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It has taken 17 years from the first identification of a
voltage-gated Ca?™ channel (Cay) B-subunit as a band
on a gel following purification of skeletal muscle
dihydropyridine (DHP) receptors in 1987 to the publi-
cation of key information on the structures of Ca®*
channel B-subunits. Three recent X-ray crystallographic
studies have now solved the structures of the core
domains of three Ca®* channel B-subunits. In this article,
the properties of these cytoplasmic auxiliary subunits
will first be summarized. Then the CaypB structures and
the information they provide regarding how these pro-
teins interact with the Caya1 subunit will be discussed
and the possible implications of these new data for
G-protein modulation of Ca%™ channels will be examined.

Following the identification, in 1987, of a B-subunit as an
auxiliary subunit of voltage-gated Ca®* channels [1], the
gene encoding the skeletal muscle isoform of this subunit,
subsequently termed Bla, was cloned soon after [2]. This
led rapidly to the identification, by homology, of three
further genes encoding Cayp subunits, termed Cayfp2, B3
and B4, in addition to a neuronal splice variant of B1,
termed B1lb [3]. Now, within the space of a few weeks,
three research groups have provided a wealth of fascinat-
ing structural information and insights into the function
of CayB2, B3 and p4 [4-6].

Modulation of Ca?™ channel function by B-subunits

All Cayp subunits are cytoplasmic proteins that bind to an
intracellular linker region of the main pore-forming Cavoal
subunits of voltage-gated Ca®* channels [3] (Figure 1).
Cayp subunits affect Ca?' channel function in several
ways. Among other effects, they increase current ampli-
tude and hyperpolarize the voltage-dependence of acti-
vation, so that the channels open at less depolarized
membrane potentials [3].

The basis for the effect of Cayp subunits on current
amplitude is still controversial, with several research
groups suggesting that a major component of this effect
involves an increased number of channels at the plasma
membrane [7,8]. This increase in the number of channels
is thought to be due to the Cayp subunit masking an
unknown endoplasmic reticulum retention signal within
the cytoplasmic I-II linker between transmembrane
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domains I and II of the Cayal subunit. Furthermore, it
has been shown that the I-II linker attached to an
unrelated transmembrane domain is trafficked to the
plasma membrane by a CayB subunit [7]. However, it
remains controversial whether Cayf subunits influence
gating charge movement, which is a good measure of
functional channels integrated into the plasma membrane
because it results from the net outward movement of the
charge associated with the channel voltage sensors. Some
groups have shown an increase in gating charge move-
ment associated with voltage-gated Ca?" channels as a
result of coexpression of B-subunits with Cayol subunits
in HEK293 cells [9]. However, another group has shown
no increase in charge movement following B-subunit
coexpression in Xenopus oocytes [10,11], and has sug-
gested that the effect of Cayp subunits is to increase the
ratio of ionic current to gating charge moved. Recently, the
issue was addressed biochemically using a Cay1.2 channel
construct with an extracellular epitope tag; in this study
Cayp subunit coexpression clearly increased the amount
of Cay1.2 channel protein in the plasma membrane [12].

One difficulty associated with this type of research is
that some expression systems contain endogenous Cavyf
subunits. In particular, Xenopus oocytes have been shown
to contain mRNA for a B3-like B-subunit [13] and subse-
quently to contain B3 protein at an estimated concen-
tration of ~17 nM [14]. In both these studies [13,14], an
antisense oligonucleotide directed against 3 mRNA
reduced the current amplitude resulting from a hetero-
logously expressed Cayal subunit, and in one study [14]
this antisense approach was also shown to reduce the
amount of endogenous B3. Both studies indicate that
oocytes normally contain sufficient Cayf to have at least a
partial trafficking effect to enable some channels to reach
the plasma membrane. Nevertheless, heterologously
expressed CaypP subunits do hyperpolarize the voltage-
dependence of the open probability of voltage-gated Ca®*
channels, which also serves to further enhance the current
amplitude [10,14].

