 and CKII has
been shown to inhibit ¢-Jun DNA binding (57, 230, 231). This inhibition can be reversed
by phosphatase treatment (231, 232). The inhibitory sites are dephosphorylated in cells after
activation of PKC or expression of several oncogenes such as v-Ha-ras, v-sis and v-src
(232-234), probably by activation of a protein phosphatase. Max and myogenin DNA
binding activity are inhibited after phosphorylation by CK II and PKC, respectively (235,
236). PKA phosphorylation of the POU proteins Octl and GHF1/Pit1 inhibits their abilities
to bind DNA (237-238).

The best studied transcription factor whose DNA binding is increased upon
phosphorylation is the serum response factor (SRF). SRF is phosphorylated in vivo on
many serine residues (239-242). Phosphorylation of recombinant SRF by CK II stimulates
DNA binding (241, 242). However, the activation of CK II by growth factors is highly
controversial (243, 244). One of the sites phosphorylated, Ser 103, which is required for
maximal DNA binding ac'tivity in vitro, is contained within a consensus phosphorylation

sequence for PKA (241).
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Modulation of DNA binding by phosphorylation can occur through different
mechanisms. In the case of positive regulation several mechanisms are possible. As
described above phosphorylation by CKII of the SRF enhances its DNA-binding activity.
Phosphorylation occurs at or around residue 83 and affect the activity of the DNA-binding
domain located 50 amino-acids away (amino-acids 133 to 264). Three different mechanisms
that could explain such effects have been tested (240). First, phosphorylation might have
affected SRF dimerization which is required for SRF's DNA-binding activity, however
phosphorylation of the dimers did not have any effect on dimerization. Second, the amino-
terminal domain of the SRF might mask the DNA-binding domain, thus inhibiting its
activity. This inhibition could have been relieved by phosphorylation, but deletion of the
amino-terminal domain did not result in elevated DNA binding activity. A third possibility is
that phosphorylation altered the conformation of SRF, resulting in increased DNA-binding
activity. To test this possibility, SRF's structure was probed by partial tryptic digestion.
Changes in the preferred sites of cleavage were observed after phosphorylation of SRF.
These altered sites have been localized to the region of the DNA-binding domain. Therefore
phosphorylation of SRF at Ser83 appears to cause a conformational change in the DNA-
binding domain over 50 amino acids away (240). In the case of negative regulation, usually
the site phosphorylated is located within or near the DNA binding domain, and
phosphorylation interferes with DNA binding by electrostatic repulsion between the
phospho-groups of the protein and phosphates on the DNA. When the phosphorylation site
is located far away from the DNA binding domain, it is likely that phosphorylation alters the

conformation and/or dimerization of the protein, thus altering its ability to bind to DNA.

Regulation of transcription factor transactivation
A certain number of transcription factors are regulated by phosphorylation-induced
transactivation, and I will mainly focus this section on the cAMP responsive element

binding protein CREB (see Figure 1, p.13). Since the identification (245) and the cloning
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(246, 247) of CREB as the protein that binds the CRE/CaRE sequence, a whole family of
CREB transcription factors has been uncovered (248). Some members of this family are
transcriptional activators (CREB, CREM<t and ATF-1) (249), while others are
transcriptional repressors (CREM o, B and y; and the CREM generated products ICER,
E4BP4 and CREB-2 (250-253). This part of the introduction will focus on the
transcriptional activators of the CREB family and particularly on CREB.

The importance of CREB in cAMP-mediated regulation of gene expression has
been clearly established (161, 249, 248). Upon binding of cAMP, PKA dissociates into a
regulatory subunit dimer and two free catalytic subunits. The catalytic subunit translocates
to the nucleus where it phosphorylates nuclear proteins including CREB, CREM 7 and
ATF-1. Two major protein isoforms of CREB have been cloned, CREB327 (327 amino-
acids) (254) and CREB 341 (341 amino-acids) (247). The two isoforms are encoded from
the same gene by two alternatively spliced mRNAs. The relative effectiveness of
transactivation by each isomer remains controversial (255-257). CREB, like ¢-Fos and c-
Jun, is a member of the dimeric bZip family of transcription factors (41). CREB is highly
conserved within mamalian species and preferentially forms homodimers, although, it can
form heterodimers with some other members of the bZip family.

CREB (see Figure 1, p.13) is composed of two major domains, a transactivation
domain composing about three-fourths of the protein and located in the N-terminus, and the
DNA-binding domain located in the C-terminus. The transactivation domain has been
extensively analyzed (247, 255) and can be divided into three subdomains, a kinase
inducible domain (KID) that contains the major phosphorylation sites, and two glutamine-
rich regions (Q-rich) flanking the KID domain. The KID domain is approximatively 50
amino-acids long. It contains numerous serine as well as acidic residues appropriately
arranged such that the serines (and threonines) are phosphorylated by PKA and possibly
other protein kinases such as the CaM-kinases, CKII, PKC and GSK-3 kinase. In fact,

phosphorylation by PKA of a single residue, Ser133 in CREB341 (or equivalent Ser119 in
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CREB 327), is the initial and key event to generate the transactivation function of CREB
(163). Mutation of Ser133 to Ala abolishes transactivation activity (163). It is postulated
that the acidic KID region of CREB may be forming a B-sheet structure important for
transactivation as demonstrated for the yeast transcriptional activators GAL4 and GCN4
(258). It has not been ruled out that Ser133 phosphorylation triggers a cascade of
phosphorylation on adjacent sites by processive or hierarchal kinases such as CKII or
GSK-3 kinase (259). One other region carboxy-proximal to Ser133 is critical for
transactivation (260). Most experiments suggest that phosphorylation by PKA has no effect
on either dimerization or DNA binding activity of CREB measured in vitro (261), but
phosphorylation of one or more Ser between residues 106 and 122, possibly by CK II, may
also be needed for maximum CREB transactivation (262).

CREB activity is also regulated by protein phosphatase(s). After an initial burst of
phosphorylation in response to cAMP, CREB is dephosphorylated and transcription of the
cAMP responsive somatostatin gene is correspondingly reduced (263). The identity of the
protein phosphatase responsible for Ser133 dephosphorylation is still controversial. Two
reports implicate protein phosphatase 1(PP1) as the CREB phosphatase (263-264). The
phosphatase inhibitor 1 protein and okadaic acid both prevented the dephosphorylation of
CREB at Ser133 in PC12 cells and also augmented the transcriptional response to CAMP
(263). At the concentrations used in this study, only PP1 appears to be similarly inhibited
by these agents. Moreover, microinjection in fibroblasts of an expression vector encoding a
constitutively-active form of inhibitor 1 (I-1), a PP1 specific inhibitor, by itself resulted in
an apparent increase in phosphorylated CREB in unstimulated cells (264). In addition,
injection of the I-1 expression vector activated expression from a coinjected CRE-lacZ
reporter plasmid indicating that the increased phosphorylation of CREB also stimulated its
transcriptional activity (264). Two other reports from a different laboratory suggest that the
phosphatase that dephosphorylates CREB at Ser133 is PP2A (265, 266). In these reports,

the P-CREB phosphatase activity present in rat liver nuclear extract coelutes with the



24

Ser/Thr protein phosphatase type 2A (PP2A) on Mono-Q, amino-hexyl sepharose, and
heparin agarose and was chromatographically resolved from nuclear PP1. Furthermore, P-
CREB phosphatase activity in nuclear extracts was unaffected by the heat-stable protein
phosphatase inhibitor-2, which is a potent and selective inhibitor of PP1 (267). In addition,
these investigators showed that Simian virus 40 small tumor antigen, which alters the ability
of PP2A to dephosphorylate substrate proteins (268-270), inhibits the dephosphorylation of
PKA-phosphorylated CREB and enhances CREB transcriptional regulation in rat liver
nuclear extracts (266). This result is in contradiction with the results reported by Alberts et
al. in which microinjection of a plasmid encoding simian virus 40 small t antigen had no
effects on the phosphorylation state of CREB in stimulated or unstimulated NIH 3T3 cells
(264). Until recently, the phosphorylation of KID was believed to allosterically change the
conformation of the transactivation domain by bringing the glutamate-rich (Q-rich) regions
flanking KID into an active conformation for positive interaction with the TATA box
complex of factors involved in the initiation of transcription. However, the recent finding of
a CREB-binding protein (CBP) which only binds phospho-CREB (when CREB is
phosphorylated on Ser133) (271) could be the missing link between transcription factors
which bind to their responsive elements far away from the TATA box and the basal
transcription machinery. Phospho-CREB recruits CBP to bridge the distantly positioned
CRE-CREB complex and TFIIB (272) which interact with the TATA-box-binding protein
(TBP) and functions to recruit polymerase II holoenzyme (273). CBP also mediates the
activation of mitogen responsive genes by interacting with c-Jun. This interaction, which
augments c-Jun-directed transcription, only occurs when c-Jun is phosphorylated at Ser63
and Ser73. (274). Phosphorylation-dependent interactions between transcription factors and
CBP suggest how phosphorylation of transcription factors is correlated with their activation
consequences and also demonstrates how enhancers can stimulate promoters from a

distance.
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The activity of transcription factors other than CREB such as ¢-Jun, c-Myc and
C/EBP is regulated by phosphorylation-induced transactivation. C-Myc activation occurs
after its phosphorylation by MAP-ERK kinases (230, 275), and c-Jun is activated by a
kinase which is stimulated in response to expression of activated Ha-Ras (233, 276, 277)
and other transforming proteins (278). The phosphorylation sites responsible for these
effects are located, like for CREB, in the transactivation domain of these proteins. In
contrast, CaM-kinase II phosphorylation of C/EBPJ within its leucine zipper dimerization
domain induces transactivation. This phosphorylation occurs on Ser276 and does not affect

C/EBPB-DNA binding activity.
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C. CaM-dependent protein kinases and phosphatase

Ca2+/CaM-dependent protein kinases

The calcium-calmodulin dependent protein kinase family can be divided into 2
groups. The kinases within the first group are myosin light chain kinase (MLCK),
phosphorylase kinase and CaM-kinase III. Each of these kinases phosphorylates a unique
and specific substrate and have mainly been studied in non-neuronal tissues. MLCK
phosphorylates the regulatory light chain of myosin which is an important step in the
initiation of smooth muscle contraction (113, 279-281). Phosphorylase kinase
phosphorylates glycogen synthase and glycogen phosphorylase (282). CaM-kinase III
participates in the regulation of protein synthesis by phosphorylating the elongation factor 2
(127, 126, 283). The second group of kinases is composed of CaM-kinases I, IT and IV.
These kinases, unlike the first group, have a wide substrate specificity. As the kinases of
the first group do not seem to be relevant to transcription, I will focus this section on the
second group of CaM-kinases that have a wider substrate specificity than the first one. The
CaM-kinases composing this group are very similar in their subunit structure and have
numerous substrates in common .

1.CaM-kinase 1

CaM-kinase I, a monomeric enzyme, has been originally characterized in neuronal
tissue on its ability to phosphorylate site 1 of synapsin I (284, 285), however it has a
widespread cell and tissue distribution (125). To date, in addition to synapsin I and II (285)
(286, 287), other proteins substrates of CaM-kinase I have been characterized in vitro such
as smooth muscle myosin light chain (284), CREB (157) and the cystic fibrosis
transmembrane conductor (CFTR) (288). CaM-kinase I phosphorylates synapsin I, CREB
and CFIR at sites which are also phosphorylated by PKA. The site in synapsin I
phosphorylated by CaM-kinase I is present in the following sequence: -Y-L-R-R-R-L-S*-D-

S-N-F-. The peptide where the second Ser has been mutated to Ala is as good a substrate as
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the original peptide (289). Studies on the phosphorylation of a number of peptide substrate
analogs to this sequence demonstrated that the arginine residues at position P-2, -3, and -4
are important for full activity, but that the arginine at position -3 is the most critical (289).
Thus, its widespread tissue distribution and the fact that other non-neuronal substrates have
been identified suggest that CaM-kinase I may function as a ubiquitous multifunctional
protein kinase,

Two forms of CaM-kinase I, Ia and Ib, have recently been purified from rat brain
(290), with molecular weights of 43 and 39 kD respectively. CaM-kinase Ia
autophosphorylated in a Ca2*/CaM-dependent fashion exclusively on threonine residues,
while CaM-kinase Ib autophosphorylation showed Ca2+/CaM-independence and occured on
both serine and threonine. Proteolytic digestion of autophosphorylated CaM-kinase Ia and
Ib yielded phosphopeptides of different Mr (290). CaM-kinase Ib is also about 20-fold
more sensitive to CaM than Ia. Preincubation of CaM-kinase Ia in the combined presence of
Ca2+/CaM and Mg2+/ATP led to a time-dependent increase in its site 1 synapsin 1 peptide
kinase activity of up to 15-fold. CaM-kinase Ib activity is dependent upon phosphorylation
by a regulating kinase which is resolved from Ib during its purification (291). CaM-kinase
Ia activator has recently been described; its estimated molecular weight on SDS-PAGE is 52
kD. In the absence of activator, CaM-kinase Ia activity was only 2% of its maximal activity
after activation with the activator. In its activated state, CaM-kinase Ia remains debendent on
Ca2+/CaM. Activation is rapid and requires Ca2+/CaM and Mg2+/ATP. This activator is
also capable of Ca2+-dependent binding to CaM-Sepharose (291).

A CaM-kinase I cDNA has recently been cloned from both rat and bovine brain
CDNA libraries (125); its calculated molecular weight is 37.5 kD (125). CaM-kinase I is
encoded by a single gene and autophosphorylates on Thr-177 which is located at a position
equivalent to that of the threonyl residue (Thr-197) autophosphorylated in PKA.
Autophosphorylation of this residue does not seem to affect its Ca2+/CaM-dependent

activity (125). Recent studies (292) on recombinant truncation mutants of CaM-kinase I
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suggest that the activity of the enzyme is regulated by an autoinhibitory domain (293) and
that the kinase remains fully CaM-dependent after autophosphorylation.
2. CaM-kinase II

CaM-kinase 11, also called multifunctional Ca2+/CaM-dependent protein kinase II
(8, 11, 294), has been purified from a wide variety of tissues and species (295-300). The
proteins obtained exhibit properties that are characteristic of the CaM-kinase II isozyme
family: large native molecular mass (300-700 kDa), subunits of 50 to 62 kDa as determined
by SDS-PAGE, similar catalytic properties with a wide range of substrates and a very
strong CaZ+/CaM-dependent autophosphorylation which results in the partial loss of
calcium-dependency. CaM-kinase II is most abundant in the brain, constituting
approximately 0.3 % of total brain protein (301) and up to 2% of the total protein in the
hippocampus. CaM-kinase II is particularly concentrated at the synapse where it can
constitute up to 20-50% of the total protein in the postsynaptic density (302-305).

