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Targeting Mechanisms of High Voltage-Activated
Ca’t Channels
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Functional voltage-dependent £achannel complexes are assembled by three to four subugjts:

B, @28 subunits (C. Levequet al, 1994,J. Biol Chem.269, 6306—6312; M. W. McEnergt al,

1991, Proc. Natl. Acad. Sci. U.S./A88, 11095-11099) and at least in muscle cells alssubunits

(B. M. Curtis and W. A. Catterall, 1984iochemistry23, 2113-2118). C4 channels mediate the
voltage-dependent &ainflux in subcellular compartments, triggering such diverse processes as neu-
rotransmitter release, dendritic action potentials, excitation—contraction, and excitation—transcription
coupling. The targeting of biophysically defined’Cahannel complexes to the correct subcellular
structures is, thus, critical to proper cell and physiological functioning. Despite their importance,
surprisingly little is known about the targeting mechanisms by whichr @aannel complexes are
trausported to their site of function. Here we summarize what we know about the targetingf of Ca
channel complexes through the cell to the plasma membrane and subcellular structures.

KEY WORDS: C&* channels; channel targetingi andg subunits; heterologous expression systems; striated
muscle; hippocampal neurons.

INTRODUCTION system (CNS), heart, and skeletal muscle, L-, N-, P/Q-,
R-, and T- type (Cal-3), each characterized with distinct
\oltage-dependent €a channels are composed ofa  pharmacological and electrophysiological properties and
pore-forminge; subunit and the ancillarg anda,§ sub- subcellular distribution.
units. Recently subunits homologous to those in skeletal The genome projects and molecular cloning have
muscle were identified in brain, although itis not yet clear identified more than 20 putative genes which may en-
whether they assemble with &achannel complexes. The  code functional C& channel subunits and assemble to
a1 subunit is structurally organized into four domains, the different C&" channel types (Catterall, 1998; Jones,
each containing six transmembrane regions with the volt- 1998). Heterologous expression of some of these genes
age sensor and a hairpin structure, which most likely forms in Xenopusocytes or HEK293 cells indicates thafl.1
the pore of the channel (Catterall, 1998). The domains (formerly ais), @11.2 (formerlya;c) anda;1.3 (formerly
are connected to each other by peptide loops, which area;p) encode the L-type channelg;2.1 (formerly a1a)
targets for intracellular protein—protein interactions and encodes the-agatoxin-sensitive P/Q-type channel2.2
therefore for channel modulation, sorting, and clustering. (formerly a1g) eucodes the-conotoxin GVIA-sensitive
Presently, five types of voltage-dependent‘Cehannels N-type channel, and;2.3 (formerly o;1g) encodes the
have been shown to be expressed in the central nervousR-type channel, whilex;3.1-3 (formerlyais_) encode
the low-threshold T-type C4& channels. In addition to
- the a1 subunits, severgd subunits have been identified.
1 Department of_ Neurosciences, Case Weste_rn Reserve University, B subunits modify the gating properties of high voltage-
School of Medicine, Room E604, 10900 Euclid Avenue, Cleveland, . P -
Ohi. 44106-4975, activated C&" channels probably through their direct in-

2To whom correspondence should be addressed; e-mail: sxh106@ teraction with the pore f_ormingl subunit (B_imbaumer
pop.cwru.edu. et al, 1998). In general, it seems thasubunits lead to a
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higher open probability of the channel at lower potentials results suggested that and/or 8 subunits are critical
and sharpen the €asignal by varying the response win-  for efficient transport of the Ga channel complex. Sev-
dow of the channel complex to a voltage change. Thus, eral groups addressed the question of ho&'Gznannel
the ancillaryg subunits confer subunit-specific properties complexes are directed to the cell membrane using het-
to each of the high voltage-activated subunits, creat-  erologous expression systems and recombinant channel
ing channel complexes with defined biophysical proper- subunits.
ties, which may differ significantly within one subgroup
of high voltage-activated G& channels. Minute changes
in the biophysical properties of a channel can cause severeTargeting of L-type Channels and P/Q-Type
malfunctions within an animal like migraine or epilepsy Channels in Heterologous Expression Systems
(Hanset al, 1999; Jen, 1999; Kraust al, 1998, 2000).
The density of the Gd channel complexes, their precise The group of Marlene M. Hosey and Annette C.
localization, and their interaction with modulatory pro- Dolphin analyzed the transport and localization of L-type
teins will also critically affect the function of neuronal and P/Q-type channels in heterologous expression sys-
circuits. Thus, the precise targeting of a biophysically de- tems. M. M. Hosey concentrated first on the effect of
fined C&+ channel complex to a subcellular structure like S5, subunits on the localization of L-type channel subunit
the presynaptic terminal or the triad in skeletal and heart «;1.2 (Chienet al,, 1995). Using cell fractionation they
muscles is crucial for the specific function of a neuron or firstdescribed that,,subunits when transiently expressed
muscle cell. Understanding the mechanisms of sorting, as-in HEK293 cells were detected in the membrane and not
sembly, and regulation of €achannel complexesinsub-  the cytosolic fraction of the cell lysate. Using antibodies
cellular domains is therefore essential for understanding againstf,,, the immunofluorescence @b, in HEK293
higher order processes such as neuronal networks, heartells confirmed the membrane localization, since strong
beat, or skeletal muscle contraction. plasma membrane staining and diffuse cytosolic staining
A major advantage of studying the targeting of ion were detected by confocal microscopy. In contrast,.2
channels is that the precise localization of channel com- subunits expressed alone in HEK293 cells revealed a pre-
plexes can simultaneously be analyzed with fluorescentdominantly intracellular and perinuclear staining. How-
tags and markers in biochemical and cellular assays in ever, coexpression @, caused plasma membrane stain-
combination with measuring their underlying currents and ing of «;1.2. Comparison of the protein levels indicated
physiological responses in a native environment (e.g., EC- that 8,5 did not increase the overall protein concentra-
coupling or synaptic transmission). Thus, targeting events tion of ;1.2 within the cell but rather transported more
can be visualized, measured, and quantified. protein to the plasma membrane. This became also obvi-
In this review we will summarize the results for tar- ous in DHP binding studies. Binding of DHP to thel.2
geting ofa1 8, 28 andy subunits in several cell types and  subunit could only be quantified in the presencesaf
how these subunits affect the targeting of the high voltage- subunits but not when expressed alone. Despite the detec-
activated C&" channel complex. We will first discuss the  tion of«11.2 protein very little DHP binding was detected.
results obtained in heterologous expression systems andlhese results implied th@t subunits also induce matura-
will compare them to what we learned about their tar- tion of DHP binding sites on the L-type channel subunit
geting in their physiological environment, e.g., striated «;1.2. Pulse chase studies determined that the half life of
muscle and neuronal cells. the @11.2 subunit was not altered in the presenceggf
subunits for whole cell extracts (half life af 1.2 approx-
imately 3 h). In a further experiment the group showed

FORMING CA 2t CHANNEL COMPLEXES IN thatg subunits also increased L-type currents in HEK293
HETEROLOGOUS EXPRESSION SYSTEMS: THE cells in a time-dependent manner. Currents were approx-
IMPORTANCE OF CA 2+ CHANNEL 3 SUBUNITS imately 2—4-fold larger irnx;/8 cotransfected cells than

a1 alone, reaching a maximum after 40-50 h and then de-
Early studies of recombinant &a channel com- caying slowly. Thus, these results indicate that thé"Ca
plexes expressed in heterologous expression systems reehannel ancillary subunf;target the pore forming; 1.2
vealed that the whole cell current amplitude as well as subunit to the plasma membrane and is probably involved
the number of drug-binding sites measuredXienopus in the maturation process of the L-type channel complex.
oocytes or HEK293 cells is drastically increased, when The transport of8,, subunits to the plasma mem-
pore-forming C&t channely; subunits are coexpressed brane is independent of thg subunit and was studied
with the ancillary C&" channelg subunits. These early  in more detail. The,, subunit is the only protein among
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the 8 subunits which is palmitoylated raising the question
of whether palmitoylation is responsible and sufficient for
membrane localization. Palmitoylation occurs at two cys-
teine residues in the N-terminus g, (Cys3 and 4) and
was reduced by mutations in tlhe subunit interaction
domain (BID) and the SH3 domain froiy, (Fig. 1).
Substitution of Cys3 and Cys4 in the N-terminusgaf

for Ser abolished palmitoylation. Both proteins, wild type
and mutate@,, subunits, were identified in the membrane
fraction by immunoprecipitation. However, mutatggl,
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on L-type channel localization. C-terminal deletion mu-
tants were introduced into the full length 1.2 subunit
and analyzed with immunocytochemical methods to un-
derstand the subcellular distribution of the deletion mu-
tants in HEK293 cells in the presence of cotransfected
B subunits. Subsequent truncation of the C-terminus re-
duced membrane staining. Two mutants were detected
which completely abolished membrane staining when co-
expressed withg subunits, i.e.¢11.2-A1623 andx;1.2-
A1623-1673, indicating that this region contains a critical

subunits revealed a dramatic decrease of whole cell cur-protein domain for channeltargeting (note: the C-terminus

rent when coexpressed with1.2, with no decrease in the

of @;1.2 is 664-amino-acids long. It starts at amino acids

size of charge movement, indicating that the same amountposition 1507 and ends at2171.). Asmaller deletion within
of «11.2 subunits were in the plasma membrane (Chien this region {;11.2-A1623-1666) reduced membrane stain-

et al, 1996). The subcellular localization of nonpalmi-
toylatedg subunits revealed that palmitoylation deficient
B2a Subunits (rat) as well as the nonpalmitoylafad and

