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ABSTRACT

Ca* signaling plays many critical roles within the cell to activate signaling
pathways. One of the downstream effectors of this second messenger is a
Ca™/calmodulin-dependent multifunctional kinase known as CaM-kinase IL. CaM-
kinase II can phosphorylate in vitro a large number of proteins, but establishing its
physiological functions are much more difficult. Recent reports are beginning to

verify several important roles such as learning and memory in hippocampus.

In order to identify proteins that interact with CaM-kinase I, specifically
within the catalytic domain, a yeast two-hybrid screen was performed on a rat brain
cDNA library. This screen identified two small molecular weight proteins (CaM-
KIINo, CaM-KIINB) that directly interact with the catalytic domain. Biochemical
studies have shown that these 7kD proteins both bind and inhibit the catalytic activity
of CaM-kinase II. Furthermore, they have the same potency for both the Ca®*-
dependent and independent activities. Kinetic studies have shown that the inhibition
Is noncompetitive with substrate with a K, of 10nM and an IC,, of 50nM. This family
of CaM-kinase II inhibitors, known as CaM-KIIN, are specific for CaM-kinase II and

has almost no effect on any other multifunctional kinase tested. A 27 residue portion



(CaM-KIINtide) of CaM-KIIN has been identified that retains the inhibitory
specificity and potency.

Localization studies have shown that CaM-KIIN¢, is expressed only in the
brain whereas the message for CaM-KIINB is expressed in brain and testes.
Immunblotting shows 7kD and 19kD proteins that are identified only within the
brain. In situ hybridization of the message for the two species shows that CaM-
KIINa is strongly expressed in the cortex, hippocampus, and inferior colliculus
whereas CaM-KIINP is expressed evenly throughout the brain including the
cerebellum and hindbrain. Immunohistochemical data would suggest that the
proteins are expressed throughout the brain in a similar distribution as CaM-kinase TI.
Staining of primary hippocampal cultures show that CaM-KIIN is found throughout

the cell body and dendrites but not in the dendritic spines, axons, or nerve terminal.

A fusion construct with the DNA binding domain of Antennaepedia was
constructed. This recombinant protein as well as the fusion with CaM-KIINtide have
the ability to enter cells. Therefore, these constructs can be used to further dissect

functions of CaM-kinase II within the cell.



CHAPTER I

INTRODUCTION

A. Historical Perspective.

For more than thirty years covalent protein phosphorylation and
dephosphorylation has been known to play a role in the regulation of diverse cellular
functions. The initial work by Krebs and Fischer (later awarded the Nobel Prize for
their work) established the field of protein phosphorylation with their investigations
of the protein kinases and phosphatases regulating muscle glycogen metabolism. It is
currently thought that up to 20% of proteins in mammalian cells can be functionally
regulated through phosphorylation of serine, threonine or tyrosine residues [1]. Most
protein kinases in nonstimulated cells have low activity and become activated upon
treatment by growth factors, hormones or neurotransmitter that elevate intracellular
levels of signaling molecules such as cyclic nucleotides, Ca®, or phospholipids.

The first Ca® dependent protein kinase identified, phosphorylase kinase, [2]
catalyzes the classical conversion of phosphorylase b to a. The mechanism of its Ca®*
activation wasn’t understood until the discovery of the ubiquitous Ca* binding

protein calmodulin [3]. During the early ‘80’s, several investigators identified



Ca*/CaM dependent phosphorylation events within various tissues including rat
brain, rabbit liver, and rabbit skeletal muscle ([4], [5] review). These kinases were
originally named based on the identified substrates such as CaM-dependent synapsin
I kinase, myosin light chain kinase, and CaM-dependent glycogen synthase kinase.
Subsequent biochemical characterizations and sequencing indicate that some of these
activities reside in the same enzyme termed CaM-kinase II. Other Ca®*/CaM
dependent enzymes were subsequently discovered that were very specific for certain
substrates or had the ability to phosphorylate multiple substrates (Table 1). For
example, Myosin light chain kinase appears to be very substrate specific as does
CaM-kinase IIT (elongation factor 2). CaM-kinases I, II and IV can phosphorylate
numerous substrates in vitro and probably in cells, and this family shares conserved
catalytic and regulatory domains.

There are three fundamental strategies that the cell uses to increase the
intracellular Ca®™ concentration (fig.1). Agonists such as hormones and some
neurotransmitters act on G-protein coupled receptors to stimulate phospholipase C
and elevate phosphatidylinositol 1.4,5-trisphoshate (IP,) which releases Ca®* from
intracellular stores such as the endoplasmic reticulum. Many neurotransmitters
stimulate ligand-gated ion channels that are permeable to Ca*. Excitable cells also
have voltage-gated ion channels, some of which are Ca** permeable, that are

responsive to changes in membrane potential. In most cells elevations of intracellular



Ca™ are rather transient and last for seconds to several minutes due to elaborate
mechanisms of pumps and exchangers that sequester the Ca** back to near basal

values.

B. Background.

Calcium/Calmodulin—dependent protein kinase II (CaM-kinase IT) belongs to a
family of serine/threonine kinases that is regulated by the ubiquitous protein
calmodulin. This family is comprised of four classes (o, B, v, § encoded by different
genes and expressed in different tissues. Alternative splicing of B gives rise to the f’
1soform. o and /B’ are specific to nervous tissue while & and y are expressed in most
tissues, including the brain ([6] review). CaM-kinase II is a multifunctional enzyme
that, upon activation by Ca®*/CaM, has the ability to autophosphorylate to become
Ca™ independent and phosphorylate a variety of protein substrates. Some identified
substrates play roles in carbohydrate metabolism, protein synthesis, neurotransmitter
biosynthesis and release, and ion channel functions. Therefore, CaM-kinase II is
analogous to cAMP-kinase (PKA) and protein kinase C (PKC) in regulating

numerous cellular functions.



Table 1. Brief overview of Ca®*/CaM dependent protein kinases [7]

Enzyme Properties References
(substrate) Size; activation and site; substrate site; location
CaM-K1I Monomeric 37-42kD; potentiated by CaM-KK [8, 9]
(multifunctional) (T177); LRRRLSDSNEF; cytosolic
CaM-KII 160kD, heteromeric and monomeric (¢, B, v, 8), | [10-13]
(multifunctional) 50-60kD; autophosphorylation (T286, T287);
RXXSXD; membrane, cytosolic, nuclear
CaM-KI1I, Monomeric, 95-103kD; no specific activation [14, 15]

(elongation factor-2)

site; AGETRFTDTRK; cytosolic

CaM-KIV Monomeric, 65-67kD; potentiated by CaM-KK; | [16]
(multifunctional) RXXS:; predominantly nuclear, some cytosolic
CaM-KK Monomeric, 68-70kD; no specific activation [17]
(CaM-KI, CaM- site; nuclear and cytosolic

KIV, PKB)

Myosin Light chain | Monomeric, 87-152kD; no specific activation [18]

kinase (skeletal and
smooth muscle)
(myson light chain)

site; KKXKRRX, ,SXYY, KKRPQRATS;
cytosolic

Phosphorylase
kinase
(phosphorylase)

Multimeric, (o, B,y,CaM)4, 1,300kD; no specific
activation site; KNISVRG; cytosolic

[19]




Ligand-gated receptors

G protein coupled receptors

Voltage sensitive
Ca™ " channels

intracellular stores

Multifunctional
Dedicated CaM-kinases CaM-KII IV 1
MLCK PhosK CaMKIII

Membrane

Nuclear Cytoskeletal

Figurel. Schematic representation of the activation of the classes of CaM-dependent
kinases. Signals act upon voltage-gated Ca* channels, ligand receptor channels and
G-protein coupled receptors to increase intracellular Ca®. This then can activate
Ca*/CaM dependent protein kinases that can have specific down stream effects or

generalized effects. Adapted from Braun and Schulman [6].