The concept of the AID region

The primary binding region for all Cayp subunits on
Cayal subunits, referred to as the ol-interaction
domain (AID), is an 18 amino acid region in the I-II
linker of Cayal subunits, beginning ~23 amino acids
from the end of the sixth transmembrane segment of
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N AID
(b)
L-type:
Human Cayl.1 335 GEFTKEREKAKSRGTFQKLREKQCLDEDLRGYMSW TQGEVVDVE
Mouse Cayl. 2 406 GEFSKEREKAKARGDFQKLREKQCLEEDLKGYLDW TQAEDI DPE
Rat Cayl. 3 407 GEFSKEREKAKARGDFQKLREKQCLEEDLKGYLDW TQAEDI DPE
Human Cayl. 4 373 GEFSKEREKAKARGDFQKOQREKQOVEEDLRGYLDW TQAEELDMVE
Jel lyfish Cayl 382 CEFAKEKARQTKSGEFHKI REKHVLDDAVKGYLDW NQASDI ENV
vertebrate L-type consensus Q@ -EDL-GY--WTQE
non-L-type:
Rat Cay2.1 363 GEFAKERERVENRRAFLKLRRQQQ ERELNGYMEW SKAEEVI LA
Rat Cay2.2 357 GEFAKERERVENRRAFLKLRRQOO ERELNGYLEW FKAEEVMLA
Rat Cay2.3 303 GEFAKERERVENRRAFMKLRRQOO ERELNGYRAW DKAEEVMLA
FI at wor m Cay2A 361 GEFAKERERVEKRRAFLKLRRQUCUSDRELNGYLDW QRAEEVI LA
Vertebrate non-L-type consensus QQ ERELNGY- - W - KAE
vertebrate HVA consensus QQ---L-GY--W---E
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Figure 1. (a) The a.1-subunit of the voltage-gated Ca®" channel (Caya.1). This subunit contains four transmembrane domains, each comprising six transmembrane segments.
CayP subunits bind to the Caya.1 subunit at an a.1-interaction domain (AID) within the I-Il linker of the Caya.1 subunit. (b) Sequence alignment of the AID within Caya.1 subunits.
CayB subunits associate with the Caya1 subunit through the AID, an 18-residue region that begins ~23 amino acids from the end of the sixth transmembrane segment of
domain I. The AID can be defined by the consensus motifs shown below the alignments. The eight residues in the consensus sequence underneath the lower panel are
conserved in all known vertebrate high-voltage-activated (HVA) Caya.1 subunits (both L-type and non-L-type). Several of the intervening residues of the AID are well
conserved separately within the L-type (Cay1) and non-L-type (Cay2) families (blue), but there are important distinctions between the characteristic motifs of the two families.

domain I (IS6) [15], which has a characteristic consensus
motif (Figure 1).

The recent crystal structures [4—6] show that the
AID in complex with Cayp subunits forms an amphi-
pathic helix, and that the spacing of the best
conserved AID residues through its length locates
them along one side of this helix where they can
pack into a complimentary hydrophobic groove on the
CaypB subunit (Figure 2).

Following identification of the AID sequence, the
affinity of the binding of Cayp subunits to either the AID
peptide or the full length I-II linker was determined for a

variety of combinations of subunits and shown, using several
methods, to be in the low nanomolar range [14,16-20]
(Table 1). In agreement with this, the concentration of the
Cayp subunit required to produce a half-maximal increase of
the maximum Ca?" channel conductance was ~17 nM [14],
and similarly the half-maximal concentration of f4 subunit
protein required for enhancement of Cay2.1 channel current
was 7 nM [20].

Specific amino acids, including tryptophan and tyro-
sine, within the AID motif have been reported to be crucial
for binding Cayf subunits [21]; these amino acid residues
have now been shown to have the most intimate

Table 1. Measured affinities of CayB subunits and GBy for binding to Caya1 I-l linkers®®

a1 species -1l linker B species Affinity (nM) Refs Gy affinity Refs Method
construct (nM)
Cay2.2 GST fusion of I-lI B1b 22 [18] 62 [18] SPR
linker B3 26 [14]
Cay 1.3 GST fusion of I-lI B1b 10 [18] 0 [18] SPR
linker
Cay2.1 AID-GST fusion B1b 6 [17] 63 [16] Pull-down
B2 4,36
B3 55
p4 3,76
Cay2.1 AID-GST fusion p4 9 [20] ND - SPR
Cay1.2 AID peptide B2 16 [19] ND - Fluorescence
polarization

®The measured affinities were determined using three different methods: a surface plasmon resonance (SPR) assay, involving binding of purified CayB to a sensor chip to
which the I-ll linker or the a1-interaction domains (AIDs) are attached; binding of radiolabelled in vitro translated Cayf to beads (pull-down); or a fluorescence polarization
solution assay. In the pull-down assay both a low and a high affinity were observed in some cases.

