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Abstract

In neurons, intracellular calcium signals have crucia rolesin activating neurotransmitter release
and in triggering alterations in neuronal function. Calmodulin has been widely studied as a Ca2*
sensor that has several defined roles in neuronal Ca2* signalling, but members of the neuronal
calcium sensor protein family have begun to emerge as key components in a number of regulatory
pathways and have increased the diversity of neuronal Ca2* signalling pathways. The differing
properties of these proteins allow them to have discrete, non-redundant functions.

Many different aspects of neuronal function are regulated by changesin the concentration of
intracellular free Ca?*. An understanding of Ca2* signalling pathways in neurons will not
only increase our understanding of basic aspects of neuronal regulation but possibly also
highlight abnormalitiesin signalling in disease states. There are two main conundrums. how
changes in the concentration of asimple ion can modify neuronal function in a multitude of
ways, and how the same ion can produce distinct outcomes over short, medium or long
distances and timescales in the same types of neuron. It iswell known that an increasein
presynaptic Ca2* concentration following influx though voltage-gated Ca2* channels
triggers neurotransmitter release. Ca?* signals can lead to arange of aterationsin neuronal
function lasting from seconds to days through effects on ion channels and
neurotransmission, and can also influence gene expression, neuronal growth, neuronal
development, survival and death.

About the author. Robert Burgoyne is Professor of Physiology and Head of the School of Biomedical Sciencesin the University of
Liverpool, Liverpool, UK. He received his PhD from the University of Birmingham in 1977 working on vaccinia virus and
subseguently moved hisinterests to the study of neurons and neuroendocrine cells. Since establishing his research in Liverpool in
1983, his laboratory has been concerned with regulation of neuronal signalling by ca2* includi ng the mechanisms that underlie
hormone and neurotransmitter release. He has studied the roles of proteins involved in the machinery for vesicle exocytosis and in
more recent years the roles of neuronal calcium sensorsin neuronal signalling pathways.
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The diversity of events controlled by Ca2* must partly be a consequence of the distinct types
of Ca?* signal that differ spatially, temporally and in magnitudel. The differing outcomes
will also be a consequence of the actions of arange of Ca2* sensor proteins that transduce
the Ca2* signals into specific changesin cellular function. The specificity of the outcomes
will depend on factors such as the affinity of the different sensors for Ca2*, their localization
in relation to the Ca2* signal and their interactions with other proteins 2. One such Ca2*
sensor, calmodulin, has been very widely studied asit is a ubiquitous protein, and itsrolein
synaptic plasticity, for example, has been defined in detail. Another Ca2*-binding protein,
synaptotagmin, is now well established as the Ca2* sensor for fast neurotransmission 3.

A number of other Ca2*-binding proteins related to calmodulin are enriched in or expressed
only in the nervous system where they have distinct rolesin the regulation of neuronal
function. These include the neuronal calcium sensor (NCS) protein family, members of
which have been implicated in a very wide range of Ca2* signalling eventsin neurons and
photoreceptors which have been reviewed previoudly 4, 5. These range from very specific
single functions for particular NCS proteins in the retina to more broad ranging functionsin
neurotransmitter release, channel and receptor regulation, control of gene transcription,
neuronal growth and survival. Members of the NCS family appeared early in evolution, and
there has since been a progressive increase in the size of the family. Rather than discuss all
of the functions of the NCS proteins, this review will concentrate on those that illustrate how
they have diversified to have distinct properties and functions. The distinct properties of the
NCS proteins means that they function not just as ‘ other calmodulins’ but, instead, have
very discrete and non-redundant roles that, in several cases, have been confirmed by genetic
manipulations.

The significance of these Ca2* sensors might not yet be fully appreciated, nor isthere a
general understanding of the distinct properties of the different family members that allow
them to contribute to the specificity of CaZ* signalling. This Review will outline general
aspects of neuronal Ca2* signalling, introduce the members of the NCS family and
summarize their individual properties and physiological functions. | will highlight how the
evolutionary expansion of this family, with the appearance of distinct variations from an
original Ca2*-binding protein prototype, has generated an increased diversity in neuronal
Ca?* signalling.

Ca?* signals in neurons

Changes in Ca2* concentration

Neurons maintain aresting intracellular Ca?* concentration in the range of 40-100 nM 6.
The receipt of aneurotransmitter signal from another neuron, or some other form of
stimulation, can lead to changes in Ca?* concentration ranging from highly localized (see
Fig. 1) and transient Ca?* elevations to longer lasting and global changes throughout the
neuron?. Ca2* can enter cells through plasma membrane channels such as voltage-gated
Ca?* channels or NMDA (N-methyl-D-aspartate) receptors, or be released from intracellular
stores in response to messengers such as inositol-1,4,5-trisphosphate 8. The existence of
sites of local Ca2* entry into the cytoplasm (from external or internal sources) has resulted
in the concept of Ca2* nanodomains and microdomains 7, in which the effective intracellular
Ca?* concentration could transiently reach up to hundreds of micromolar near the mouths of
the Ca2* channels.

In presynaptic nerve terminals, local elevationsin Ca2* levels are involved, for example, in
triggering neurotransmitter release through exocytosis of synaptic vesiclesless than 100
psec after Ca2* entry9. Post-synaptic Ca2* entry following neurotransmission can
subsequently generate localized Ca?* elevationsin dendritic spines. Ca2* concentration can
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be increased in dendritic spines without changes in the adjacent dendrite due to limited
diffusion of Ca2* through the narrow necks of the spines 6 . More extensive or sustained
synaptic input to a neuron can result in Ca2* waves in the dendrites or global Ca?*
elevations throughout the neuron (Fig. 1).