C. Structural characteristics of CaM-kinase I1.

The CaM-kinase II holoenzyme is a floral shaped 670kD oligomeric protein
comprised of 10-12 subunits (fig. 2)[20]. The structural design of the holoenzyme is
proposed to have the C-terminal domain within the core of the floral design and the
N-terminus facing outward. Each subunit of 49 to 63kD is composed of three
domains; an N terminal catalytic domain, a central regulatory domain composed of an
autoinhibitory domain (AID) and an overlapping calmodulin binding region, and a
variable C terminal domain [21]. The catalytic domain probably has a globular,
bimodal conformation, in analogy with other crystallized Ser/Thr protein kinases. It
has been proposed that the AID either sterically occupies the catalytic cleft [22] or the
AID interacts with the upper and lower lobes and distorts their orientation to prevent
ATP binding [23], [24]. In this model, the autoinhibitory domain lies within the
catalytic cleft competitively inhibiting both the substrate and ATP binding sites when
calmodulin is not bound [22]. A crystal structure for CaM-kinase II has not been

solved yet.



N Catalytic A [Nﬁ aM Association C

HRQETVDCLKKFNARRKLKGAILTTMLA

Figure 2. Diagrammatic representation of CaM-Kinase II. The holoenzyme is
approximately 10 to 12 subunits arranged in a floral pattern. Each subunit is
organized with a catalytic N terminal domain, an autoinhibitory domain with an
overlapping CaM binding domain and a variable C terminal domain that contains the

association domain. The amino acid sequence for the regulatory domain is shown.

T286 jg under-lined.

D. Biochemical characteristics of CaM-kinase IL

Each subunit of CaM-kinase II is able to bind Ca*/calmodulin with an
apparent K, of 100nM [25]. Upon binding Ca*/CaM, the AID dissociates from the

catalytic domain, allowing binding of ATP [26]. Removal of the autoinhibitory



domain decreases the K for ATP from 145uM to 10-20 uM [26]. The activated
kinase immediately autophosphorylate at Thr*® [27] by an intramolecular,
intersubunit reaction [28], [29]. Autophosphorylation requires that Ca*/CaM be
bound to adjacent subunits — one subunit catalyzes the reaction and the other subunit
is the substrate. The primary consequence of Thr™® autophosphorylation is to
increase the Ca* independent activity to 30-50% of the total activity. A second
consequence of this autophosphorylation is a 1000-fold decrease in the rate of
Ca®/CaM dissociation [30]. Therefore, it is believed that this enzyme has the
capacity to “remember” the quality of the Ca* signal by the amount of its Ca’*
independent activity. A recent study has confirmed that the extent of Ca?*
independent CaM-kinase II is dependent on the frequency and magnitude of Ca®*
oscillations [31].

The Ca®* independent form of CaM-kinase II has also been shown to
autophosphorylate at another site, Thr'®”%, which is in the CaM-binding domain
[26]. This phosphorylation event is an intrasubunit reaction in contrast to
autophosphorylation of Thr*®, and it blocks subsequent binding of Ca*/CaM, thereby
inhibiting total activity. Although this Ca®* independent autophosphorylation is a
potentially interesting regulatory mechanism, it has not been documented to occur in

cells.
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E. Localization of CaM-kinase II within neurons.

CaM-kinase II is highly localized in the dendrites but is also found in the cell
body and presynaptic terminal of pyramidal neurons of the hippocampus [32]. There
have been studies to identify how the a-isoform of CaM-kinase II localizes at the
dendritic spines. Some evidence suggests that the mRNA itself for CaM-kinase Ilc is
localized to the dendrites [33]. This localization of the mRNA may be specified by
the 3’-untranslated region [34]. Dendrites contain all the machinery necessary for
localized protein synthesis [35], and certain paradigms that induce synaptic plasticity
cause increases in CaM-kinase II protein. For example, induction of LTP (see next
section) produces an increase in dendritic CaM-kinase II, probably due to localized
synthesis [36]. Exposure of dark-reared rats to light produces extensive synaptic
remodeling and increased CaM-kinase II protein. In this case the likely mechanism
of protein synthesis is thought to involve polyadenylation of the CaM-kinase II
mRNA in dendrites [37].

Previous results suggest that there may be an associating protein within the
postsynaptic density (PSD) for CaM-kinase II [38]. A 190kD protein may bind
activated CaM-kinase II at the PSD. One putative protein that associates with
activated CaM-kinase II is the NMDA receptor itself [39]. It has been shown that the
enzyme directly interacts with both the NR1 and NR2B subunits of the NMDA

receptor. Furthermore, activation of the enzyme by stimulating the NMDA receptor
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increases the association. Autophosphorylated CaM-kinase II has been shown to
directly interact with only the NR2B subunit [40]. Also, CaM-kinase 1IB binds to F-
actin that localizes the holoenzyme to the cytoskeleton. Upon activation, the enzyme
autophosphorylates and dissociates from F-actin. The Ca**/CaM bound enzyme will
then translocate to the PSD [41]. At the postsynaptic spines CaM-kinase II can
phosphorylate and modulate numerous proteins including the AMPA-type glutamate
receptor [42], [43], a small GTPase activating protein (SynGAP) [44], and a scaffold
protein (DLG) in Drosophila [45]. Not only is there an increase in association, there
is some evidence that there is also an increase in the synthesis of CaM-kinase II at the
dendrite after tetanic stimulation [36].

In addition, other associating proteins localize different enzymes to distinct
compartments. For example, A kinase anchoring protein (AKAP79) has been shown
to localize PKA, phosphatase 2B (CaN), and protein kinase C (PKC) to the PSD [46].
For PKC, AKAP 79 also has the ability to inhibit its activity in a mixed competitive
form. Therefore, this localization of PKC may keep it inactive until a further signal is
produced. Besides AKAP’s, there are other proteins that bind PKA. For example,
there are several isoforms of a heat stable inhibitor protein (PKI) that may play a role
in removing activated PKA from the nucleus [47]. Also, there are proteins known as

RACKS for PKC that allows the active kinase to be in specific locations [48].
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F. CaM-kinase II and Learning and Memory

CaM-kinase II is best characterized within the central nervous system. It
constitutes approximately 1-2% of the total protein found in the hippocampus [49].
Within neurons, the kinase is further concentrated at synaptic sites. At excitatory
synapses that utilize glutamate as a neurotransmitter, CaM-kinase II is moderately
localized in the nerve terminal and highly localized within PSD’s [32]. Pre-
synaptically, it is thought to play key regulatory roles in both neurotransmitter
biosynthesis and release. There is early evidence that it may directly phosphorylate
and activate tyrosine hydroxylase, thereby increasing catecholamine synthesis [50].
Furthermore, it has been shown to phosphorylate synapsin I, which may increase the
amount of available vesicles at the active zone of the nerve terminal [51].

There is evidence that CaM-kinase II may have a direct role in modulating
synaptic responses within the hippocampus. It has previously been hypothesized that
the hippocampus is required for the formation of new memories. Removal of this
region disrupts the ability to learn new facts and faces in humans and disrupts the
ability of rats to map new environments [52], [53]. A model has been proposed for
this initial memory storage by the synaptic change known as long-term potentiation
(LTP) ([54] review). LTP is thought to reflect a use-dependent strengthening of the
synaptic connection both pre- and post-synaptically. Although this phenomenon has
been observed in many areas of the mammalian nervous system, different

13



mechanisms have been observed. Briefly, it has been shown in hippocampal slice
preparations that tetanic stimulation or theta burst stimulation in the afferent axons of
the Schaffer collateral pathway will enhance the response of the post-synaptic
pyramidal neurons in the CAl region (fig. 3). This enhancement occurs at fast

excitatory synapses that utilize glutamate as the neurotransmitter.

Schaffer collateral recording

stimulus

Figure 3. Diagrammatic representation of a hippocampal transverse slice. Arrows
mark the orientation of the connections. Pyramidal CA3 neurons send their axons to
the pyramidal neurons of the CA1 region along the schaffer collateral pathway. A
stimulating electrode is usually placed within the schaffer collateral and a recording
pipette within the dendritic arbors of the CA1 region. Adapted from Ouyang, er al.

