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Abstract The y subunit was initially identified as an auxiliary
subunit of the skeletal muscle calcium channel complex. Evidence
for the existence of further y subunits arose following the
characterization of a genetic defect that induces epileptic seizures
in stargazer mice. We present here the first account of a family
of at least five putative y subunits that are predominantly
expressed in brain. The -2 and y-4 subunits shift the steady-state
inactivation curve to more hyperpolarized potentials upon
coexpression with the P/Q type oy subunit. The coexpression
of the 5 subunit accelerates the time course of current
activation and inactivation of the o T-type calcium channel.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

The purified skeletal muscle calcium channel complex con-
sists of four subunits, the oys, Bla, 0,6-1 and the y subunit
(for a review see [1]). Whereas different classes of the pore
forming o subunit and various auxiliary  and 0,3 subunits
have been identified in many other tissues, the y subunit was
for a long time thought to be unique to skeletal muscle. This
subunit was originally purified from rabbit skeletal muscle
and its cDNA sequence determined [2,3]. The genomic orga-
nization of the human and murine y subunit have been deter-
mined and linkage mapping localized the y-gene to human
chromosome 17q24 [4-6]. Structurally the y subunit contains
four putative transmembrane segments separating intracellu-
larly located N- and C-termini [2,3].

Coexpression studies revealed a modulatory function of the
Y subunit on the L-type calcium channel; these include
changes in peak current and in the activation and inactivation
kinetics [7-9]. Reconstitution of the high affinity dihydropyr-
idine binding activity of the skeletal muscle calcium channel
requires the coexpression of y together with oys, B and o,8-1
subunits [10].

Attempts to identify further y subunits in tissues other than
skeletal muscle by standard molecular biological techniques
failed [9]. However, a second vy subunit was recently identified
when a form of epilepsy in mice was found to be due to a
defect in a y subunit gene [11]. Mice with a disruption in this
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gene suffer from spike-wave seizures characteristic of absence
epilepsy and are described as having a stargazer phenotype. A
small shift in the steady-state inactivation curve towards hy-
perpolarized potentials was found upon coexpression of the
calcium channel subunits o4, Bla, 0,8-1 and y-2. The defect
of the y-2 subunit probably caused a significant reduction in
channel availability at typical neuronal resting potentials.

The existence of further y subunits in brain could differen-
tially modulate the availability of other neuronal calcium
channels and thereby contribute to the diversity of high-volt-
age gated calcium channels. It is also possible that neuronal y
subunits could interact with the newly described T-type cal-
cium channel subunits, three of which have been identified
[12-15]. Since there are no marked modulatory effects of aux-
iliary o8-1 or 0,8-3 subunits on T-type channels [16,17] and
due to a lack of the consensus motif for a B subunit interac-
tion site (AID) in T-type calcium channel o subunits, a pos-
sible interaction between the T-type oG and 7y subunits was
investigated.

2. Materials and methods

2.1. Molecular cloning

The basis of our cloning strategy was a detailed EST database
search with y-1 and y-2 as probes using different search algorithms.
Several partial sequences were obtained with different homologies to
the previously known vy subunits. The following paragraphs summa-
rize the cloning strategy for each y subunit:

The partial EST hs905154 clone was initially identified and was
used for the cloning of y-3. During the progress of this work Black
and Lennon [18] reported the human full-length sequence of this
v subunit. The mouse homologue of y-3 described in this paper was
PCR amplified from mouse brain cDNA using degenerate primers
derived from the human -3 protein sequence.

The partial EST mm38636 clone was used to clone y-4 from mouse
brain. The full-length sequence was obtained by screening a cDNA
library with EST mm38636 as a probe. Several independent clones
were obtained and one of them was a full-length clone.

The basis for cloning of y-5 were numerous overlapping EST clones
(21048969, aa881704, mm1155303, mmaa69349). Since these overlap-
ping ESTs already contained the start and stop codons, a PCR ap-
proach was used to amplify the open reading frame as a single cDNA
fragment from a mixed organ preparation from newborn mice. In
addition, a mouse kidney cDNA library was screened with the PCR
product. Sequencing of a library clone and of the PCR fragment
confirmed their identity.