PAbbreviations: CayB subunits, B-subunits of the voltage-gated Ca?* channel; GST, glutathione S-transferase; ND, not determined.
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Figure 2. Binding of the a1-interaction domain (AID) of the Cay1.2 channel as an amphipathic « helix to the AID-binding pocket (ABP) on the CayB3 subunit [6]. (a) Surface
representation of the Cayp3 subunit with bound AID peptide. The ABP forms a deep hydrophobic groove in the surface of the Cayf subunit to which the AID is complimentary.
The surface of CayB3 is shown rendered by hydrophobicity (yellow). The AID is shown as a stick representation. The three most crucial AID residues for binding are labelled
(lled41, Tyrd37 and Trp440). (b) The large number of interactions between the AID and the ABP (extracted from [6]). The AID is shown on the left as a helical wheel. (¢) Surface
representation of the AID binding to the ABP of the CayB3 subunit. The surface of the AID is shown rendered by hydrophobicity (yellow) to demonstrate its amphipathic
character. The orientation of the complex and the colouring of structural elements comprising the ABP relate to (b). (a) and (c) were generated and rendered using
GRASP [42].
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interactions with the CaypB subunit (of all amino acids
within the AID) [6] (Figure 2).

The minimal region of the Cayp subunit required to
stimulate Cayal expression was determined to be a
35 amino acid stretch at the beginning of the second
conserved domain of Blb (residues 211-245) [22] and a
41 amino acid sequence was later termed the B-inter-
action domain (BID) [23]. However, as we now see from
the structural studies discussed later [4-6], although
several amino acids of the BID are involved in important
interactions with the AID, the concept of the BID
peptide binding directly to the AID is unfounded
because the BID actually forms a structural part of the
hydrophobic core of the Cayp subunit. Therefore, it is
unclear how the small BID sequence alone could
produce stimulation.

Cayp is a member of the MAGUK family

In a modelling study, we showed that the first conserved
domain of Cayf subunits was likely to be a Src homology 3
(SH3) domain linked by a flexible loop to the second
conserved domain, which is a guanylate kinase (GK)-like
domain [24]. In this regard, the Cayp subunit is similar
to other SH3—GK domain-containing proteins such as
the 95-kDa postsynaptic density protein (PSD-95), which
are thought to be scaffold proteins because they contain
several protein—protein interaction domains. This family
of proteins has been dubbed membrane-associated GK
(MAGUK) proteins, although the GK domains within
them do not usually have GK activity because of mutation
of the specific enzymatic signature sequence. Crystal struc-
tures of the SH3—-GK region of PSD-95 have been solved,
demonstrating that these two domains fold together inti-
mately as a module [25,26]. SH3 domains in other proteins
bind to PxxP proline-rich motifs [27], and GK domains
also have binding partners, such as GK-associated protein
(GKAP) for PSD-95 [28].

Within proteins of the MAGUK family an intramol-
ecular interaction is known to exist between their SH3
and GK domains [29]. This provided the impetus for
examining the similarity between Cayf and other MAGUK
proteins. It was found that, analogous to the GK and SH3
domains of PSD-95, the isolated SH3 and GK domains of
Cayp subunits interact with each other and form a stable,
functional core [30]. Cayf subunits also contain N-terminal,
C-terminal and centrally located non-conserved regions
that are each highly variable in sequence and length
among different isotypes and splice variants. In a limited
proteolysis study each of these regions was found to be
exposed in a protease-sensitive manner [19]. The two
remaining regions, approximately corresponding to the
SH3 and GK domains, interacted and formed a stable core
that was ultimately amenable to crystallization. In one of
the three structural studies, the two isolated domains of
the B2-subunit were coexpressed and the complex crystal-
lized [4]. A second study used the SH3—GK core construct
of Cayf2, which had the central variable region removed
[5]. A third study used SH3—-GK core domains of B3- and
B4-subunits, which have short linker regions [6].
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The revelations of the structures