[55].
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LTP appears to require at least two types of glutamate-gated ionotropic
receptors, NMDA-Rs and AMPA-Rs ([54] review). Rapid excitatory synaptic
transmission is mediated largely by the AMPA-R because the NMDA-R is subject to
a voltage-dependent block by Mg®*. The strong stimuli used for LTP induction
produces sufficient postsynaptic depolarization through the AMPA-Rs to remove the
blockage of the NMDA-Rs. Whereas the AMPA-Rs are impermeable to Ca*, the
NMDA-Rs are permeable, and their activation with resultant Ca®* influx is essential
to LTP induction. For example, postsynaptic chelation of Ca® prevents LTP
induction [56]. Whereas NMDA-Rs are essential for LTP induction, the potentiated
postsynaptic current during LTP expression is predominantly due to AMPA-Rs, A
central question is the mechanism of AMPA-R potentiation.

A molecular model for LTP has been proposed involving CaM-kinase II [57].
It is hypothesized that the influx of Ca®* through the NMDA-Rs results in activation
of CaM-kinase II with autophosphorylation of Thr*® and generation of Ca®
independent activity. This would allow a transient elevation of Ca® in the dendritic
spine to be transduced into a prolonged readout through CaM-kinase II. Furthermore,
since CaM-kinase II is oligomeric and autophosphorylation is intersubunit and
requires binding of Ca’**/CaM to adjacent subunits [28], generation of Ca®*
independent activity may depend on synaptic frequency and strength. Indeed, a

recent study has shown that CaM-kinase II activation is sensitive to the frequency of
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Ca™ oscillations [31]. These two properties, sensitivity to synaptic frequency and
strength and prolonging a transient Ca®* elevation, make CaM-kinase II a very
attractive candidate for mediating LTP.

Evidence for CaM-kinase II's role in LTP has been shown in both tissue and
cell preparations. First, LTP in hippocampal slices can be blocked by inhibiting post-
synaptic elevation of intracellular calcium ([6] review) or by microinjecting inhibitors
of CaM-kinases into the pyramidal cell body in the CA1 region [58]. Also, increases
in CaM-kinase II activity within the CA1 pyramidal neurons, either by microinjection
or vaccinia infection of a constitutively active form of CaM-kinase II, will enhance
synaptic transmission [59], [60]. This enhancement by CaM-kinase II cannot be
further potentiated by tetanic stimulation, suggesting that the effect utilizes similar
mechanisms to LTP. Furthermore, slices stimulated with theta bursts have a CaM-
kinase II dependent phosphorylation of the AMPA type glutamate receptor [42].

Second, in transfection studies in both HEK 293 cells and microinjections in
Xenopus oocytes, activated CaM-kinase II can increase the AMPA and kainate
currents [61], [42]. This increase in the current has been correlated with a
phosphorylation site on an AMPA channel subunit, GluR1. Phosphorylation at
Ser831 recruits a new high-conductance-state of the AMPA channel [62]. Also,
recordings from primary hippocampal cultured neurons with activated CaM-kinase 11

within the recording pipette showed an increase in the AMPA current [63].
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There are also in vivo transgenic data that supports the role of CaM-kinase II
in LTP and learning and memory. A CaM-kinase ITo. knockout mutant mouse was
generated in 1992 by Silva, e al [64]. This appeared to be a nonlethal mutation and
did not affect long term survival. In fact, these mice showed very little abnormalities
including neuroanatomical structures. In contrast, these mutant mice did show a
deficit in LTP in comparison to wild-type mice. Furthermore, these animals also
showed an impairment in spatial learning as tested by the Morris water maze.
Briefly, this is a behavioral task whereby a hidden platform is placed in a fluid tank
and the animals are trained to find the platform. Later they are tested for how quickly
they are able to find the platform [53].

Using gene targeting techniques, a transgenic mouse was also created that
substituted a Thr** to Ala mutant for CaM-kinase Ilot [65]. These mutants showed a
50% decrease in the amount of Ca®* independent activity, but no effect on total
activity. Again, these mice showed a loss in NMDA mediated LTP and also a
deficiency in spatial learning.

Therefore, it is proposed that a transient Ca** signal through NMDA receptors
may activate CaM-kinase II which can then autophosphorylate and become Ca**
independent. This independent activity is then able to phosphorylate the AMPA

channels for a sustained period after the initial activation, thereby enhancing the
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channel current [66]. This enhancement of the response is the initial plastic response

of the neurons to change the characteristics of the connections.

G. CaM-kinase IT and excitotoxicity

Certain regions of the brain, such as the hippocampus have been shown to be
particularly vulnerable to delayed neuronal cell death due to ischemia [67]. Ischemia
produces an excess amount of glutamate released leading to a large increase in
intracellular Ca™. It has been shown that antagonists that prevent Ca®* influx
through NMDA receptors have a neuroprotective effect [68]. There are two main
processes that may explain the Ca’*-mediated cytotoxic effects. The first is the
calcium activated proteases such as calpain I [69]. The loss of cytoskeletal integrity
as seen by the degradation of spectrin, MAP2 and MAPIA is attributed to this
protease activity. The second is the Ca®* activated kinases. PKC apd CaM-kinase IT
are both thought to play a role in excitotoxicity. Inhibitors to PKC have been shown
to be neuroprotective from ischemia in vivo [70]. Furthermore, PKC activity has
been shown to decrease during ischemic paradigms [71].

It was shown in early experiments that CaM-kinase II activity decreases
during ischemia [72]. This decrease in activity is both an early (within 10sec) and

long lasting phenomenon [73]. Two possibilities as to the decrease in activity are the
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degradation of the protein and an inhibition of activity. There is a dramatic loss of
CaM-kinase IT activity within the cytosol early in ischemia [74]. Furthermore, there
is a loss of CaM-kinase IT immunoreactivity within the hippocampus that precedes the
death of the neurons [75]. One possibility for the loss of immunoreactivity is a
degradation of CaM-kinase II. In vitro, CaM-kinase II is a substrate for calpain
which first generates a 30kD fully active fragment that can further become degraded
to inactive fragments [76]. The other possibility is a posttranslational modification
occurring near the ATP binding domain. There may have been a modification of the
enzyme at the recognition site of the monoclonal antibody. In fact, there are studies
that suggest that there is decrease in activity before there is an actual loss of protein
[73]. This is not thought to be an autophosphorylation event or binding of a soluble
inhibitor [73].

Although there is no direct evidence as to the role of this loss of activity,
CaM-kinase II is known to be able to phosphorylate many substrates that are
important for cell homeostasis. Proteins such as synapsin I, tyrosine hydroxylase,
MAP2, cyclic nucleotide phosphodiesterase, and inositol triphosphate receptors that
are important for transmitter systems, cytoskeletal structure, and transport mechanism
could be adversely affected by CaM-kinase II activity. Furthermore, inhibition of
CaM-kinases with KN-62, appears to attenuate cell death induced by NMDA toxicity

or hypoxia induced neuronal injury in rat cortical cultures [77]. In contrary, the CaM-
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kinase Ilo. knockout mice have an increase in infarct volume as compared to wild-
type litter mates after cerebral ischemia [78]. These knockout mice still produce the
beta isoform of CaM-kinase II within the brain. This may suggest that localization

and activity of CaM-kinase II may play specific roles in the response to hypoxia.