All ¢cDNA clones and PCR fragments were sequenced on both
strands with an automated ABI prism DNA sequencer (310 Genetic
Analyzer).

The isolation of RNA and construction of the cDNA libraries as
well as PCR techniques performed in this study are essentially the
same as described in [19].

2.2. Northern blot and dot blot hybridization
Mouse multiple tissue Northern Blots and a human RNA Master
blot were obtained from Clontech (Heidelberg, Germany) and hybrid-
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ized according to the manufacturer’s instructions. The following ran-
dom-primed labelled fragments were used as probes: -3, nucleotides
131 to 853; y-4, nucleotides 501-957; -5, nucleotides 131-508.

A 3 h prehybridization step was followed by an overnight hybrid-
ization with 5X10° cpm/ml of probe at 42°C. The final stringency
wash performed was with 0.1 XSSC, 0.1% SDS at 42°C.

2.3. Construction of a myc-fusion protein with y2 and expression in
HEK293 cells

v-2 ¢cDNA was cloned in pcDNA3.1/Myc-His expression vector
(Invitrogen) containing a myc epitope for the determination of the
expression level in the eukaryotic host cells. The myc epitope is de-
tectable using an anti-myc antibody.

9x10° HEK293 cells were transfected with oja, B1a, 028-1 (all the
cDNAs were cloned in pcDNA3, see below) together with the re-
combinant protein y-2 in pcDNA3.1/Myc-His using the calcium phos-
phate method. After transfection cells were harvested and resuspended
in 1XPBS. The cell suspension was centrifuged and the pellet was
resuspended in Buffer A (20 mM MOPS pH 7.4, 300 mM sucrose,
2 mM EDTA, 1 mM iodacetamide, 1 mM 1,10 phenanthroline,
0.1 mM phenylmethanesulfonyl fluoride, 1 pg/ml antipain, 1 pg/ml
leupeptin and 1 mM benzamidine). Following homogenization, the
extract was centrifuged for 10 min at 5000 X g. The pellet was reex-
tracted and centrifuged as before. The supernatants were combined
and ultracentrifuged at 70000X g for 35 min. The pellet was resus-
pended in buffer A and stored at —80°C.

The cellular localization of y-2 was investigated using the anti-myc
and a secondary Cy-3 labelled antibody (Dianova, Hamburg, Ger-
many). The plasma membrane localization was established using a
confocal laser scanning microscope.

2.4. Western blot analysis

Aliquots (about 2 and 4% of the membrane preparation) were
loaded on a 10% SDS-polyacrylamide gel. The gel was blotted on a
nitrocellulose membrane (Amersham) using an electroblotting appa-
ratus (Bio-Rad). The primary anti-myc antibody (Invitrogen) was
used at a 1:5000 dilution. Following washing, a secondary goat
anti-mouse [gG-peroxidase conjugated antibody (Jackson Laborato-
ries, West Grove, PA, USA) was applied. The proteins were detected
using an ECL-system according to the manufacturer’s instructions
(Amersham).

2.5. In situ hybridization

Brains from adult mice were removed immediately following death
by cervical dislocation and frozen in isopentane cooled to —40°C. The
tissue was sectioned into 16 um slices in a cryostat and thaw-mounted
onto polylysine slides. Following vacuum drying for 30 min, the sec-
tions were fixed in 4% paraformaldehyde in PBS (20 min) and washed
in 0.5X SSC (5 min). Sections were acetylated in 0.25% acetanhydride
in 0.1 M triethanolamine, pH 8.0, for 10 min and washed twice with
2 X SSC. The tissue was dehydrated through a series of ethanol solu-
tions, from 50-100%. The slides were vacuum dried for 30 min and
stored at —80°C until use.