The SH3 domain

Appended to the N-terminus of the Cayf subunit SH3
domain is a prominent a-helix, at least 20 amino acids in
length, extending away from the protein. This addition
might be unique to the SH3 domains of CayB subunits
because no such helix was observed in the structure of
PSD-95, and true MAGUK proteins have PDZ domains
N-terminal to their SH3 domains that are absent from
Cayp subunits. The arrangement of the first four B-strands
of the CayB subunit SH3 domain as an orthogonally
packed sandwich is similar to canonical SH3 domains.
However, as in PSD-95, the fourth B-strand is followed by
a second long o-helix that extends away from the protein.
The distal ends of both these a-helices (21 and o2
in Figure 3) give way to non-conserved and probably
flexible regions. The fifth B-strand is formed by residues
C-terminal to the central variable region, and therefore
falls within the second conserved region, giving the SH3
domain of the Cayf subunit a ‘split architecture’ like that
of PSD-95 (Figure 3). The two conserved domains of the
Cayp subunit are intimately associated, as was observed
in the structure of PSD-95. However, the orientations of
the SH3 domain with respect to the GK domain observed
in the crystal structures of the Cayp subunit and PSD-95
differ by ~90°. Furthermore, in PSD-95 a B-strand
from the C-terminus of the GK domain forms a B-sheet
with part of the fifth B-strand of the SH3 domain, whereas
in the Cayp subunit the last B-strand of the GK domain
is absent and the fifth B-strand of the SH3 domain
is much shorter.

The function of the SH3 domain in Cayf subunits is
uncertain because it binds to the GK domain but has no
direct role in interacting with the AID. Despite this, the
GK domain alone cannot function exactly like intact Cayf3
subunits, although some enhancement of Ca®" currents
has been observed with this isolated domain [6,22]. Many
of the residues that are crucial for interactions with PxxP
motifs are conserved in the SH3 domains of Cay3 subunits
but the crystal structures have shown that the putative
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Figure 3. Structure of a complex between the B-subunit of a voltage-gated Ca?*
channel (CayB) and the a1-interaction domain (AID) of the Caya.1 channel subunit.
A CayB2a-Cay1.1 AID complex is shown as a ribbon representation [5]. Cayf
subunits consist of an Src homology 3 (SH3) domain (blue) and a guanylate kinase
(GK) domain (red). Two long helices (21 and «2; grey) that are not present in
canonical SH3 domains are appended onto the SH3 domains of Cayp subunits. The
AID (yellow) binds into its pocket on the opposite side of the GK domain from the
SH3. The central variable region would fall in the gap that is visible between 22 and
B5. For consistency, structure elements are numbered according to [6]. The ribbon
representation was prepared using GRASP [42].
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polyproline binding site is occluded, unless a major
rearrangement were to be induced. It is possible that,
rather than interacting with proline-rich regions in the
classical manner, the SH3 domains of CayB subunits
support the pair of prominent a-helices that protrude from
them, the function of which remains unknown. It will be
of great interest to determine with what structures these
a-helices interact.

The GK domain and the AID-binding pocket

All three structural studies investigated the binding of the
AID peptide to the B-subunit protein and provided similar
evidence that the interaction site of AID is in a deep groove
on the GK domain (Figure 2). This has now been dubbed
the AID-binding pocket (ABP) [4]. The Cayp structure is
only slightly altered by binding the AID peptide [6]. It is
clear from the structure that the amino acids defined
previously as essential in the BID region [22] are actually
involved in maintaining the integrity of the GK domain
and also, by contributing the fifth B-strand of the SH3
domain, maintaining the central interdomain interaction.

The GK domain has no predicted enzymatic activity
because key residues in the glycine-rich ATP-binding
motif that are present in true GKs (GxxGxGK) [31], in
addition to other residues that are crucial for coordinating
ATP, are not conserved in Cayp subunits. Nevertheless,
the conserved tryptophan residue of the AID is positioned
in the binding groove in an equivalent place to where the
adenosine moiety of ATP would fit in a catalytically active
GK [5]. As these authors discuss, the GK domain has
evolved from an enzyme into a protein interaction module,
but has retained the skeleton of the enzymatic nucleotide-
binding site for this purpose. The GK domain of the Cayp
subunit has also lost the GMP-binding subdomain that is
present in PSD-95.