H. Hypothesis

With the current understanding of the crucial role of CaM-kinase II in
multiple neuronal functions, the existence of additional anchoring and/or other
regulatory proteins for CaM-kinase IT was hypothesized. Briefly, the yeast two-
hybrid approach was performed using an inactive mutant form of the catalytic domain
of CaM-kinase II to screen a rat brain cDNA library. It was believed that this mutant
should be able to bind to proteins but would not phosphorylate them. Therefore, this
bait could have the potential for identifying in vivo substrates as well as other
interacting proteins. The next few chapters will show that this screen identified two
small molecular weight novel proteins (CaM-KIIN¢, and CaM-KIINB) that bind to
CaM-kinase IT and inhibit its kinase activity. Furthermore, the protein is located in
areas of the brain where CaM-kinase II is present. A fusion construct was developed
using the inhibitory domain of the CaM-KIIN and the third alpha helix of

antennapedia homeodomain. This construct has the ability to enter cells and possibly
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inhibit CaM-kinase II activity. Therefore, this protein will be a useful probe to help
identify new physiological roles of CaM-kinase II. For example, chapter IV describes

the use of CaM-KIIN to identify CaM-kinase I’s role in the goldfish Mauthner cell.
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A. Abstract

Ca*/calmodulin-dependent protein kinase IT (CaM-KII) regulates numerous
physiological functions including neuronal synaptic plasticity through the
phosphorylation of AMPA-type glutamate receptors (AMPA-Rs). To identify
proteins that may interact with and modulate CaM-KII function, a yeast two-hybrid
screen was performed using a rat brain cDNA library. This screen identified a unique
clone of 1.4 kb which encoded a 79 amino acid brain-specific protein that bound the
catalytic domain of CaM-KII « and B and potently inhibited kinase activity with an
ICs0 of 50 nM. The inhibitory protein (CaM-KIIN), and a 28 residue peptide derived
from it (CaM-KIINtide), was highly selective for inhibition of CaM-KII with little
effect on CaM-KI, CaM-K1V, CaM-KK, PKA or PKC. CaM-KIIN interacted only
with activated CaM-KII (i.e., in the presence of Ca™/CaM or after
autophosphorylation) using GST/CaM-KIIN precipitations as well as co-
immunoprecipitations from rat brain extracts or from HEK293 cells co-transfected
with both constructs. Co-localization of CaM-KIIN with activated CaM-KIT was
demonstrated in COS-7 cells transfected with green fluorescent protein fused to CaM-
KIIN. In COS-7 cells phosphorylation of transfected AMPA-R by CaM-KII, but not

by PKC, was blocked upon co-transfection with CaM-KIIN. These results
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characterize a novel, potent and specific cellular inhibitor of CaM-KII that may have

an important role in the physiological regulation of this key protein kinase.

B. Introduction

Calmodulin-dependent protein kinase II (CaM-KII) is a widely-distributed
protein kinase that is particularly abundant in ncqronal tissues where it can constitute
up to 1-2% of total protein [6]. In vitro it can phosphorylate up to 40 proteins
including enzymes, ion channels, transcription factors, etc., and a number of these
proteins appear to be physiological substrates. For example, CaM-KII is highly
concentrated in the postsynaptic density of glutamatergic synapses where it
phosphorylates and potentiates current through the AMPA-type glutamate receptor
ion channel (AMPA-Rs) [42], [60], [59]. This phosphorylation of AMPA-Rs occurs
upon induction of long-term potentiation (LTP), a model of cellular learning and
memory, in region CAl of hippocampus and is thought to contribute to the
postsynaptic current potentiation [60].

Oligomeric CaM-KII is comprised of multiple subunits each composed of an
NH,-terminal catalytic domain, a central regulatory motif that includes an
autoinhibitory (AID) and overlapping CaM-binding elements, and a COOH-terminal

region involved in subunit assembly [6], [21]. The kinase is maintained in an inactive
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form due to interaction of the AID with the catalytic domain. Binding of Ca**/CaM
conformationally disrupts the AID, allowing access of the catalytic domain to
substrates. CaM-KIT has the unusual property that upon activation by Ca®™/CaM it
exhibits rapid intersubunit autophoshorylation on Thr?®, generating constitutive
kinase activity [29], [28]. This constitutive activity prolongs the kinase function
beyond the transient elevations of intracellular Ca®™, an essential characteristic for
forms of synaptic plasticity such as LTP. A recent study shows that CaM-KII can
also act as a sensor to decode the frequency of Ca®* spikes [31].

It is likely that CaM-KII may interact with proteins, other than Ca**/CaM,
which can either anchor it to subcellular organelles or directly regulate its activity.
For example, a 190 kDa protein may localize activated CaM-KII to the PSD[38],
[40]. In an attempt to identify proteins that interact with CaM-KII we used the yeast
two-hybrid screen with the COOH-terminus or the catalytic domain of CaM-KII as
bait. This protocol identified a specific and potent cellular inhibitor protein for CaM-
KII in brain. Inhibitory proteins that exert critical physiological roles are known for
several protein kinases such as PKA [79], the cyclin-dependent kinases [80], [81] and

the MAP-kinase JNK [82].



C. Experimental Methods

Yeast 2-hybrid Screen. The screen was performed as described [83]. The DNA
sequence (1-830 bp) corresponding to the catalytic domain (amino acids 1-269) of the
inactive p CaM-KII mutant (K43A) was inserted into the pPBTM116 vector in frame
with the LexA-DNA binding domain. The COOH-terminal bait was constructed
using the sequence (975-1650 bp) encoding the regulatory and association domains
(amino acids 282-478) of the o subunit into the pBTM116 vector. The rat brain
matchmaker ¢cDNA library (Clontech) was constructed in a pGAD10, GAL4
activation domain vector. Interaction with the bait protein was monitored by
prototrophy for histidine and/or B-galatosidase activity.

Northern Analysis. ¢cDNA insert was isolated from the pGAD10 vector and labeled
with [a-**P]JdCTP by random priming. Total RNA from rat tissues was isolated with
Trizol (Gibco-BRL), and poly A RNA was further purified using Oligotex mRNA
mini kit (QITAGEN). Either 2ug of poly A RNA or 20ug of total RNA were subjected
to electrophoresis on a formaldehyde-containing 1.2% agarose gel and then blotted
onto Hybond-N (Amersham). The blot was hybridized in Rapid-H4B hybridization
buffer (Amersham) with the radioprobe at 65° C for 2 hr and was washed once in
2xSSC, 0.1% SDS at 25 °C for 15 min. and then twice in 1xSSC, 0.1% SDS at 65 ° C

for 20 min.
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Western blot analysis. An adult male rat was euthanized and tissues were harvested.
The brain was quickly removed and different regions were dissected. The samples
were homogenized in lysis buffer containing 10mM Tris, pH 7.5, 150 mM Nacl, 1
mM EDTA, 1 mM EGTA, 0.2 mM orthovanadate, 1% Triton X-100, 0.5% NP-40, 19
ug/ml leupeptin, 10 pg/ml pepstatin, 1 mM benzamidine, and 1mM PMSF.
Approximately 50 pg of lysate was then electrophoresed on a 15% SDS PAGE. The
gel was transferred onto Immobilon and blotted with the antibody. For preadsorption,
100 pl of a 100 uM solution of the peptide CaM-KIINtide was used to preincubate

the antibody for 2hr at 4 °C before addition to the membrane.

GST-precipitations. Samples were incubated with purified recombinant GST/CaM-
KIIN and glutathione-Sepharose in the appropriate buffer for 1hr at 4°C, washed
extensively and eluted with 10mM glutathione. The eluant was separated by SDS-

PAGE and either stained with Coomassie blue or immunoblotted.

Immunoprecipitations. For co-precipitation studies, samples were harvested in lysis
buffer with the addition of 5pug/ml calpain inhibitor 1. They were then incubated with
either a monoclonal CaM-KIl« antibody (Zymed) or a polyclonal CaM-KII antibody
with or without 3mM CaCl, overnight at 4°C. Immunoprecipitates were washed

extensively and eluted with SDS loading buffer, separated by SDS-PAGE and
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immunoblotted. Immunoprecipitation of GluR1 was performed as described [42]
using Ab from Robert Wenthold (NIH).

Transient transfections. Either HEK 293 or COS-7 cells were transiently
transfected using lipofect AMINE (Gibco-BRL protocol). Briefly, either 10pg (for
HEK 293) of plasmid per 42pl lipofect AMINE or lug (for COS-7) of plasmid per
10ul of lipofectAMINE were transfected into 100mm or 35mm dishes, respectively.

Cells were grown for 1-2 days and subsequently harvested.

Immunofluorescence. COS-7 cells were transiently transfected, grown for one day
and fixed with 4% paraformaldehyde, 4% sucrose in PBS. Cells, were then
permeabilized with 0.025% Triton X-100 in PBS and stained with a phospho-T2*

specific antibody to CaM-KII (Promega) and visualized with a Leitz DMRB scope.