The murine y-2, y-3 and y-4 specific riboprobes were generated by in
vitro transcription from a PCR template as follows. BamHI and
Asp718 restriction sites were added to forward and reverse primers,
respectively, and probe template DNA amplified by PCR from the
murine clones using primers specific for the variable C-terminal re-
gions of y-2 (nucleotides 820-947), y-3 (nucleotides 748-912) and y-4
(nucleotides 839-980), respectively. The insert was integrated by
sticky-end ligation into a pUCI19 derived plasmid containing T3 and
T7 polymerase promoters. >S-UTP labelled sense and antisense ri-
boprobes were produced using a standard T3, T7 polymerase in vitro
transcription procedure [20]. Unincorporated nucleotide was removed
with a Sephadex G50 column. The probes were applied at a specificity
of 1x107cpm/ml in hybridization buffer (10 mM Tris, pH 8.0, 0.3 M
NaCl, 1 mM EDTA, 1XDenhardt’s, 10% dextran, 50% deionized
formamide, 50 mM DTT, dithiothreitol and 0.5 pg/ul tRNA.

Messenger RNA in situ hybridization was performed on cryostat
sections of mouse brain. Hybridization with the radiolabelled probe
proceeded for 16 h at 55°C. The sections were washed in 2XSSC,
1 mM EDTA, | mM DTT and treated with 20ug/ml RNase in 0.2 M
Tris-HCI pH 8.0, I M NaCl and 0.1 M EDTA to remove unbound
probe. A high stringency wash of 0.1 XSSC, 1 mM EDTA 1 mM
DTT was done for 2 h at 60°C. The slides were dehydrated in ethanol
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and analyzed by autoradiography. Following autoradiography, the
slides were coated with liquid film emulsion (Kodak NTB-2) and
developed after 4-8 weeks. The slides were counterstained with tolui-
dine blue and examined under dark- and bright-field illumination.
38-UTP was purchased from Amersham, the T3 and T7 polymer-
ases from Stratagene Heidelberg, all enzymes used for ligation reac-
tions were from New England Biolabs. The liquid film emulsion NTB-
2 and Biomax, MR imaging film, developer and fixer were obtained
from Kodak. All other reagents were of molecular biology grade.

2.6. Transfection of HEK293 cells

The full-length ¢cDNAs of all subunits, i.e. aic, oa, Oug, Pla,
cardiac Bf2a [21], neuronal B2a [22], B3, 08-1, 028-2 and all Yy cDNAs
were cloned into the pcDNA3 vector (Invitrogen) or its derivative
pcDNA3.1/Myc-His. HEK?293 cells were transfected with various sub-
unit combinations, each with the same amount of plasmid DNA. This
was achieved by lipofection with Lipofectamine (Life Technologies) at
a DNA mass ratio of 1:1 for expression of two, of 1:1:1 for three or
1:1:1:1 for four subunits.

2.7. Electrophysiological recordings

The whole-cell configuration of the patch clamp technique was
employed as previously described [9]. Extracellular solutions used
for experiments with high-voltage activated (HVA) channels were as
follows: the o4 channel: 110 mM NaCl, 20 mM tetraethylammoni-
um chloride (TEA-Cl), 2 mM 4-aminopyridine, 10 mM CaCl, (or
BaCly), 1| mM MgCl,, 5 mM HEPES, 10 mM glucose, pH 7.4
(NaOH). The o¢c channel: 82 mM NaCl, 20 mM tetraethylammoni-
um chloride (TEA-CIl), 2 mM 4-aminopyridine, 30 mM BaCl,, | mM
MgCl,, 5 mM HEPES, 0.1 mM EGTA, 10 mM glucose, pH 7.4
(NaOH). For low-voltage activated (LVA) channels the extracellular
solution contained: 110 mM N-methyl-p-glucamine, 20 mM CaCl,,
5 mM CsCl, 1 mM MgCl,, 10 mM HEPES, 10 mM glucose, pH 7.4
(HCI). The pipette solution for HVA channels contained: 120 mM
CsCl, 10 mM TEA-Cl, 10 mM EGTA, 0.5 mM GTP, MgATP 3,
HEPES 5, pH 7.4 (CsOH). For LVA channels the intracellular solu-
tion contained: 102 mM CsCl, 5 mM MgATP, 5 mM NacCl,, 10 mM
TEACI,, 10 mM EGTA,10 mM HEPES, pH 7.4 (CsOH). Borosilli-
cate glass pipettes had an input resistance between 1.5 and 3 MQ.
Series resistance was compensated up to 60%. Data were leak sub-
tracted using a P/4 protocol. All experiments were carried out at room
temperature (20-24°C). Whole-cell currents were recorded using an
EPC-7 or EPC-9 amplifier and analyzed using the pPCLAMP software
from Axon Instruments and software from HEKA Electronic (Lam-
brecht, Germany). Curve fitting and statistical analysis were carried
out using the Origin software (Microcal, Northampton, MA, USA).
Data are given as mean+ S.E.M., statistical comparisons were per-
formed using unpaired Student’s r-test, and the value of P<0.05
was considered to be statistically significant.