There are a pair of putative protein kinase C (PKC)
phosphorylation sites within the previously defined BID
that are highly conserved among vertebrate Cayf sub-
units [21,32]. From the structures, these appear to be
buried within the core along with the rest of the BID, and
therefore are unlikely to be phosphorylated in the absence
of structural rearrangement.

The AID a-helix

One structural study made the salient point that when the
isolated AID peptide is in solution it is an unstructured
random coil but, when bound to the Cayp subunit, it
becomes structured as an a-helix, within the ideal folding
environment of the hydrophobic binding groove [5]. In the
intact I-II linker, this a-helix is predicted to continue
back from the AID to the end of IS6 [5]. Thus, Cayp
could impose a-helical structure not only onto the AID
but also onto regions proximal to it, acting to induce
folding. A rigid a-helical rod could be the means by which
the effects of Cayf subunits on the voltage-dependence of
channel gating are elicited [4,5]. Alternatively, Cayp
subunits, associated with the AID region, could directly
interact with other parts of the channel that are involved
in gating, such as the base of transmembrane segments
forming the pore [4].
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Implication for G-protein modulation of Ca?™ channels
The high affinity of CayB subunit binding to the AID
(Table 1) and the suggestion that there is an induced fit [5]
have implications for G-protein modulation of Cay2 Ca®™
channels, which is mediated by G-protein By-subunits. It
has been shown that GBy can bind to the isolated I-II
linker in Cay2 channels but this does not occur in Cayl
channels, which are not modulated by the same pathway.
The main binding site is on the proximal half of the AID,
incorporating QQIER [16,33], although a second binding
site has also been identified on the distal part of the I-II
linker [16]. It was initially hypothesized that activated
G proteins might achieve their modulation by displacing
the Cayp subunit from its binding site on the I-II linker
because many of their effects oppose that of Cay subunits
[34]. However, other data suggested that even if the
entire I-II linker from a Cay2 channel was replaced by
that from a Cay1 channel, substantial voltage-dependent
G-protein modulation was still preserved [35]. Further-
more, in an expression system that contains no Cayf
subunits (COS-7 cells), in the absence of coexpressed Cayf3
subunit, G-protein modulation is still present. However, in
this case G-protein modulation is not voltage dependent,
as shown by the fact that a depolarizing prepulse cannot
remove such modulation [36]. This suggests that GBy
produces a direct effect on channel gating in either the
presence or the absence of Cayf subunits. We hypoth-
esized that there was, however, a role for Cayf subunits
and suggested that there is a depolarization-induced
alteration in the interaction between the CayB subunit
and the al-subunit of the Ca®?" channel that destabilizes
GBy binding at depolarized potentials and induces their
removal, resulting in prepulse potentiation [14,36]. How-
ever, a recent article using fluorescent resonance energy
transfer (FRET) suggests that displacement of the Cavyf
subunit by GBy is a key feature of G-protein modulation
[37]. There is still much to investigate in this modulatory
pathway, not least, the nature of its voltage dependence.