Different signals, diverse outcomes

The significance of the differing types of Ca2* signalsin neuronsis that they result in awide
range of different physiological outcomes. Indeed, even quite similar Ca?* signals can have
distinct or even opposite results. Examples of this are the opposing phenomena of long-term
potentiation (LTP) and long-term depression (LTD), either of which can be brought about in
the same neurons by transient Ca2* signals depending on their exact timing and magnitude.
LTPistriggered by larger (micromolar) and shorter-lived Ca?* elevations (afew seconds)
and LTD by aCa2* elevation to only afew hundred nM but for alonger duration 10 .
Another exampleis the ability of Ca?* signals of differing magnitude in neuronal growth
cones to stimulate either attraction or repulsion 11 . In addition to these effects are long-term
changes that can lead to potentially permanent changes in gene expression 12 that, for
example, underlie learning and memory. Also, global Ca2* signals can lead to neuronal cell
death 13.

Ca?* sensor proteins: calmodulin

Changes in intracellular Ca?* concentration can be detected by Ca?*-binding proteins that
act as Ca?* buffers or that act as Ca?* sensors. The latter are characterized by their ability to
bind and release Ca?* over the physiological range of Ca2* concentrations, to undergo a
significant conformational change on Ca2* binding and to consequently bind and regul ate
specific target proteins to modify their function. In some cases they can also regul ate target
proteins in their Ca2*-free form. The best studied of these Ca?* sensorsis the ubiquitous
Ca?* sensor calmodulin, which contains four EF-hand Ca2*-binding motifs (BOX 1). One
key pathway in which calmodulin functions involvse activation of Ca2*/calmodulin-
dependent protein kinases (CaMKs), and CaMKI | has an established important role in
synaptic plasticity 14 . Another calmodulin target, the protein phosphatase calcineurin, has a
key role in dephosphorylation, and thereby activation, of the transcription factor nuclear
factor of activated T cells (NFAT) 15.

Ca?* sensor proteins: NCS proteins

Members of the NCS protein family are among the Ca2*-binding proteins expressed in
neurons (Table 1). Although these proteins possess four EF-hand motifs they have limited
similarity to calmodulin (no more than 20% identity). NCS-1 was discovered originally as
frequenin 16 in Drosophila melanogaster and was designated NCS-1 as it was thought to be
expressed only in neuronal cell types 17 . However, thisis not the case, and it is the most
widely expressed of the NCS proteins 18-20 . Indeed, an orthologue of NCS-1 existsin
Saccharomyces cerevisiae (60% identical to the human protein) and is essential for survival
in this organism 21.

During evolution there has been a progressive increase in the complexity of the NCS family,
such that there are now 5 classes of NCS proteins (A-E) that have been defined based on
their amino acid sequences. Three NCS proteins are expressed in Caenorhabditis elegans,
whereas D. melanogaster has four NCS proteins — two very similar frequenins, a
neurocalcin and a single Kv channel-interacting protein (KChlP). Zebrafish have two NCS-1
orthologues 22 , up to 8 class B proteins, arecoverin, at least 8 guanylyl cyclase-activating
proteins (GCAPs)23 and 5 KChIPs. Mammals have a highly conserved set of 14 NCS genes
that encode only asingle NCS-1, 5 class B proteins, one recoverin, three GCAPs and four
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KChlIPs (Table 1). There are also several aternatively spliced versions of the mammalian
KChIPs 24 . In all species, recoverin and GCAPs are expressed in the retinawhereas the
other NCS proteins are expressed to varying extents in neurons — in some cases, with very
specific patterns of expression 25 . Hippocalcin, for example, is expressed at high levelsin
hippocampal pyramidal neurons and only moderately in certain other neuronal cell types 25,
26.

Ca?* binding and membrane localization

A common feature of the NCS proteinsis that their first EF-hand cannot bind Ca2* owing to
inactivating substitutions in the EF-hand loop in al the family In structural studies, human
and yeast NCS-1 27, 28 , bovine neurocalcin 6 29 bovine GCAP2 30 and human GCAP3 31
were found to have three bound Ca2* ions. By contrast, recoverin 32 and KChIP1 33, 34
were isolated with only two bound Ca2* ions as aresult of an inactivating substitution of
residues required for Ca2* coordination in another one of their EF hands.

The NCS proteins al have very similar structures which, in contrast to the dumb-bell shape
of Ca?*-loaded calmodulin, are more compact and globular even when Ca2* is bound (Fig.
2). All mammalian NCS proteins of classes A-D, aswell as KChIP1, are N-terminally
myristoylated 4 . Some KChIP2 and 3 isoforms instead have putative palmitoylation
sites35 . Both myristoylation and pal mitoylation would be predicted to allow membrane
association of these NCS proteins. In fact, as discussed below, some NCS proteins such as
recoverin and the class B NCS proteins only expose their myristoyl group when Ca2* is
bound to them 32, 36, 37 . These NCS proteins are cytosolic at resting Ca2* and reversibly
associate with the plasma membrane and the Golgi complex when Ca2*is elevated. By
contrast, others such NCS-1 are always associated with the plasma membrane and Golgi
complex 38 and KChIP1 with distinct vesicular structures 39, 40 . The distinct localisations
of these myristoylated proteins are in part determined by interactions of their N-terminal
amino acids with specific phosphoinositides 39, 41.

Structural insights from recoverin

Extensive structural information is available for recoverin, which was the first of the NCS
proteins to be discovered 42 . Recoverin inhibits rhodopsin kinase when in its Ca2*-bound
form 43, and is therefore important in light adaptation in photoreceptors 44 . In its Ca?*-free
form, the myristoyl group of recoverin is sequestered in a hydrophobic pocket within the
proteind5 . Sequential Ca2* binding to EF hand 3 followed by EF hand 2 46-48 resultsin a
significant conformational change that leads to extrusion of the myristoyl group 32 . This
‘Ca?*/myristoyl switch’ enables recoverin to associate with membranes through its
myristoyl group in a Ca2*-dependent manner (see the Ca2*/myristoyl switch moviein the
Online links box). As the hydrophobic residues of recoverin that are involved in the
interaction with the myristoyl group are conserved in the other members of the NCS protein
family, it was thought that all myristoylated NCS proteins would have asimilar Ca2*/
myristoyl switch32 . However, in addition to recoverin, only the class B proteins show this
switch 36-38, 49 . Other members of the family instead use their myristoyl group for
constitutive membrane association 38, 39, 50.