3. Results

3.1. Primary structures

A database search was performed using the protein sequen-
ces of y-1 and y-2 as probes for the identification of similar
expressed sequence tags (ESTs). This search uncovered addi-
tional ESTs with varying degrees of homologies to these cal-
cium channel subunits. Overlapping EST sequences belonging
to one gene were used to construct full-length open reading
frames. These sequences were verified by a PCR strategy using
different mouse tissues as well as by screening cDNA libraries
(for details see Section 2). According to the chronological
order of identification and sequence homologies we suggest
the following nomenclature. The skeletal y subunit is only
distantly related to all the other members (about 25% se-
quence similarity) and is named y-1. Three y subunits identi-
fied in mouse brain are much more closely related (about 60%
and higher). This brain subfamily is designated as -2, y-3, and
v-4. A fifth y subunit is only distantly related and is named
v-5. The primary structures of all the subunits known so far
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are presented in Fig. 1, together with a dendrogram showing
the phylogenetic distances. The thick bar at approximately
25% sequence identity reflects the difficulty in constructing
an alignment of proteins with very low homologies. y-2 and
v-3 have 75.6% identical residues and both show about 60%
identity with y-4. The mouse -3 is 90.5% identical to the
recently published human y subunit sequence, indicating that
the y-3 presented in this study is the homologue of the human
gene [18].

The -1 and -5 subunits are comparable in length (223 and
211 residues, respectively) and both have only a short C-ter-
minal cytoplasmic region. The neuronal y subunits are also
similar in length and consist of 323, 315 and 327 residues
for y-2, v-3 and 7y-4, respectively. The difference in length be-
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Fig. 1. Primary structure alignment of all known 7y subunits (A) and
their phylogenetic relations (B). A: y-1 is a rat skeletal muscle spe-
cific y subunit [9], y-2 is a mouse y subunit described in the stargaz-
er mice by Letts et al. [11]. ¥-3 to y-5 have been identified in this
study. White letters on black background indicate alignment posi-
tions with at least three identical residues. The asterisk indicates the
C-terminal consensus site for cAMP/cGMP-dependent protein ki-
nase phosphorylation site present in all neuronal y subunits. The nu-
cleotide sequences of the novel subunits are deposited under the ac-
cession numbers AJ272044, AJ272045 and AJ272046 in the EMBL
database. B: Phylogenetic relations of the calcium channel y subunit
family. The thick bar at 25% amino acid sequence identity reflects
the difficulty in reconstructing a correct phylogenetic tree with pro-
teins with very low homology.

-

tween -1 and ¥-5 and the brain subfamily is due to a long
putative intracellular C-terminus. The nucleotide sequences
upstream of the start ATG of all y subunits are in agreement
with that for the initiation of translation in eukaryotic host
cells.

Hydrophobicity analyses were performed on all primary
structures to confirm the presence of four putative transmem-
brane segments. In each case four hydrophobic segments
could be identified (data not shown). Despite the low sequence
homology between the y-1 and y-5 subunits, both have similar
hydrophobicity profiles and have a highly conserved sequence
motif (GLWxxC) and other common residues that are present
in all five subunits. A common consensus site for cAMP/
c¢GMP-dependent protein kinase phosphorylation is present
in the intracellular C-terminus of all neuronal 7y subunits

(Fig. 1).

3.2. Tissue distribution

The tissue distribution of the novel putative y subunits was
analyzed by Northern blot and dot-blot hybridizations. Fig. 2
shows the results of a mouse multiple tissue Northern blot
hybridization using y-3 (Fig. 2A), y-4 (Fig. 2B) and y-5 (Fig.
2C) as probes. The length of the transcript for y-3 is 2.4 kb
and for y-4 3.8 kb. The neuronal y-2 subunit identified in
stargazer mice is also only expressed in brain with an
mRNA size of 6-7 kb and some additional smaller fragments
[11]. v-3 and y-4 mRNAs were only detectable in mouse brain
and even after a long time of autoradiography no signals were
seen in other tissues. The y-5 subunit is highly expressed in
liver, kidney, heart, lung, skeletal muscle, and with a lower
abundance in testes. The transcript size of -5 is 1.1 kb.