B3 (both rat) ands,, and By, (rabbit) subunits exhibited

a diffuse intracellular staining pattern. All nonpalmitoy-
lated 8 subunits were fractionated with the membrane but
not with the cytosolic fraction suggesting that thgsib-

ing by 90%. None of these mutant channels expressed
functional C&" channels. Interestingly, this site over-
laps with the calmodulin binding domain suggesting that
calmodulin binding is involved in trafficking. However,
several studies showed that calmodulin binding deficient
L-type channels express &acurrents (Petersoat al.,
1999; Qinet al, 1999; Zuhlkeet al,, 1999; Zuhlke and

units are associated with intracellular membrane systems.Reuter, 1998). Additional sites were detected, which re-

Exchange of the N-terminus @, and 33 against the N-
terminus ofB,, transferred palmitoylation t6:1, and Bs.
However, exchange of the N-terminus was not sufficient
for plasma membrane localization indicating that palmi-
toylation is insufficient for membrane targeting (Chien
et al, 1998). Thus, palmitoylation oB,, is pivotal for
plasma membrane localization of this particular subunit,
but other structural parts of the protein must be involved
for plasma membrane targeting.

In a further study the group analyzed the effect of
other 8 subunits on the distribution @f;1.2 and which
domain of theg subunit mediates the targeting of the
subunits. Gaet al. (1999) showed that a redistribution
of @;1.2 containing channels was accomplished bysall
subunits B1_4). Expression of; 1.2 and any of thg sub-
units (in the absence ats) resulted in membrane staining

duced membrane staining, but increased intracellular ac-
cumulation. These sites are located at the more C-terminal
end of thex;1.2 subunits. Interestingly, the intracellular
accumulated mutants did not show differences in PN200
binding and exhibited B4 currents indicating that these
mutant channels were functional. The authors suggested
that the increase in intracellular staining might be due to
an alteration of the constitutive recycling of the channel
complex between the intracellular compartments and the
plasma membrane. Thus, the C-terminus of the L-type
channel subunit; 1.2 is involved in targeting of the chan-
nel complex to the membrane.

Studies in COS-7 cells by A.C. Dolphin’s group re-
vealed that8 subunits target P/Q-type channels to the
plasmamembrane (Bogdanetal, 2000). Using depolar-
ization sensitivey; 2.1 antibodies directed against an exo-

and punctate channel clusters. Interestingly, the conservedacial epitope close to the extracellular mouth of the pore

core region of thegg subunit was sufficient for membrane
targeting and clustering of; 1.2 subunits in tsA201 cells
(HEK cell line). Mutations within the interaction domain
of 8 for a1 subunits revealed perinuclear staining oféhe
subunit as a result of the disrupted interaction betwgen
andg as shown inimmunoprecipitation studies. Mutations
in the second domain within the SH3-motif abolished the
interaction betweem;1.2 andB subunits. These muta-

to detect membrane staining the authors found that coex-
pression ofs andw;2.1 but not expression e42.1 alone
resulted in localization of the channel complex at the cell
membrane. While expression gf and 84 subunits alone

did not reveal membrane staining,, and B2, subunits
reached the plasma membrane by itself. The subcellular
localization ofB;y, in COS-7 cells differed from the sub-
cellular localization in tsA201 cells, whef, was local-

tions, as expected, resulted in loss of membrane targetingized intracellulary and not at the membrane. The authors

of «11.2 subunits.

Following the characterization of th&subunit pro-
tein domains necessary for targeting @al.(2000b) ex-
amined the influence of the C-terminuscgfl.2 subunits

suggested that cell-type-specific proteins may change the
targeting mechanisms of thf, subunit. By engineering
chimeras between thg;, (membrane attached) argi

(not at the membrane) subunits the group of A. Dolphin



624 Herlitze, Xie, Han, Himmer, Melnik-Martinez, Moreno, and Mark

Domain [ Domain 11 Domain Il  Domain IV

Oy [alfafh: |23||A5 6l il el fs
% AID |
2) ER retention ‘ & Al623-1673 I al2 3
.\Q\ 3 o E: IJ
N-terminus 1 Y/S PP a§ V1621D Jot 1.1 4
A351-380 o113 7 1621-1647 Ul ™
2) ER retention  g) Synprint 1607-1661 H a2l 3
loop I joop IIIII D ER o I PXXP (2039-2194) 6)
C e ————= 01,2.2
DXXC (2336-2339) 6)
B
I v
1 111 \Y
SH3  BID
B~ A [ o 1 z c
D s ) 4) 5) WEEEEDYEEE
3) synaptic clusters 3) synaptic clusters

2) Core Region
3) diffuse somatic

Fig. 1. Schematic representation of @achanneky; and domains involved in targeting of the &achannel complex. A) Schematic representation

of theas subunit and the domains involved in targeting. Thé&Cehannelsy; subunits consists of four domains, which are connected via intracellular
peptide loops. (1) The interaction betweejl.2 andg subunits is necessary for membrane transpoat;&f2 subunits. The point mutation Tyr/Ser

(Y/S) in the intracellular loop I-II ofx11.2, which disrupts the interaction betweenand g subunits (Pragnekt al, 1994), abolishes membrane
staining ofa1 /B transfected cells (Gerstet al, 1999). In addition, the Y/S mutation and deletion of thmteraction domain of the; subunit (AID)
(A351-380) in the skeletal muscle typgl.1 subunit abolish the clustering ff;-GFP subunits in dysgenic myotubes and redistributiof sfibunits

in HEK293 cells (Neuhubest al, 1998a,b). (2) The12.1-3 andy; 1.2 subunits contain an ER reteution signal within the loop I-1l, which is shielded by
the 8 subunit for complex formation and plasma membrane transport (Bétlat 2000; Cormeet al,, 2002). In addition, ER retension was observed

for the N-terminus and C-terminus @i2.1 (Cornett al,, 2002). (3) The C-terminal region in thg 1.2 subunit A1623-1673) completely abolishes
membrane staining @f; subunit in the presence gfsubunits. This region overlaps, with theXaalmodulin binding region of L-type channels (Gao

et al, 2000b). (4-5) A 27-amino-acid-long sequence (1621-1647) in the C-terminugbfl, which contains a consensus PDZ binding motif, binds

to proteins of the skeletal muscle and abolishes localization to the triads in dysgenic myotubes once mutatedefRig&0). A similar region of