The Ca2*-induced conformational change in recoverin also exposes a hydrophobic groove,
which forms the binding site for its only known target, rhodopsin kinase 51 . A similar
hydrophobic surface is exposed in the structure of Ca2*-bound NCS-1 27, 28 and KChIP1
33, 52, and so the same mechanism could be used by other NCS proteins for some of their
Ca*-dependent target interactions. This does not, however, explain all of the interactions as,
for example, GCAPs do not require Ca2* for binding to their target guanylyl cyclases and
remain bound in the presence or absence of Ca?* 50, 53 and binding sites for target proteins
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on NCS-1 have been mapped to domains other than the exposed hydrophobic surface 54 . In
addition, early structural studiesimplied that KChiP1 interacted with Kv4 channels through
the hydrophobic groove 33 but more recent structural analyses 52, 55 have shown that two
distinct sites within the N-terminal domain of Kv4 channels can bind independently to
different regions of KChIP1, and mutagenesis has demonstrated a third direct interaction
with KChiIPs involving the C terminus of the channel 56, 57 . All three sites of interaction
affect the traffic of Kv4 channels to the plasma membrane and their regulation by KChiPs,
but in distinct ways 52, 55, 57 . The differential ability of the NCS proteinsto interact with
specific target proteins is undoubtedly the result of differencesin surface residuesthat are
involved in the protein-protein interactions within an overall conserved structure2.

The functions of NCS proteins

The NCS proteins regulate many cellular eventsin neurons and in retinal photoreceptors
which arelisted in Table 1. The evidence for these functions originally came from arange of
biochemical analyses and studies of the effects of overexpressing the proteins, but in recent
years many of these proposed functions have been confirmed in genetic studiesin which
individual NCS proteins have been knocked out or disrupted (Table 2).

Recoverin and the GCAPs are expressed only in the retina, where both classes of proteins
have specific rolesin light adaptation 44, 58-60 . The only known targets for regulation by
the GCAPs areretinal guanylyl cyclases23 ; recoverin interacts with rhodopsin kinase and
inhibitsits activity and has an additional, uncharacterized, effect on visual sensitivity
unrelated to its regulation of rhodopsin kinase 58 . The other NCS proteins are expressed in
neurons and have been implicated in awider range of cellular functions 5 . The KChiPs
were discovered as proteins that interacted with K* channels of the Kv4 family 61 . KChIP3
was independently discovered as calsenilin, a protein that could interact with, and affect
processing of, presenilin62 and amyloid precursor protein63 , and alter Ca?* release from
the endoplasmic reticulum64 . KChIP4 also interacts with preseniling5 . KChlP3 was also
identified as the Ca?*-dependent transcriptional repressor known as downstream regulatory
element antagonistic modulator (DREAM) 66 on the basis of its binding to the downstream
regulator element (DRE) sequence, which is present in the promoter region of many genes.
There are well characterised pathways by which an increase in intracellular Ca*-
concentration can activate transcription. In the case of DREAM, transcription is repressed
when Ca?*-concentration islow and this repression is lost when DREAM binds Ca2*. More
recently, KChIP3 has been found to interact not only directly with the DRE motif but also
with various transcription factors67, 68 , All four KChIPs can bind to DRE sequencesin
DNA and inhibit transcription 69 . The analysis of two independent strains of KChlP3-
knockout mouse supports the involvement of KChIP3 in all three of the proposed functions,
namely regulation of Kv4 channels, repression of gene transcription and regulation of
presenilin processing 70, 71 . The functions of the class B NCS proteins (visinin-like
proteins (VILIPs) 1-3 and neurocalcins) are not as well characterized (but see Table 1).

A number of studies have implicated NCS proteinsin disease states (in addition to the
potential role of KChIPsin Alzheimer’s disease through their interaction with presenilin)
based on altered expression levels of particular NCS proteins in post-mortem brain tissue
from schizophrenic and epileptic individuals and Alzheimer’ s disease patients 72 . Most
drugs used in the treatment of schizophrenia and depression are antagonists of dopamine
D2-like receptors implicating dysfunction of dopaminergic systems in these diseases but the
exact underlying defects are unknown. A direct link to NCS proteins came from the
discovery that NCS-1 directly interacts with D2 receptors and can inhibit receptor
desensitisation which occurs due to receptor internalisation 73 . Furthermore, increased
levels of NCS-1 have been observed in brain tissue from patients with schizophrenia or
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bipolar disorder 74 and this could conceivably result in increased neuronal excitability,
increased intracellular Ca2* concentration and subsequent cell death. In addition, alink
between a single nucleotide polymorphism (SNP) in the gene for the D2 receptor has been
associated with differences in nicotine dependence in human subjects and these observations
have been extended to show the existence of a genetic interaction with an SNP in anon-
coding region of the NCS-1 gene 75 . The significance of this SNP in NCS-1 and whether it
affects NCS-1 expression remains to be determined.