Kinase Assays. Standard CaM-KII assay conditions contained 0.8 mM CaCl,, 2 pM
CaM, 1 mM DTT, 50 mM HEPES, pH 7.5, 10 mM Mg(OAc),, and 0.2 mM [y-
FPJATP (1000-2000 cpm/pmol) in 20 to 25 pl reactions. The assays were initiated
by adding enzyme diluted in buffer (50 mM HEPES, pH 7.5, 2 mg/m] bovine serum
albumin, and 10% ethylene glycol) to the reaction. **P-incorporation was determined
by spotting 10 to 15 ul of the reaction to Whatman P-81 phosphocellulose paper and
subsequently washing in 75 mM phosphoric acid as described [84]. For PKC

phosphorylations in Fig. 3A, PKC (gift of Dr. John Scott) was activated using 140



uM phosphatidylserine, 3.8 uM diacylglycerol and 0.3 mM CaCl,. PKA catalytic
subunit was generously provided by Dr. Richard Maurer.

Orthophosphate labeling. HEK 293 cells were transiently transtected with vectors
expressing GluR1 and CaM-KII (His282Arg mutant) and **P labeled as described

[42]. PKC was activated by a 20 min. treatment with 100uM TPA before harvesting.

D. Results and Discussion

To identify proteins that interact with CaM-KII, a yeast two-hybrid screen was
performed on a rat brain cDNA library. With the regulatory/association domains of o
CaM-KII (residues 282-478) as bait, 7 positive clones were identified. Five of these
clones corresponded to the COOH-termini of the various CaM-KII isoforms (data not
shown), consistent with the known role of the COOH-terminus as the subunit
interaction domain [41]. The remaining 2 clones corresponded to other portions of
CaM-KII that might interact with the autoinhibitory domain. We next used as bait the
catalytic domain of BCaM-KII (residues 1-269) with Lys43 mutated to Ala to
generate an inactive kinase [29]. This was done since CaM-kinase IT can stimulate
transcription, and, by using an inactive mutant, we might stabilize interactions with
unknown substrates. Sequence analyses showed that several positive clones

corresponded to an insert size of 1.4 kb (Fig. 1A). This sequence has an initiation
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ATG that is consistent with a Kozak consensus sequence [85], a TAG stop codon and
a 3’ noncoding sequence including a poly (A) tail. The open reading frame of 237
nucleotides encoded a protein of 79 amino acids with a calculated molecular mass of
about 8 kD. This interacting protein appeared to be unique as no sequence homology
was detected with known proteins using the BLAST program. We have named this
protein CaM-KIIN since, as shown below, it is a potent and specific CaM-KII
INhibitor.

Tissue distribution of CaM-KIIN was assessed by performing a Northern
analysis using a radiolabeled probe. Screening both polyA RNA and total RNA
showed that the message was expressed in rat forebrain, hippocampus, midbrain,
cerebellum and testis but not in several other tissues examined (Fig. 1B). To compare
protein expression with message levels, a polyclonal antibody was generated in
rabbits to a COOH-terminal portion of CaM-KIIN (Fig. 1A, underlined sequence).
Western blots of different brain regions showed a specific immunoreactive band at
approximately 7 kD and a less reactive protein at 18-19 kD, both of which were
absent using Ab preadsorbed with antigen, as well as a non-specific band at 50 kD
(Fig. 1C). When the CaM-KIIN Ab was used for immunoprecipitation from a brain
extract, a Western of the immunoprecipitate showed strong bands at 7 and 19 kDa
(not shown), suggesting that the 19 kD band may be another isoform of the inhibitor.

Expression of the CaM-KIIN c¢cDNA in COS-7 cells also identified a 7 kD
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immunoreactive protein which co-migrated with the 7 kD immunoreactive protein in
brain extracts (Fig. 1C, right panel). Although the message for the clone is found
within testis, CaM-KIIN protein was not detectable in this tissue. These results
indicate an expression of CaM-KIIN that is much more restricted than CaM-KIL.
Although CaM-KII is 20- to 50-fold higher in brain, it can be detected in most other
tissues [6]. The restricted expression of CaM-KIIN suggests it has a unique function
in brain.

We next tested whether CaM-KIIN could interact with CaM-KII both in vizro
and in cells. CaM-KIIN was expressed as a bacterial GST-fusion construct and
purified using glutathione-Sepharose. When the GST/CaM-KIIN was incubated with
purified recombinant oo CaM-KII [25] and then isolated by glutathione-Sepharose,
CaM-KII was co-purified only if it had been preactivated in the presence of Ca**/CaM
(Fig. 2A, panel 1). After formation of the complex, subsequent removal of Ca**/CaM
by the addition of excess EGTA reversed the interaction between CaM-KII and CaM-
KIIN (Fig. 2A, panel 2). This suggests that the interaction required a portion of the
kinase catalytic domain that was masked in the absence of Ca*/CaM. There may be
little 1soform specificity for the interaction since the catalytic domain of the B subunit
was used as bait, but CaM-KIIN can also interact with the o subunit. However, there
is specificity for the CaM-KII family because the GST/CaM-KIIN did not bind to

CaM-KIV (60 kD) in the absence or presence of Ca*/CaM (Fig. 2A, panel 1). This is



significant since the catalytic domains of CaM-KII and CaM-KIV exhibit 45%
identity in amino acid sequence [86] and have considerable overlap in substrate
specificities. To determine whether CaM-KIIN could interact with endogenous CaM-
KIl, GST/CaM-KIIN was incubated with a soluble rat brain extract in the absence or
presence of Ca*/CaM. Interacting proteins were isolated by glutathione-Sepharose,
washed extensively and separated by SDS-PAGE. Coomassie staining identified a
major protein at 50 kD and some fainter bands at about 60 kD that interacted with
CaM-KIIN only in the presence of Ca**/CaM (Fig. 2A, panel 3). These proteins were
reactive to polyclonal CaM-KII antibody, confirming that they represent the o
and pisoforms (Fig. 2A, panel 4). The absence of other major bands indicates the
specificity of this interaction for CaM-KII.

Interaction between endogenous CaM-KII and endogenous CaM-KIIN was
investigated using co-immunoprecipitation experiments. Soluble rat brain extract was
incubated with a monoclonal CaM-KIla Ab in the presence or absence of 3mM Ca*,
and the immune complex was separated by SDS-PAGE and immunoblotted with the
CaM-KIIN Ab. Only in the presence of Ca* was the 7 kD CaM-KIIN co-precipitated
along with the 19 kD protein (Fig. 2B) that was also seen in the Western blot of
forebrain in Fig. 1C. Both of these bands were eliminated with preadsorption of the
CaM-KIIN Ab using the antigenic peptide (Fig. 2B, right panel). This 19 kD protein

suggests the existence of another isoform of CaM-KIIN, similar to the multiple
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isoforms of PKI [47]. Interaction between CaM-KIIN and CaM-KII was further
demonstrated in HEK 293 cells transfected with cDNAs for CaM-KIIN and/or for the
constitutively active CaM-KII (His282Arg) mutant [22]. Using a polyclonal CaM-KII
antibody, there was only co-precipitation of CaM-KIIN from the cell extracts when
CaM-KII was co-expressed (Fig. 20).

Although the previous experiments demonstrate that CaM-KII and CaM-KIIN
interact in vitro, they do not document their interaction within the cell. This question
was investigated using transient transfection experiments in COS-7 cells. CaM-KIIN
was fused to green fluorescent protein (Clontech) (GFP-KIIN) and transiently
transfected either with wild-type CaM-KII or the constitutively-active His282Arg
mutant. Thr™ autophosphorylation is indicative of activated CaM-KIT [6], and this
species was detected using a phospho-T* specific Ab (Fig. 2D). GFP alone (not
shown) or co-expressed with active (H292R mutant) CaM-KII (Fig. 2D, panel 4) was
localized in both the nucleus and cytosol. GFP-KIIN when expressed alone or with
wild-type CaM-KII was also distributed in both the nucleus and cytosol (Fig. 2D,
panels 1 and 2). However, when co-expressed with activated CaM-KII (i.e., the
His282Arg mutant), GFP-KIIN was excluded from the nucleus (Fig. 2D, compare
panels 2 and 3). Since CaM-KIlg is found predominantly in the cytosol [87], this
result indicates that the GFP-KIIN bound to the activated CaM-KII in the cytosol and

was sequestered from freely diffusing into the nucleus. However, we cannot exclude
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the possibility that activated CaM-KII phosphorylated some protein that altered the
localization of CaM-KIIN.