55 amino acids length (1607—-1661) was identified by Fluehar. (2000). (6) Two regions within the N-type chaniagP.2 C-terminus are involved in

the interaction with the adaptor proteins CASK and Mint-1. CASK interaction involves a proline-rich sequence (PXXP; amino acids 2039-2194). Mint
interaction involves the last amino acids of the C-terminus (DXXC-COOH; 2336-2339)(Maetraly 1999). Truncation of the last 300 amino acids

of the C-terminus od12.2a and mutations in the CASK and Mint1 interaction domains diminish or abolish synaptic clustering of N-type channels. (7) A
poly-proline motif within the C-terminal half of the loop II-11I of the; 1.2 subunit is involved AKAP79 mediated trafficking of L-type channels (Altier

et al, 2002). (8) The deletion of the synprint peptidea@®.1 subunit results in loss of presynaptic targeting of heterologously expressed P/Q-type
channels in superior cervical ganglion neurons (Mocleitlal., 2003a,b). B) Schematic representation of gheubunit and the domains involved in
targeting. The8 subunit consists of 5 domains according to their sequence homology. Domain |, Il and V are low homology domains, while domain Il
and IV are highly conserved among the members ofteebunit family (Birnbaumeet al., 1998; Chieret al, 1998). (1) Palmitoylation g2, subunits

occurs at Cys3 and 4 and is effected by mutation withindhénteraction domain o subunit (BID) and the SH3 domain frofpa. Substitution

of Cys3 and Cys4 by Ser abolished palmitoylation (Chéeml., 1998). (2) The core region @ subunits is sufficient for membrane targeting and
clustering ofw11.2 in tsA201 cells (Gaet al, 1999) and is sufficient to assemble with2.1 andw2$ to functional channels (De Waaed al,, 1994;
Wittemannret al, 2000). However, this domain is not sufficient for synaptic transport and clustering of the GFP-tagged construct in hippocampal neurons
(Wittemannet al,, 2000). (3) The nonconserved N- and C-termini distribute in synaptic clusters in cultured hippocampal neurons similar to wild type
GFP-4 subunits alone, while the conserved core regiofuakveals a diffuse somatic staining in these neurons (Witterataly 2000). (4) Mutations

in the SH3 domain and BID domain, which diminish or abolish the interaction betwgand 8 subunits result in loss of membrane targetingof
subunits (Gaet al,, 1999). (5) A highly acidic motif (WEEEEDYEEE) in the C-terminusfaf, is responsible for membrane association of this subunit

in COS-7 cells (Bogdanoet al., 2000).
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(Bogdanovet al, 2000) characterized an 11 amino acid which is highly homologous to the mammaligg sub-
motif responsible for membrane association. This highly unit.) The data were supported by Gersterl. (1999).
acidic motif (WEEEEDYEEE) is localized in the non- They first showed that;1.2 subunits distribute to almost
conserved C-terminal region of thea, subunit. The au-  80% in the endoplasmic reticulum (ER), while 15% were
thors suggested that this sequence motif may be importantdetected in the plasma membrane. The 15% membrane
for clustering and specific localization @i, assembled  localization could probably be due to the transpord of
channels. in the presence of endogengtisn HEK293 cells or spill
The results demonstrate thatl.2 containing L-type over of the overexpression system. In the presenge pf
channels and;2.1 containing P/Q-type channels need f,, andpgs; subunits plasma membrane localization was
ancillary C&* channelp subunits to reach the plasma drastically increased from 50 to 80% depending onghe
membrane in heterologous expression systems. Al 4  subunit. Todemonstrate that the targeting effects were me-
subunits are capable of targeting subunits. Targeting  diated by the directinteraction betwaerandg subunits a
involves several domains including the binding domain of point mutation was introduced into thgl.2 subunit. The
the 8 subunit to thex; subunit and the C-terminus af. exchange of Tyr against Ser within the intracellular loop I-
B1p and B24 subunits when expressed alone contain sub- Il has been described to disrupt the interaction betwgen
unit specific domains (palmitoylation domain and acidic andg subunits (Neuhubeat al,, 1998a,b; Pragnedt al,,
sequence motif), which allow thegesubunits to reachthe  1994). No increase in membrane staining was observed
plasma membrane by itself. Palmitoylation and depalmi- for this mutant, leaving 90% of the channel within the
toylation might be a mechanism f@ subunit recruit- ER. An interesting observation was also that ER localiza-
ment to the plasma membrane and therefore for modula-tion could not be observed fg subunits in the absence
tion of C&*+ channel function. Membrane association of of a; subunits. However, in the presenceaf ER lo-
B subunits in general might be a mechanism for modulat- calization was approximately 20—30% 61, andSs. B2a
ing channel complex stability via anchoringahannel always localized to the plasma membrane and localization
complexes into subcellular structures. was independent of the; subunit. Gersteet al. (1999)
further analyzed the biophysical properties of mutant and
wild type «11.2 channels in the presence and absence of
Correlation of Targeting and Modulation B subunits. Both channel types showed no differences in
of Ca?t Channel 3 Subunits the activation and inactivation times when expressed with
or without 8 subunits, indicating that; 1.2 channels are
Several studies addressed the question of whetherintracellulary modulated by the subunits. Coexpression
C&+ channel targeting mediated by tAesubunits isnec-  of «11.2 or mutated; 1.2 with 8 subunits increased the
essary for its modulatory activity or if these two func- current amplitude several fold. In addition, no differences
tions of theB subunit are independent from each other. were observed on the single-channel level, when the mean
Yamaguchet al.(1998) showed that subunits participate ~ opentime and open probability were analyzed betwign
in membrane trafficking and modulation of L-type chan- assembled wild type and mutategl.2 channels. Inter-
nel complexes. Preincubated 1.2 subunit expressing estingly, both parameters were increased in the presence
Xenopusoocytes were injected with purified his-tagged of B14 Subunits.
B3 subunits (final concentration in oocytes was 300 nM) Thus, these studies indicate thatsubunits target
and whole cell currents were measured 1-4 h after injec- «31.2 subunits through the ER to the plasma membrane
tion. The injection off; subunits caused a fagt; spe- leading to an increase in the amount of functional chan-
cific change in the voltage dependence of activation and nels. In addition, on the cytosolic surface of the cell mem-
the kinetics of the L-type channel current (1-2 h). The braneg subunits modulate the biophysical properties of
biophysical effect was followed by an increase in whole the channel. Modulation of the biophysical properties
cell membrane current (2—-4 h). By using a HA-tagged by low-affinity binding of 8 subunits and targeting via
a11.2 subunit and subsequent immunofluorescence deteca high-affinity interaction with ther; subunit has been
tion, the group correlated the increase in whole cell cur- suggested by several groups (Gaal., 1999; Neuhuber
rent with an increase in the amountafl.2 subunits at et al, 1998a,b; Tareilugt al, 1997). In fact, injection
the plasma membrane. Bafilomycin,An inhibitor of in- of various concentrations g8; subunits intoXenopus
tracellular glycoprotein transport, abolished the increase oocytes expressing, 2.2 subunits indicated different con-
of membranoue&; 1.2 subunits aftes injection. (It has to centration dependencies of channel expression and chan-
be mentioned that Taureliwt al. (1997) reported the ex-  nel modulation (Cantét al., 2001). Analysis of changes
pression of an endogenoAsubunit inXenopusocytes, in the voltage-dependent inactivation and noninactivating
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currents for; 2.1 subunits expressed wih, andg,, sub-
units suggested thgtsubunits are able to unbind from the
a1 subunit (Restituitet al, 2001). More recently, Garcia
et al. (2002) applied purifieg; 5 subunits to endogenous
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the authors designed another set of experiments to show
that membrane localization of a protein is disrupted by
loop I-11. In order to prove this hypothesis the intracellular
region of the transmembrane protein CD8 was removed

«11.1 channels of spherical vesicles derived from skeletal against loop I-Il, which now also contained an epitope-
muscle plasma membranes via the patch pipette. Diffusiontag (myq for localization of the construct usingyctag

of the 81, protein to the cytoplasmic surface of thel.1

subunit increased the peak current and the slow compo-

nent of the tail current without altering the activation and
inactivation kinetics and current-voltage relation. In ad-

specific antibodies. As expected fusion of the loop-I-II
inhibited membrane localization of CD8 in COS-7 cells.
In the presence of coexpressedCahannelss subunits
membrane expression of theyctagged CD8-loopl-11 fu-

dition, no change in the gating currents were observed sion protein was detected. In addition, the authors demon-

suggesting thag subunit action occurs without increas-

strated that this chimeranfyctagged CD8-loopl-Il fusion

ing the amount of channels in the plasma membrane. Sinceprotein) was restricted in its distribution to the ER and

more than ong subunit binding site has been described
on the C&" channekr; subunit further studies will show
whetherg subunits have to permanently interact with

to modulate the channel.