In the structural study from Minor’s group [4], it was
speculated that, because the AID binds so tightly into the
ABP of the Cayp2a subunit, if this were a Cay2 AID
sequence, it would be unlikely to be displaced by a GBy
subunit because of the large difference in their affinities;
the difference is between 3- and 20-fold, depending on
which pair of estimates are taken (Table 1). Simply put, if
two ligands compete for the same site, the proportion of
each ligand occupying the site at equilibrium will depend
on both their relative affinity and their concentration. The
concentration to which GBy rises in intact cells at the peak
of an agonist response is difficult to estimate because it is
essentially in two dimensions, but it will parallel that of
activated Go. The concentration of activated Goliransducin
has been estimated to rise to ~250 nM in retinal photo-
receptors [38], which probably puts an upper limit on the
peak level of GBvy in other cell types. There is no published
evidence concerning endogenous cytoplasmic Cayf sub-
unit levels, but it can be assumed, from a comparison of
prepulse potentiation rates [39], that most plasma mem-
brane Ca%™ channels are associated with a Cayp subunit
in neurons, and that there is therefore sufficient excess in
the cytoplasm to ensure saturation (100—-200 nM).
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Van Petegem et al. [4] also hypothesized that it was
unlikely that GBy would bind to the AID in addition to the
Cavyp subunit, and thus it must bind elsewhere. So far the
structure of the CayB subunit has only been solved with
the AID regions from Cay1.1 and Cay1.2 channels, leaving
open the possibility that there could be more flexible
binding of the proximal part of Cay2.x channel AID
sequences to CaypB subunits. An early mutational study
suggested that the amino acids proximal to the tyrosine
residue in the AID contributed little to the affinity of
binding of AID to the Cayp subunit [21]. Therefore, it
remains possible that even if GBy does not displace Cavyf
binding, they might both bind at the same time [36],
although the AID tyrosine residue that is deeply
embedded in the GK binding groove of the Cayp subunit
was also found to be essential for GBy binding to the AID
[16], which argues against this hypothesis. However, it
also remains the case that the positions within the AID
corresponding to those residues of Cay2.x channels that
are most closely identified with GBy binding are located
within a patch on the outside of the AID o-helix, and
remain exposed when the AID is bound into its cleft on the
Cavyp subunit (Figure 2). Because it was shown initially
that GBy binds to two sites on the I-II linker, a site
associated with the AID motif, and a more distal site [16],
the interplay between these two sites could be altered in
the presence or absence of Cayf subunits.

Implications for drug discovery

The knowledge of any protein structure brings with it
the possibility for rational drug design. The interaction
between Cayeol.2 and CayP subunits has already been
used to screen drugs for inhibition of this association in
the context of a yeast two-hybrid assay [40]. Another
example of a drug possibly interfering with the Cayal-
interaction is the anti-schistosome drug praziquantel. The
effects of praziquantel include the disruption of Ca®*
homeostasis in the parasite [41] and it has been suggested
that it inhibits the interaction between schistosomal
Cavyol subunits and a structurally unusual Cayp subunit
[32], although it remains to be determined whether this is
indeed its mechanism of action, particularly in the light of
the new structural data.

Future directions

In the studies reviewed in this article, the structures of
the conserved core domains of Cayp subunits have been
solved. The N- and C-terminal regions have not been
included but are predicted to be extended [19], and could
interact with other regions on Cayol subunits or else-
where. It will be fascinating to determine these inter-
actions, in addition to a structure of Gfy interacting with
the I-II linker of a relevant channel. Furthermore, it
should now be feasible to crystallize together all the
major intracellular loops of a Cayal subunit, as has been
performed for various other channels, and, if this were
done, it is possible that a full-length Cayf subunit could be
crystallized together with this structure.