What is the functional relevance of the interaction between CaM-KII and
CaM-KIIN? In vitro kinase assays were performed to test whether CaM-KIIN was a
substrate for CaM-KIL. A phosphorylation time course using 20 nM CaM-KII
showed no significant **P-incorporation into 4 uM CaM-KIIN after 45 min. at 30 °C
(data not shown). In these experiments **P-autophosphorylation of CaM-KII was
observed, but it was significantly suppressed by the presence of CaM-KIIN. This
result suggested that CaM-KIIN might be an inhibitor of CaM-KII activity, so a
concentration response curve was performed (Fig. 3A). GST/CaM-KIIN exhibited an
apparent ICs, of 50 nM toward CaM-KII using its peptide substrate Syntide 2 (Fig.
3A) whereas GST alone gave no inhibition up to concentrations of 10uM (not
shown). Both the Ca* independent as well as total activities of autophosphorylated
CaM-KII were inhibited (Fig. 3A), and an identical inhibition was obtained for CaM-
KII not previously autophosphorylated. COOH-terminal truncations of CaM-KIIN
indicated that its inhibitory potency resided largely in 28 residues near its COOH-
terminus (data not shown), so a peptide was synthesized corresponding to this
sequence (Fig. 1A, underlined sequence). This peptide, CaM-KIINtide
(KRPPKLGQIGRSKRVVIEDDRIDDVLK), had a similar ICy, of 50 nM for both the

total and the Ca’* independent activities of CaM-KII (Fig. 3A). Inhibition of kinase
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autophosphorylation was further investigated using 1 or 10 uM of CaM-KIINtide and
detecting CaM-KII autophosphorylation by either *P-incorporation or with an
antibody specific for autophosphorylation of Thr®® (Fig. 3B). Reactions were
performed at 5 °C in an effort to limit autophosphorylation to Thr®, Although there
was a dose-dependent inhibition of autophosphorylation, it was not as potent as
inhibition of substrate phosphorylation. This higher inhibitory potency towards
phosphorylation of an exogenous substrate versus CaM-KII autophosphorylation on
Thr** (Fig. 3B) is not surprising since the latter is an intramolecular, intersubunit
reaction within the oligomeric protein [28], [29]. Preliminary results suggest that
inhibition of CaM-KII by CaM-KIINtide was not competitive towards peptide
substrate (data not shown).

Is CaM-KIIN a specific inhibitor of CaM-KII as suggested by the fact that
GST/CaM-KIIN did not interact with CaM-KIV (Fig. 2A)? Concentrations of 1 or 10
HM of CaM-KIINtide gave no significant inhibition of PKC, PKA, and CaM-KI and
only 30% inhibition of CaM-KIV at 10 uM (Fig. 3A). At 10 pM, GST/CaM-KIIN
did not inhibit CaM-KIV (not shown), suggesting that the peptide may have lost some
specificity relative to the full-length protein. Furthermore, 10uM of the peptide had
no effect on the activation of either CaM-KI and CaM-KIV by CaM-KK (data not
shown), indicating no inhibition of CaM-KK. This high specificity of CaM-KIIN and

CaM-KIINtide will make it a very useful probe for identifying specific CaM-KII
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reactions. One of the major limitations of previous peptide inhibitors of CaM-KII,
based on its autoinhibitory domain sequence, is their lack of specificity at higher
concentrations [88], [89]. Therefore, CaM-KIINtide was tested for inhibition of
CaM-KII activity in extracts of rat forebrain, goldfish brain, and Drosophila. For all
three extracts CaM-KIINtide showed similar IC,, values ranging from 100nM to
400nM towards phosphorylation of syntide 2 (data not shown)

The in vitro data show that CaM-KIIN and CaM-KIINtide are inhibitors of
CaM-KII autophosphorylation and activity towards an exogenous peptide substrate.
We next investigated its inhibitory properties and specificity using a protein substrate
in vitro and in transfected cells. It has been previously shown that the AMPA receptor
subunit GluR1 ion channel is potentiated through phosphorylation by CaM-KII and
by PKC on Ser®" in its intracellular COOH-terminus [42], [90], [43]. To determine
whether CaM-KIINtide would inhibit the phosphorylation of a protein substrate, the
GST-fusion of the COOH-terminus of GluR1 (residues 816-889) was used in in vitro
kinase assays with either PKC or CaM-KII as catalysts. CaM-KIINtide (1uM)
completely inhibited phosphorylation of GST/GluR 14644 by CaM-KII and most of
CaM-KII autophosphorylation (Fig. 4A). PKC catalyzed weaker phosphorylation of
GST/GIuR 1645, and this was not blocked by CaM-KIINtide. Next, HEK 293 cells
were transfected with GluR1 without or with co-transfection with CaM-KII

(His282Arg mutant) and/or CaM-KIIN. Cells transfected without CaM-KII were
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stimulated with phorbol esters to activate PKC as this has been shown to result in the
phosphorylation of GluR1 [90], [43]. Cells were 32P-labeled, harvested,
immunoprecipitated with GluR1 Ab, and analyzed by SDS-PAGE/autoradiography.
As reported previously, the low basal phosphorylation of GluR1 was strongly
stimulated by co-expression of the constitutively-active CaM-KII [42], [90], [43], and
this phosphorylation was blocked by expression of CaM-KIIN (Fig. 4B, panel 1).
Furthermore, activation of PKC by 100uM TPA resulted in phosphorylation of
GluR1 [90], [43], but this phosphorylation could not be inhibited by transfection of
CaM-KIIN (Fig. 4B panel 2). These results document that CaM-KIIN can act as a
specific inhibitor of CaM-KIT within the cell.

A number of protein kinases have inhibitory proteins that exert important
physiological regulation. For example, the specific inhibitor of PKA [79] has been
very useful in identifying PKA-mediated reactions in vifro and in transfected cells,
and this inhibitor appears to act physiologically to promote nuclear export of PKA
[91, 92]. Likewise, the inhibitor proteins of the cyclin-dependent kinases are critical
in cell cycle control [80], [81], and the cytosolic inhibitor of JNK functions to retain
this kinase in the cytosol [82]. In this study we have identified a potent and specific
inhibitor of CaM-KII and have demonstrated its ability to inhibit CaM-KII- but not
PKC-mediated phosphorylations in vitro and in transfected cells. Further studies will

be necessary to assess the physiological role of this inhibitor in CaM-KII actions in
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brain. Since one can detect high CaM-KII activity in brain extracts in the presence of
Ca®*/CaM, conditions where CaM-KIIN interacts with and inhibits CaM-KII, it is
obvious that the levels of expression of CaM-KIIN are much lower than those of
CaM-KII. This implies that CaM-KIIN may physiologically regulate a specific pool
of CaM-KII, and studies are in progress to examine this hypothesis. It is anticipated
that CaM-KIIN and CaM-KIINtide will also be important molecular probes in
identifying reactions mediated by CaM-KII. For example, we have shown that
intradendritic injections of CaM-KIINtide prevented the induction of activity-

dependent synaptic potentiations at mixed synapses on the goldfish Mauthner cell

[93].