3 Subunits Guide a;; Subunits Through
the ER in Heterologous Expression Systems

How dog subunits target; subunits to the cell mem-
brane? C&" channe) subunits bind to several intracellu-
lar regions of the; subunit. The binding region comprises
the C-terminus of the;, the N-terminus and in particu-
lar the intracellular loop I-Il. As we discussed earlier a
mutation within the interaction domains betwaenand
B subunits interferes with plasma membrane localization,
indicating thate; /8 interaction is necessary for channel
targeting. By studying the trafficking of the intracellular
loopl-1lthrough the cell Bichett al.(2000) found that this
intracellular domain contains an endoplasmic reticulum
(ER) retention signal, which may be shielded by thé'Ca
channelg subunit. They first demonstrated that the loop
I-1l of the P/Q-type channety; subunit decreased the

redistributed to the cell membrane ongesubunits were
coexpressed. Using pulse chase experiments the authors
also showed that even within a 5-min-metabolic labeling
and chase time3s; and loopl-1l immunoprecipitated. The
result indicated thaBs and loop I-Il interact very early

in the biosynthesis of Ca channel complexes proba-
bly at the ER level and this interaction is necessary for
membrane targeting of loop I-11. In a final experiment the
authors showed that coexpression of loopl-1l and the full-
length rabbitv;2.1 subunits (Bl-isoform) anfl; subunits
abolished C&" current inXenopusocytes probably due
to the competition foB; binding. Point mutations within
the loop I-Il which abolished binding to thesubunits and
deletion of the intracellular loop I-1I within the; 2.1 sub-
unit were both insensitive to overexpression of loopl-Il. In
a more recent study the group of Michel De Waard iden-
tified further ER retension signals of thg2.1 subunit
(Cornetet al, 2002). Using again CD8 fusion proteins
between C& channel protein domains and the plasma
membrane surface marker CD8 the group showed that the
N-terminus and the C-terminus also contain ER retention
signals. ER retention was also observed for the loopl-Il of

membrane expression level of a nonrelated channel, theall high voltage-activated, non-L-type channeisd.1-3)

Shakerpotassium channel iXenopusoocytes. This re-
combinant ion channel normally elicits a voltage gated
potassium current iXenopusocytes. Fusion of the loop
I-11, to the C-terminus of th&hakechannel decreased cur-
rents, while fusion of the Ga& channel8s subunits to the

and the L-type channel;1.2, but was not detected for
the skeletal muscle L-type loopl-lk(1.1) and the T-type
channel ¢;3.1).

Thus, the results indicate that €achannek; sub-
units mostlikely are transported through the ER via in-

C-terminus had no effect on current size in comparison to teraction with the ancillanyg subunit.8 subunits shield

wild type Shaker Coexpression of thgs subunit together
with the Shaketloopl-1l chimera rescued expression to
levels of the wild type&Shakeichannel. These experiments
indicated that the intracellular loopl-Il of thg2.1 subunit

the ER retention signal of the &a channela; sub-
unit, which is localized in the intracellular domain I-11
of the channel and is also the interaction site with ghe
subunit. However, other protein domains such as the N-

suppresses functional protein expression of an unrelatedterminus, the C-terminus and nghinteracting domains

protein and that the Ga channelg subunit which binds
to the loopl-1l antagonizes the suppressor effect of the
loopl-II.

within the loopl-ll may contribute to ER retention of the
full-length channel. Retention of channel subunits within
the ER seems to be a general mechanism for control-

Since these experiments suggested that membranding ion channel assembly. For examplexrK channels

localization is disturbed in the presence of the loop-I-II,

consisting of four pore-forming and four regulatorys
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subunits only pass the ER when assembled as an octameriexist for effects otv,6 on channel modulation and surface
complex. In this configuration the ER retention signals, expression. Modulatory effects on biophysical properties
which are found in botlx and 8 subunits are shielded of the channel were described for shift in voltage depen-
(Zerangueetal, 1999). Similar mechanisms are described dence of activation and inactivation and change in acti-
for GABAg receptor, NMDA receptors and CFTR (forre-  vation and inactivation kinetics (Bangaloet al., 1996;
view see Ma and Jan, 2002). Felix et al,, 1997; Gacet al,, 2000a,b; Klugbaueet al.,

1999; Singeet al,, 1991; Stepheret al., 2000; Wakamori

et al, 1994). Felixet al. (1997) reported for L-type chan-

Small G Proteins bind to C&+ Channel 3 Subunits nels and P/Q-type channels that the modulatory effect on
and May Antagonize the Interaction the biophysical properties was mediated bystpertion of
With «; Subunits the protein. However, several studies reported no or only

minor effects on C& channel modulation (e.g., Ellinor
Recently a yeast two hybrid screen performed by et al, 1993; Mikamiet al, 1989; Wellinget al., 1993;
Béguin et al. (2001) identified the small G protein Joneset al, 1998). Similar controversial results exist for

kir/Gem as a potential interacting protein of&ahan- the role ofw,8 in transport and expression of €achannel
nel B3 subunits. They showed that kir/Gem interacted complexes. InXenopusoocytes the coexpression @$5
also with otherg subunits,8; and 8,. kirfGem bind- increased currents through N-type channelg2(2/83),

ing was stronger in the presence of GBPand was P/Q-type channelsx2.1/84/81), L-type channelsa;1.2,
abolished by C&/Calmodulin, which also interacts with  «31.2/85, a1 1.1), and T-type channels{3.1) (Morietal,
kir/lGem. Coexpression of kir/Gem with L-type channels 1991; Singeret al., 1991; Shistiket al, 1995; Gurnett
(@11.3/81-3 and «11.2/83) in Xenopusoocytes and co- et al, 1996; Gaocet al, 2000a; Hobonet al, 2000). A
expression of kirfGem with P/Q-type{2.1/8:/x,8) and correlation between an increase in the whole cell current
N-type @12.2/81/a28) channels in BHK cells drastically — and an increase of gating current was observed whé&n
reduced the Cd currents for channels expressed with was coexpressed wity1.2,12.1, ore;2.3 in HEK293
theay andB subunits, but not whem; 1.2 was expressed  cells (Bangaloret al, 1996; Brodbeclet al,, 2002; Jones
alone. Confocal microscopy revealed that coexpression of et al,, 1998). Using the same systes® increased current
a11.2/83 and kir/lGem reduced;1.2 surface expression density fora;1.2/8,5- and«;2.3/83-assembled channels
causing an intracellular aggregationagfl.2 in HEK293 (a28-1 and a28-3) (Klugbaueret al, 1999). Coexpres-
cells. Since kir/Gem showed high to moderate mRNA lev- sion of a8 increased L-type currenty{1.2 alone) and
els in pituitary, adrenal cells, and pancreatic islets the au- PN2000 binding in tsA201 cells and also increased P/Q-
thors tested the function of kir/Gem on secretion in PC12 type (12.1/84) current (Gurnetttal, 1997). Gurnetetal.
and MING cells. Overexpression of kir/Gem reduced L- (1996 and 1997) demonstrated that the extracellular part
type C&* currents and secretion in both cell types. The of a8 inits glycosylated form interacted with the extracel-
authors suggested a model for’Cahannel expression. lular loops of thex; subunits ;1.2 ande;1.1) and was
In this model C&+/Calmodulin activated kir/Gem binds necessary but not sufficient for increase in current den-
C&+ channep8 subunits, which interferes withy / 8 inter- sity and drug-binding affinity (PN200), since deletion of
action and reduces the number of functionatGzhannels the o, part and deglycosylation of the subunit abolished
in the plasma membrane. P/Q-type current stimulation and decreased the binding

affinity. Shistik et al. (1995) described that,s but not

B2a increased the amount of L-type channel complexes

The Role of thea»é Subunit in Membrane measured a®S-labeledx;1.2 protein in the membrane
Targeting is Controversial of Xenopu®ocytes. No increases in current levels or drug
binding were reported by other groups 2.3 subunits
Several groups also studied the role of #hé ancil- coexpressed witke,§ (Stephenset al., 1997; Wakamori

lary subunit for C&+ channel targeting. The:s subunit is et al, 1994).

encoded by one gene, which is posttranslationally cleaved Only a few studies tried to visualize the targeting ef-
and processed into two disulfide-linked proteias &nd fects of thew8 subunit on C&" channel complexes. Gao
8). Theé protein contains one transmembrane region re- et al. (1999) showed that expression of thgs subunit
sponsible for anchoring the subunit into the membrane. alone revealed plasma membrane staining. However, co-
Thea; partis highly glycosylated and is located to the ex- expression of,é with «;11.2 did not target the; subunit
tracellular surface ofthe cell (Brickletal., 1995; Gurnett  to the plasma membrane. Coexpression of all three sub-
et al, 1996; Wiseret al, 1996). Controversial results units o1, 8 and w8 showed membrane staining for all
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overexpressed subunits. Thugd subunits were not suf-
ficient to transport the;1.2 subunit to the plasma mem-
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was specific for C& channels since coexpressionjef
with the voltage gated K channel K3.1b did not re-

brane. Comparable studies were performed by Brice andduce the K current. No effect of, was observed for en-