CaM-kinase I cDNAs for four different isoforms of the enzyme have been cloned

and sequenced from rat brain libraries. Two brain-specific clones encode the o and B
subunits (306-309). Alternative splicing generates both the § mRNA and a distinct '
isoform (307), while o. generates o and og. The cDNA for the o isozyme encodes a protein
of 54 kDa on a 5 kB message, while the cDNA for the 3 subunit translates to a protein of 60
kDa contained on a 4.8 kB message. o and § are 91% identical in amino acid sequence in
the N-terminal half, and 76% identical in the C-terminal half (307). Two other isoforms, y -
and 6, have been cloned from rat brain (310, 311), and each of these is a distinct gene
product with approximately 85% homology in amino-acids and 75% homology in
nucleotides to the a. subunit. The y and 3 isoforms are present in ‘essentially every tissue.
The y and 6 isoforms have a molecular weight of 59 and 60 kDa, respectively, and generate
by alternative splicing Ya, Y8, Yc (312, 313) and at least six isoforms of § (314, 315).
Holoenzyme composition varies in different brain regions (316, 317) as well as during

development (318).
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Domain localization has been determined by analyses of the deduced amino-acid

sequences (307, 309) : the N-terminal half of the subunit contains the highly conserved
kinase motifs, the central portion comprises the regulatory elements, and the C-terminus is
thought to be involved in subunit assembly and/or subcellular localization (8).
Studies on the regulation of CaM-kinase II have provided evidence for a model (9) in which
CaM-kinase II is kept almost totally inactive in its basal state by the presence of an
autoinhibitory domain (293). As proposed as early as 1978 by Jackie Corbin for the cAMP-
kinase (319), some kinases (e.g., MLCK, PKC, CaM-kinases I, II and IV etc.) contain a
sequence that closely resembles the consensus phosphorylation-site sequence in their
respective protein substrates. This 'substrate-like' sequence within the kinase, or within the
regulatory subunit of the kinase in the case of PKA, is predicted to interact with and inhibit
the catalytic site of the enzyme and is called an autoinhibitory domain. Furthermore, if the
substrate-like sequence present in the kinase does not contain a phosphorylatable amino-
acid, the substrate-like sequence is called a pseudo-substrate. Such a sequence exists in
CaM-kinase II. CaM-kinase II can be activated either by binding of Ca2+/CaM or by
autophosphorylation on Thr286 in the o subunit (Thr287 for the B subunit) which converts
the kinase into a partially Ca2+-independent species (8). This effect can be reversed by
protein phosphatase 1 (320), 2A (321-324) and 2C (325). Autophosphorylation of CaM-
kinase IT on Thr286 is an intraholoenzyme mechanism which is intersubunit-catalyzed (326,
327). Another residue autophosphorylated and important for CaM-kinase II regulation is
Thr306. Its autophosphorylation results in a partial loss of total kinase activity by blocking
binding of CaM to the regulatory domain. Unlike the autophosphorylation of Thr286,
autophosphorylation of Thr306 is via an intrasubunit-catalyzed mechanism (326).

The minimal consensus phosphorylation sequence was determined to be -R-X-X-
S/T- (328-330). When the Arg residue was replaced by Ala in a synthetic peptide, this
peptide was not significantly phosphorylated by CaM-kinase I, demonstrating the essential

nature of an Arg three residues amino terminal (p-3 position) of the phosphorylated residue.
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Addition of a second Arg in the p-2 position (-R-R-X-§/T-) results in a 10-fold decrease in
the ratio of Vm/Km for CaM-kinase II whereas this substitution is a strong positive
determinant for phosphorylation by PKA. Thus CaM-kinase II and PKA have some overlap
in substrate specificity determinants.

In general, the sequence -R-X-X-S/T- has been found in most CaM-kinase II
protein sustrates. However, a few exceptions have been reported (8) including the
autophosphorylation sites Thr382 (-P-Q-T-T*-) (331) and Thr 305/306 (-A-I-L-T-T-)
(332), phosphorylation sites in acetyl-CoA carboxylase (-G-S-V-§*-) (333), pyruvate
kinase (-A-Q-L-T*-) (334) and the protein Vimentin (-S*-X-D-) (335). These results
suggest that Arg is not the only determinant involved in substrate recognition. Secondary
and tertiary conformations of substrate proteins can also influence their rates of
phosphorylation.

As CaM-kinase II phosphorylates a wide range of proteins in vitro and in situ that are
involved in neuronal functions (11), it is likely that these phosphorylation are regulating
many different neuronal cellular processes. CaM-kinase II has been found to be essential in
long-term potentiation (a model of neuronal plasticity) (336), in nuclear envelope
breakdown (337) and in the release of glutamate and norepinephrine (338). CaM-kinase II
1s also believed to act as a postsynaptic sensor of synaptic activity (339-343). CaM-kinase 11
has also been shown to positively regulate calcium current in smooth muscles cells (344).
Expression of a constitutive form of calcium/calmodulin-dependent protein kinase II leads to
arrest of the cell cycle in G2 (345). CaM-kinase II has been shown to mediate inactivation
of the M phase promoting factor (MPF) and cytostatic factor (CSF) upon fertilization of
Xenopus eggs (346). The specific inhibition of CaM-kinase II prevents Ca2+ from
triggering sister chromatid segregation in CSF extracts containing in vitro-assembled
metaphase spindles (347). Finally, as described above, CaM-kinase II regulates
transcription of the prolactin gene (169). Several laboratories have suggested that CaM-

kinase II could positively regulate transcription of genes whose promoter contain a CRE site
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in their promoter through phosphorylation of the transcription factor CREB (157, 164,
165), while others reported no such effects (169).
3. CaM-kinase IV

CaM-kinase 1V, also called CaM-kinase GR because of its abundance in granullar
cerebellar cells, is a recently cloned protein kinase of 53 kDa encoded by a single gene that
has strong sequence homology with the catalytic and regulatory domains of CaM-kinase II
(128) (129) (130). One of the major structural difference between CaM-kinase II and CaM-
kinase IV is their C-terminus. The highly acidic nature of its C-terminus probably accounts
for the monomeric structure of CaM-kinase IV. In addition to the cerebellum, CaM-kinase
IV is also very abundant in the thymus and the testis (129, 348-350). 7
Our laboratory has recently demonstrated, using site-directed mutagenesis and synthetic
inhibitory peptides, that CaM-kinase IV, like many other CaM-dependent kinases and
phosphatases (293) does contain an autoinhibitory domain (434). The specific activity of
purified CaM-kinase IV, even in the presence of Ca2+/CaM, is about 10% of other kinases.
The purified enzyme has been reported to be activated 10-fold upon autophosphorylation
(351, 352), but the bacterially-or bacullovirus-expressed CaM-kinase 1V is weakly activated
by autophosphorylation (353, 354). A brain extract stimulates activation of the bacterially-
expressed CaM-kinase IV (353), suggesting that the purified preparation from cerebellum
was contaminated by another kinase. It has also been demonstrated that activation of T cell
antigen receptor/CD3 complex in Jurkat cells produces a 17-fold increase in total CaM-
kinase IV activity in the cell extract, indicating a physiological mechanism of stable
activation (355). Our laboratory recently demonstrated that CaM-kinase IV is strongly
activated through phosphorylation by a 68 kDa CaM-kinase IV kinase (434). The consensus
phosphorylation sequence for CaM-kinase IV is not clear yet. The physiological substrates
and function(s) of CaM-kinase IV also remain to be determined but its nuclear localization
(356) renders it a very attractive candidate for Ca2+ regulation of gene transcription.

Purified CaM-kinase IV phosphorylates numerous endogenous brain cytosol proteins (349)
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and shares with CaM-kinase II in vitro substrates such as myelin basic protein, myosin light
chain, tyrosine hydroxylase and tau protein. However casein and tubulin, which are good
substrates for CaM-kinase II, are not phosphorylated by CaM-kinase IV, whereas histone
H1 and Rap-1b (a Ras related GTP-binding protein) are good substrates for IV and not for
IT (349, 357). Synapsin I is phosphorylated on both sites I and II by CaM-kinase IV (at a
ratio 1:2), in contrast to CaM-kinasé IT that only phosphorylates site IT (348) and CaM-
kinase I that only phosphorylates site I (284, 285). The study of the regulatory mechanisms

of CaM-kinase IV activation are currently under investigation in our laboratory.

Ca2+/CaM-dependent protein phosphatase,calcineurin

Calcineurin (CaN), the neuronal form of protein phosphatase 2B, is the only known
Ca2+/CaM-dependent Ser/Thr protein phosphatase. It is a major brain protein, accounting
for 1% of total brain protein as opposed to 0.1 to 0.05% in other tissues (358, 359).
Relative to protein phosphatases 1 and 2A, CaN has a narrow specificity (360) and is
insensitive to the inhibitor okadaic acid (361, 362). Type 2B phosphatases are heterodimers
composed of the catalytic A subunit (5§7-61 kDa) and a regulatory B subunit ( 19kDa)
present in a 1:1 molar ratio (363).Three genes for the A subunit have been described, and
alternative splicing of each generates additional isoforms (363). A single gene for the B
subunit has been described (12).

The myristylated B subunit is an EF-hand Ca2+ binding protein with 35% homology
with CaM (118, 359). However the two proteins are functionally distinct (12). The region
of CaN A which binds CaN B is distinct from the CaM-binding domain (364). Ca2+
binding to CaN B does not affect the tight interaction between the two subunit, but it does
cause conformational changes in both subunits and modestly activates basal CaN
phosphatase activity. The A subunit contains a central CaM-binding domain (365) and a C-
terminal autoinhibitory region (293, 366, 367). Limited proteolysis of CaN removes the

region COOH-terminal of the CaM-binding domain and results in levels of Ca2+-



33

independent activity similar to the Ca2+/CaM-stimulated activity of the non-proteolyzed
enzyme (368, 367). Expressed CaN A subunit has a very low phosphatase activity which is
synergistically activated 200-fold by CaM plus the CaN B subunit (369). Kinetics studies
have shown that Ca2+/CaM activates CaN by increasing the Vmax whereas Ca?+-binding to
the B subunit decreases the Km, suggesting that the Ca2*-induced conformational changes
in the B and the A subunits increase the affinity of the catalytic domain for substrate (367).
However the mechanism by which binding of the B subunit to the A subunit alters the
phosphatase kinetic properties remains to be determined. Thus, the phosphatase activity of
CaN is subject to a dual CaZ+ control mediated by two different Ca2+-binding proteins; CaN
B and CaM.

From the finding of numerous substrates of CaN in vitro (370) and the use of cell-
permeable specific inhibitors (e.g.; FK506) of its activity, CaN has recently been shown to
be involved in the regulation of several physiological functions such as long-term-
depression (371), regulation of Nat channels (372), M current K+ channels, NMDA
receptors (373), neurotransmitter release (374), regulating the heat-stable inhibitors of PP1

(inhibitor-1 and DARRP-32) (359) and regulation of transcription (see above).
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ABSTRACT

Recent studies indicate multiple mechanisms are involved in Ca2+-stimulation of
gene expression. We have used cell-permeable, specific inhibitors of calmodulin-dependent
protein kinases (CaM-kinases) and phosphatase (calcineurin) to investigate the involvement
of these enzymes in transcriptional regulation of three immediate early genes (IEGs) in
PC12 cells stimulated with A3187 or KCl. Preincubation of PC12 cells with the CaM-
kinase inhibitor KN-62 blocked autophosphorylation of CaM-kinase II in response to
stimulation by the Ca2+ ionophore Aj3137. KN-62 treatment also resulted in a 60-70%
inhibition of Ca2+-dependent transcription of ¢-fos, NGFI-A (zif/268) and NGFI-B
(Nur/77) as assessed by either Northern or nuclear run-on analyses. Preincubation with the
calcineurin inhibitors FK-506 or cyclosporin A strongly enhanced expression of NGFI-A
and blocked transcription of NGFI-B, but it had no significant effect on CaZ+-stimulated
transcription of c¢-fos. Both FK-506 and KN-62 were specific for Ca2+-stimulated
transcription as neither effected transcription in response to forskolin or phorbol ester
(TPA) treatment.

This is the first report of CaM-kinase and calcineurin involvement in transcriptional
regulation of NGFI-A and NGFI-B. Activation of CaM-kinases and calcineurin, in
response to elevated intracellular Ca2+, would exert antagonistic effects on transcription of
NGFI-A. Since inhibition of either the kinase or phosphatase decreased transcription of
NGFI-B by 60-90%, this suggests that each enzyme is necessary but not sufficient for
Ca2+-stimulation. These results indicate that CaM-kinases and calcineurin can mediate

broad and complex regulation of CaZ+-stimulated gene expression.
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INTRODUCTION

In the nervous system synaptic transmission often regulates gene expression
through second messenger pathways (375) Expression of immediate early genes (IEGs),
which does not require new protein synthesis, is activated within minutes (16). Many of
these IEGs encode DNA binding proteins which serve as transcription factors for the late
response genes whose expression can modify long-term neuronal phenotype and/or
excitability (110). Since many neuronal IEGs are responsive to elevations in intracellular
calcium, the regulatory roles of CaZ+/calmodulin-dependent protein kinases (CaM-kinases)
and phosphatase, both of which are especially abundant in neuronal tissues, are of great
interest.

Transcriptional regulation of IEGs, especially c-fos, has been extensively studied in
PC12 cells. Enhanced expression Iof ¢-fos can be mediated by multiple signal transduction
pathways involving cAMP, Ca2+ and protein kinase C (376) The best characterized system
is the cAMP response which requires phosphorylation of the transcription factor CREB
(249). CREB binds to the cAMP responsive element (CRE) (160) in the promoter region
of numerous genes (161), and its phosphorylation on Ser!33 by cAMP-kinase (PKA)
enhances transcriptional initiation (163). CREB can also be phosphorylated on Ser133 by
several members of the CaM-kinase family (157, 377), and this has been proposed as a
mechanism to explain Ca2+-dependent regulation of CRE-containing genes (157). For
example, co-transfection of PC12 cells with a GALA-CREB fusion construct confers Ca2+-
inducibility on a c-fos reporter gene containing a GAL4 binding site (157). Mutation of
Ser133 to Ala reduces by 80 % both the cAMP- and Ca2+-responsiveness. Furthermore,
KN-62, a cell-permeable CaM-kinase inhibitor, blocks CaZ+-induction of a transfected
construct containing the glucagon CRE in front of a reporter gene (165). KN-62 inhibits
many members of the CaM-kinase family (377, 378) competitively with Ca2+/CaM, but it
does not inhibit PKA or PKC (379). We have recently demonstrated that KN-62 inhibits
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CaM-kinase IV (377) (also called CaM-kinase GR), a relatively new member of the CaM-
kinase family (129, 348, 380) that has significant nuclear localization (356). We (377) and
others (1, 381) have also demonstrated that CaM-kinase IV, but not CaM-kinase I, is
capable of activating transcription through phosphorylation of CREB.

Although extensive evidence exists for a role of CaM-kinases in Ca2+-dependent
transcriptional regulation, there is evidence that additional pathways or interactions may
exist. For example, inhibition of PKA appears to block Ca2+-dependent induction of ¢-fos
in PC12 cells (211). In hippocampal neurons both membrane depolarization and
stimulation of NMDA receptors result in elevations of intracellular Ca2+, activation of
CaM-kinase II and induction of c-fos (158). However, induction of c-fos by membrane
depolarization, but not by NMDA receptor stimulation, is blocked by KN-62. The NMDA
response appears to be mediated by the serum response element (SRE), not the CRE (158).
The SRE also appears to be involved in Ca2+-induction of ¢-fos in response to treatment of
fibroblasts with thapsigargin, an inhibitor of the Ca2+*/ATPase pump (198). Furthermore,
in fibroblasts, macrophages and Myeloid leukemia cells, Ca2* induction of c-fos may
largely involve relief of a block in transcriptional elongation in the first intron rather than
transcriptional initiation (199-201). Lastly, Ca2+-stimulation of interleukin-2 expression in
T cells involves the CaZt/calmodulin-dependent protein phosphatase, calcineurin (CaN)
(190, 191). Dephosphorylation of transcription factor NF-AT by calcineurin is required for
Ca2+-induction of interleukin-2 (194). Cyclosporin A and FK506, which are potent and
specific calcineurin inhibitors (185), block CaZ*-stimulated interleukin-2 transcription
(195).