38



pagiospeaid

g9 950
e
LE

. .
T % e 800" -
16 -

-e LEC
GO e
ov'v
v 9L
LE 676
St
99
16 P
aA M
= 9 FEOS BT 7.0
8 £ 28352 &% 3 2HFLEETT 9517
o ; & - &2 T 5 & 8285828 3 = 238 =
- P @ 2 o 3 e po0 2 3F 298E
= = 3 & D 5] = = » o 2923
= m 3 z £y e 2 Oy
s 0 : S d
w
w o] 5}
)

*» AD 8§ 4 d 34 83 9 W H ¥ T A d a1 8§ ada a =2 I 4~ gs
mmuuuo@moumomomwmeorwomowuu_5ooaoowﬁwmwwwooe«woowﬁw9uwBoo«oomwﬁmowuomwz@wmwoamwewo ZLT

>MMQMDHqummmmvw@OZOdmmmZBQOqom
BO«@OMNU»NANUOO@OUUOUUEA.NO@UUOOUBUOEUUUOUUOGUUEUUOO@UU@«&UU@BUOUBBUBBUUEU@@UU/NU@OOQOGBUUU 98

mommqumOmmamwhmOEMmewmqHmmz._”
UUOBUW&UBBBU_H_U_H.UUmwUUBBOGOdOUUUU@@«UOoOGUBEUwuU@GOB@OQU&UO@OU00049000490094040UUB@B< T
UomooumummooomouommuUUoummomoomoooumumUOUOUUpoommoummummooummuommmmuommmuomuUooouom.mu G8~ <



Figure 1. Cloning and expression of CaM-KIIN. (A) DNA sequence of CaM-
KIIN and deduced amino acid sequence. The underlined region denotes the
inhibitory domain. Only part of the 3’ non-coding sequence is shown. (B) Tissue
expression of CaM-KIIN message. A Northern blot was performed on polyA RNA
(left panel) and on total RNA (right panel). The estimated size of the band is 1.4 kb
(arrow). (C) Protein expression of CaM-KIIN. Western blot was performed using a
polyclonal antibody produced to a peptide within the underlined region of CaM-KIIN.

Left Top Panel: rat tissues were harvested, and 50 ug of total protein was run per lane.

Right Top Panel: COS-7 cells were transiently transfected with CaM-KIIN or vector

alone, harvested and 20 g of soluble protein was run per lane. Bottom Panels: same
as top panels except the antibody was preadsorbed by preincubation with 100 M of

peptide antigen.
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Figure 2. Binding of CaM-KII to CaM-KIIN. (A) GST/CaM-KIIN
precipitation of CaM-KII. Either recombinant CaM-KIV, CaM-KII, or soluble brain
extract was incubated with GST/CaM-KIIN in the presence of Ca**/CaM or EGTA,
precipitated with glutathione-Sepharose, washed and separated by SDS-PAGE.
Samples were then visualized by Coomassie staining or by Western blot with anti-
CaM-KII Ab. The positions of CaM-KII (upper arrow) and GST/CaM-KIIN (lower
arrow) are indicated. The Western of the soluble brain extract precipitation (panel 4)
visualized both the a.and 8 subunits of CaM-KIIL. (B) Co-immunoprecipitation of
CaM-KIll and CaM-KIIN. Rat forebrain supernatant was split into 200ul aliquots and
incubated with either protein A sepharose alone (first two lanes) or with a monoclonal
CaM-Klla Ab in the presence of 3mM CaCl, or ImM EGTA. After centrifugation
the immune complex was separated by SDS-PAGE and immunoblotted with the
CaM-KIIN Ab (panel 1) or with preadsorption with the antigenic peptide (panel 2).
The membrane was then immunoblotted with the polyclonal CaM-KII Ab showing
both the o and B isoforms (lower panel). (C) Co-immunoprecipitation of CaM-KIIN
with CaM-KII from transfected cells. HEK 293 cells were transiently transfected
with CaM-KIIN, CaM-KII (His282Arg), or together and subsequently lysed. CaM-
KII was immunoprecipitated from the soluble cell extract with 3 mM Ca> and
separated by SDS-PAGE. The samples were then immunoblotted with anti-CaM-

KIIN. (D) Colocalization of active CaM-KII and CaM-KIIN with transfected cells.
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COS-7 cells were transiently transfected with the indicated combinations of green
fluorescent protein (GFP), GFP/CaM-KIIN fusion protein (GFP-KIIN), wild-type
CaM-KII or activated CaM-KII (H282R). Cells were visualized for GEP (top panels)

or for activated CaM-KII using a Thr** phosphospecific Ab (lower panels).
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Figure 3. Inhibition of CaM-KII by CaM-KIIN. (A) Concentration response
curves of inhibition of kinase activity by CaM-KIIN and CaM-KIINtide.
Autophosphorylated CaM-KII was assayed in the presence of Ca**/CaM and varying
concentrations of GST/CaM-KIIN (filled diamonds) or CaM-KIINtide (open squares)
for its ability to phosphorylate the peptide substrate Syntide 2. Ca®* independent
activity (normalized to total activity) was also assayed in the presence of EGTA and
CaM-KIINtide (closed circles). Other kinases were assayed with their substrates
using either 0, 1 or 10 uM CaM-KIINtide and normalized to 0 uM CaM-KIINtide :
PKC (1 nM, solid triangles), EGF receptor Peptide (Sigma); PKA (100 nM, open
circles), RII peptide; CaM-KI (20 nM, open diamond) and CaM-KIV (40 nM, filled
square) were activated by CaM-KK and then assayed for their abilities to
phosphorylate Syntide 2. (B) Effect of CaM-KIINtide on autophosphorylation of
CaM-KII. Autophosphorylation reactions were performed at 5 °C with 0 (Control), 1
or 10uM CaM-KIINtide containing either cold ATP or [y**P]-ATP, stopped at the
indicated times and blotted with either anti-phosphospecific Thr*® antibody (gift from
Dr. L. Griffith, Brandeis Univ.) or polyclonal CaM-KII antibody, or visualized by **P

incorporation, respectively.
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Figure 4. Effect of CaM-KIIN on GluR1 phosphorylation by CaM-KII and
PKC. (A) Kinase reactions, performed at 30 °C for 20 min. with the indicated
mixtures of 0.2 mM [y*’P] -ATP, 20 nM PKC catalytic fragment (PKM, Calbiochem)
or 20nM CaM-KII, 4 uM GST or 4 uM GST/GIuR]1 4, 4, With or without 1pM CaM-
KIINtide, were separated by SDS/PAGE and visualized by autoradiography.
GST/GluR 14444, migrated as a doublet. (B) HEK 293 cells, transfected with GluR |
without or with co-transfected CaM-KII (H282R), were P-labeled. Some cells
without CaM-KII transfection were stimulated with TPA to activate PKC for 20 min.
Cells were harvested, and GluR1 was immunoprecipitated, analyzed by SDS
PAGE/autoradiography (upper panel) and subjected to GluR1 Western blot (lower

panel).
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CHAPTER III

RESULTS

CAM-KINASE II INHIBITOR PROTEIN: LOCALIZATION OF
ISOFORMS IN RAT BRAIN AND CONSTRUCTION OF A CELL-
PERMEABLE PROBE

Bill H. Chang, Sucheta Mukherji, Eric Guire and Thomas R. Soderling
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A. Abstract

A second isoform of CaM-kinase Il inhibitor protein (CaM-KIINa) has been
identified using the yeast two-hybrid screen. The 1.8kb message encodes CaM-
KIINo that is 65% identical in its putative open reading frame and 95% identical in
its inhibitory domain to CaM-KIINB. CaM-KIINo, exhibits non-competitive
inhibitory properties towards CaM-kinase II indistinguishable from CaM-KIINB. The
26 amino acid inhibitory peptide has the ability to inhibit CaM-kinase II activity from
multiple organisms including Drosophila and goldfish. Northern analysis of various
tissues indicates that CaM-KIINa is specific to brain whereas CaM-KIIN B is also
present in testis. In situ hybridization shows a general distribution of both isoforms in
rat brain with stronger localization of CaM-KIINB in cerebellum and hindbrain and
CaM-KIINa in frontal cortex, hippocampus and inferior colliculus. An antibody that
recognizes both isoforms shows a distribution of CaM-KIIN in rat brain that
correlates with immunoreactivity of CaM-kinase IL. In cultured mature hippocampal
neurons, CaM-KIIN is present in cell bodies and dendrites but, unlike CaM-kinase II,
does not display punctate straining at postsynaptic densities.