Dolphin (1999) in COS7 cells using P/Q-type channel
a1 subunits. Herey;2.1 andw,§ subunits were expressed
alone orin combination. No membrane staining pfub-
units was detected and expressionwg$ alone did not

dogenous N-type G4 channel expression in sympathetic
ganglion neurons, indicating that thesubunit does not
influence the expression of preexisting N-type channels
in these neurons. Immunocytochemical studies revealed

result in plasma membrane localization. The discrepancy thaty, when coexpressed with a GFP tagga@.2 sub-

betweenu,s distribution between both studies was sug-

unit and theB,;, subunit reduced the GFP fluorescence of

gested to be due to the different glycosylation machinery the «; subunit. Decrease in the, fluorescence was ex-

between the two cell lines used. Sings is highly glyco-
sylated insufficient or incorrect glycosylation may result
in reduction of membrane targeting (Patial,, 1997). In
another study Yamagucht al.(2000) revealed that coex-
pression ofx,8 with «11.2 (an HA epitope-taggesh 1.2

plained by a decrease in2.2 but notB;,, protein levels
in the presence of; in these cells (Mosst al,, 2002).
Thus, y1, y», andy; subunits decrease the expression of
voltage-dependent €a channels. Several mechanisms
may account for the suppression effect of fheubunits

was used) increased the membrane fluorescence by 86%uch as change in protein degradation, protein-folding,

and average peak current by 99%, wilg increased it
by 225 and 548%, respectively. A cooperative effect be-
tweena,d and B was observed because expression of all

three subunits increased fluorescence intensity by 470%

and whole cell current by 1027%.
The role ofw,§ subunits for channel targeting is con-

protein synthesis, or protein targeting to the plasma
membrane.

AKAP79 Regulates L-Type Channel Expression

troversial. The described results may depend on the ex- PKA-mediated phosphorylation of L-type channels
pression system and subunit combination used. However,increases L-type channel activity in skeletal muscle, heart,
it is interesting to speculate thats and 8 subunit may and brain (Bearet al, 1984; Gray and Johnson, 1987,
cooperatively lead the channel through the cell and are Sculptoreanetal, 1993). In heterologous expression sys-
necessary for maturation of the channel complex at the tems PKA phosphorylation of L-type channels occurs only

membrane.

~ Subunits Reduce the Expression
and Protein Levels ofa; Subunits

The y subunit was first discovered in skeletal mus-

in the presence of A-kinase anchoring proteins. A recent
study by Altieret al. (2002) described now the role of
the postsynaptic-scaffolding protein AKAP79 for L-type
channel expression. Expression of AKAP79 selectively
increased whole cell currents for L-type;(.281p/a268

or a11.2kx,8) but not P/Q-, R-, or T-type currents. The
increase in current amplitude was not dependent on its

cle. On the basis of the structural homology and sequencerole in PKA signaling and did not involve a change in

identity, seven othep-like genes have been described,
which may assemble with voltage-dependent‘Czhan-

the single-channel properties. Neither the deletion of the
PKA interacting domain within AKAP79 nor inhibition

nels in nonskeletal muscle tissue. Recently, the groupsor activation of PKA changed the L-type current increase.

of Kevin Campbell and Annette Dolphin observed ef-
fects of the muscle/; subunit and the related subunits
y» (stargazin) ang; on expression of voltage-dependent
Ca* channels (Kangtal, 2001 Mos®t al., 2002). Coex-
pression ofr12.1/B3/a8 or a12.2/B3la28 subunits withy;

or y, subunits inXenopusoocytes reduced the &acur-
rent by approximately 30—-35%. Reduction in expression
was only observed in the presencexgd subunits (Kang
et al, 2001). A more drastic effect on N-type channel ex-
pression was described for the subunit. Coexpression
of «12.2/81p and y; subunits almost completely reduced
N-type currents in COS-7 cells antnopusocytes and
reduced P/Q- and L-type currents Xenopusoocytes.
The effect ofy; was independent of the,§ subunit and

Insertion of a hemaglutinin epitope tag into an extracellu-
lar loop of thew;1.2 subunit allowed the monitoring of the
cell surface expression of L-type channels via chemilumi-
nescence intensity measurements. A sevenfold increase
in chemiluminescence intensity was observed for coex-
pression ofy;1.2 with 8 subunits and more importantly a
twofold increase in the presence of AKAP79 suggesting
that AKAP increases the amount @f1.2 protein in the
plasmamembrane. By expressing chimeras betwek2
andw;2.3 subunits (R-type channels are not upregulated
by AKAP79) and injecting intracellular peptide loops into
Xenopusoocytes expressing AKAP79 and L-type chan-
nels the authors identified the C-terminal end of the in-
tracellular loopll-1ll of the L-type channels as the region
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responsible for AKAP79 regulation. The C-terminal half TARGETING OF CA 2+ CHANNELS

of looplI-lll contains a poly proline (PP) motif, whichis  |IN STRIATED MUSCLE

conserved in the L-type channg]1.1-3 subunits. Dele-

tion of this motif in «11.2 increased whole cell L-type L-type channels in striated muscle, i.e. skeletal and

currents to levels of wild type channels expressed with cardiac muscle are responsible for excitation contrac-

AKAPT79. Coexpression of AKAP with PP deleted L-type  tion coupling through activation of ryanodine-sensitive

channels did not result in further channel upregulation. C&* release channels (RyR; Ryanodine Receptor) of

Thus, the PP region may act as a suppressor region forthe sarcoplasmic reticulum (SR), which leads to release

surface expression of L-type channels. of Ca&* from the SR and subsequent contraction of the
muscle. Efficient excitation contraction coupling requires
a close interaction of L-type channels located in the

SORTING OF CA?* CHANNELS plasma membrane invaginations (surface membrane of the

IN POLARIZED EPITHELIAL CELLS T-tubules) and RyR (Endo-Sarcoplasmic Reticulum) and
therefore colocalization of the two receptor types (for re-

Polarized epithelial cell lines, like Madin-Darby ca-  view (Flucher and Franzini-Armstrong, 1996)). Cell lines

nine kidney (MDCK) epithelial cell line, are widely used derived from the dysgenic muscle (GLT and NLT) have

to study the differential distribution of neuronal proteins. been extensively used to study the precise targeting of

Various labs tried to establish a correlation between ba- exogenously expressed L-type channels in particular the

solateral versus apical sorting in epithelial cells and so- «;1.1 subunit and its function in excitation—contraction

matodendritic versus axonal targeting in neurons (Dotti coupling. In GLT cells nax;1.1 subunits are expressed,

and Simons, 1990; Jareb and Banker, 1998). Brice andwhile transversal tubule are normally formed and RyR are

Dolphin (1999) used this system to study the differen- regularly clustered in T-tubule/SR junctions. Thus, correct

tial distribution of N-, P/Q-, and L-type channels. Using targeting of L-type channels should result in colocaliza-

immunocytochemical studies they found tbatsubunits  tion and coupling with the RyR, which then should restore

(012.1,012.2,andx;11.2) as earlier describedinCOS-7and  excitation—contraction coupling.