Since it is clear that multiple mechanisms can be involved in Ca2+-induction of
numerous genes, we have investigated the roles of CaM-kinases and calcineurin in the
regulation of three immediate early genes, c-fos, NGFI-A (also called zif/268) and NGFI-
B (Nur/77), ‘WhiCh are expressed in PC12 cells. NGFI-A codes for a member of the zinc

finger transcriptional activator family (28, 77), and NGFI-B codes for a member of the
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steroid receptor super family of transcription factors (32, 33). Using cell-permeable
inhibitors of CaM-kinases and calcineurin, we demonstrate that CaM-kinases are involved
in the Ca2+-induction of all three IEGs, suggesting a broad role for CaM-kinases in
transcriptional regulation. Our results also show that calcineurin can mediate either a
synergistic or antagonistic response to Ca2+-dependent transcriptional regulation. This is
the first report of involvement of CaM-kinases and calcineurin in transcriptional regulation

of NGFI-A and NGFI-B.
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EXPERIMENTAL PROCEDURES

Cell culture
PC12 cells were grown in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 5 % fetal calf serum (FCS) and 5 % horse serum (HS) on Primaria

dishes. Cell were maintained in a 5% CO2 incubator at 37°C. Prior to treatments, the cells

were incubated in serum-free medium for 12 hours.

32p-cell labeling and immunoprecipitation

Cells were plated at a density of 1.4x100 cells per 35mm dish for 2 days. The cells
were incubated with [32PJorthophosphate (0.45 mCi) in 1.5 ml of phosphate free DMEM
for 1 hour prior to initiation of various treatments. After treatment, the medium was quickly
aspirated, and the cells were frozen in liquid nitrogen. The cells were thawed and scraped
with 1 ml of RIPA buffer (60 mM Tris-HCI pH 7.5, 180 mM NaCl, 6 mM EDTA, 18 mM
sodium pyrophosphate, 60 mM NaF, 1.2 % NP-40, 1.0 mM PMSF, 6 pug/ml leupeptin,
10 pg/ml aprotinin, 10 pg/ml pepstatin A, 0.1 % SDS, 1 uM microcystin-LR), the lysates
were centrifuged and the supernatants collected for immunoprecipitation. 5 pl of the
samples were TCA (trichloroacetic acid) precipitated, dissolved in 0.1 N NaOH, and
reprecipitated with TCA. Total radioactivity was equated for the samples before the
immunoprecipitation. The supernatants were then transferred to new tubes and incubated
with specific antiserum for CaM-kinase II, for 16 hr at 4 °C. Protein-A-Sepharose was
added for 2 hrs, and the PAS-antibody-antigen complexes were pelleted and washed four
times with 50 mM Tris-HCl (pH 8.3), 0.6 M NaCl, 0.5 % Triton X-100 plus 0.1 mM
PMSF. Immunoprecipitates were solubilized in SDS sample buffer followed by boiling for
2 min. Protein were fractionated by SDS-PAGE (382), and phosphoproteins were

visualized by autoradiography.
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Northern analyses

Cells were plated at a density of 4 X 100 cells per 100 mm dish 2 days prior to
treatment as indicated in the figures legends. Total RNA was isolated according to Cathala
et al.. (383). Aliquots of 20 png total RNA were subjected to electrophoresis in 1.4 %
agarose gels containing 0.66 M formaldehyde, 20 mM MOPS, 5 mM sodium acetate, 1
mM EDTA and blotted to Hybond membranes. The blots were baked for 2 hours at 80 °C,
and hybridizations were performed at 42-45 °C for 12-18 hours in 50 % de-ionized
formamide, 5 % SDS, 0.4 M sodium phosphate, pH 7.2, 1 mM EDTA, 1 mg/ml BSA
using 32P-labeled DNA probes. After washing and drying, the blots were subjected to
autoradiography. The cDNA probes were as follows: for ¢-fos a 1027 bp Ava I fragment
was kindly provided by Dr. T. Curran (Roche Institute of Molecular Biology); for NGFI-
A, a 1.7 kb cDNA was provided by Dr. James Douglass (Vollum Institute); for NGFI-B
2.5 kb cDNA was provided by Dr J. Milbrandt (Washington University).

Nuclear run-on analyses

PC12 cells were lysed in a hypotonic buffer containing 10 mM Tris, pH 7.4, 25
mM sodium chloride, 5 mM magnesium chloride and 0.05 % NP-40, and nuclei were
isolated by centrifugation as described (384). The nuclei were collected in a buffer
containing 20 mM Tris pH 9, 75 mM sodium chloride, 0.5 mM EDTA, 8.5 mM DTT and
50 % glycerol, and an aliquot was incubated with 32P-CTP (385). The newly synthesized
RNA was separated from free nucleotides by ethanol precipitation, and specific message
was detected by hybridization of the RNA with nitrocellulose membranes on which cDNAs
for each gene had been immobilized. The filters were then washed and subjected to

autoradiography.



41

Other methods and materials

The PKA activation state was measured in PC12 cells as described (386, 387). T-
test statistical analyzes were performed using the T-EASE program. The 32P incorporation
was quantified by densitometric scanning (Hoefer GS300-transmittance-reflectance
scanning densitometer). [32PJorthophosphate was purchased from ICN; [y-32P]ATP was
from New England Nuclear; A231g7, forskolin, IBMX and TPA from Sigma Chem. Co.;
KN-62 from Seigakagu; DMEM was from GIBCO and Primaria dishes from Falcon.
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RESULTS

Involvement of CaM-kinases in calcium-dependent expression of immediate early genes.

Our strategy was to test the involvement of CaM-kinases in the Ca2+-dependent
transcriptional regulation of the three IEGs c-fos, NGFI-A and NGFI-B by use of the cell-
permeable CaM-kinase inhibitor KN-62. We therefore wanted to confirm that KN-62
inhibited CaM-kinases in our PC12 cell preparation, and we chose CaM-kinase II as it had
been previously demonstrated to be inhibited by KN-62 in PC12 cells (379). PC12 cells
were metabolically labeled with 32PQy, and treatment with 1 or 10 pM divalent cation
ionophore Aj3187 increased by 2- to 3-fold (p<0.01, n=3) the 32P-labeling of the
immunoprecipitated CaM-kinase II compared to non-stimulated cells (Fig. 1).
Preincubation of the cells for 30 min with 10 pM KN-62 before addition of A231g7
inhibited (p<0.05, n=3) the enhanced autophosphorylation of CaM-kinase II (Fig. 1).
Similar results were obtained when the cells were stimulated with 55 mM KCl (data not
shown) rather than A3187. These results confirmed that KN-62 was inhibiting CaM-
kinases in PC12 cells under our incubation conditions.

We next tested the ability of KN-62 to inhibit Ca2+-stimulated mRNA levels. Fig.
2 illustrates a Northern blot of IEG expression at different times of stimulation with 5puM
A23187 without or with preincubation with 10uM KN-62. As previously reported (16), c-
fos, NGFI-A and NGFI-B mRNAs exhibited strong Ca2+-dependent elevations, and the
mRNA levels for the three IEGs peaked 30-60 min after stimulation by 5uM A23187. When
Ca2+-free medium containing 0.1 mM EGTA was used, no induction of the IEGs by
A23187 was observed (data not shown). Preincubation of the cells for 60 min with KN-62
prior to addition of Ap3187 resulted in a strong reduction in mRNA levels, Densitometric
scans from eight different experiments were analyzed, and KN-62 gave a 60-70%
inhibition of all three IEGs after 45 min of A231g7 stimulation (Fig. 2, p<0.0001). Neither

A23187 or KN-62 affected the mRNA levels for cyclophilin, a constitutively-expressed
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gene that is commonly used as a control (388, 389). Similar inhibition by KN-62 was
obtained when the intracellular concentration of calcium was raised by membrane
depolarization with 55 mM KCl (data not shown).

Transcription of these three IEGs is also regulated by PKA and PKC (376), and
some effects of Ca2* are blocked by PKA inhibitors (211), suggesting that Ca2+ might
stimulate CaM-dependent adenylate cyclase. To determine if Az31g7 was acting through
activation of PKA, we determined the activation state of PKA in our experiments. A23187
had no effect on PKA whereas forskolin strongly increased its activation state (Fig. 3).
Furthermore, KN-62 should have no effect on the PKA or PKC second messengers
pathways if it is specifically inhibiting CaM-kinases. This was tested by stimulating the
PC12 cells with forskolin to elevate cAMP and activate PKA or with TPA to activate PKC.
As shown in Fig. 4A, KN-62 had no effect on the forskolin (10uM) or TPA (100 ng/ml)
induction of the three IEGs, confirming the specificity of KN-62 for the CaM-kinase
pathway.

To establish whether the effects of Az3187 and KN-62 on mRNA levels reflect
transcriptional regulation, nuclear run-on experiments wete performed. Fig. 4B shows a
representative experiment of the induction of the IEGs by a 15 min treatment with A3187
without and with KN-62 preincubation. The inductions of c-fos, NGFI-A and NGFI-B
were similar to those previously reported in response to membrane depolarization with KCI
(16). Again, KN-62 gave 80-90% inhibition for all three IEGs (Fig. 4B), demonstrating a

strong inhibitory effect on CaZ+-stimulation at the transcriptional level.

Involvement of calcium/CaM-dependent protein phosphatase in the calcium regulation of

IEGsS.

Since elevation of intracellular CaZ+ would be expected to also activate calcineurin,
the Ca2+/CaM-dependent protein phosphatase (370, 390), we wanted to ‘ascertain if

calcineurin played a regulatory role in IEG mRNA levels. Involvement of calcineurin was
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determined by preincubation of the PC12 cells with FK506 or cyclosporin A, specific and
potent inhibitors of this phosphatase (185). Fig. 5A shows a Northern blot of the three
IEG mRNAs after A»31g7 stimulation without or with preincubation in the presence of 0.1
MM FK506 or 1 pM cyclosporin A (CsA) for 30 and 60 min, respectively. CsA and
FK506, neither of which had any effect in the absence of Aj3187, gave an 8-fold
potentiation of the Ca2+-stimulation of NGFI-A (p<0.0001, n=3) but blocked the Ca2+-
induction of NGFI-B (p<0.0001, n=3). No significant effect was observed on c-fos
expression. FK-506 had a similar effect on the Ca2*-responsiveness of the three IEGs
when subjected to nuclear run-on analyses (Fig. 5B). These highly specific effects of
calcineurin inhibitors were only observed for Ca2+-induction of IEGs as FK506
preincubation was without effect when cells were stimulated with forskolin or TPA (Fig.
6).

The regulatory effects of calcineurin could be either direct or mediated indirectly
through dephosphorylation of inhibitor 1 (I-1). Phosphorylated I-1 inhibits protein
phosphatase 1 (PP1), so calcineurin can activate PP1 by dephosphorylating I-1 (391). PP1
is a general protein phosphatase that can dephosphorylate transcriptional factors including
CREB (263). Thus, inhibition of calcineurin by FK506 could inhibit PP1 by preventing
normal dephosphorylation of I-1. To determine if the calcineurin effect was being mediated
by PP1, we preincubated cells with okadaic acid (OA), a potent inhibitor of protein
phosphatases 1 and 2A. Okadeic acid (OA) did not mimic the pattern obtained with FK506
since the calcium-stimulated mRNAs for all three IEGs were inhibited by 1-100 nM OA or
enhanced by 300—500 nM OA (Fig. 7). Neither FK506 (Fig. SA) nor OA (Fig. 7) had
significant effects by themselves at the concentrations used in this study. Thus, it is clear
that FK506 and OA can have very different regulatory effects on Ca2+-stimulation of

NGFI-B.
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DISCUSSION

Over the past five years mechanisms involved in Ca2+/CaM-stimulated gene
expression have begun to emerge. There is good evidence that the multifunctional CaM-
kinase II is involved in transcriptional regulation through phosphorylation of C/EBPf
(174). It is also well established that the Ca2+/CaM-dependent protein phosphatase
calcineurin regulates interleukin-2 (IL-2) gene transcription through dephosphorylation of
NF-AT (194). The present paper examines in PC12 cells the roles of CaM-kinases and
calcineurin in transcriptional regulation of the three IEGs c-fos, NGFI-A and NGFI-B
using specific inhibitors of these Ca2+/CaM-dependent enzymes. Our results extend the
regulatory involvement of CaM-kinases from c-fos (157) and prolactin (169) to also
include NGFI-A and NGFI-B. We also demonstrate negative and positive roles for
calcineurin in the transcriptional regulation of NGFI-A and NGFI-B, respectively.

The CaM-kinase inhibitor KN-62 blocked Ca2+-dependent autophosphorylation of
CaM-kinase II (Fig. 1) and reduced by 60-70% the Ca2*-stimulated transcription of all
three IEGs in response to the divalent cation ionophore A23187 as determined by both
Northern (Figs. 2 and 4A) and nuclear run-on (Fig. 4B) analyses. This Ca2+ effect was
not mediated by PKA thfough activation of Ca2+/CaM-dependent adenylate cyclase as
treatment of PC12 cells with A23187 had no effect on the activation state of PKA (Fig.3).
The inhibitory effect of KN-62 we observed was specific for the Ca2+ response as
preincubation with KN-62 had no effect on transcription of these IEGs in response to
forskolin or TPA which stimulate the PKA or PKC pathways, respectively (Fig. 4A). This
result is consistent with the known in vitro specificity of KN-62 which inhibits CaM-
kinase II competitively with Ca2+/CaM, and it therefore has no effect on PKA or PKC
(379). In smooth muscle cells KN-62 can inhibit CaM-kinase IT without inhibiting another
Ca2+/CaM-dependent protein kinase, myosin light chain kinase or altering intracellular

Ca2+ responses to calcium ionophore as determined by Fura-2 measurements (392).
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However KN-62 is not specific for CaM-kinase II as it does inhibit other members of the
CaM-kinase family (378) including CaM-kinase IV (377).

Our results do not rule out a possible involvement of CaM-kinase(s) in the CaZ+-
dependent relief of an elongation block as described in non-neuronal cells (199-201) since
our probes for the nuclear run-on experiments represented the entire cDNA sequence of the
three genes. However, our results are consistent with the report of Sheng et al. (157)
which suggested a role for a CaM-kinase in Ca2+-stimulated transcription of c-fos through
a calcium response element (CaRE) that binds CREB. The mechanism(s) by which CaM-
kinase(s) enhances transcription of NGFI-A and NGFI-B is not known. Yoon et al. (73)
identified a portion of the NGFI-B promoter essential for Ca+ stimulation. Although this
sequence does not contain a CRE/CaRE motif, there are two AP-1 like elements, one GC-
rich sequence that includes the binding site for SP1 and a family of zinc finger proteins
including the NGFI-A protein. The AP-1 like sequences in NGFI-B are very similar to the
FAP element in the c-fos promoter which can act as a functional CRE in PC12 cells (202).
Thus, it is possible that a CaM-kinase could be regulating transcription of these IEGs
through phosphofylation of CREB, and we (377) and others (I, 381) have recently
determined that transfected CaM-kinase IV can mediate transcriptional activation through
phosphorylation of Ser133in CREB. Although CaM-kinase II is an excellent catalyst for in
vitro phosphorylation of CREB, CaM-kinase II phosphorylates equally a second site in
additon to Ser133 (377). This second phosphorylation site is a strong negative determinant
for transcriptional activation (1). Of course, Ca2+-dependent transcriptional regulation of
these IEGs through phosphorylation of transcription factors other than CREB cannot be
excluded, and it has been demonstrated that Ca2+* induction of c-fos by thapsigargin in
fibroblasts (198) and by glutamate in hippocampal neurons (158) is mediated by the serum
response element (SRE) rather than the CRE. CaM-kinase IV can also phosphorylate the
serum response factor (354), and it might therefore mediate transcriptional activation

through the SRE. Since CaM-kinase IV has been identified in the nucleus (356) and it can
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phosphorylate both CREB (377) and the SRF, CaM-kinase IV is an attractive candidate to
mediate Ca2+-dependent transcriptional regulation. Although it has been reported that CaM-
kinase IV is not present in PC12 cells (349), it could be present in the nucleus at levels
below the sensitivity of the detection method.