Specificity and range of NCS function

NCS-1: one protein, multiple functions

NCS-1 ismost probably derived from the primordial NCS precursor and is expressed from
yeast to man. Studiesin mammalian cells have implicated NCS-1 in several functions 5,
although the only data using genetic manipulations come from lower organisms, in which
very diverse phenotypes have resulted (Table 2). The S cerevisiaeorthol ogue frequenin
(Frql) isessential for survival becauseit isinvolved in the activation of one of the two
phosphatidylinositol 4-kinases, Pik1 21 . Knockout of NCS-1 is not lethal in other organisms
but leads to developmental phenotypes, including changes in the rate of development, in
Dictyostelium discoideum 76 . Knockdown of ncs-1, one of the two very closely related
NCS-1genesin zebrafish, abolishes formation of the semicircular canals of the inner ear
22 . Changes in neuronal functions are shown in D. melanogaster, in which overexpression
of the NCS-1 orthologue frequenin resulted in increased facilitation of neurotransmission
16, andin C. éegans, in which knockout of NCS-1 impaired learning and memory 77 .
How can asingle Ca?* sensor be involved in so many different activities? NCS-1 is
expressed highly in al brain regions 20, 25 and also in many non-neuronal cell types 18,
20 . In mammalian cells, NCS-1 regulates the orthol ogue of the yeast Pik1,
phosphatidylinositol 4-kinase 11 78, 79 , which could explain some of its functional roles,
but akey aspect of NCS-1 isits ability to bind to, and regulate, many target proteinsthat are
unrelated to each other 80 (Figure 3). The interactions of NCS-1 with different targets
proteins can involve distinct regions of NCS-1 54, 73, and some interactions can be
independent of Ca2* binding 73, 80 . The link between these target interactions and the
varied physiological roles of NCS-1 still remain to be fully established.

The role of GCAPs in light adaptation

There are three genes that encode GCAPs in the human genome 23 . GCAPs are present
only in the retina and have a specific role in light adaptation during phototransduction
through their ability to regulate retinal guanylyl cyclases 1 and 2. GCAPs interact with and
activate these two proteins at low concentrations of Ca2* in the light, but at higher Ca2*
levelsin the dark these GCAPs undergo an *activator-inhibitor’ transition 81 to become
inhibitors of guanylyl cyclases 1 and 2 (Figure 2). GCAP1 and GCAP2 are present in both
rod and cone photoreceptors in human retina; GCAP3 is expressed only in cones, but is not
expressed in the mouse, which implies that this protein is not essential for normal vision 82 .
GCAP1 and GCAP2 are present in the retina at similar concentrations and regul ate both of
the guanylyl cyclases83 . Expressing GCAP1 in mice that lack both GCAP1 and GCAP2
recovers almost all normal function in rods and cones 59, 60.

Different GCAPs, same targets

Asthe two forms of GCAP regulate the same targets in the same cell type, why is more than
one GCAP required? GCAPL and GCAP2 are only 49% identical and appear to interact with
guanylyl cyclasesin different ways 83, 84 . A significant aspect of GCAP function istheir
high Ca2* affinity. Analysis of the Ca2* affinities of GCAP1 and GCAP2 and the Ca2*
requirement of the GCAPs for regulation of retinal guanylyl cyclases has revealed two
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important issues. First, the affinities of the GCAPs for Ca?* is set to the relevant
physiological range (25-250 nM in mouse rods, for example 85) at intracellular
concentrations of Mg?* 86 The second issue is that GCAP1 and GCAP2 differ in their Ca?*-
binding affinities for retinal guanylyl cyclase activation (Fig 2) by about 7-fold 83, 86 . This
has led to the proposal of a‘Ca?* relay’ model for retinal guanylyl cyclase activation 84 in
which both GCAPs would be needed to function over the physiological range of Ca2*
concentration in the retina. The fine-tuning of these different Ca2* affinities would increase
the overall sensitivity of the regulatory mechanisms, as their joint action would expand the
dynamic range of responses to Ca2* without losing the sensitivity that is contributed by the
cooperative effect of Ca2* on retina guanyly! cylase regulation by each GCAP.

KChIPs: a large subfamily with distinct properties

Fast-inactivating A-type K currents are known to be important in controlling crucial aspects
of neuronal excitability, including inhibition of the back-propagation of dendritic action
potentials. These currents are also important for synaptic plasticity, and for regulation of
excitability in the heart 87, 88 . Kv4 channel a-subunits are essential pore-forming
determinants of A-type currents in somato-dendritic compartments such asin hippocampal
pyramidal neurons 89 . Changes in the expression of Kv4 channels have been implicated in
conditions such as epilepsy 90 and Kv4.2 channelsin dorsal horn neurons of the spinal cord
aretargets for regulation of pain sensitivity 91 . The regulation of Kv4 subunits by KChiPs
has therefore been studied in detail and provides clues as to why this class of NCS proteins
is so diverse. The KChIP class has become the most diversified of the NCS proteins during
evolution, from one KChIP in D. melanogaster, which is equally similar to all mammalian
KChlIPs, to mammals, which have four KChlP genes and a large number of potential splice
variants 24 . Analysisin human tissues indicates that at least 16 KChIP isoforms are
detectably expressed (Fig 5) although some of the KChi P2 isoforms are expressed only in
the heart 92 , where KChlIP2 has an established role in the regulation of Kv4 channels 93 .
The conserved C-terminal EF hand-containing domain of the human isoforms are at least
70% identical to each other and the key difference between these KChiP isoformsliesin
their N-terminal domains. The literature on these splice variants is confusing as the variants
have been given multiple names 88, 94 and additional variants that have been studied might
be expressed only in certain mammalian species92.

Three aspects of the KChIPs might be important for understanding their diversity:
differential cell-type expression of the proteins; differencesin their intracellular targeting
and localization; and the different effects that they have on the traffic and gating properties
of Kv4 channels. It is also possible that the existence of multiple genes might allow cell-type
specific regulation at the level of transcription through their distinct promoters.