HEK?293 cells (Briceet al., 1997) were only sufficiently

targeted to the plasma membrane when coexpressed with

the ancillary subunita,s and any of the foup subunits. a11.1 Subunits Target3 Subunits

The L-type channel in the combinatianl.2,a,8 and any to the Triads in Muscle Cells

of the 8 subunits distributed mainly to the basolateral side

of the cell, while the N-type channel in the combination Two groups in parallel addressed the question of

@12.2, 28 and any of the8 subunits targeted mainly to  L-type channeltargeting in dysgenic myotubes. The group

the apical pole of the cell. Interestingly, the distribution of Kurt Beam compared the subcellular localization of

of the P/Q-type channet{2.1 subunit) depended on the four C&* channela; subunits ¢11.1, «11.2, «12.1 and

coexpression of thg subunit.8;, andB, assembled P/Q-  «;2.2) (Grabneret al, 1998). GFP was tagged to the

type channels targeted mainly to the apical siglg,as- N-terminus of thex; subunits. All GFP«; subunits re-
sembled channels to the basolateral side, wpileon- vealed functional channels when exogenously expressed
taining channels distributed equally over the three distinct (mononuclear injection of cDNAS) in dysgenic skeletal
areas. myotubes as indicated in their class specific macroscopic
The results indicate that agaghsubunits targetr; C&*t channel current properties. Confocal microscopy

subunits to the plasma membrane. L-type channels andshowed that both L-type channg| subunits ;1.1 and
B2a assembled P/Q-type channels appear to be localizedw;1.2) clustered in punctates, while P/Q-and N-type chan-
at the basolateral membrane, which maybe comparable tonels distributed perinuclear. In additiam1.1 andw;1.2
somatodendritic targeting in neurons, while N-type chan- but note;2.1 andw;2.2 subunits were able to restore the
nels ang3;, andg, assembled P/Q-type channels targetto electrically evoked contraction in dysgenic skeletal my-
the apical membrane, which maybe comparable to axonalotubes. Comparable results were obtained by Flucher and
sorting of the proteins. This distribution would correlate coworkers (Neuhubegt al, 1998). Their studies in dys-
with the function of these channel types in neurons. While genic myotubes addressed the association;@f1 and

N- and P/Q-type channels would prefer the presynaptic 814 subunits in skeletal muscle triads. Using GFP-tagged
terminal to trigger synaptic transmission, L-type channels ;5 subunits and antibodies against thgl.1 subunits,
may remain at the soma to trigger excitation transcription the authors demonstrated that coexpressiof;giGFP
coupling. anda; 1.1 caused redistribution ¢ -GFP into clusters.
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B1a-GFP when expressed alone revealed a homogenousThe 31, Subunit is Important for L-Type Channel

diffuse distribution. This clustering depended on the inter- Expression and EC-Coupling in Skeletal Muscle Cells
action betweer;1.1 andB subunits, since; 1.1 mutants

(x11.1-Y366S andr;1.1-A351-380), which disrupt the The importance of the¢8 subunit for targeting and
interaction with thed subunit, failed to cluste; ,-GFP. It function of skeletal muscle L-type €achannels can be
has to be noted that;1.1-Y366S is localized in compa- drawn from the experiments performed by the group of
rable clusters as wild type; 1.1, whilee;1.1-A351-380 Roberto Coronado. They usedBa deficient mouse for
was localized in a dense reticular membrane system (prob-their studies, which is the onlg subunit expressed in
ably ER). The clusters mostlikely represent the incorpora- skeletal muscleg; knockout mice die at birth from as-
tion of@11.1 ands subunits into the T-tubule/SR junctions  phyxia (Gregget al, 1996). Primary cultures of embryonic
since double labeling experiments with the RyR showed skeletal muscle myotubes revealed a drastic decrease in L-
colocalization between the different channels and sub- type current, charge movement and lacked EC coupling.
units. For both functionak,1.1 channel subunite:{1.1- Using antibodies against 1.1 showed that the levels of
Y366S and wild type)f1, significantly increased the L-  «31.1 were decreased. Fractions @f—/—) myotubes
type C&* currents and evoked a depolarization induced also displayed na;1.1 staining. More importantly, the
Ca* transient indicating that both subunits are capable of ;1.1 subunit lacked the punctate distribution, while clus-
voltage sensing necessary for EC coupling (Fluehet., tering was not affected for RyR (Gregtal,, 1996; Strube
2000). The same result was observed whenliel sub- et al,, 1998). Transient transfection of cDNAs encoding
unitwas C-terminally tagged with GFP. €acurrentsand  the B1, 0r B2, Subunits both rescued the L-type®aur-

EC coupling was restored due to the correct localization of rent, which were not distinguishable on the single chan-
the construct into the triad junction (Fluchetral,, 2000). nel level. Howeverg, transfected myotubes revealed a
Thus,x;1.1 subunits targed; , subunits into the triad. The  higher density of charge movement and a larger amplitude
correct targeting of the L-type channel in dysgenic my- of C&* transients after voltage pulse. This indicates that

otubes restores EC-coupling. EC coupling is more efficient ifi;transfected cells prob-
Following the study in dysgenic myotubes Neuhuber ably sincef;, assembled channel couple either better to
et al. (1998a,b) analyzed the effects ofahannels, the RyR orare more efficiently transported and localizedin

and B2, on the assembly of;1.1 containing channels the triads (Beurgt al, 1999a,b). In a further study Beurg
in a heterologous expression system (tsA201 cells). Ex- et al. (1999a,b) characterized the protein domains, which
pression of GFP-tagged or untaggidrevealed a diffuse  were responsible for the differential effectsfif, andB,a
fluorescence, with weak or no fluorescence in the nucleus.on charge movement and transient currents. They con-
GFP alone showed strong fluorescence in the nucleusstructed several deletion and chimeric mutants between
and diffuse fluorescence in the cytoplasm/ER. In con- B3, andpg,; and found that the C-terminus of tife, sub-
trasta;1.1 subunits and its mutations;(.1-Y366S and unit, when transferred to thg,; subunit normalized the
«11.1-A351-380) localized in a cytoplasmic membrane charge movement and &atransient to thg;, wild type
system with high density in the perinuclear region of the level. These constructs also carried a T7 tag for localiza-
cell. ¢11.1 staining was detected with an antibody against tion studies. The authors found that all constructs were
a11.1. Coexpression @f;1.1 and GFP8 4 resulted inthe  expressed abundantly throughout the length of the my-
redistribution of GFPB;, to the cytoplasmic membrane otubes, with high concentrations at the cell periphery. The
system, whilex;1.1 mutations, which disrupt the sub- authors suggested that this distribution is consistent with
unit interaction domain, could not attract tfg, into the the distribution of L-type channels in cultured myotubes.
membrane system. Expressiondaf caused the localiza-  The periphery is the site where the plasma membrane is
tion of the subunit to the periphery of the cell, mostlikely coupled to the sarcoplasmic reticulum. The clustering of
the membrane. Coexpressiorggfwith «;1.1 induced the the 8 subunit and/ow; 1.1 subunit and colocalization with
assembly oft11.1 in discrete aggregates in the cell periph- the RyR was not analyzed.

ery, while thes subunit interaction deficieiat; 1.1 mutant

subunits remained in the tubular reticular membrane sys-

tem. In contrasts,,assembled 1.1 ore,1.1-Y366S but The C-Terminus of &11.1 Subunits Mediates

not «11.1-A351-380 (does not express functional chan- Targeting and Clustering in Muscle Cells

nels) expressed €achannels with a higher frequency in

comparison tg8,, coexpressed channels, indicating that To identify the region within they;1.1 subunit re-
B2acan translocate; 1.1 to the plasma membrane but can sponsible for localization and targeting of the skeletal
not modulatex; 1.1 channel function. muscle C&" channel, Proenzat al. (2000) performed
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a yeast two hybrid screen with intracellular protein do- targeting sequence of the skeletal muscle channels re-
mains from thev; 1.1 subunit (bait) against a human skele- stored EC coupling in the dysgenic myotubes.

tal muscle library. Here, the C-terminus interacted with
many other proteins as indicated in the number of identi-
fied yeast colonies{19,000), while the other intracellular
protein domains (N-terminus, loopl-Il, 1I-1ll, and IlI-1V)
gave fewer than 12 colonies. In order to determine which L-type C&*+ channels in the heart are important for
region of the C-terminus was responsible for the inter- cardiac excitability as well as excitation contraction cou-
action, the group used a deletion strategy to identify a pling. The cardiaax;1.2/8, containing L-type channels
27 amino acid long sequence (1621-1647) containing aare localized in the T-tubules in close proximity to the
consensus PDZ binding motif. A point mutation within Ca&* release channels in the junctions of the sarcoplasmic
this motif (V1642D) disrupted the interaction with pro- reticulum. Activation of these L-type channels lead to a
teins of the skeletal muscle. To further test the physio- Caf*-activated C&" release and subsequent contraction.
logical significance of this sequence motif in excitation The targeting mechanisms of the cardiac L-type channel
contraction coupling and targeting, deletion constructs of complex is unknown. The colocalization @f1.2 andgs,

the full length GFPx11.1 subunits were molecularly en-  subunit in T-tubules was demonstrated by using specific
gineered and transfected into dysgenic myotubes. Dele-antibodies against both subunits (Gaal., 1997a,b) and
tion of the PDZ domain and/or disruption of the binding the distribution of GFP-taggegisubunits in heart cells has
motif via point mutations caused a reduction in contrac- recently been exploited (Colecraftal., 2002; Weiet al,,

tion after electrical stimulation in comparison to the full 2000). The most prominent subunit in heart is faesub-
length GFPe;1.1 subunit. While this effect could be due unit (Hullin etal, 1992; Ludwiget al, 1997; Perez-Reyes

to nonlocalization of the construct or nonfunctional chan- et al, 1992; Reimeret al, 2000). Exogenous expres-
nels the group analyzed both parameters. While the full sion of GFP tagge@ subunits in adult rat heart cells via
length GFP«;1.1 distributed along the length of the my- adenovirus-mediated gene transfer revealed ghaand
otube, the C-terminal deletion as well as the point mutation B3 subunits distribute with similar intensities in the nuclear
revealed a restricted localization close to the region of the and sarcoplasmic compartments as GFP. In confiast
injected nucleus. In addition, for both constructs charge subunits which are described to be temporally expressed
movement was diminished but channels were functional. in developing heart (Haast al., 2000) revealed a strong