Our results also demonstrate that calcineurin is involved in transcriptional regulation
of several genes in addition to interleukin-2. Cytosolic dephosphorylation of the
transcriptional activator NF-AT by calcineurin appears to be necessary for translocation of
NFE-AT to the nucleus where it stimulates IL-2 transcription (393). This mechanism is
involved in the action of immunosuppressants such as cyclosporin A (CsA) and FK506
which interact with cyclophilin and FK-binding protein, respectively. Each of these
complexes specifically bind and inhibit calcineurin (185), thereby blocking T cell activation
(195). Depending on the immune system cell line, CsA has been reported to either inhibit
(394) or have no effect (179) on c-fos expression. In a pancreatic islet cell line CsA and
FK506 inhibit CRE-mediated gene transcription after membrane depolarization (196). We
have shown that CaN can efficiently dephosphorylate Ser133 in CREB in vitro (377), but
we found no significant inhibitory effect of CsA and FK506 on c-fos expression in PC12
cells (Figs. 5A and 6). This may be a consequence of the fact that our experiments
examined induction of the endogenous gene in the context of the whole promoter which
also contains a Ca2+-responsive SRE element (158, 381). Different mechanisms of
induction of ¢-fos by calcium have been reported, and multiple enzymes such as CaM-
kinases, CaN or MAP-kinase seems to be involved in these effects (158, 196). This
multiplicity of Ca2*-regulation could also explain why we never attained a total inhibition
of calcium induction with either KN-62 or FK506. The calcineurin inhibitors had dramatic
and opposite effects on Ca2+-stimulation of NGFI-A and NGFI-B (Figs. 5A, 5B), but
they were without effect on transcriptional regulation of these IEGs by forskolin and TPA
(Fig. 6). This is the first report that calcineurin may be involved in transcriptional

regulation of IEGs outside of the immune system. The locus of action of calcineurin is not
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clear, but calcineurin has been detected in the nucleus of neurons (143), suggesting a
potential nuclear mechanism. General regulatory effects of protein phosphatases 1 and 2A
on all three IEGs are suggested by the effects of increasing concentrations of okadaic acid
(Fig.7). Lower concentration (10 to 100 nM) of okadaic acid, which may predominantly
inhibit phosphatase 2A, attenuated the Ca2+-dependent transcription of all three IEGs.
Higher concentrations (300-500 nM) enhanced transcriptional activation. In contrast to
calcineurin which has a rather limited substrate specificity and exhibited very different
effects on each of the three IEGs, phosphatases 1 and 2A are multifunctional and could be
regulating multiple or general transcription factors. Since inhibition of phosphatase 1 by
okadaic acid (Fig. 7) does not mimic the complex pattern of transcriptional regulation seen
using FK506 (Figs. 5-6), this indicates that regulatory effects of inhibiting calcineurin by
FK506 cannot be explained by preventing dephosphorylation by calcineurin of
phosphatase inhibitor 1 with resulting inhibition of phosphatase 1.

In summary, our results extend our understanding of the involvement of CaM-
kinases and calcineurin beyond c-fos and IL-2, respectively, to include interrelated
transcriptional regulation of NGFI-A and NGFI-B. Elevation of intracellular Ca+ in PC12
cells can activate CaM-kinases (168) and calcineurin (390). Activation of CaM-kinase
would stimulate transcription of NGFI-A whereas calcineurin activation would attenuate
NGFI-A transcription. Ca2*-dependent transcriptional regulation of NGFI-B, on the other
hand, is stimulated by activation of both CaM-kinase and calcineurin. Since inhibition of
either enzyme decreases transcription of NGFI-B by 60-80%, this suggest that each
enzyme is necessary but not sufficient for Ca2+ stimulation. It will now be important to

identify the promoter elements and transcription factors regulated by these enzymes.
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FIGURE 1: Effect of calcium ionophore on CaM-kinase IT autophosphorylation in
PC12 cells. PC12 cells were metabolically labeled with 32PO4 and preincubated with
0.1 % DMSO without (lanes 1, 3, 4, 6 and 8) or with (lanes 2, 5 and 7) 10 pM KN-62
for 30 min prior to treatment with another 0.1 % DMSO minus (lanes 1-3) or plus
A23187 at 1uM (lane 4 and 5) or 10 uM (lanes 6, 7 and 8) for 5 min. Cells were
solubilized and immunoprecipitated with antibody to CaM-kinase II (lanes 1 to 7) or
preimmune serum (lane 8) as described in "Experimental Procedures".
Immunoprecipitated proteins were separated by SDS-PAGE and subjected to
autoradiography. The arrow marks the position of CaM-kinase II. 32P-CaM-kinase 11
was quantitated relative to non-stimulated (-A23187) controls from three separate
experiments as shown in the bars to the right.
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FIGURE 2: Temporal effects of calcium and KN-62 on IEG mRNA levels.
PC12 cells were preincubated for 60) min with 0.1 % DMSO without (lanes 1 and
3-6) or with 10 uM KN-62 (lanes 2 and 7-10) before treatment with 0.1 %
DMSO (lane 1 and 2, 60 min) plus 5 uM A23187 (lane 3-10) for the times
indicated. Total RNA extraction and Northern blot analyses were performed as
described in "Experimental Procedures”. In the bars to the right the percent
inhibition by KN-62 after 45 min stimulation with A23187 was quantitated for
eight experiments.
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FIGURE 3: Effects of A23187 and forskolin on activation of PKA.
PC12 cells were incubated with 5 mM A23187 or 10 mM forskolin for 5
or 45 min. The cells were centrifuged (14000 rpm for 15min) and the
supernatant aspirated. The cells were lysed in a buffer containing 10 mM
potassium phosphate, pH 6.8, 10 mM EDTA and 0.5 mM IBMX. The
activation state (i.e., fraction of total kinase present as the active catalytic
subunit) of PKA was determined using 60uM kemptide as substrate.
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FIGURE 4A: Specificity of KN-62 for calcium stimulation
of IEGs. PC12 cells were preincubated for 60 min with 0.1 %
DMSO (-) plus 10 uM KN-62 (+) and stimulated for 45 min
with 0.1 % DMSO (lanes 1 and 2) plus § UM A23187 (lanes
3 and 4), 10 pM forskolin (lanes 5 and 6) or 100 ng/ml of
TPA (lanes 7 and 8). Total RNA extraction and Northern blot
analyses were performed as described in "Experimental
Procedures”. For NGFI-A and NGFI-B short and longer
exposures of the blots are shown.
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FIGURE 4B: Nuclear run-on analyses of KN-62 inhibitory effects. PC12 cells
were preincubated for 60 min with 0.1% DMSO (-) plus 10 uM KN-62 (+) and
stimulated with 5 uM A23187 in 0.1 % DMSO for 15 min. Nuclear run-on
assays were performed as described in "Experimental Procedures”. The percent
inhibition of the A23187 response by KN-62 is quantitated at the right.



12 3 45 6 7 8

B NGFI-A (p<0.0001, n=3)
O NGFI-B (p<0.0001, n=3
NGFI-A ‘ ‘ O c-fos (p =0.1154, n=6} 1000

NGFI-B & A 500
| . )
E
cyclophilin .m.... w T
FK506 L
CsA e [ 200
KN-62 5 F B S o B
A 23187 IR B T 0

FIGURE 5A: Effects of CsA and FK506 on induction of IEGs. Northern analysis.
PC12 cells were preincubated in 0.2 % methanol with the indicated combinations
of 1uM CsA or 10 uM KN-62 for 60 min or 0.1 UM FK506 for 30 min before
treatment for 45 min with 0.1 % DMSO (lanes 1-4) or 5uM A23187 (lanes 53-8).
Total RNA extraction and Northern blot analyses were performed as described in
"Experimental Procedures”. The effects of FK-506 on A23187 stimulation are
quantitated in the bars to the right.
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FIGURE $B: Specificity of FK-506. Northern blot. PC12 cells
were preincubated for 30 min with 0.2 % methanol (-) plus 0.1
UM FK506 (+) and stimulated for 45 min with 0.1 % DMSO
(lanes 1 and 2) plus 5 uM A23187 (lanes 3-4), 10 uM forskolin
(lanes 5-6) or 100 ng/ml of TPA (lanes 7-8).Total RNA
extraction and Northern blot analyses were performed as
described in "Experimental Procedures".
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FIGURE 6: Effects of CsA and FK506 on induction of IEGs. Nuclear
run-on analysis. PC12 cells were preincubated for 30 min with 0.2 %
methanol (-) plus 0.1 uM FK506 (+) and stimulated with SuM A23187
for 30 min. Nuclear run-on assays were performed as described in

"Experimental Procedures™.
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FIGURE 7: Effect of okadaic acid on IEGs induction by A23187. PC12
cells were preincubated for 60 min with 0.1 % DMSO (lanes 1 and 8) plus
okadaic acid (OA) at the indicated concentration before treatment with 0.1
% DMSO (lanes 1-7) plus 5 uM A23187 (lanes 8-14) for 45 min. Total
RNA extraction and Northern blot analyses were performed as described in
"Experimental Procedures".
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ABSTRACT

We have characterized Ca2+/ca1modu1in-dependent protein kinase IV (CaM-kinase IV),
expressed using the baculovirus/Sf9 cell system, to assess its potential role in Ca2+-
dependent transcriptional regulation. CaM-kinase IV was strongly inhibited in vitro by
KN-62, a specific CaM-kinase inhibitor which suppresses CaZ+-dependent transcription of
several genes, so we tested whether CaM-kinase IV could stimulate transcription. Co-
transfection of COS-1 cells by cDNA for CaM-kinase IV gave a three-fold stimulation of a
reporter gene expression whereas co-transfection with CaM-kinase II gave no
transcriptional stimulation. Since this transcriptional response was mediated by
phosphorylation of CREB, we determined the kinetics and site-specificities of CaM-
kinases IV and II for phosphorylating CREB in vitro. CaM-kinases IV and II and cAMP-
kinase (PKA) all had similar Ky values for CREB ( 1-5uM), but the Vimax of CaM-kinase
IV was 40-fold lower than those of CaM-kinase II and PKA. Although all three kinases
phosphorylated Ser!33 in CREB, CaM-kinase II also gave equal phosphorylation of a
second site which was not Ser®8. The two CREB phosphorylation sites were separately
32p-labeled, and the abilities of protein phosphatases 1, 2A and 2B (calcineurin) to
dephosphorylate them were tested. Our results show that all three phosphatases could
dephosphorylate both sites, and calcineurin was a stronger catalyst for dephosphorylating
site 1 (Ser!33) than for site 2.

These results indicate that CaM-kinase IV may be important in Ca2*-dependent
transcriptional regulation through phosphorylation of Ser133 in CREB. The fact that CaM-
kinase II phosphorylates another site in addition to Ser!33 in CREB raises the possibility
that this second phosphorylation site may account for the suppressed ability of CaM-kinase
IT to enhance transcription through the CRE/CREB system. In addition multiple protein
phosphatases, including calcineurin, may exert a modulatory effect on transcription

depending on which site they dephosphorylate.
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INTRODUCTION

The CaM-kinase family has recently been expanded through the cloning of two new
members: CaM-kinases I (125) and IV (129, 348, 395). Members of this family have
strong sequence homology in their NH,-terminal kinase catalytic domains, significant
homology in their central regulatory regions that encompass their autoinhibitory and CaM-
binding domains, and variable COOH-terminal regions that can specify subunit association
and/or subcellular localization. CaM-kinase II, the most extensively characterized member
of the family, is an oligomeric enzyme which is particularly abundant in neural tissues
(reviewed in (8)). It can phosphorylate a large number of proteins, and its activity is
regulated by autophosphorylation. The substrate specificities of the other members of the
CaM-kinase family are not entirely clear, but they appear to be more restricted than for
CaM-kinase II. The role of regulatory autophosphorylation of the other members of the
CaM-kinase family are also not well established.

CaM-kinase IV may be an important regulatory protein kinase since its activity
has been reported to be strongly enhanced by autophosphorylation (352, 396). Several
laboratories have purifed CaM-kinase IV from brain and thymus (349, 350), and its cDNA
and predicted amino acid sequences have been determined (128, 129, 348, 380). The
purified kinase is a monomer that exhibits relatively slow (30-60 min) autophosphorylation
on a serine residue. The mechanism of autophosphorylation (intra- vs. intermolecular)
(352, 396) and site(s) of autophosphorylation (351, 352) are controversial. However,
several laboratories (352, 396) have reported that this Ca2+/CaM-dependent
autophosphorylation gives up to a 10-fold increase in total activity (assayed in the presence
of Ca2+/CaM) as well as an increase in Ca2*-independent activity (assayed in the presence
of EGTA). An increase in total CaM-kinase IV activityvmay be physiological since
activation of the CD3 receptor in Jurkat cells produces a 17-fold increase in total activity of

CaM-kinase IV (355). Thus, regulation of CaM-kinase IV may be significantly different
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than that of CaM-kinase II which undergoes extremely rapid (10-30 sec) intramolecular
Ca2+/CaM-dependent autophosphorylation on T286 resulting in increased Ca2+-
independent but not total kinase activity (8).

Another intriguing characteristic of CaM-kinase IV is its significant nuclear
localization (356). Nuclear localization is of potential importance since several reports
strongly link CaM-kinases to Ca2*+-dependent transcriptional regulation (157, 169, 174).
It is clear that CaM-kinase II can be involved in transcriptional regulation through
phosphorylation of C/EBPS (174), but its role in transcriptional regulation through the
CRE/CREB system is unclear even though CaM-kinase II can phosphorylate CREB on
Ser133 (157, 164). It is known that phosphorylation of Ser!33 is required for
transcriptional activation by CREB (163). We (Chapter II, 403) and others (158, 165)
have shown that the CaM-kinase inhibitor KN-62 (379) can strongly suppress CaZ+-
dependent transcription of a CRE-reporter gene or of several endogenous immediate early
genes. Thus, it is important to determine which member(s) of the CaM-kinase family may
be involved in transcriptional regulation.

To more fully understand the regulation of CaM-kinase IV and its role in transcriptional
activation through phosphorylation of CREB, the biochemical properties of the purified
CaM-kinase IV expressed in the baculovirus have been compared to those of CaM-kinase
II' expressed in the same system. We have focused on the role of regulatory
autophosphorylation, inhibition by KN-62, and the ability of CaM-kinase IV to mediate

transcriptional activation in COS-1 cells and to phosphorylate CREB in vitro.
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EXPERIMENTAL PROCEDURES

Baculovirus Expression of CaM-Kinases

CaM-kinase IV cDNA from mouse brain, kindly provided by Dr. James Shikela (Univ.
of Colorado Medical School) (380), was inserted into Not I/Xbal cut PVL1392
baculovirus transfer vector. CaM-kinases iV and II were expressed in the baculovirus
expression system and purified on CaM-Sepharose as previously described (397) with the
following modifications for CaM-kinase IV: prior to CaM-Sepharose, the 100,000g
supernatant of CaM-kinase IV was batch-treated with phosphocellulose (CaM-kinase IV
does not bind) to remove proteases; a 2M NaCl wash on CaM-Sepharose was used; and 1

mM benzamidine was added to the elution and storage buffers.