Different KChlIPs, different intracellular localizations

When expressed in heterologous cell types the KChlIPs show differencesin their intrinsic
targeting and localization, which might be important for their efficiency in stimulating
traffic of Kv4 channels to the plasma membrane 39, 95 . KChIP1.2 is myristoylated and this
allowsits targeting to a population of intracellular vesicles, which increases the efficiency of
trafficking of Kv4 channels to the plasma membrane 39, 40 . KChiPs 2.1, 2.2, 2.3 and 3.1
possess potential sites for palmitoylation (Fig 4) that is predicted to allow their membrane
association. Palmitoylation of KChIPs 2 and 3 is required for efficient trafficking of Kv4
channels 35 . Surprisingly, however, the intrinsic targeting of KChIPs 2 and 3 differs: only
palmitoylated K ChlP2 associates with the plasma membrane when expressed alone 95 (Fig
4). It seems that KChIP3 only becomes membrane associated when it interacts with Kv4
channels. The other KChlIPs do not possess any obvious membrane localization signals and

Nat Rev Neurosci. Author manuscript; availablein PMC 2007 September O1.



sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Burgoyne Page 8

when expressed alone are usually cytosolic 95 (Fig 4) and become membrane-associated
only through their binding to Kv4 channels.

Different effects of KChIPs on Kv4 channels

Thefirst study of the effects of KChIP on Kv4 channels compared KChiPs 1.2, 2.3, 3.161 ,
which were all found to have the same effects (with some quantitative differences):
increasing cell surface expression of Kv4, shifting the voltage-dependency of activation,
slowing of inactivation and more rapid recovery from inactivation. The N terminus of the
KChIPsisnot required for its interaction with Kv4 or the basic effects on channel traffic and
gating properties 61 , but it has subsequently become clear that the variability in the N-
terminal domains of the KChIP isoforms generates the variable effects on Kv4 channels. A
comparison of the effects of KChIP1 splice variants on the rate of recovery from

inactivation of Kv4 channels has shown differencesin the effects of KChiP1.1 and 1.2
isoforms 96, 97 . Several studies on KChIP2 isoforms have shown differencesin the
efficiency of stimulation of traffic of Kv4 channelsto the cell surface and in the modulation
of gating properties 35, 94, 98, 99 . In fact, one KChIP2 isoform inhibits Kv4 surface
expression, although thisisoform is expressed only in the heart 92, 94 .One KChIP4
isoform, KChiIP4.1, has similar effects to those originally reported in increasing traffic to the
cell surface and slowing channel inactivation 65, 100 . By contrast, the KChlP4.4 isoform
does not stimulate traffic of Kv4 channels and leads to the almost complete abolition of the
fast inactivation of Kv4 channels. This effect has been attributed to the presence of a K-
channel inactivation suppressor (K1S) domain in the N terminus of thisisoform 65, 100.

The majority of studies on the properties of KChIPs and their influence on Kv4 channels
have looked at the effect of single KChlPs. It has become apparent, however, that interaction
of KChIPswith Kv4 channels results in the formation of an octomeric structure containing
four KChIPs and four Kv4 channel subunits 52, 101 . As KChlPs can form homo- or hetero-
oligomers 102, 103, it raises the possible additional complexity that functional KChlP-Kv4
complexes could contain more than one KChiP isoform leading to further degrees of subtle
variation in channel function.

Differential expression for different proteins

The possibility of KChlPs being components of hetero-oligomers makes consideration of the
expression patterns of the KChIP proteins of considerable importance. Analysis of the
expression of the four KChlP genes through the use of PCR after reverse transcription of
RNA (RT-PCR) and /n situhybridization showed major regional differencesin their
expression in the brain 24 . The use of antisera specific for KChlP1-4, which are believed to
be able to recognise al of the splice variants of each gene, indicated a marked cell-type
specific expression of the KChlIPs in the hippocampus, cortex striatum and cerebellum 95,
104, 105 . It would clearly be of interest to have more detailed mapping of the expression of
each of the KChIP splice variants, but the information already available shows that each
neuronal cell type might express only alimited repertoire of the possible set of KChiPs
along with specific Kv4 channel isoforms. The detailed properties of A-type K currents are
very variable between neuronal cell types or even in different regions of the same neuron 87,
88, and it is easy to imagine that this could result in part from cell-type specific expression
or localization of the KChIP isoforms to fine-tune the channels for their physiological
function.

Why are many Ca?* sensors needed?

Genetic studies have demonstrated that individual NCS proteins have essential functions that
cannot be compensated for by other family members or other Ca2* sensors in the absence of
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their expression. Differencesin Ca2* affinities, localization through intrinsic targeting
signals, different cellular dynamics, differential cellular expression and distinct target
proteins are factors in both the specialization of NCS protein function and the basis for
increased diversity of the family during evolution.

Differing Ca2* affinities

Calmodulin interacts with a large number of different target proteins to regulate a multitude
of cellular processes, so the question arises as to why NCS proteins are also required to
transduce Ca2* signalsin neurons. One key factor is the difference in affinity for Ca2*
shown by the NCS proteins compared to calmodulin (Fig 2). Calmodulin binds Ca2* in vitro
with adissociation constant (Kp) of ~5-10 uM. Its affinity is increased, however, following
binding of target proteins, which can reduce the off-rate for Ca2* 106, 107 , leading to
prolonged activation of target proteins and an increase in the apparent Ca2* affinity within
cells 108 . It was also found 108 .that most of the Ca2*-bound calmodulin in cellsis bound
to target proteins which are i excess and therefore only target proteins with high affinities for
camodulin are likely to be regulated under physiological conditions. This could explain why
additional specific Ca2* sensors are required.

The measured Ca2*-binding affinities of each of the NCS proteins varies 4 and the exact
Ca?* -binding affinities of each of the NCS proteins seems to be fine-tuned by conserved
variation in the sequences of the EF-hand domains and by effects on protein structure of the
N-terminal myristoyl group 48 and even the C-terminal residues of the proteins 109 so asto
match their sensitivity to physiological requirements. Nevertheless, the general pictureis
that they are expected to bein a Ca?* -free state under resting conditions and all have a
higher affinity for Ca2* than calmodulin does, which allows them to bind Ca2* following
small increases in concentration above resting levels. In addition, all of the NCS proteins
show intrinsic cooperativity in Ca2* binding when assayed /n vitroor in assays that measure
activation of their target proteins. This means that the NCS proteins usually have restricted
dynamic ranges over which they can respond to changes in intracellular Ca2* concentration
to regulate their target proteins. Thisis exemplified by experiments on hippocalcin: analysis
of its Ca2*/myristoyl switch in living cellsindicated a value for half-maximal activation of
300 nM free Ca?* and is fully activated when intracellular free Ca?* concentration reaches
800nM Ca2* 37 . The small concentration ranges over which the NCS proteins can respond
to Ca?* is also an explanation for the need for more than one GCAP as discussed above.