In contrast, a second deletion mutant, where most of the nuclear staining and also a regularly spaced transverse
C-terminus was truncated had more drastic effects on all striation. 8, subunits as expected revealed a predominant
analyzed physiological parameters and fluorescence wadocalization at the surface sarcolemma with no representa-

The Distribution of 8 Subunits in Heart Cells

largely reduced after injection.

To identify the structure motifs within the; 1.1 sub-
unit, which are responsible and sufficient for L-type chan-
nel targeting to the triads Fluchetal.(2000) constructed
chimeras between P/Q-type2.1 and skeletal muscle
«11.1 subunits. A GFP-tagged2.1 subunits (N-terminal

tagging) was retained in a reticular sarcoplasmic mem-

brane fraction (ER/SR) and was not colocalized with RyR,
while N-terminally taggedy;1.1 subunits clustered and

colocalized with RyR. Exchange of the intracellular loops
betweerny;1.1 andy; 2.1 revealed that only the C-terminus
but not the other intracellular loops had effects on local-
ization. Exchange of the;1.1 C-terminus against the

a12.1 disrupted localization, i.e. this construct was lo-
calized in the ER/SR system, while introduction of the
a11.1 C-terminus intox;2.1 transferred triad targeting

and colocalization with the RyR to the P/Q-type chan-

tion in the sarcoplasmic or nuclear compartments. All four
B subunits induced subunit specific effects on the single
channel gating of the endogenous cardiac L-type channels.
This result is in agreement with the above-described find-
ing thatB,2 andB,a subunits restore L-type Eachannels

in skeletal mouse myotubes lackig subunits (Beurg

et al, 1999a,b).

TARGETING OF CA 2+ CHANNELS IN NEURONS

Subcellular localization determined with peptide
specific antibodies against the subunits reveals a com-
plex pattern of localization in neurons. Presynaptic termi-
nals of various brain cells contain high densities of P/Q-,
N-, and R-type channels. In contrast thel .2 andw;1.3
containing L-type channels are localized primarily on cell

nel subunit. Again using a chimeric approach a region of bodies and proximal dendrites, with 1.2 also on dis-

55 amino acids (1607-1661) within the C-terminus could
be identified, which is responsible for channel targeting.
Correct targeting of the P/Q-type channel carrying the

tal dendrites. The expression of the four mammajan
subunits and three»§ subunits has been described for
various brain regions (Ellist al,, 1988; Klugbaueet al,,
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1999), withg subunitimmunoreactivity being observed in
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the mGIuR7 contains a 60 amino acids long cytoplasmic

neuronal cell bodies, dendrites, and neuropil (Birnbaumer domain, which mediates both axonal and dendritic tar-

et al, 1998; Dayet al, 1998; Lieet al,, 1999; Ludwig
etal, 1997; Volseret al,, 1997). A pre- and postsynaptic
localization has been suggestedfey 83 andgs, subunits.

Mutations in the ancillary subunits also cause severe mal-

functions. A mutation ings which results in a loss of

geting (Stowell and Craig, 1999). A dileucine motif in a
neuronal glycine transporter (Poyatetsal, 2000) and a
tyrosine-based sequence motif within the transferrin re-
ceptor (Westet al, 1997) are essential for targeting. A
dileucine motif is present in all €& channelg subunits,

B4 subunit in the mouse, leads to an epileptic phenotype while a conserved tyrosine motif (EEDY) is only present

(lethargic; Ih/lh; Burgesst al., 1997). Excitatory synaptic

in the C-termini ofBy, B3, and B4 but notB,. It seems a

transmission in the lethargic mouse is reduced, suggest-general strategy that the targeting sequences are localized

ing a presynaptic function fo, subunits in transmitter
release (Caddickt al, 1999). C&" channels have been
detected in vesicle-like structures (Ahmatial., 2000;
Leitneretal, 1999; Passafaetal, 1996; Sher, 1997; Sher
et al, 1998; Shapir&t al, 2003), indicating that vesicle-
mediated transport plays a role for axonal and dendritic
delivery of C&* channel complexes. However, very little
information is available about the mechanisms of‘Ca
channel targeting in neurons.

Ca’*t Channel 84 Subunits Target to Synaptic Sites

Our own studies concerning the localization of€a
channelg subunits in hippocampal neurons revealed a
synaptic staining pattern and presynaptic function gfCa
channelg, subunits (Wittemanret al, 2000). In these
studies GFP was tagged to the N-terminusggfand
cloned into the semliki forest virus expression system for
sufficient infection of hippocampal neurons. Low density
hippocampal neurons were transfected with semliki for-
est virus carrying GFBy. GFP8, distributed in a punc-
tate staining pattern indicating clustering of this subunit
at synaptic sites. GFPB; colocalized with endogenous
synaptobrevin Il and endogenous P/Q-typéCehannel
a1 subunits. To analyze whether the GBPwas trans-

in the nonconserved regions among the protein families.
To identify the region within theg subunits responsible
for clustering of,4, the low homology domains ¢ (i.e.
the N- and C-terminus (Fig. 1)) and the highly conserved
middle part of theg, subunit was tagged to GFP and ex-
ogenously expressed in the same culture system. Synaptic
clustering and colocalization with synaptobrevin Il was
observed for the N- and the C-terminus but not for the
conserved core region @ (Fig. 1). TheB, core region
was located primarily in the soma of the cell.
Presynaptically targetef, subunits should assem-
ble with a1 subunits to form functional channels in the
presynaptic terminal. Exogenously expresggdubunits
may therefore create a certain amount of presynaptit Ca
channels containing thg, subunits.8, assembled P/Q-
type channels have different biophysical properties than
B1p assembled channels. This becomes obvious in par-
ticular in their inactivation properties during depolariza-
tion trains. During a 20-Hz stimulation protocg) as-
sembled channels, channels inactivate slower tBgn
assembled channels allowing a larger ion influx during
repetitive stimulation. Since the influx of &ainto the
presynaptic terminal determines the synaptic transmitter
release and short term synaptic plasticity like pulse facil-
itation, (Fisheret al, 1997; Zucker, 1999) assembly of
presynaptic C& channels with differen subunits may

ported into the axons a costaining between the dendritic determine the plasticity of the neuronal circuit (Fig. 2).

marker MAP2 and GFB, was performed indicating that

In order to show that Ca channelB, subunits change

GFP8, targets to the axon as well as dendrites in the presynaptic parameters of transmitter release, we ana-
hippocampal culture system. Thus, these data suggestedyzed the EPSC amplitude and paired pulse facilitation
that GFPB,4 subunits are transported to the presynaptic properties of autaptic hippocampal neurons in the pres-
terminal and clustered at synaptic sites. ence and absence of exogenously expregsedibunit
Targeting signals to specific organelles have been constructs. As a control construct we used the non synap-
identified in the extracellular and transmembrane domainstically targetedg subunit, where the N- and C-termini
of various proteins (Bradke and Dotti, 1998; Keller and were deleted f4a51-407). GFPB4 and GFPB4as51-407 8S-
Simons, 1997). While no conserved axonal sorting sig- sembled withx;2.1 subunits and-é to form functional
nals have been described to date (Winckler and Mellman, P/Q-type channels. We observed that in the presence of
1999), infection of fully polarized cultured hippocampal GFP84,EPSC amplitude was largely increased in compar-
neurons with viral vectors has been used to identify spe- ison to GFP-infected neurons or in neurons infected with
cific axonal sorting signals. For example, synaptobrevin GFP4a51-407 More importantly during a 20-Hz stimula-
contains a 92 amino acids long N-terminal region, whichis tion protocol, pulse facilitation was increased for GBf-
responsible for axonal targeting (Westal,, 1997), while but not GFPB,a.51-407 indicating that C&" channelp,
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A siow inactivating Ca2* channels

B Fast inactivating Ca2+ channels

1}

Facilitation

il

r

Depression

Fig. 2. C&t channeltargeting and synaptic plasticity. The influx ofCa
into the presynaptic terminal determines the synaptic transmitter release.
Modulation of the presynaptic & influx may change short term synap-
tic plasticity of the neuronal circuit (Fishet al, 1997; Zucker, 1999).