CaM-kinase Activity Assays

CaM-kinases IV and II were assayed at 30°C for 10 and 1 min, respectively, in 50mM
HEPES, pH 7.5, 10mM magnesium acetate, 400 pM [y-32P] ATP (500-1200 cpm/pmol),
60 UM syntide-2 (or as indicated in the legend) and either 0.5mM Ca2+/1 uM CaM (total
kinase activity) or 1mM EGTA (Ca2+-independent kinase activity) in a final volume of
25ul. All assays were initiated by addition of kinase diluted appropriately in 50mM
HEPES, pH 7.5, 2mg/ml BSA and 10% ethylene glycol. 32P-incorporation was
determined by spotting 15 pl aliquots onto Whatman P81 as described (397). The
inhibition experiments with KN-62 were performed as described above except that 150 nM
of CaM and 50 nM of each kinase was used, and the reaction was initiated by adding a

mixture of Mg2+, [y32-P]JATP and CaM. All assays were performed in triplicate.

Autophosphorylation of CaM-kinases
Autophosphorylation was performed at 25°C in 50mM HEPES, pH 7.5 containing 10
mM magnesium acetate, ImM Ca2+/1.5 uM CaM, 1 mg/ml BSA, 400 pM ATP, and 1 pM
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CaM-kinase IT or 2 pM CaM-kinase IV. The reactions were terminated after 20 min by a
1:5 dilution into stopping buffer (50mM HEPES, pH 7.5, 10% ethylene glycol, lmg/ml
BSA, and 3mM EDTA). Each kinase was then diluted appropriately prior to activity

measurements,

CREB phosphorylation and peptide mapping

Two previously described methods were used for bacterial expession of CREB and for
its purification (156, 398). Essentially identical results were obtained with both
preparations. CREB was phosphorylated in virro by 50 nM of baculovirus-expressed
CaM-kinase IV or 20 nM of CaM-kinase II in the conditions described above for the
assays. As a control, CREB was also phosphorylated with 20 nM catalytic subunit of
cAMP-kinase (PKA) using 50 mM of KH,POy, pH 6.8, 10 mM magnesium acetate, 400
UM [y-32P]ATP, and 1 mM EGTA. The reactions were initiated by the addition of the
kinases and after 1 min for CaM-kinase II and PKA or 10 min for CaM-kinase IV, 15 pl
were removed and spotted on phosphocellulose papers (399). For the two-dimensional
peptide mapping, recombinant CREB protein (1 pg) was phosphorylated in vitro as
described above except that 50 nM of baculovirus-expressed CaM-kinase II or PKA were
used. The reactions were initiated with kinase and incubated for 45 minutes at 30°C unless
indicated otherwise. Two-dimensional peptide mapping was performed as described (232).
1000 cpm (determined by Cherenkov measurements) of the tryptic 32P-CREB peptides
were loaded on a cellulose plate for electrophoresis (25 min at I kv) using the Hunter Thin
Layer Electrophoresis system (HTLE-7000, CBS Scientific Co.). Chromatography was
then performed for 10 hrs using n-butanol:pyridine: acetic acid:water in volume ratios of
0.375: 0.25: 0.075: 0.30. The 32P-peptides were detected by autoradiography. For
32P0g4-incorporation, CREB (10 uM) was phosphorylated as described above, and at the
designated times, aliquots were removed and spotted on phosphocellulose papers. For the

HPLC peptide mapping, CREB was selectively 32P-labeled on site 1 using PKA as
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described above for the two dimensional peptide mapping, or on site 2 using first PKA
and cold ATP (50 uM) for 20 minutes followed by CaM-kinase II and [y-32P]JATP for 60
minutes. CREB was then precipitated three times with 10 % trichloracetic acid, washed
extensively with ether, and air-dried. 32P-CREB was dissolved in 100 mM Tris (pH 7.5)
and digested overnight with 1 mg/ml trypsin. Samples were applied to a Beckman C18
(Ulirasphere ODS) column equilibrated in 0.1% trifluoroacetic acid (TFA). the column was
washed for 10 minutes in 0.1% TFA before applying a linear gradient of 0 to 50%
acetonitrile over 60 minutes. Fractions of 1 ml were collected and counted for radioactivity

by Cerenkov radiation.

Phosphoamino Acid Analysis

Aliquots of the 32P-peptides used for two-dimensional peptide mapping were
lyophilized, resuspended in 200 pl of 6 N HCI, and hydrolyzed at 110°C for 60 min.
After resuspension in pH 1.9 buffer (0.585 M formic acid, 1.36 M glacial acetic acid),
phosphoamino acid standards were added and two dimensional mapping was performed as

described (232).

Phosphatase treatment of CREB

CREB was selectively 32P-labeled on site 1 or 2 as described above. The 32P-CREB
was heated at 65°C for 10 minutes to inactivate the kinases. It has previously been shown
that this heat treatment does not effect the ability of CREB to bind to the CRE (156). The
32p-CREB was diluted 2-fold in phosphatase buffer (100 uM MnCl, and 0.01% B-
mercaptoethanol for phosphatase 1 and 2B; 50 mM Tris-HCI for phosphatase 2A), and
the reaction was initiated by addition of the indicated concentration of phosphatase.
Aliquots of the reaction containing (.08 |Lg of CREB were spotted on phosphocellulose
papers, and the papers were washed, dried -and remaining radioactivity was determined as

described above for the kinase assay. Phosphatases 1, 2A and 2B were kindly provided by
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Drs. Ernest Lee (Univ. Miami), David Brautigan (Brown Univ.) and Brian Perrino

(Vollum Institute), respectively.

Cell culture and transfections

COS-1 cells were maintained in Dulbecco's Modified Eagle Medium containing 10%
EFBS. Cells were subcultured in 60 mm dishes 12 hrs before transfection. The cells were
then transferred to serum-free medium and treated with a mixture of DNA and 20 pg of
LipofectAce reagent (GIBCO-BRL) in 1.5 ml medium. The cells were transfected with 5
ug of an expression vector for either the DNA-binding domain of the yeast transcriptional
activator GAL4 or a CREB-GAL4 fusion protein (398) and 5 g of a reproter plasmid
containing 5 copies of a GAL4 DNA binding site upstream of a minimal promoter and the
luciferase coding sequence (5XGAL4-TATA-Luciferase) and 5 pg of plasmids encoding
constitutively-active forms of either PKA, CaM-kinase II or CaM-kinase IV. The PKA
expression vector has been described previously (400). Expression vectors for
constitutively-active CaM-kinase II and CaM-kinase IV were prepared by insertion of
truncated cDNAs encoding residues 1-290 of CaM-kinase I and 1-313 of CaM-kinase IV
in place of the globin cDNA in the RSV-globin expession vector (401). After incubation of
the DNA mixture for 5 hrs., 3 ml of medium containing 20% FBS was added and the
incubation was continued for another 20-26 hrs. The cells were collected, lysed and

luciferase activity measured as described (402).

Other materials
The [y-32P]ATP was fron New England Nuclear Dupont. All other chemicals were

from standard commercial sources.
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RESULTS

Expression and characterization of CaM-kinase IV

Since CaM-kinases II and IV are members of the same protein kinase family, it is of
interest to compare their physical, catalytic and regulatory properties. For this purpose, the
o isoform of CaM-kinase IV was expressed using recombinant baculovirus in S9 cells
and purified using CaM-Sepharose affinity chromatography analogous to our expression
and purification of CaM-kinase I o subunit (397). The purified o CaM-kinase IV migrated
on SDS/PAGE as a 63kDa species (not shown), and it eluted as a single peak on FPLC gel
permeation with an apparent M; of approximately 60-67kDa (Table 1). These results
indicate that the expressed CaM-kinase 1V @, like the purified brain CaM-kinase IV «
(349), is monomeric compared to the oligomeric structure of CaM-kinase II (8). Of several
peptides tested as substrates for CaM-kinase IV, syntide-2 and autocamtide were the best
(Table 1). Peptide v, reported to be a specific substrate for purified brain CaM-kinase IV
(349), was barely phosphorylated by expressed CaM-kinase IV. The specific activity of
expressed CaM-kinase IV was 0.1-0.2 pmol/min/mg using 40 uM syntide-2 as substrate.
This value is the same as that reported for the purified brain CaM-kinase IV (349) but is
approximately 100-fold less than for expressed CaM-kinase II (10 to 20 umol/min/mg).
The Ky, of expressed CaM-kinase IV for syntide-2 (336 uM), however, was substantially
higher than that reported (349) for purified brain CaM-kinase IV (2-5 uM). Of several
proteins tested as substrates for CaM-kinase IV, synapsin I was the best with a

phosphorylation rate about 10% that of CaM-kinase I1.

There is strong sequence homology within the CaM-binding domains of CaM-kinases
IT and IV, and half-maximal activation of CaM-kinase IV was achieved with the same
concentration of CaM (150 nM CaM at a Ca2+ concentration of 0.1 mM) as was required

for activation of CaM-kinase II under similar assay conditions (Table 1). The CaM-kinase
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inhibitor KN-62 interacts with CaM-kinase II competitively with Ca2+/CaM (379), and
since the CaM-binding domains of CaM-kinases IV and II are highly conserved, one might
predict that KN-62 would inhibit CaM-kinase IV similar to CaM-kinase II. Figure 1
shows that KN-62 had very similar ICsqs (0.5-2 pM) for CaM-kinases IV and II. Because
of the nuclear localization of CaM-kinase IV (356) and the involvement of CaM-kinases in
CaZ*-dependent transcriptional activation, we also tested CREB as a substrate for CaM-
kinases IV and IT (Table 1). More characteristics of CREB phosphorylation will be given

later.

Autophosphorylation and activation of CaM-kinase IV

One of the most unique characteristics of CaM-kinase II is its rapid
autophosphorylation on T286 which converts the enzyme to a Ca2*-independent kinase (8).
Several laboratories (351, 352) have reported that purified brain CaM-kinase IV catalyzes
slow autophosphorylation of a Ser attaining a stoichiometry of approximately 1 mol 32P
per mol subunit. This autophosphorylation is reported to be associated with up to a 10-
fold increase in total CaM-kinase IV activity and a substantial increase in Ca2*-independent
activity (352, 396). When expressed CaM-kinase IV was incubated under the
autophosphorylation conditions described here, only 0.02-0.1 mol 32P per mol subunit
was incorportated at 30 min and no changes in total or Ca2+-independent kinase activitics
were detected (Fig. 2A). CaM-kinase II autophosphorylation was performed in parallel as a
positive control, and the characteristic increase in Ca2*-independent activity was observed
(Fig. 2B). Prolonged autophosphorylation for 2-3 hours does give up to a 2-fold increase
in total activity (434) but this is unlikely to be physiologically important. Furthermore, the
kinase was also preincubated with protein phosphatase 1 or 2A in an attempt to remove any
endogenous phosphate prior to autophosphorylation in the presence of microcystin-LR, but
these variables had little effect on the stoichiometry of phosphorylation or activity of the

kinase. Thus, in spite of numerous attempts to detect physiologically significant
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autophosphorylation-dependent changes in the activity of expressed CaM-kinase IV, we

have been unable to do so.

Transcriptional activation by CaM-kinase IV

KN-62 inhibits Ca2+-dependent transcription of genes containing a CRE in their
promoters (158, 165) and it also inhibits both CaM-kinases II and IV, so it was important
to determine whether CaM-kinase IV can stimulate transcription through the CRE-binding
protein, CREB. This was tested by co-transfecting COS-1 cells with a GAL4-CREB
fusion construct, a GAL4-luciferase reporter gene, and expression vectors for
constitutively-active kinases. The transfected CaM-kinases IT and IV were truncated at
residues 290 and 313, respectively, whereas the catalytic subunit of PKA was used. These
CaM-kinase truncations are in analogous positions in the two kinases, just NH,-terminal of
the CaM-binding domain. Truncation of CaM-kinase IT at residue 290 has been
demonstrated to result in a fully active kinase which can stimulate transcription through
phosphorylation of C/EBPB (169, 174). Fig. 3 shows that transfection with CaM-kinase
IV resulted in a 3-fold elevation in luciferase expression whereas transfection with CaM-
kinase II gave little stimulation over the control plasmid. Transfection with PKA stimulated
luciferase expression 6 to 7-fold. This experiment was repeated three times with similar

results each time.

Phosphorylation of CREB

Sihce transfected CaM-kinase IV gave transcriptional activation through CREB, we
further characterized the in vitro kinetics and specificities of CREB phosphorylation by the
three protein kinases. CaM-kinase IV phosphorylated CREB (Table 1 and Fig. 4A), and
only Ser residues were 32P-labeled by CaM-kinase IV (Fig. 4B). Fig. § shows the
concentration-dependency for CREB phosphorylation by CaM-kinase IV, CaM-kinase II

and PKA. From this data kinetic values could be calculated, and all three protein kinases
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had similar Ky, values for CREB phosphorylation, but the Vimax values for CaM-kinase IT
and PKA were about 40-fold greater than the Vi ax of CaM-kinase IV (Table 2). This may
explain why CaM-kinase IV was less potent at transcriptional activation compared to PKA
(Fig. 3), but the transcriptional impotency of CaM-kinase II is paradoxical from this data.
We next determined the site-specificities of the three protein kinases for CREB
phosphorylation. Two-dimensional peptide maps of CREB phosphorylated by PKA, CaM-
kinase IV and CaM-kinase II are illustrated in Fig. 6. When CREB-341 was
phosphorylated by CaM-kinase 1V, the same peptide map (Fig. 6D) was obtained as with
PKA phosphorylation of CREB (Fig. 6A). This site was identified as Ser!33 (site 1) by
using a mutant of CREB in which Ser!33 was mutated to Ala (S133A) (Figs. 6B and 6E).
CaM-kinase II, however, catalyzed incorporation of 2 mol 32PQ4 per mol CREB (Fig. 7,
insert) equally into two major sites (Fig. 6G; Fig. 7, dotted line). One site was S133 since
it was absent 1) in the S133A CREB mutant (Fig. 6H) and 2) after prior phosphorylation
with PKA and non-radioactive ATP (Fig. 7, dashed line). Phosphoamino acid analysis
showed that site 2 was also a serine as CREB 341 and its mutant S133A showed only
phosphoserine (Fig. 4C and 4D). Since Ser98 in CREB is a predicted consensus CaM-
kinase II phosphorylation site, we examined phosphorylation of CREB-327 which is
lacking 14 residues, including Ser®8, due to alternative splicing. Both sites of CaM-kinase
IT phosphorylation were present in CREB-327 (Fig. 6I), thus eliminating Ser98 as the
second CaM-kinase II site. In other experiments, we have varied the CaM-kinase 1II
concentration or time of phosphorylation to obtain a stoichiometry of phosphorylation
around 1 mol 32P per mol CREB, and both sites were phosphorylated equally. Similarly,
higher concentration of CaM-kinase IV were used, and in every case S133 was the major

single phosphorylation site.
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Dephosphorylation of CREB

The observation that CaM-kinase II was ineffective at transcriptional activation
through the CREB system (Fig. 3) in spite of catalyzing phosphorylation of Ser!33 in
CREB, suggests that the second CaM-kinase II phosphorylation site 2 may be a negative
determinant. If so, dephosphorylation of site 2 could play an important regulatory role.
Therefore, we surveyed the major protein phosphatases for their abilities to differentially
dephosphorylate sites 1 and 2 in CREB. To label site 1 (Ser!33), CREB was
phosphorylated by PKA using [y-32P]ATP. Site 2 was specifically 32P-labeled by
phosphorylating site 1 with PKA and cold ATP followed by addition of CaM-kinase II and
[y-3ZPJATP. HPLC peptide mapping confirmed that under these conditions only site 2 was
32p-labeled (Fig. 7). Fig. 8 illustrates the rates of in virro dephosphorylation of sites 1 or
2 by protein phosphatases 1, 2A or 2B (calcineurin). In these experiments we determined
the lowest concentration of each phosphatase tﬁat gave rapid dephosphorylation of site 1.
Our results show that phosphatases 1 and 2A (1-10 uM) gave similar rates of
dephosphorylation of sites 1 and 2. Calcineurin (phosphatase 2B, 25uM) was also very
active towards site 1 but significantly less so towards site 2. However, 100uM of

calcineurin did dephosphorylate site 2 (not shown),
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DISCUSSION