www.sciencedirect.com

TRENDS in Pharmacological Sciences Vol.25 No.12 December 2004 631

References
1 Takahashi, M. et al. (1987) Subunit structure of dihydropyridine-
sensitive calcium channels from skeletal muscle. Proc. Natl. Acad. Sci.
U. S. A. 84, 5478-5482
Ruth, P. et al. (1989) Primary structure of the B subunit of the
DHP-sensitive calcium channel from skeletal muscle. Science 245,
1115-1118
Dolphin, A.C. (2003) B subunits of voltage-gated calcium channels.
oJ. Bioenerg. Biomembr. 35, 599-620
4 Van Petegem, F. et al. (2004) Structure of a complex between a voltage-
gated calcium channel beta-subunit and an alpha-subunit domain.
Nature 429, 671-675
5 Opatowsky, Y. et al. (2004) Structural analysis of the voltage-
dependent calcium channel beta subunit functional core and its
complex with the alphal interaction domain. Neuron 42, 387-399
Chen, Y.H. et al. (2004) Structural basis of the alphal-beta subunit
interaction of voltage-gated Ca2+ channels. Nature 429, 675-680
Bichet, D. et al. (2000) The I-II loop of the Ca2+ channel alpha(1)
subunit contains an endoplasmic reticulum retention signal anta-
gonized by the beta subunit. Neuron 25, 177-190
Brice, N.L. et al. (1997) Importance of the different B subunits in the
membrane expression of the a1A and «2 calcium channel subunits:
studies using a depolarisation-sensitive 1A antibody. Eur. J. Neurosci.
9, 749-759
Josephson, LR. and Varadi, G. (1996) The B subunit increases Ca®*
currents and gating charge movements of human cardiac L-type Ca?™
channels. Biophys. J. 70, 1285-1293
10 Neely, A. et al. (1993) Potentiation by the B subunit of the ratio of the
ionic current to the charge movement in the cardiac calcium channel.
Science 262, 575-578
11 Neely, A. et al. (2004) Folding of active calcium channel beta(1b)
-subunit by size-exclusion chromatography and its role on channel
function. J. Biol. Chem. 279, 21689-21694
12 Altier, C. et al. (2002) Trafficking of L-type calcium channels mediated
by the postsynaptic scaffolding protein AKAP79. oJ. Biol. Chem. 277,
33598-33603
13 Tareilus, E. et al. (1997) A Xenopus oocyte 3 subunit: evidence for a
role in the assembly/expression of voltage-gated calcium channels that
is separate from its role as a regulatory subunit. Proc. Natl. Acad. Sci.
U. S. A. 94, 1703-1708
14 Canti, C. et al. (2001) Evidence for two concentration-dependent
processes for B subunit effects on a1B calcium channels. Biophys. oJ.
81, 1439-1451
15 Pragnell, M. et al. (1994) Calcium channel B-subunit binds to a
conserved motifin the I-II cytoplasmic linker of the o;-subunit. Nature
368, 67-70
16 De Waard, M. et al. (1997) Direct binding of G-protein Pgamma
complex to voltage-dependent calcium channels. Nature 385, 446-450
17 De Waard, M. et al. (1995) Properties of the a;-B anchoring site in
voltage-dependent Ca2™ channels. J. Biol. Chem. 270, 12056—12064
18 Bell, D.C. et al. (2001) Biophysical properties, pharmacology and
modulation of human, neuronal L-type («1D, Cay1.3) voltage-
dependent calcium currents. J. Neurophysiol. 85, 816—-828
19 Opatowsky, Y. et al. (2003) The voltage-dependent calcium channel
beta subunit contains two stable interacting domains. J. Biol. Chem.
278, 52323-52332
20 Geib, S. et al. (2002) Use of a purified and functional recombinant
calcium-channel beta4 subunit in surface-plasmon resonance studies.
Biochem. J. 364, 285-292
21 De Waard, M. et al. (1996) Identification of critical amino acids
involved in o~ B interaction in voltage-dependent Ca?* channels.
FEBS Lett. 380, 272-276
22 De Waard, M. et al. (1994) Ca®™ channel regulation by a conserved
B subunit domain. Neuron 13, 495-503
23 Walker, D. and De Waard, M. (1998) Subunit interaction sites in
voltage-dependent Ca®™ channels. Trends Neurosci. 21, 148-154
24 Hanlon, M.R. et al. (1999) Modelling of a voltage-dependent Ca®™"
channel B subunit as a basis for understanding its functional
properties. FEBS Lett. 445, 366-370
25 Mcgee, AW. et al. (2001) Structure of the SH3-guanylate kinase
module from PSD-95 suggests a mechanism for regulated assembly of
MAGUK scaffolding proteins. Mol. Cell 8, 1291-1301

\}

w

(o2}

]

(o)