Specific subcellular and cellular localizations

As noted above, not all NCS proteins have a Ca2*/myristoyl switch and some of them, such
as NCS-1 and KChIP1, are constitutively membrane associated through their myristoyl
group. Despite this membrane association, NCS-1 and KChIP1 target to distinct organelles
where their presence enables them to respond to very transient, local elevationsin
intracellular Ca2* 39 . By contrast, NCS proteins that translocate to membranes using the
Ca2*/myristoyl switch might require longer lasting and more global Ca?* elevations for their
activation and interaction with targets or could require repetitive Ca2* signals to allow them
to accumulate on membranes. This aready gives some indication of how NCS proteins
could mediate distinct cellular changes in response to different Ca2* signals.

In addition to their distinct subcellular localization patterns, many NCS proteins are also
expressed in a cell-type specific manner. NCS-1 seems to be expressed in most, if not all,
neurons whereas other NCS proteins have distinct and more limited patterns of cellular
expression in the brain 25, 104 and, as described above, the multiple KChiPs isoforms have
highly cell-type specific expression patterns.
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Specific target proteins

Initial work on NCS-1 showed that /17 vitroit could regul ate the same targets as calmodulin,
including calcineurin and phosphodiesterase 110 . These are not likely to be physiological
targets for NCS-1, as calmodulin is present at much higher concentrations than NCS-1in
neurons and calcineurin and phosphodiesterase have a high affinity for calmodulin which is
therefore much more likely to regulate these targets. It cannot be ruled out, however, that
these proteins might be regulated by NCS-1 at concentrations of Ca2* that are too low to
activate calmodulin. It isnow clear that NCS-1 (Figure 3) and other members of the NCS
family have distinct target proteins that they regulate80 — many of these do not overlap
with calmodulin and so are more likely to be the true physiological targets that contribute to
the specificity of the NCS protein function.

Future perspectives

There have been significant advancesin our understanding of the functional roles of the
NCS and other neuronal Ca2* sensor proteins and the way in which their basic properties
have been fine-tuned to enable them to regulate different cellular processes by coupling
Ca?* signals to the regulation of specific target proteins. The diversity of the NCS family is
clearly important in allowing subtle and neuron-specific patterns of Ca2* -dependent
regulation to occur. Further mapping of the cellular expression of al the family members,
including the various isoforms, will be valuable. We also need experimental approachesto
examine the relationship between particular Ca2* signals and activation of the NCS protein
complement within different neurons to provide information on when and where these
proteins are switched on during neuronal activity. We know in only afew cases the
molecular link between regulation of an identified target protein and the physiological
outcome at a cellular or organism level and this link needs to be explored in more detail
through molecular manipulations of target protein interactions. Finally, we still do not know
the full range of the physiological functions of the NCS proteins and, for some of them, very
little functional information is available. Future work will need to examine the functions of
the less well-studied NCS proteins through targeted gene disruption in animals and the use
of gene knockdown approaches in isolated neurons.
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Box 1. The EF-hand motif

helix

Two representations of the same view of the helix-loop-helix structure of the first EF
hand of calmodulin with abound Ca2* ion.

The EF-hand as a Ca2*-binding motif was first characterized for the protein parvalbumin
and is known to be one of the most common domains encoded by the human genome,
being present in 122 predicted proteins. This motif has a helix-loop-helix structure,
consisting of 29 amino acids, that binds asingle Ca2* ion. There are six residues involved
in Ca2* binding at positions 1, 3, 5, 7, 9 and 12, and these residues are denoted X, Y, Z, -
Y, -X and -Z. Despite their related structure, there is considerable variability in the
affinities of different EF-hands for Ca2* and the extent to which they undergo a
conformational change on Ca2* binding. EF-hand-containing proteins can have very fast
on-rates, with Ca2* binding limited only by the rate of Ca2* diffusion. The equilibrium
dissociation constant can be variable (over a 1000-fold range), however, owing to
differencesin the Ca?* off-rate between different EF-hands, which depends on the nature
of the amino acid at the position 9 of the EF hand 111 . The slowest off-rates are found in
proteins that act as Ca2* buffers. Variability in off-rate is seen for the EF hands of
calmodulin, in which the off-rate for the EF-hands in the N-terminal lobe is over 100
times faster than for the two in the C-terminal lobe 106 , which allows independent
regulation by each lobe of calmodulin. The equilibrium dissociation constant for Ca2*-
calmodulin based on /n vitro Ca2* binding is ~10 uM but the off-rates are substantially
modified by the interaction of calmodulin with its target proteins, leading to slowing of
Ca?* dissociation and an increase in the apparent affinity for Ca2* 106, 107.
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Box 2 Other neuronal Ca2* sensor proteins

The NCS proteins are not the only EF-hand Ca2*-binding proteins with predominantly
neuronal expression. In recent years another EF-hand subfamily known as the Ca?*-
binding proteins (CaBPs) 112 or caldendrins 113 has been discovered, which consists of
5 genes in humans and which emerged during evolution in vertebrates. CaBP1 has three
splice variants, along form originally called caldendrin 113 and two shorter forms known
as CaBP1 long and short 112 . CaBPs are expressed in neurons 114 — or in some cases
in the retina (CaBP2, 4 and 5) 112 — and have been shown to have roles in the
regulation of intracellular targets such as inositol trisphosphate (InsP3) receptors 115-117
aswell asL- and P/Q-type voltage-gated Ca?* channels 118, 119 and transient receptor
potential (TRP) channels120 . These proteins seemsto overlap in their target interactions
with calmodulin to a greater extent than the NCS proteins (Fig 4) but a non-redundant
role for CaBP4 in the regulation of Ca(v)1.4 Ca?* channelsin photoreceptors has been
established using Cabp4-knockout mouse 121 ; mutations in the gene encoding CaBP4
result in autosomal recessive night blindnessin humans 122 . For information on other
members of the calmodulin superfamily of EF-hand Ca2*-binding proteins see reference
2.
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Glossary