Over the past five years increasing evidence has accumulated that members of the CaM-
kinase family are involved in Ca2+-dependent transcriptional regulation. The best
characterized systems are the Ca2+-dependent expression of the immediate early gene
(IEG) c-fos (158), the glucagon gene (165), and sequences containing the CaM-kinase II
responsive element (CaMRE): 5-AAATGTAGTCTTATGCAATACACTTGTAGTCTTG
TAGTCTTGCAACA-3' (169). The c¢-fos and glucagon genes utilize the CREB/CRE
enhancer system (157, 165) whereas the CaMRE binds C/EBPS (174). Ca2*+-dependent
phosphorylation of C/EBPS (174) and transcription of the glucagon gene (165) are
strongly suppressed by the cell permeable CaM-kinase inhibitor KN-62. We have recently
demonstrated that KN-62 strongly inhibits the Ca2+-dependent, but not the
forskolin/cAMP- or phorbol ester-dependent, transcription of the three TEGs c-fos, NGFI-
A and NGFI-B (Chapter II and 403). However, it is not clear which member(s) of the
CaM-kinase family mediate these various Ca2+-dependent transcriptional activations.
CaM-kinase II, a multifunctional member of the CaM—kinase family, is known to
phosphorylate CREB on Ser!33 (157, 164) and to give a small enhancement of in vifro
transcription using a CRE—chloramphenicdl acetyltransferase (CAT) reporter gene (164) but
no stimulation of a CRE-reporter gene in pituitary cells (169). CaM-kinase II also
phosphorylates Ser?76 in C/EBPB and gives a 60-fold stimulation of expression of a
CaMRE-reporter gene (174). Thus, evidence for a role of CaM-kinase II in transcriptional
regulation through the C/EBPB system is strong, but CaM-kinase 11 appears to be quite
weak in stimulating transcription via the CRE/CREB system. The recent discovery of
CaM-kinase IV (348) and its éigniﬁcant nuclear localization (356) prompted us to assess its
potential role in CRE/CREB-mediated transcription.

The Sf9 cell expressed CaM-kinase IV was similar to the purified brain CaM-kinase IV

in physical properties, but it differed significantly in certain catalytic properties (Table 1).
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The most important difference is that expressed CaM-kinase IV, unlike the purified brain
kinase (352, 396), was not significantly regulated by autophosphorylation. This lack of
autophosphorylation-dependent changes in CaM-kinase IV activity has also been reported
for bacterially-expressed CaM-kinase IV (353) and for Sf9-expressed CaM-kinase IV.
While this manuscript was in preparation, a paper appeared which reported characterization
of baculovirus-expressed CaM-kinase IV (354). Their characterization of CaM-kinase IV
properties are very similar to ours including the lack of regulatory autophosphorylation.
The most likely explanation for the observed "autophosphorylation” of purified brain CaM-
kinase IV is a contamination by another protein kinase which can phosphorylate and
activate CaM-kinase IV. Indeed, a brain extract is able to catalyze a large activation of
expressed CaM-kinase IV (353, 434). This in vitro activation of CaM-kinase IV by another
protein kinase is consisient with the observation that activation of the CD3 receptor in
Jurkat cells produces a 17-fold increase in CaM-kinase IV activity (355). Presumably the
CD3 receptor stimulation activates a protein kinase (CaM-kinase IV kinase) which mediates
phosphorylation and activation of CaM-kinase IV. If the Vipax of CaM-kinase IV were
increased 15- to 20-fold by "CaM-kinase IV kinase", then CREB would be a very good
substrate (Table 2).

The existence of an apparent cascade activation system for CaM-kinase IV is of
potential importance with regards to involvement of CaM-kinase IV in transcriptional
regulation, the major focus of this investigation. Our results demonstrate that CaM-kinase
IV, like PKA, phosphorylated CREB predominantly (i.e, greater than 90%) on Serl33
(Fig. 4A, 4B and Fig 6D, 6E, 6F). Furthermore, co-transfection of CaM-kinase IV with a
GAL4-CREB construct and a GAL4-reporter gene resulted in a 3-fold enhancement of
transcription (Fig. 3). This transcriptional response to CaM-kinase IV was obtained with a
truncated form of CaM-kinase IV which is constitutively active in the absence of Ca2+/CaM
(354). It is not known if this truncated CaM-kinase IV can be further activated by

phosphorylation with CaM-kinase IV kinase. If so, it is possible that an even stronger
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transcriptional response would be obtained if this cascade system were operative. The
weaker transcriptional response elicited by CaM-kinase IV compared to PKA may be due
to the low Vmax for CaM-kinase IV phosphorylation of CREB. However, the ability of
CaM-kinase IV to enhance transcription through the CRE/CREB system appears to be
somewhat variable depending on the cell type. In GH3, PC12 and JEG-3 cells CaM-kinase
IV can give up to a 4- to 5-fold transcriptional stimulation through the GAL4-CREB
system (1). In these cells CaM-kinase II is also ineffective at stimulating transcription
through the CREB/CRE system, but CaM-kinase IT does elicits a 4-fold induction of the
prolactin gene, confirming that the transfected CaM-kinase II is active. Our observed lack
of transcriptional activation by co-transfection with CaM-kinase II is consistent with
previous reports that CaM-kinase II gives no enhancement of transcription through the
CRE/CREB system (169), but this is surprising since CaM-kinase II is a good catalyst for
phosphorylation of CREB (Fig. 5 and Table 2). In fact, the kinetic parameters for
phosphorylation of CREB by CaM-kinase II are comparable to those of PKA and much
better than those of CaM-kinase IV. However, we now report that CaM-kinase II catalyzed
equivalent phosphorylation of Ser!33 and a second site in CREB (Fig. 6H). This second
site is not Ser?8, a consensus CaM-kinase II site, since both sites were present in
CREB327 which lacks Ser98 (Fig. 6]). Previous studies on the phosphorylation of CREB
by CaM-kinase II have identified S133 as the only or the major site of phosphorylation
(157, 164). Equivalent phosphorylation of two sites in CREB has been consistently
observed in our laboratory for three years using either baculovirus expressed oo CaM-
kinase II, f CaM-kinase II or purified brain CaM-kinase II (not shown) and identification
of the phosphorylation sites by two methods, two-dimensional peptide mapping (Fig. 6) or
mapping by reverse phase HPLC (Fig. 7). This second CaM-kinase II phosphorylation site
in CREB has recently been identified as $142, and its function as a negative determinant in
CREB-mediated transcriptional activation has been established (1). The éxistence of

phosphorylation sites which are negative regulators of transcription have been identified in
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other transcription factors such as c-Jun (57), c-Fos (55, 56), and more recently another
CRE-binding protein, CREMt, has been shown to probably exhibit negative regulation by
phosphorylation (404).

Our results do not rule out the possibility that in COS cells, the ability of CaM-kinase IV to
activate transcription through the CRE/CREB system is mediated indirectly through the
CaZ+-sensitive adenylate cyclase (122). In that case PKA would be an essential component
of CaZ+-regulated transcription as suggested by Ginty et al. (211).

Since this second CaM-kinase II phosphorylation site in CREB acts as a negative
determinant for transactivation, selective dephosphorylation of site 2 relative to site 1 by a
protein phosphatase could enhance the ability of CaM-kinase II to activate transcription
through CREB phosphorylation. Therefore we determined the relative rates of
dephosphorylation of sites 1 and 2 in CREB by the most prominent protein phosphatases,
phosphatases 1, 2A and 2B (calcineurin). Previous studies using selective phosphatase
inhibitors such as okadaic acid have indicated that phosphatases 1 (263) or 2A (267) may
regulate dephosphorylation of CREB. Our in vitro results (Fig. 8) showed that
phosphatases 1 and 2A at 1-10 pM dephosphorylate sites 1 and 2 at similar rates.
Phosphatase 2B, or calcineurin, exhibited similar potency (25 uM) towards site 1 but not
for site 2. It is known that calcineurin can exist in the nucleus, but its physiological
significance for dephosphorylation of CREB has not been explored. Elevations of
intracellular Ca2+ promote phosphorylation of CREB (156), presumably by activation of
CaM-kinase IT or IV. If calcineurin and CaM-kinase II were activated simultaneously,
CaM-kinase II would phosphorylate sites 1 and 2 whereas calcineurin could selectively
dephosphorylate site 1, thereby ensuring an inactive CREB. If CaM-kinase IV
phosphorylated site 1 in CREB under conditions of elevated intracellular Ca2+, activated
calcineurin would tend to oppose this phosphorylation. We have recently shown in PC12
cells that inhibition of calcineurin by FK506 has no effect on Ca2+-dependen_t transcription

of ¢-fos, but FK-506 enhances transcription of NGFI-A and strongly suppresses the
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transcription of NGFI-B (Chapter I and 403). This complex pattern of differential effects
of calcineurin inhibition on three immediate early genes, all of which contain CRE or CRE-
like elements in their promoters, may not be consistent with a simple mechanism of action
of calcineurin to dephosphorylate CREB. We are now in the process of determining if the
calcineurin effects on the promoters of these three immediate early genes are mediated

through their CRE/CREB systems or other enhancer elements.
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TABLE 1. Properties of CaM-kinases IV and II. The Comparisons of the kinase
activities toward peptide and protein substrates are given as pmol/min and, in
parenthesis, as a percentage compared to S00 uM syntide-2 for each kinase. All
reacttons were initiated by addition of 20 nM CaM-kinase II or 50 nM CaM-kinase
Iv.

Expressed CaM-kinase II Expressed CaM-kinase IV~

Gel permeation elution 600 67
kD)
EC5p CaM (nM) 100 150
Km Syntide-2 T 336
(M)
Vmax Syntide-2 19.8 0.7
(Umol/min/mg)
Kinase activity Kinase activity
Peptides pmol/min pmol/min
Syntide-2: 50 uM 123.3 (106%) 3.8(21.5%)
500 pM 116.1 (100%) 17.7 (100%)
Autocamtide: 50 pM 79.6 (69%) 4.1 (23%)
500 uM 77 (66%) 19.6 (111%)
Peptide v: 50 uM 0.63 (<1%) 0.1 (<1%)
500 uM 5.3 (4.6%) 0.7 (4%)
PKC 19-36: 50 uyM 12 (10%) 0.6 (3.5%)
500 uM 15 (12.9%) 1.7 (9.5%)
Proteins
Synapsin I: 50 pg/ml 12.5(10.8%) 04 2.2%)
300 pg/m! 32.3 (27.8%) 3.5 (19.8%)
MBP: 50 png/ml 24 Q2.1%) 0.1 (<1%)
300 pg/ml 0.68 (<1%) 0.3 (1.7%)
CREB: 50 pg/ml 9.25 8%) 0.312 (1.8%)
360 pg/ml 14.4 (12.4%) 0.683 (3.9%)
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Table 2. Kinetic constants for CREB phosphorylation using the data from Figure 5.

CREB CaM-kinase 11 CaM—kinase v PKA

Km (uM) 1 2.5 4.7

Vmax (Umol/min/mg) 1.14 0.025 0.82
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Figure 1. Inhibition of CaM-kinases IV and II by KN-62. 50 nM of
purified CaM-kinase II (filled squares) and IV (open squares) were
assayed for total kinase activities (see Experimental Procedures) in the
presence of 150 nM CaM and the indicated concentrations of KN-62.
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Figure 3. Transcriptional efficiencies of CaM-kinases TV and IL
COS-1 cells were transfected with 5 mg of an expression vector for
either GAL4 (1-147) or a GAL4-CREB fusion protein and 5 mg of a
reporter gene containing 5 copies of a GAL4 DNA-binding site
upstream of a minimal promoter and the luciferase coding sequence
(5XGAL4-TATA-luciferase) and 5 mg of either BSSK(-) as control
or 5 mg of expression vectors for constitutively-active forms of either
PKA, CaM-kinase II or CaM-kinase IV.
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Figure 4. Phosphoamino acid analyses of 32P-CREB phosphorylated
by CaM-kinases IV and II. Panel A. Purified CREB341 (1 pg) was
phosphorylated by CaM-kinase IV (50 nM) for the indicated times.
Aliquots were removed and subjected to SDS/PAGE and
autoradiography. Controls (CREB -) contained CaM-kinase IV but no
CREB. Open and filled arrows mark the positions of 32P-CREB and
autophosphorylated CaM-kinase IV, respectively. Panels B-D. The
32p.CREB341 (panels B and C) or mutant S133A (panel D),
phosphorylated by CaM-kinase IV (panel B) or CaM-kinase II (panels
C and D), was excised from the SDS/PAGE and subjected to tryptic
digestion and partial acid hydrolysis (6 N HCI at 110°C for 1 hr) prior
to two-dimensional separation of the >2P-amino acids. The positions of
standard phosphoamino acids (phosphoserine, PS; phosphothreonine,
PT; phosphotyrosine, PY) are indicated.
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Figure 5. Concentration dependency of CREB
phosphorylation. The indicated concentrations of purified
CREB341 were phosphorylated by 20 nM CaM-kinase II
(filled squares) or PKA (open triangles) or by 50 nM CaM-
kinase IV (open squares) (see Experimental Procedures).
Aliquots of the reaction were spotted on phosphocellulose
papers at 1 min (CaM-kinase II and PKA) or 10 min (CaM-
kinase IV) and processed to quantitate the initial rates of
CREB phosphorylation. Note the different scale used for
CaM-kinase IV phosphorylation.
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Figure 6. Two-dimensional peptide mapping of phosphorylation sites u13 REB. 1t02
pg of CREB (CREB341, CREB341 mutant S133A, or CREB327) were ~“P-labeled by
50nM of PKA, CaM-kinase IV or CaM-kinase II as indicated. The 32P-CREB was
excised from SDS/PAGE, subjected to tryptic digestion and two-dimensional peptide
mapping (see Experimental Procedures). The two major CREB phosphorylation sites 1
and 2 are indicated by the arrows, and the origin is denoted by the cross.