©


http://www.sciencedirect.com

632 TRENDS in Pharmacological Sciences Vol.25 No.12 December 2004

26 Tavares, G.A. et al. (2001) Structural characterization of the intra- 34 Bourinet, E. et al. (1996) Determinants of the G protein-dependent
molecular interaction between the SH3 and guanylate kinase domains opioid modulation of neuronal calcium channels. Proc. Natl. Acad. Sci.
of PSD-95. Mol. Cell 8, 1313-1325 U. S. A. 93, 1486-1491
27 Ren, R. et al. (1993) Identification of a ten-amino acid proline-rich SH3 35 Canti, C. et al. (1999) Identification of residues in the N-terminus of
binding site. Science 259, 1157-1161 0.1B critical for inhibition of the voltage-dependent calcium channel by
28 Kim, E. et al. (1997) GKAP, a novel synaptic protein that GBy. J. Neurosci. 19, 6855-6864
interacts with the guanylate kinase-like domain of the 36 Meir, A. et al. (2000) Calcium channel B subunit promotes voltage-
PSD-95/SAP90 family of channel clustering molecules. ¢J. Cell Biol. dependent modulation of «1B by GBy. Biophys. J. 79, 731-746
136, 669-678 37 Sandoz, G. et al. (2004) Cavbeta-subunit displacement is a key step to
29 Mcgee, A.W. and Bredt, D.S. (1999) Identification of an intramolecular induce the reluctant state of P/Q calcium channels by direct G protein
interaction between the SH3 and guanylate kinase domains of PSD-95. regulation. Proc. Natl. Acad. Sci. U. S. A. 101, 6267-6272
J. Biol. Chem. 274, 17431-17436 38 Arshavsky, V.Y. et al. (2002) G proteins and phototransduction. Annu.
30 Mcgee, A.W. et al. (2004) Calcium channel function regulated by the Rev. Physiol. 64, 153—-187
SH3-GK module in beta subunits. Neuron 42, 89-99 39 Dolphin, A.C. (2003) G protein modulation of voltage-gated calcium
31 Kistner, U. et al. (1995) Nucleotide binding by the synapse associated channels. Pharmacol. Rev. 55, 607-627
protein SAP90. FEBS Lett. 359, 159-163 40 Young, K. et al. (1998) Identification of a calcium channel modulator
32 Kohn, A.B. et al. (2001) Schistosome calcium channel beta subunits. using a high throughput yeast two-hybrid screen. Nat. Biotechnol. 16,
Unusual modulatory effects and potential role in the action of 946-950
the antischistosomal drug praziquantel. J. Biol. Chem. 276, 41 Andrews, P. (1985) Praziquantel: mechanisms of anti-schistosomal
36873-36876 activity. Pharmacol. Ther. 29, 129-156
33 Zamponi, G.W. et al. (1997) Crosstalk between G proteins and protein 42 Nicholls, A. et al. (1991) Protein folding and association: insights from
kinase C mediated by the calcium channel a; subunit. Nature 385, the interfacial and thermodynamic properties of hydrocarbons.
442-446 Proteins 11, 281-296

Articles of interest in other Trends journals
Conformation-dependent antibodies target diseases of protein misfolding
Charles G. Glabe, Trends in Biochemical Sciences 29, 542-547

Biomedicines to reduce inflammation but not viral load in chronic HCV - what'’s the sense?
Emil Chuang, Alfred Del Vecchio, Steve Smolinski, Xiao-Yu Song and Robert T. Sarisky, Trends in Biotechnology 22, 517-523

Diversity in immune-cell interactions: states and functions of the immunological synapse
Peter Friedl and Julian Storim, Trends in Cell Biology 14, 557-567

Newly recognized GnRH receptors: function and relative role
Jimmy D. Neill, Lois C. Musgrove and L. Wayne Duck, Trends in Endocrinology and Metabolism 15, 383-392
Interactions between the innate immune and blood coagulation systems
Charles T. Esmon, Trends in Immunology 25, 536-542

Presynaptic receptor arrays for clostridial neurotoxins
Cesare Montecucco, Ornella Rossetto and Giampietro Schiavo, Trends in Microbiology 12, 442-446
Mucosal-targeted AIDS vaccines: the next generation?
Annemarie N. Lekkerkerker, Yvette van Kooyk and Teunis B.H. Geijtenbeek, Trends in Microbiology 12, 447-450
Mutations and addiction to EGFR: the Achilles 'heal’ of lung cancers?
Adi F. Gazdar, Hisayuki Shigematsu, Joachim Herz and John D. Minna, Trends in Molecular Medicine 10, 481-486
Genes, dopamine and cortical signal-to-noise ratio in schizophrenia
Georg Winterer and Daniel R. Weinberger, Trends in Neurosciences 27, 683-690

www.sciencedirect.com


http://www.sciencedirect.com

	Ca2+ channel beta-subunits: structural insights AID our understanding
	Modulation of Ca2+ channel function by beta-subunits
	The concept of the AID region
	CaVbeta is a member of the MAGUK family
	The revelations of the structures
	The SH3 domain
	The GK domain and the AID-binding pocket
	The AID alpha-helix

	Implication for G-protein modulation of Ca2+ channels
	Implications for drug discovery
	Future directions
	References