To facilitate the use of CaM-KIIN as a probe for identifying physiological functions

of CaM-KII, we have engineered fusion constructs of Antennepedia peptide to CaM-

49



KIIN and its inhibitor peptide (CaM-KIINtide) that allow them entry into cells where

they may inhibit CaM-kinase II.

B. Introduction

Calcium/calmodulin-dependent protein kinase II (CaM-kinase II) comprises a protein
kinase family that phosphorylates a variety of substrates (for review see [94]). The
holoenzyme is comprised of 10-12 subunits. Each subunit is approximately 50 to
60kD and contains an N-terminal catalytic domain, an autoinhibitory domain (AID)
and an overlapping Ca’*/calmodulin binding domain and a C-terminal subunit
association domain. The AID interacts with the catalytic domain and maintains the
kinase in an inactive conformation. Binding of Ca®™/CaM adjacent to the AID
disrupts its interaction with the catalytic domain and results in activation of the
kinase. Upon activation by binding of Ca**/CaM, the kinase exhibits intersubunit
autophosphorylation on Thr**® within the AID. When transient elevation of
intracellular Ca™ returns to basal values, the kinase remains in a partially active form
(autonomous activity) because the autophosphorylation on Thr*®® prevents the AID
from completely suppressing catalytic activity.

Although the enzyme is found in a variety of organisms and tissue types, the
a.and Bisoforms are highly enriched in the brain. CaM-kinase II comprises almost

0.3% of the total protein in rat brain [95], up to 2% of protein within the hippocampus
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and 1.3% within the cortex [49]. The ratio between o and B isoforms differs from
region to region within the brain. The concentration of the o isoform is higher within
the cortex, while the B isoform is higher in the cerebellum [96].

CaM-kinase II is found throughout neurons including the cell body, dendrites,
axons, pre-synaptic boutons, and post-synaptic densities within dendritic spines. In
the presynaptic terminus CaM-kinase II phosphorylates synapsins to enhance
transmitter release [51]. At the postsynaptic spines CaM-kinase II can phosphorylate
and modulate numerous proteins including the AMPA-type glutamate receptor [42],
[43], a small GTPase activating protein (SynGAP) [44], and a scaffold protein (DLG)
in Drosophila [45]. Phosphorylation of AMPA-type receptors enhances their single
channel conductance [62] that contributes to early-phase long-term potentiation
(LTP) [97]. There is also evidence that mRNA for CaM-kinase II localizes adjacent to
post-synaptic sites [33], and that tetanic stimulation may increase synthesis of CaM-
kinase 1I at the dendrites [98]. Recent studies have begun to address how CaM-
kinase II localizes to different subcellular sites. For example, the B isoform appears
to bind to cytoskeletal elements [41]. Upon activation, CaM-kinase 11 appears to
translocate to post-synaptic sites, in part through interaction with the NMDA-type
glutamate receptor [40] [39].

A potent inhibitor of CaM-kinase II was recently cloned from a cDNA library of a rat

brain [99]. The mRNA for this novel protein, CaM-KIINB, is expressed in rat brain
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and testis. In the present study, we again used the yeast two-hybrid screen with the
catalytic domain of CaM-kinase II to identify another cDNA encoding for an inhibitor
to CaM-KII (CaM-KIINw).

The message for CaM-KIINw« is specific for the brain. These data would suggest there
may be a family of inhibitory proteins for CaM-KII similar to the inhibitors of PKA
[79], [47]. The highly specific PKA inhibitors have been very useful tools for
dissecting physiological roles of PKA, and microinjected CaM-KIIN has been used to
similar advantage to establish a role of CaM-KII in synaptic plasticity at the
Mauthner cell synapse in goldfish [93]. However, engineering a construct of CaM-
KIIN that is cell permeable would be highly advantageous, and we report that a
fusion construct of CaM-KIIN with Antennapedia peptide allows CaM-KIIN access
into cultured cells to inhibit CaM-KII. This new construct should be highly useful to

test the physiological roles of CaM-kinase II in various cellular systems.

C. Methods

Yeast 2-hybrid Screen. The screen was performed as described [83], [99]. The
DNA sequence (1-830 bp) corresponding to the catalytic domain (amino acids 1-269)
of the inactive p CaM-KII mutant (K43A) was inserted into the pBTM116 vector in
frame with the LexA-DNA binding domain. The rat brain matchmaker cDNA library

(Clontech) was constructed in a pGADI10, GAL4 activation domain vector.
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Interaction with the bait protein was monitored by prototrophy for histidine and/or p-
galatosidase activity.

Northern Analysis. This was performed as previously described [99]. ¢DNA insert
was isolated from the pGAD10 vector and labeled with [o-**P]dCTP by random
priming. Total RNA from rat tissues was isolated with Trizol (Gibco-BRL), and poly
A RNA was further purified using Oligotex mRNA mini kit (QIAGEN). Either 2ug
of poly A RNA or 20ug of total RNA were subjected to electrophoresis on a
formaldehyde-containing 1.2% agarose gel and then blotted onto Hybond-N
(Amersham). The blot was hybridized in Rapid-H4B hybridization buffer
(Amersham) with the radioprobe at 65° C for 2 hr and was washed once in 2xSSC,
0.1% SDS at 25 °C for 15 min. and then twice in 1xSSC, 0.1% SDS at 65 ° C for 20
min.

Expression of proteins. GST-fusion constructs were expressed in pGEX-2T
(Pharmacia). Histidine fusion constructs were expressed in pET-16B (Novagen).
The following recombinant proteins and peptides were constructed:
GST-CaM-KIINo; GST-CaM-KIINB[99]; GST-KIINa, ,;; GST-KIINq, 54; GST-
KIINo, g5 GST-CaM-KIIN28; H-CaM-KIIN; Ant-CaM-KIINo:; Ant-KIINtide.
These were bacterially expressed in BL21 (DE3) cells and purified with either
glutathione-Sepharose or nickel Sepharose. Purified proteins were then dialyzed to a

100mM HEPES, pH 7.5, ImM DTT solution. Synthetic peptides were produced by

tn
O8]



Peptide Express.

GST-precipitations. Samples were incubated with purified recombinant GST-
fusions and glutathione-Sepharose in the appropriate buffer for 1hr at 4°C, washed
extensively and eluted with 10mM glutathione. The eluant was separated by SDS-
PAGE and immunoblotted with the appropriate antibody.

Immunoblots. Appropriate samples were separated by a 15% SDS-PAGE and
transferred to immobilon. The blots were blocked in TBST (Tris HCI pH 7.5,
150mM NaCl, 0.05% Tween-20) and 5% nonfat milk. Primary antibody was used at
a concentration of 1/1000. Secondary antibody was linked to horseradish peroxidase
and developed with enhanced chemiluminescence.

Kinase Assays. Standard CaM-KII assay conditions contained 0.8 mM CaCl,, 2 pM
CaM, | mM DTT, 50 mM HEPES, pH 7.5, 10 mM Mg(OAc),, 40 uM syntide-2 and
0.2 mM [y-’P]ATP (1000-2000 cpm/pmol) in 20-25 pl reactions. The assays were
initiated by adding enzyme diluted in buffer (50 mM HEPES, pH 7.5, 2 mg/ml bovine
serum albumin, and 10% ethylene glycol) to the reaction. *°P- incorporation was
determined by spotting 10 to 15 pl of the reaction to Whatman P-81 phosphocellulose
paper and subsequently washing in 75 mM phosphoric acid as described [84].
Extract Assays. Goldfish brain (gift from Dr. Pereda) were harvested in 2mls of
CaM-KII lysis buffer (10mM Tris, pH 7.5, ImM EDTA, ImM EGTA, 1mM DTT,

10pg/ml leupeptin, 10pg/ml soy bean trypsin inhibitor, 10ug/ml aprotinin, 1mM
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benzamidine, ImM PMSF). 0.5ul of the supernatant (~1pug protein) was used in a
standard CaM-KII assay. Also, one rat brain was harvested in 5mls of CaM-KII lysis
buffer. 1ml of Drosophila heads were separated through a wire mesh (gift from Dr.
M. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>