'dLV[dze-ewwes] [enpisar st utw 01
01 Jo11d Mead [TRWS SYJ, "aul] paysep oyl £q UuMOys ore ‘urw 09 107 J1.V[dzg-rwwes]
pue JI SSEUD-JNBD JNU (S £Q DPImoO[[0] urw (7 10J JLV 9AIIBOIPRI-UOU
Pue ¥iId WU 0§ £q pajedioydsoyd sem jeys gay) jo sidures pimy) v woay sapndad
ond41y, ‘Surddew Hr1qH oseyd os194a1 01 paroalqns o1om (aurf pi1os) v3Id 10 (aulg
pa10p) II sseuny-JNe) Aq parejdroydsoyd gayD wiosy peausp sapnded-dze oyl
"§9INPad0I1d [eiuswiradxy ur paquosap se uisd£n yiam pa1sadip pue passasoid sem
HHYD-dTE UL "V3Id 10 (395Ur 995) T dSEUIY-]BD U (S JOUII0 ynim pejerlrodsoyd
Sem gHYD  “sans uonerfoydsoyd gayD jo Swiddew apndad 1y 2 aIng3r

(upur) swry,
06 03 ! 0
1 Vs MLA_:; = l ! Lﬁ»‘lz.sz.«mTA\q’ O
i k I
- 01
-0z g
i | S
&
L o¢ S
o=t
9 =
(u) oun, L op =
=
09 or 02 0 ! o
5 1 N 1 " 0'0 jay]
<
o3 o "l|.—-74
Loy S
oy 8 a
= " Q
(95
v -0l 3
g o
o B I a
L02 A o 8
. g
I1 eseuly-jAe) . - 06
001




&7

‘(spuowrerp uado) jutod awm yowa 18 9500 S pauLap SEM oseieydsoyd Aue Suryoe] uonorar
[01u0d 3y, "(UMOYS 10U) KIIATIOROIDRI [810) 9y} JO 9 1Byl 210w juasaidal 10u pp uoneAroydsoydone
IT =Seun-INeD) "gHYD-d¢e SUIUIRWDI aurualdp o1 siaded asorn[aooydsoyd uo pepods a19m uondsEaI
Y1 Jo sjonbiye sown pareoTpur Ayl 1y “(SAMPId0IJ Teyudwadxy 998) (sarenbs payy ‘NUCT) g7 10 ‘(saxenbs
usdo ‘AU 7) YT ‘(Spuowrerp pafiy ‘WuQl) | osereydsoyd uloId yim pateqnout aram Juelewadns 2y jo
sionbife pue ‘ureloxd pamivuap paAowar 01 pasnynuad ATJoLIq ‘SISBULY QY] 91RATIIRUI O} (UIWI () I0J DoSQ)
Py SeM gHAD-dze SUL (g [2urd ‘T a11s) JLV[dge-pwweS] W (0| pue [] 9SPUR-]NBD) JO UOTIPPE
Aq pamorro3 4LV Prod WM (g 10 (v 1oued ‘T ay1s) gL v(-dze-Pwures] W ¢/ pue yid Aq parejKioydsoyd
sem  [pedHYD sesereydsoyd wisrord £q ¢ opue | seus gmyd Jo uoneidroydsoydog ‘g a.nSiy

(urwr) outg, (urur) o,

L 4 L i

SE o€ T4 0c¢ Sl Ol S o] SE 0k T4 0e Sl ol S 0
i 1 A 1 i 1 s 1 2 L 1 s 1 L L A A

=

o

[01U0d JO 9
[onuoo Jo 9




88

IV

DISCUSSION

The requirement for calcium during muscle contraction has been known for about 100
years, but the role of calcium as a key signalling molecule in nearly every eukaryotic cell
has only been discovered in the last 20 years. Calcium regulates many different biological
phenomena that persist from milliseconds to hours or days after the change in calcium
concentration. Recently the role of calcium in the regulation of long term events in the
nervous system has received attention from neuroscientists. The transcriptional regulation
of immediate early genes (IEGs) that encode transcription factors which are responsible for
the control of late gene activity is a major system by which the cell can efficiently direct its
long-term response to external stimuli. The pioneering work of Michael Greenberg's
laboratory at Harvard Medical School, dissecting the pathways used by calcium to regulate
IEG's transcription, demonstrated the importance of calcium-regulated transcription in the
nervous system. Membrane depolarization induces IEGs transcription in PC12 cells (16),
and the cAMP-responsive element (CRE) has been shown to mediate ¢-fos induction by
membrane depolarization (155, 156) through phosphorylation of the CRE binding protein
(CREB) (157). The kinase responsible for CREB phosphorylation in response to
membrane depolarization was not identified. Three different laboratories (157, 164, 165)
suggested that CaM-kinase II, which has an overlap in substrate specificity with PKA,
could be responsible for CREB phosphorylation in cells. Indeed, CaM-kinase II is an
excellent catalyst for CREB phosphorylation in vitro. However, Michael Rosenfeld's
group demonstrated that an expression vector encoding a constitutively-active form of
CaM-kinase II did not activate the transcription of a reporter gene under the control of a

CRE, suggesting that CaM-kinase II-was not the correct candidate (169). The work of this
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thesis has been focused on trying to understand the role of CaM-kinases and phosphatase

in the regulation of IEGs by calcium and calmodulin,

The calcium regulation of IEGs is mediated by CaM-kinase(s)

We have demonstrated in PC12 cells that transcriptional induction by calcium
(membrane depolarization or calcium ionophore treatment) of the three IEGs c-fos, NGFI-
A and NGFI-B was blocked by KN-62 (Chapter II, Figs. 2 and 4B), a cell permeable
synthetic compound that had been previously characterized as a specific inhibitor of CaM-
kinase IT (379). KN-62 inhibited CaM-kinase II activation in PC12 cells (Chapter 11, Fig. 1
and 379) but had no effect on the stimulation of the three IEGs by forskolin, which
activates adenylate cyclase and results in the activation of PKA, or by TPA, which directly
activates PKC. This result demonstrated the specificity of KN-62 for the calcium pathway
(Chapter II, Fig. 4A). The effect of KN-62 was due to direct inhibition of CaM-kinase and
not due to any nonspecific effect on the calcium flux during the calcium ionophore
treatment (392). We also clearly demonstrated that treatment of PC12 cells with the calcium
ionophore A23187 did not activate PKA (Chapter II, Fig.3). This result rules out any effect
due to activation of a Ca2t/CaM-dependent adenylate cyclase (122) or activation of PKA
due to proteolytic activation by the calcium-activated protease, calpain (213). Our results
using KN-62 suggest that in addition to c-fos, other IEGs such as NGFI-A and NGFI-B

are positively regulated by CaM-kinase(s).

Role of CaM-kinase I and CaM-kinase IV in the activation of transcription through CREB
In order to establish which CaM-kinase(s) were responsible for the calcium
induction of the IEGs, we compared the ability of two multifunctional CaM-kinases to
regulate transcription. CaM-kinase IV, a recently cloned and monomeric CaM-kinase (128-
130), has been localized in the nucleus and is therefore an attractive candidate for

transcriptional regulation. We expressed CaM-kinase IV in the baculovirus system and, as
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well as others (354), characterized the properties of this enzyme in vitro (Chapter III, Table
I). One of the major differences between CaM-kinase IT and CaM-kinase IV is that CaM-
kinase II generates a Ca2*-independent form upon rapid autophosphorylation, whereas the
autophosphorylation of CaM-kinase IV was very weak and generated little Ca2+-
independent activity (Chapter III, Fig.2). We showed that in vitro KN-62 inhibited CaM-
kinase IV as well as CaM-kinase II with an ICsp between 0.5 and 2 uM (Chapter I1I, Fig.
1), demonstrating that KN-62 could equally inhibit CaM-kinase II and CaM-kinase IV in
PC12 cells. Thus the induction of ¢-fos, NGFI-A and NGFI-B by calcium might be
mediated by at least 2 different CaM-kinases: CaM-kinase II and CaM-kinase IV.

Two laboratories reported that CaM-kinase II phosphorylates CREB at Ser133
(157, 164), the site that triggers transcriptional activation when phosphorylated by PKA
(247), so we tested wether CaM-kinase IV could phosphorylate CREB in vitro. Indeed,
CaM-kinase IV phosphorylated CREB (Chapter I, Figs. 4A and 4B), and this
phosphorylation only occured at Serl33 as determined by two-dimensional peptide
mapping (Chapter I, Figs. 6D, 6F). Furthermore, when Ser133 in CREB was mutated to
Ala, CREB was not phosphorylated by CaM-kinase IV (Fig. 6E). Kinetic experiments
determined that the Kms of PKA, CaM-kinases II and IV for CREB were very similar
(between 1 and 5 uM), and that the Vmax of CaM-kinase II and PKA were also very
similar (about 1 pmol/min/mg) whereas the Vmax of CaM-kinase IV for CREB was about
40 fold lower (0.025 umol/min/mg) (Chapter III, Fig.5 and Table ITI). We have now
shown that if CaM-kinase IV was activated by the CaM-kinase IV kinase, purified in our
laboratory (434), the Vmax for CREB is increased 25 to 35 fold compared to the one
obtained with nonactivated CaM-kinase IV (assayed in the presence of Ca2+/CaM),
whereas the Km was similar to the one observed for CaM-kinase II and PKA (not shown).
Thus, the Vmax of the "activated" CaM-kinase IV (activated by CaM-kinase IV kinase) for
CREB is similar to the one observed with CaM-kinase II and PKA. Phosphorylation of

CREB by "activated" CaM-kinase IV (not shown) occurs, like phosphorylation by "non-
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activated” CaM-kinase IV, exclusively on Ser133 (Chapter I1I, Table II). Surprisingly, we
found using 2D or HPLC peptide mapping that the o isoform of CaM-kinase II catalyzed
the phosphorylation of a second Ser residue distinct from Ser133 (Chapter III, Figs. 4C-D,
6G-I and 7). Similar results were obtained with the B isoform as well as with the brain
purified enzyme (not shown). These results prompted us, in collaboration with Peiqing
Sun in Dr. Maurer's laboratory, to test the ability of CaM-kinase IT and IV, to activate
transcription through CREB phosphorylation. Using vectors containing cDNAs encoding
constitutively-active, truncated forms of CaM-kinase IT and IV (residues 1 to 290 for CaM-
kinase II and 1-313 for CaM-kinase IV) as well as the catalytic subunit of PKA with the
CREB-GALA4 system in COS-1 cells, we observed an 8-to 10-fold stimulation of
transcription through CREB phosphorylation by PKA and a 3-fold stimulation by non-
activated CaM-kinase IV (Chapter III, Fig.3). CaM-kinase II gave no induction of
transcription in this system (Chapter III, Fig.3) suggesting that its second phosphorylation
site in CREB is a dominant negative determinant for activation of transcription. Dr.
Maurer's laboratory has now determined that this second site phosphorylated by CaM-
kinase II is Ser142 and that it is a dominant negative determinant (1). The sequence
surrounding Ser142 : -I-L-N-D-L-S*-S-D-A-P-G- is different from the established
consensus phosphorylation sequence for CaM-kinase 11, confirming that factors others than
Arg in position -3 can be important in determining phosphorylation by CaM-kinase II. It is
interesting to point out that the protein vimentin is phosphorylated by CaM-kinase II on
Ser82 and that the recognition motif for this phosphorylation is also -S*-X-D- (335). These
results demonstrate that CaM-kinase II and CaM-kinase IV, like PKA, can phosphorylate
CREB at Ser133 but that only CaM-kinase IV and PKA can activate transcription through
CREB phosphorylation (see figure 1 this chapter, p.92). CaM-kinase IV is to date the best
candidate for the activation of transcription by calcium through CREB phosphorylation (as

CaM-kinase I does not appear to be nuclear).
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A role for CaM-kinase II in regulating transcription through phosphorylation of
other transcription factor has been reported. For example, CaM-kinase II can stimulate
transcription of the prolactin gene (169) and inhibit transcription of IL-2 (405). Moreover,
a new isomer of CaM-kinase II, &g, has recently been cloned from rat heart and
demonstrated to be differentially targeted to the nucleus (406) in contrast to other isoforms
which are excluded from the nucleus (381, 406). An 11-amino acid insert present in the
variable domain of 6g-CaM-kinase Il appears to be responsible for its nuclear localization
(406). Another mechanism that could permit CaM-kinase II nuclear translocation is its
proteolytic digestion, which renders it monomeric and constitutively active (as the form
used in our experiments). However this mechanism has only been demonstrated in vitro
(399). Thus, the presence of CaM-kinase IT and CaM-kinase IV in the nucleus of the same
cell is possible. However, if CaM-kinase II was present in the nucleus and phosphorylated
CREB, transcription through the CRE would not be activated because of Serl42
phosphorylation. Numerous genes containing a CRE in their promoters are induced by
calcium. This suggests that if Ser142 is phosphorylated in cells, a mechanism must exist to
dephosphorylate this residue. However, a selective dephosphorylation in vive of Ser142
over Serl33 by a protein phosphatase could result in the indirect activation of transcription
by CaM-kinase II. To test this hypothesis, we monitored in vitro the ability of the three
major protein phosphatases PP1, PP2A and PP2B or CaN to dephosphorylate Ser133 and
Ser142. None of the three protein phosphatases tested preferentially dephosphorylated
Serl42 over Ser133 (Chapter III, Fig.8). We still cannot rule out that in vivo an as yet
unknown protein phosphatase can efficiently dephosphorylate Serl42 over Serl33.
Another possible mechanism would be that Ser142 is constitutively phosphorylated in
resting cells by the basal level of CaM-kinase IT and that calcium would simultaneously
trigger Serl33 phosphorylation and Ser142 dephosphorylation resulting in CREB

activation.
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The mechanism by which phosphorylation of Serl42 prevents transcriptional
activation, even when Ser133 is phosphorylated, is not known. One possibility is that the
interaction between CREB phosphorylated on Serl133 and its co-activator CBP (CREB-
binding protein) (271) is prevented or modified by the phosphorylation of Serl42. A
change in the conformation of CREB due to Serl42 phosphorylation could also be
responsible for a modified interaction of CREB with CBP or with the basal transcriptional
machinery. Negative transcriptional regulation by CaM-kinase II is not unprecedented as
Nghiem et al. recently demonstrated that CaM-kinase II blocks transcriptional initiation of
the IL-2 gene. This block could be mediated by phosphorylation of the transcription factor
NF-AT (405). In addition; these investigators demonstrated that a constitutively-active
form of CaM-kinase IV did not activate a reporter gene under the control of the IL-2 gene
promoter. These results in addition to the ones obtained for the regulation of transcription
through CREB phosphorylation demonstrate that CaM-kinase II and CaM-kinase IV can
regulate transcription positively and/or negatively and that regulation of transcription by
these enzymes is not limited to the CRE/CREB and CEBP/ system.

Our results provide a model in which calcium-induced-CREB phosphorylation can
positively or negatively regulate CRE-driven transcription depending on the CaM-kinase
involved. The tissue distribution of CaM-kinase Il and IV, their subcellular localization,
cellular concentration, affinity for CREB phosphorylation as well as the dephosphorylation
of Serl42 are critical factors in this model that determine whether calcium activates or

prevents transcriptional activation through CREB phosphorylation.