For example the G influx through (A) slow inactivating G& chan-

nels (e.gw1/ B4 assembled channels) is larger than through (B) fast in-
activating C&* channels (e.gx1/B1 assembled channels) during high
frequency stimulations (high firing rate of action potentials). Depend-
ing on the synapse type (i.e. low release of probability or high release
of probability) short term synaptic plasticity (i.e. facilitation or depres-
sion, respectively) will change according to the biophysical properties
of the C&* channels. Thus, targeting of &achannels complexes to
presynaptic terminals with defined subunit compositions may influence
short-term synaptic plasticity.

containing clusters are correlated with changes in presy-
naptic function. Thus, targeting of €achannel sub-
units to specific terminals may define short term plasticity
in the brain.
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The Importance of the C-Terminus of the
a1 Subunit in Ca?t Channel Complex Clustering

The muscle-type Ga channebr;1.1 andy;1.2 sub-
units contain the targeting signal in its nonconserved
C-terminus (Flucheet al, 2000; Gacet al,, 2000). Sev-
eral C-terminal truncated and expanded isoforms of L-
type channed; subunits have been described (De Jongh
etal, 1991, 1996; Gasetal, 1997a,b; Heletal, 1993a,b;
Iharaet al, 1995). A truncated form af;2.1 that stretches
from the start of the protein through the middle of the
intracellular loop connecting domain 2 and 3 was puri-
fied (Scottet al, 1998) and C-terminal splice variants
have been detected in pancreatic islets (Ligginal,
1998). The presence of various C-terminal spliced iso-
forms of @12.1 in human brain have been linked to a
severe form of human ataxia (Zhucheng&bal, 1997).

In addition, a C-terminal truncation in the leaner mouse
displays seizures that resemble those observed in human
absence (petit mal) epilepsy (Fletcletal., 1996). Using

a biochemical approach Maximaat al. (1999) showed
the interaction of thex; C-terminus of the presynaptic
N- and P/Q-type C& channels with modular adaptor
proteins. The modular adaptor proteins Mint-1, CASK,
and Veli form a tripartite complex in the presynaptic ter-
minal and interact with other signaling proteins lige
neurexins. Thus, the putative interaction of’€ahan-
nels with this protein-signaling complex may be involved
in clustering and precise positioning of channels within the
terminal (Bezprozvanny and Maximov, 2001; Jarvis and
Zamponi, 2001; Maximoet al, 1999). Using yeast two
hybrid and immunoprecipitation assays Maximetval.
(1999) first demonstrated that Mint1-1 and CASK bind
to the C-terminus of N-type channel subuai.2. The
interaction involved the first PDZ domain of Mint-1 and
the SH3 domain of CASK. The authors also identified se-
guence motifs in the N-type channel C-terminus which
were responsible for the interaction. The interaction with
Mintl involved a new class of PDZ domain (E/D-X-W-
C/S-COOH). By using the yeast two hybrid system for
detection of protein interactions the authors showed that
only the long-splice variants of P/Q- and N-type channels,
which contain the sequence motif, but not R- or L-type
channels interact with Mint-1. In addition, they demon-
strated that CASK interaction involved a proline rich re-
gion in the middle of the C-terminus. In a further study
Maximov and Bezprozvanny (2002) studied the synaptic
targeting of N-type channels in hippocampal neurons. By
cotransfecting HA-tagges, 2.2 subunits together witby
andw,8-1 subunits the authors demonstrated that in ma-
ture cultured hippocampal neurons N-type channels were
absent from dendrites but were highly concentrated and
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clustered in axonal processes. The clustering of N-type transmission and aloss of presynaptic localization of these
channels was dependent on synapse formation. To char<channels suggesting an important role of this protein do-
acterize the structural domains involved in channel cluster- main in synaptic targeting.

ing, deletion and point mutations were introduced into the
C-terminus ofy;2.2a (long form). Truncation of 300 aa of
the long form ofx,2.2 abolished synaptic clustering. Mu-

Thus, the C-terminus as well as the loopll-IIl with
its interaction domains for modular adaptor proteins or
proteins of the synaptic release machinery are important

tations within the SH3 domain and the PDZ domain of the for synaptic targeting and clustering of voltage-gate#fCa
C-terminus (Fig. 1) reduced clustering, while combining channels.

these mutations within one construct abolished clustering.

The experiments suggested that the long form of the N-

type channels is responsible for presynaptic transport andPERSPECTIVE

clustering in mature hippocampal neurons. To further ver-

ify this hypothesis the authors immediately analyzed the The understanding of Ga channel trafficking and
distribution of the short N-type channel form@.2b). As its subcellular localization in particular in neurons is at its
expectedy;2.2b did not localize to axons and clustered in infancy. Since C& channels subtypes are involved in very
mature neurons only at the soma and proximal dendrites. specific, regulated functions within their physiological en-
By using Western blot and immunoprecipitation experi- vironment, mechanisms for subcellular targeting have to
ments the authors also demonstrated that the long formexist. In general we can distinguish three levels involved
but not the short form of the native N-type channels were in the specificity of localization. First biosynthesis within
concentrated in synaptic locations. Impairment of synap- the ER may allow certain channel combinations to exit
tic function and channel clustering was observed when the the biosynthetic pathway, while others are retrieved. As
GFP tagged C-terminus was overexpressed in the neuronsdescribed in this review €& channel subunits are local-
Depolarization-induced antibody uptake representing ex- ized within the ER and can be transported to the plasma
ocytosis/endocytosis events was diminished in the pres-membrane. This involves the interaction betwegrand
ence of the C-terminus, indicating that the C-terminus acts 8 subunits, wher@ subunits shield an ER retention signal
as a dominant negative mutant. Fusion of the C-terminus of thea; subunit. Further analysis will reveal if this mech-
of the N-type channel (lacking the proline rich region) anism is true for the skeletal muscle L-type channel and
and the P/Q-type channel to the extracellular and trans-in particular for T-type channels. No interaction between
membrane domain of the CD4 receptor was sufficient for T-typea; subunits angd subunits could be observed. The
synaptic targeting. The PDZ domain binding motif was second decision has to be made regarding the transport
necessary for the clustering, since deletion of this bind- of channel to its specific subcellular location, e.g., soma,
ing motif resulted in diffuse distribution of the constructs dendrite, axon, or T-tubule. It can be expected that cer-
within the neurons. Coexpression of GFP-tagged Mintl, tain domains of the Ca channel subunits, in particular
CASK, and HA«;2.2 indicated that all three proteins are those underlying splicing may interact with specific trans-
colocalized within the synaptic clusters. (Maximov and port and adaptor proteins, which help to sort the different

Bezprozvanny, 2002). Thus, the data implicate an impor-
tant function of the C-terminus of presynaptic®Cahan-

nels in synaptic targeting, and clustering, which involves
the interaction of the channel with modular adaptor pro-
teins. In a more recent study Mochida’'s and Catterall's

channel complexes. Considering specific mMRNA transport
to dendrites and at least in invertebrates into axons, sort-
ing mechanisms could take place also at the mRNA level.
The third step is the anchoring of &achannel complexes

within the subcellular structures. The C-terminus and the

groups (Mochidaet al, 2003a,b) suggested a role of the
looplI-IIl, in particular the synprint binding site (Sheng

loopll-Ill of «1 subunits seem to be the targets of some
of these clustering and anchoring proteins. We can expect
et al, 1994), in synaptic targeting and function. By over- that future work will identify sequence motifs and their in-
expressingy12.1 subunit containing P/Q-type channelsin teracting partners, which dynamically target the channel
superior cervical ganglion neurons the groups were able tocomplex to its destiny.

rescue synaptic transmission when the endogenous N-type

channels were blocked (note that synaptic transmission in

these neurons completely relies on N-type channels). TheACKNOWLEDGMENTS
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