Ca2* nanodomain A local Ca?* signal generated within around 20nm of an open
Ca2* channel

Ca?* microdomain A local Ca2* signal generated within less than 1um of an open
Ca2* channel

Long term potentiation A long-lasting increase in the efficiency of neurotransmission,

(LTP) induced by high frequency stimulation, usually studied in
hippocampal neurons and seen as an increase in the magnitude
of post-synaptic potentials.

Long term depression A long-lasting decrease in the efficiency of neurotransmission,

(LTD) induced by low frequency stimulation, usually studied in

hippocampal and cerebellar neurons and seen as an decrease in
the magnitude of post-synaptic potentials.

Myristoylation A post-translational modification that adds a covalently-linked
myristoyl group to glycine at position 2 of aprotein viathe
action of the enzyme N-myristoyl transferase. The sequence
requirement for myristoylation is well established. Thislipid
modification can then alow the protein to become membrane
associated through lipid insertion of the myristoyl group. The
functional significance of myristoylation for protein
localisation can be tested by mutation of the required glycine.

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Nuclear factor of A transcription factor that in unstimulated cells resides in the
activated T cells cytoplasm as a highly phosphorylated protein. Elevation Ca2*
(NFAT) activates calcineurin through calmodulin. Calcineurin
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dephosphorylates NFAT which can then translocate into the
nucleas and regulate gene transcription until it is
rephosphorylated.

Palmitoylation A post-translational modification that links a palmitoyl group

to an internal cysteine of a protein through a thioester linkage.
Thislipid modification can then allow the protein to become
membrane associated through lipid insertion of the palmitoyl
group. The functional significance of palmitoylation for
protein localisation can be tested by mutation of the relevant

cysteine residue.
Phosphatidylinositol 4- An enzyme that converts phosphatidylinositol to
kinase phosphatidylinositol 4-phosphate which isthen converted to

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,). (P1(4,5)P,)
isrequired for many cellular events including membrane traffic
events and is the target for phospholipase C which breaks
down PI(4,5)P, to release the second messengers
diacylglycerol and inositol 1,4,5 trisphosphate.

Single nucleotide A nucleotide within the coding or non-coding region of a gene
polymor phism (SNP) that can be variable between different members of the
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Figure 1.

Diversity of Ca2* signalsin neurons. A wide variety of different Ca2* signals that range
from very local pre- or post-presynaptic signals to an increase in Ca2* concentration
throughout the neuron can be generated in mature neurons. Three types of Ca2* signal are
shown schematically. a Local Ca?* signals that are generated and remain in the pre-synaptic
nerve terminal or the post-synaptic dendritic spine as very local Ca2* elevations near to Ca?*
channels (nano- or micro-domains) are shown on the left of the figure; more diffuse Ca2*
elevations that fill the terminals or spines are shown on the right. b A Ca2* signal that has
propagated into part of the dendritic tree close to the site of synaptic inputs but that
dissipates before reaching the cell body is shown. ¢ A global Ca?* signal is shown that
would occur following more extensive stimulation owing to multiple active synaptic inputs
aong the dendrite with the generation of a propagating Ca2* wave throughout the neuron
(including the nucleus - labelled N). d Different Ca2*-regulated processes occur in neurons
over awide range of timescales and their selective activation will depend on the temporal
nature of the Ca2* signal.
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Figure 2.

The structure of NCS proteins . The structure and Ca2*-binding properties of NCS
proteins, in comparison to calmodulin, are shown. a A schematic representation of the
general domain structure of NCS proteins. These proteins contain 4 EF hands, the first of
which cannot bind Ca2*. Many family members possess an N-terminal myristoyl group. b
The crystal structure of human NCS-1 in the Ca2*-bound form (PDB ID code 1G8l)
showing the presence of three bound Ca2* ions (green spheres) in EF hands 2-4. ¢ The
crystal structure of rat calmodulin in Ca2*-loaded form (PDB 1D code 3CLN) with four
bound Ca2* ions. d Comparison of the Ca2* affinities of NCS proteins and that of
calmodulin. The figures show schematic binding curves which are modelled on the Ca2* -
dependency of the Ca2*/myristoyl switch of hippocalcinin live cells 37 , thein vitro binding
of Ca?* to NCS-1 123 and for calmodulin is based on Ca2* binding in vitro to calmodulin
alone or with abound peptide from its target CaMKI1 107 . e A comparison of the Ca2* -
dependency of activation of retinal guanylyl cyclase in the presence of 1 mM Ca?*. The
schematic binding curves are modelled on in vitro data 86 . The range of measured Ca2*
concentrations in mouse rod photoreceptors 85 is shaded in blue.
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Figure 3.