Role of Calcineurin in the regulation of IEG's transcription by calcium

Our results using FK506 and CsA suggest that CaN regulates the transcription of
NGFI-A and NGFI-B in PC12 cells (Chapter II, Figs. 5A-B and 6). PC12 is a cell line
used as a model to study certain neuronal-specific phenomena such as differentiation and

neurite outgrowth. Our observations constitute the first report of the involvement of CaN in
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transcriptional regulation in a neuronal model. In immune cell lines CaN positively
regulates the transcription of IL-2 and IL-4 through the transcription factor NF-AT(p)
(190, 191, 407, 408). In the kidney CsA decreases transcription of the PEPCK, gene; this
effect is organ-specific as hepatic PEPCK gene expression is unaffected (409). CaN also
positively controls the adenovirus major late promoter in lymphoma cells (410). Our results
extend this list of regulated genes to NGFI-A and NGFI-B. In PC12 cells CaN regulates
NGFI-A negatively and NGFI-B positively, suggesting that in the case of NGFI-A CaM-
kinase(s) and CaN effects would antagonize each other whereas they would Synergize
calcium-induction of NGFI-B. This is consistent with the recent report by Schwaninger et
al. using pancreatic islet cells. They have demonstrated that membrane depolarization relies
not only on CaM-kinase(s) (165) but also on CaN for activation of CREB/CRE-mediated
gene transcription using transfection of reporter fusion genes (196). In this study FK506
and CsA inhibited the activation (by membrane depolarization) of a reporter gene under the
control of 350 bp of the glucagon gene promoter in the pancreatic islet cell line HIT-T15.
The same results were obtained with a reporter gene under the control of the glucagon, the
choriogonadotropin and the somatostatin CREs. In this sytem overexpression of CaN
renders the activation by membrane depolarization resistant to the effects of CsA and
FK506. These studies suggest that in pancreatic islet cells CaM-kinase(s) and CaN could
mediate positive regulation by calcium through CREB and the CRE. Such an activation
mechanism is possible for NGFI-B because of the presence of the two AP-1 like sequences
within -22 to -86 that can function as CREs. However, in the case of CaN our results with
c-fos in PC12 cells (Chapter III, Figs. 5A-B and 6) as well as the reports of others in T
cells (179, 411, 412) demonstrate that CaN is probably not involved in the calcium
regulation of the endogenous c-fos gene. These different results could be explained by the
fact that the c-fos promoter can be activated by calcium through responsive elements other

than the CRE (156, 158, 198, 381, 413, 414).
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Simultaneous activation of CaM-kinase(s) and CaN by calcium results in the
activation of NGFI-A, suggesting that the balance between the kinase and the phosphatase
is in favor of CaM-kinase(s). One possible explanation for the predominant effect of CaM-
kinase(s) is that both CaM-kinase(s) and CaN will be activated differentially in response to
an increase of intracellular calcium (415). CaN has a 100-to 1000-fold greater affinity for
CaM than CaM-kinase II or IV; thus, the phosphatase will be preferentially activated during
the ascending phase of the Ca2* transient when the calcium is relatively low, and in
particular if calmodulin is not in large excess. The CaN activation will be rapid and will
only be dependent on the rate of association between CaN and the Ca2+/CaM complex.
CaN is immediately inactivated when the calcium concentration goes down. When
activated, CaN will trigger a protein phosphatase cascade through PP1. CaN
dephosphorylates I-1 which then no longer inhibits PP1 and thereby promotes the
dephosphorylation of multiple proteins. As the calcium concentration further increases, the
concentration of Ca2+/CaM complex also increases until it is sufficient to activate CaM-
kinases. Upon activation, CaM-kinase II undergoes a rapid autophosphorylation on Thr286
that renders it partially Ca2+-independent (8). Similarly, CaM-kinase IV becomes
independent of calcium and CaM after activation by CaM-kinase IV kinase (434), When the
calcium concentration decreases, CaN is immediately inhibited whereas CaM-kinase II and
IV activities are sustained. Protein phosphatases will eventually inactivate the two kinases.
Thus a short and transient CaN activation compared to a slower but more prolonged CaM-
kinase activation could possibly explain why the kinase effect is predominant. Our results
suggest that the low calcium induction of NGFI-A, compare to NGFI-B and c-fos, could
be due in part to the inhibitory effect of CaN.

The activation by the same second messenger (i.e., Ca2+/CaM) of a kinase and a
phosphatase that will have opposite effects is intriguing but not unique. A model of
synaptic plasticity suggesting that CaM-kinase II and CaN have opposite effects on the

efficiency of synaptic transmission has been developed (416). Furthermore, very recently
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CaM-kinase IT and calcineurin have been shown to antagonize each other in the calcium
regulation of the IL-2 gene. In T cells and Jurkat cells, calcineurin positively regulates IL-2
transcription while CaM-kinase II blocks the stimulation of II-2 by co-treatment with
calcium jonophore and phorbol esters or by the constitutively-active form of CaN and
PMA. CaN and CaM-kinase II effects seem to be mediated by the same promoter regions
of IL-2, notably the NF-AT binding site (405). There are 12 CaM-kinase II consensus
phosphorylation sites in NF-AT, and it will be important to determine if CaM-kinase II
effects are mediated through the phosphorylation of NF-AT. To date CaM-kinase(s) and
CaN have not been found to have any substrates in common. Direct interaction between
CaM-kinases and CaN may be possible, although in the study on IL-2 expression
constitutively-active constructs were used ruling out phosphorylation of CaN in its
calmodulin binding domain. Although CaZ*-independent CaM-kinase II can phosphorylate
the COOH-terminus of the CaM-binding domain in CaN, this has little or no known
regulatory effect (417). Calcineurin, however, does not dephosphorylate Thr286 in CaM-
kinase II.

In general, previously reported effects of CaN on transcription have been positive
effects (80, 190, 191, 407, 408, 410). We demonstrate that NGFI-B is also positively
regulated by CaN. However, we provide evidences here, that in PC12 cells CaN can
regulate transcription negatively. The substrate(s) of CaN responsible for the negative

regulation of NGFI-A remain to be characterized.

Role of PKA in the regulation of IEG's transcription by calcium

Numerous sites of interaction between the Ca2+ and cAMP signalling system have been
characterized such as Ca2+/CaM-dependent adenylate cyclase, CaM-dependent
phosphodiesterase and voltage-sensitive Ca2+ channels that can be regulated through direct
phosphorylation by PKA. One other interaction site between the two pathways is CREB

phosphorylation and activation as described and demonstrated above. We have shown that
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an increase of intracellular calcium concentration does not have any effect on the state of
activation of PKA in PC12 cells, but a basal level of PKA activity is required for membrane
depolarization-activated c-fos and NGFI-A (211) and calcium ionophore treatment to
stimulate c-fos, NGFI-A and NGFI-B transcription (our results not shown). One
possibility is that the basal level of PKA is required to phosphorylate the protein
phosphatase 1 inhibitor, inhibibitor-1 (I-1). Phosphorylated I-1 interacts with PP1 and
inhibits the activity of this protein phosphatase. PP1 has a wide substrate specificity and
can dephosphorylate many proteins important for calcium induction of transcription such as
CREB (263). Thus, the role of the basal activity of PKA could be to keep I-1
phosphorylated in order to inhibit PP1 and prevent the dephosphorylation of CREB or any
other protein(s) that could be important for transcriptional activation by calcium. However
our results suggest that it is not the case for NGFI-B (Chapter II, Fig.7).

Sheng et al. demonstrated that in addition to converging on CREB for c-fos activation,
calcium and cAMP have synergistic effects on transcription through the CaRE (156). This
result is intriguing, particularly if activation of each of these two second messenger
pathways converges on Ser133-phosphorylation in CREB. This synergistic effect suggests
that in addition to Ser133 phosphorylation, Ca2* and cAMP may also modulate mutually
exclusive domains, either on CREB or on another CaRE/CRE-binding protein. In T cells a
mechanism by which Ca?+ and cAMP induce c-fos synergistically has been proposed by
Lee et al. (413). They demonstrated that calcium regulates c-fos expression through 2
discrete molecular mechanisms. The first one, as already described above, targets an
element immediately adjacent to the SRE and triggers increased initiation of c-fos
transcription. The second mechanism regulates the elongation of transcripts initiated in
response to other signals, and this mechanism may account for the observed synergy
between calcium and cAMP in T cells. It will be interesting to examine in PC12 cells the
regulation of c-fos elongation in response to calcium stimulation. The presence of such a

mechanism in PC12 cells, would suggest that cAMP as well as calcium could enhance
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transcriptional initiation (through different promoter elements), but only calcium would
increase elongation resulting in a synergistic effect on the total transcription when both

seccond messengers are present.

Promoter sequences requirement for the induction of c-fos, NGFI-A and NGFI-B by
calcium and other second messengers

The absence of a typical CRE sequence in the promoters of NGFI-A and NGFI-B
suggests that their induction by calcium could be mediated by pathways other than the one
using CREB. Once again, the numerous studies on the calcium regulation of c-fos are very
informative. The CRE/CREB is not the only pathway used by calcium to regulate c-fos: in
HelLa cells, for example, CRE-containing ¢-fos promoters do not respond to calcium (418)
and several laboratories have shown that the serum response element (SRE) can mediate
calcium-activated transcription of c-fos (158, 198, 413). In addition, Matthews et al.
showed that expression vectors encoding truncated, constitutively-active forms of CaM-
kinase IT and CaM-kinase IV can activate a reporter gene under the control of the c-fos
promoter that contains the CRE and the SRE motifs; the authors state that the SRE mediates
the induction by CaM-kinase II (381). This result is particularly interesting regarding a
potential role for the transcription factor C/EBPP in the Ca2+ induction of c-fos.
Phosphorylation of C/EBP within its leucine zipper (at Ser276) by CaM-kinase 11 results
in transcriptional activation in GH3 cells (174). Metz et al. have shown that upon an
increase of intracellular cAMP in PC12 cells, C/EBP is phosphorylated and translocated
from the cytosol to the nucleus (419). Once in the nucleus, C/EBP can activate c-fos
transcription by interacting with specific regions of the SRE (419). It is intesting to note
that in T cells the same site in the SRE mediates calcium induction of c-fos (413). To date
the site of C/EBPP phosphorylated in PC12 cells has not been determined; furthermore,
PKA does not seem to directly phosphorylate C/EBPP (174). Thus, it will be important to
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test if in PC12, CaZ* activation of c-fos can be mediated by CaM-kinase II and/or CaM-
kinase IV through C/EBPP and the SRE.

In PC12 cells membrane depolarization and calcium influx also stimulate MEK and
MAP kinases via activation of Ras (414). MAP-kinase and the MAP kinase-regulated
ribosomal protein S6 kinase II (pp90rsk) can phosphorylate transcription factors that
interact with the SRE and control c-fos expression (420-424),

In macrophages (199), myeloid leukemia cells (201) and T cells (413) Ca2+* has been
demonstrated to not only increase c-fos transcriptional initiation but also to induce the relief
of a transcription elongation block beyond the end of the first intron. In our nuclear run-on
experiments we have used full length probes of each IEG, so we cannot differentiate
between an effect of calcium on the initiation or on the elongation of transcription. Qur
results using KN-62 suggest that CaM-kinase(s) are involved in the activation of IEGs
transcription by calcium. This induction could occur at the level of elongation by direct
phosphorylation of the RNA polymerase, an associated elongation factor or a DNA-bound
regulatory protein. Thus, in addition to activating transcription at the level of initiation
through the CRE-CaRE/CREB or the SRE, CaM-kinases could also regulate the elongation
of c-fos mRNA in PC12 cells. However, it remains to be established if this type of
regulation by calcium also exists in the nervous system or is mainly specific for the immune
system.

It remains to be determined which binding site(s) present in the promoters of NGFI-A and
NGFI-B are responsible for the calcium induction of these genes. Analyses of deletion
promoter mutants of NGFI-A and NGFI-B will give us a better idea of which responsive
element mediate the calcium induction. The use of FK506/CsA or KN-62 will indicate if
the induction by CaN and CaM-kinase(s) are mediated by the same promoter region and

ultimately the same or different transcription factor(s).
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CONCLUSION

Animals acquire new information about their environment through learning, but to
retain this information they need memory. It has been shown that at least two different
forms of memory exist. Short-term memory, lasting seconds to hours and long-term
memory lasting days to years. As shown in invertebrates, short-term memory does not
require new protein synthesis. Long-term memory has been shown to require expression of
the same genes for proteins involved in short-term memory. Therefore, the covalent
modifications used in short term memory (i.e., phosphorylation of ion channels) are likely
to be important for long-term memory, as well.

Calcium, one of the most important second messengers that regulate synaptic
transmission in the nervous system, controls long-term phenotypic changes of neuronal
cells in part by regulating the expression of IEGs. The mechanisms by which calcium affect
the activity of these genes is not clearly understood. We have investigated the involvement
of two protein kinases (CaM-kinase II and IV) and a protein phosphatase (CaN) that are
activated by calmodulin in the calcium induction of the three IEGs c-fos, NGFI-A and
NGFI-B. Our observations further the understanding of the role of each of these enzymes
in the regulation of IEGs transcription by calcium and allowed us to propose a working
model as described in the Discussion section that incorporates the results obtained by us
and others.

It is interesting to note that in the case of NGFI-A induction by calcium, the model
that we are proposing has striking similarities with an existing model for the regulation of

synaptic strength. Long-term potentiation (LTP) in hyppocampus, which increases synaptic
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strength for several hours, depends on phosphorylation of glutamate-gated ion channels by
CaM-kinase IT upon calcium influx into the postsynaptic dendritic spine (340, 425).
Interestingly, long-term depression (LTD), the reversal of the process responsible for LTP,
weakens synaptic strength and is blocked by inhibitors of calcineurin. Like LTP,LTD is
input specific and requires activation of NMDA receptors as well as some rise in
postsynaptic Ca2+. Thus, NMDA receptor-mediated rise in Ca2+ is involved in both LTP
and LTD. A model to explain these results has been proposed by Lisman (339) and updated
recently by Malenka (114). In this model, a balance between the activity of CaM-kinase II
and PP1 influences synaptic strength by controlling the phosphorylation state of some
phosphoprotein(s), probably AMPA-type ion channels. As described in Chapter IV, PP1
activity is regulated by CaN through dephosphorylation of I-1. Small increases in calcium
favor CaN activation which results in PP1 activation while larger rises are necessary for
increasing CaM-kinase II activity. In our model NGFI-A is positively regulated by CaM-
kinase(s) and negatively by CaN. The correlation between LTP/LTD regulation and the
regulation of NGFI-A by calcium is further stengthened by a report where NGFI-A has
been cloned from a highly sensitive differential complementary DNA cloning procedure to
identify genes that may participate in long-term plasticity (84). NGFI-A has also been
shown to be induced by synaptic activity that is responsible for long-term plasticity (426).
The role that NGFI-A plays in defining long-term changes in neuronal cells is certainly to
regulate the transcription of late genes that can be involved in the regulation of synaptic
plasticity. A gene which expression is strongly upregulated in LTP is the one encoding
CaM-kinase II. The mRNA levels for the o-isoform of CaMfkinase II, but not for the §-
isoform, are doubled after induction of LTP (427). Furthermore, the mRNA for CaM-
kinase I migrated to the distal dendrites (427), and it is known that translation of CaM-
kinase II occurs in the dendrites (428, 429).

It is also very interesting to note-that NGFI-B, which is strongly ‘induced by

calcium in neuronal cells, is required for apoptosis in T cells. As activation of glutamate
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receptors is known to have a toxic effect in neurons, the role of NGFI-B in this toxicity
remains to be examined.

The CREB/CRE system, as demonstrated by us and others, is very important in the
regulation of IEGs by calcium. Two consecutive reports in the same issue of the journal
Cell (430, 431) recently demonstrated that CREB is required for long-term but not for
short-term memory in drosophila and mice, confirming similar results previously obtained
in mollusks (432). This result suggests that CREB is probably responsible for the
regulation of genes necessary for long-term memory (433). The role in long-term memory
of other signalling pathways than cAMP, such as calcium, that use the CREB/CRE system
to regulate transcription remains to be established. This is particularly important in regard to
the fact that a specific increase of the mRNA for the o isoform of CaM-kinase II has been
reported over the soma and the dendritic field of dentate granule cells following LTP
induction (427).

However, a lot of questions remain to be answered. In the case of calcium
regulation through CREB, it remains to be demonstrated whether in vive phosphorylation
of Serl42 occurs as well as the mechanism by which phosphorylated Ser142 prevents
transcriptional activation. Also, the now very abundant literature on calcium regulation of
transcription certainly suggests that different kinases or phosphatases could be responsible
for the effects observed depending on which responsive element has a preponderant role
for the calcium response in a given cell line. Obviously, tissue specificity and the context of
the promoter elements are critical in determining the pathways used by calcium to regulate
gene expression. The determination of the promoter sequence responsible for calcium
induction of NGFI-A and NGFI-B will certainly be a great advance in understanding the
pathways used by calcium to regulate the transcription of these genes. Finally, the role of
transcriptional elongation compared to transcriptional initiation should be better

characterized in neuronal cells as well as cells from the immune system.
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