A protein-protein interaction map showing the known interactions of NCS-1. The
figure summarises data on the known protein interactions made by NCS-1 proteins and
indicates whether these are Ca2*-dependent or -independent. AP1, clathrin adaptor protein 1
80 ; AP2, clathrin adaptor protein 2 80 ; ARF1, ADP ribosylation factor 1 79 ; CAPS, Ca?*-
dependent activator protein of secretion 80 ; calcineurin 110 ; D2R, dopamine receptor type
273 ; GRK2, G-protein-coupled receptor kinase 2 73 ; ILIRAPL, interleukin 1 receptor
associated protein-like protein 54 ; IP3R, inositol 1,4,5 trisphophate receptor 124 ; Kv4.2,
Kv4.2 potassium channel subunit 125, 126 ; PDE, cyclic nucleotide phosphodiesterase 110 ;
PI4K, phosphatidylinositol 4-kinase type I11p 78, 79 ; TGFPR1, the type | receptor for
transforming growth factor p 80 ; TRPC5, transient receptor potential channel 5127 .
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The KChIP class of NCS proteins and their splice variants a Alternative splicing of the
four human KChlP genes generates a series of variants with distinct N-terminal domains.
Some of the isoforms possess myristoylation or palmitoylation sites (as indicated) that could
confer membrane targeting and localization. The isoforms shown here have been shown to
be expressed in human tissues 24 Thereis no generally agreed terminology for KChIP
isoforms and those shown are based on the following sequences (Human KChiP1 isoforms:
GenBank accession number DQ148478 (1.1), DQ148477 (1.2), DQ148476 (1.3). Human
KChIP2 isoforms: NM_01491 (2.1), DQ148480 (2.2), DQ148481 (2.3), DQ148482 (2.4),
DQ148483 (2.5). Human KChlP3 isoforms: DQ148485 (3.1), DQ148486 (3.2). Human
KChiP4 isoforms: DQ148487 (4.1), DQ148488 (4.2), DQ148491 (4.3), DQ148489 (4.4),
DQ148490 (4.5), DQ148492 (4.6)).

b When expressed in COS-7 cells as fluorescently tagged proteins, the isoforms of each of
the four of the KChIP genes show different localization patterns. KChIP1.2 is present on
vesicular structures, KChIP2.3 is expressed on the plasma membrane, and KCHIPs 3.1 and
4.1 are diffuse and cytosolic.
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Table 1

Summary of the members of NCS protein family represented in mammalian genomes

Sub-group  First Mammalian protein  Expressed Proposed functions
appearance human splice
in evolution variants
A Y east NCS-1 1 Regulation of neurotransmission16, stimulation of constitutive79
and regulated exocytosisl8, learning 77, short-term synaptic
plasticity 128, Ca2* channel 129, 130 and Kv4 K* channel 125, 126
regulation, phosphoinositide metabolism 21, 78, 79, 131,
dopamine D2 receptor endocytosis 73, GDNF signalling 132,
neuronal growth127 and survival133
B Nematodes Hippocalcin 1 Anti-apoptotic134, AMPA receptor recycling in LTD135, MAPK
signalling 136, 137, learning138
Neurocalcin & 1 Guanylyl cyclase activation 139
VILIP-1 1 Guanylyl cyclase activation and recycling 140, traffic of nicotinic
receptorsl41, CAMP levels and secretion142
VILIP-2 1 Regulation of P/Q-type Ca?* channels143
VILIP-3 1 Unnown
Fish Recoverin 1 Light adaptation viainhibition of rhodopsin kinase 43
D Fish GCAP1 1 Regulation of retinal guanylyl cyclases23
GCAP2 1 Regulation of retinal guanylyl cyclases23
GCAP3 1 Regulation of retinal guanylyl cyclases23
E Insects KChiP1 3 Regulation of Kv4 61 and Kv 1.5 144 K+ channels, repression of
transcription69
KChIP2 5 Regulation of Kv4 61 and Kv 1.5 144 K+ channels, repression of
transcription69
KChIP3 2 Regulation of Kv461 K+ channels, presenilin- processing62, APP
processing 63, repression of transcription 66, pro-apoptotic145,
regulates ER Ca2* 146
KChIP4 6 Regulation of Kv4 K+ channels100, presenilin- processing65,

repression of transcription69

AMPA, aamino-3-hydroxy-5-methyl-4-isoxazole propionic acid; APP, amyloid precursor protein; CAMP, cyclic AMP; ER, endoplasmic
reticulum; GDNF, glial-cell-derived neurotrophic factor; KChIP, Kv channel-interacting protein; LTD, long-term depression; MAPK, mitogen-

activated protein kinase; NCS, neuronal Caz+ Sensor.
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Table 2

Summary of the phenotypes resulting from genetic alterations of NCS proteins

m NCS protein Organism Phenotypes

[

8 NCS-1 (frequenin) S cerevisiae Knockout islethal owing to requirement in Pik1 activation 21
e

(0] S. pombe Growth defect at high Ca?*, decreased sporulation 147

g D. discoideum  Development accelerated 76

O C. elegans Knockout impairs learning 77

:I:'I D. melangaster  Overexpression increases facilitation of neurotransmission16

=

a. D. rerio Knockdown of NCS-1aimpairs development of inner ear 22

(7)) Hippocalcin Mouse Knockout causesimpaired spatial learning and reduced neurodegeneration 138, 148

?__> Recoverin Mouse Knockout resultsin shorter responses to bright flasher in dark-adapted state and decreased sensitivity to
r-j'- dim light in retinal rod cells44. 58 Signal transmission downstream of phototransduction reduced 58
Q GCAPL2 Mouse Rod and cone photoreceptors with knockout of both GCAPL and 2 show increased light sensitivity and
Z aslower recovery following flash response 59, 60, 149, 150

% Expression of GCAP1 in GCAPL/2-knockout mice restores normal function 59, 60

?g Expression of GCAP2 in GCAPL/2-knock-out mice is not effective in recovering normal kinetics of
4 flash response 150
% GCAP1 Human Various mutations result in cone or rod/cone degeneration 151

KChIP2 Mouse Knockout is highly susceptible to cardiac arrhythmias 93
KChIP3 Mouse One study showed reduced responses to pain and elevated dynorphin levelsin knockout 70

Another study showed reduced levels of Ap peptides, enhanced long-term potentiation and
downregulation of Kv4 channelsin hippocampus 70, 71

GCAP, guanylyl cyclase-activating protein; KChIP, Kv channel-interacting protein; NCS, neuronal ca2t sensor; Pik1, phosphatidylinositol kinase.
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