A dot-blot hybridization with human tissues using the same
probes as for Northern analysis of y-4 and -5 confirmed the
above findings. This analysis indicates that the y subunits are
expressed in the same tissue specific manner in human as in
mouse. The dot-blot hybridization also allows for the identi-
fication of vy specific transcripts in tissues not represented on
the Northern blot. According to the dot-blot results, y-4 is
also expressed in fetal brain and at a very low level in the
prostate (data not shown). The highest expression levels of y-4
within brain were in caudate nucleus, putamen, thalamus, and
frontal lobe. Expression analysis of y-5 using the dot-blot
hybridization was only confirmatory and did not reveal
mRNA transcripts in other tissues.

3.3. In situ analysis
The mRNA expression of the novel brain y subunits, y-2 to
v-4, was studied in mouse brain sections (Fig. 3). The distri-



192

skel. muscle

testis
kidney
liver
lung
spleen
brain
heart
testis
kidney
skel. muscle
liver
lung

kb

—9.5
S

—4.4

. 24

=135

spleen

N. Klugbauer et al.[FEBS Letters 470 (2000) 189-197

C

@
Q
w
%g c
mfll o o o [T
w® S L3 590 =@
5 83525558
kb
kb —4.4
- 95
= 1.5 G
44
=135
- 24
=135

Fig. 2. Northern Blot hybridization of the y-3 (A), y-4 (B) and y-5 (C) subunits. Each lane of the mouse multiple tissue blots contains about
2 ug of poly(A) RNA. Hybridization was performed according to the manufacturers instructions. The mRNA sizes are as follows: y-3 2.4 kb,

¥4 3.8 kb and y-5 1.1 kb.

bution of the y subunits was found to differ considerably from
each other. y-2 was strongly detected in the cerebellum and
moderately expressed in the hippocampus, cerebral cortex,
thalamus and olfactory bulb (Fig. 3A; compare with [11]).
v-3 showed a strong expression in the hippocampus, the cer-
ebral cortex and a moderate expression in the olfactory bulb
and caudate putamen (Fig. 3B,C). y-4 was found to be highly
expressed in the caudate putamen, olfactory bulb, habenulae
and to a lower level in the cerebellum and thalamus. (Fig. 3D-
F). Examination of the tissue under higher magnification
shows that the expression of y-4 and y-2 in the cerebellum
originates predominantly from the Purkinje cell layer and
not the granular cell layer.

3.4. Expression studies as myc fusion protein

Since the electrophysiological effects of the y subunits upon
coexpression with different o subunits were very small (see
below), the presence of the y protein in the membranes of
transfected HEK293 cells was validated by an immunocyto-
chemical approach. The y-2 cDNA full-length sequence was
fused to the myc epitope at its C-terminus. Following transi-
ent transfection of the calcium channel subunits o4, Bla,

00-1 and y-2myc, membrane preparations were analyzed by
Western blot (Fig. 4A). A 42 kDa protein was detected using
an anti-myc antibody. The fusion protein of y-2myc has a
calculated molecular mass of 39 kDa. This difference is prob-
ably due to glycosylation of this subunit. These results are
consistent with the observed 35 and 38 kDa proteins described
by Letts and coworkers [11], which correspond to the degly-
cosylated and glycosylated forms of y-2. Additionally the plas-
ma membrane localization of y-2 was established using con-
focal laser scanning microscopy (Fig. 4B)

3.5. Functional characterization

Functional characterization of the novel y subunits was
performed in coexpression studies with three different o) sub-
units of HVA and LVA calcium channels. Different subunit
combinations were used for transient transfection of HEK293
cells. In a first series of experiments the same o, B and o8
subunits were used as described by Letts and coworkers [11].
With the combination of a4, Bla, and 0,8-1, the modulation
of voltage-dependent activation and inactivation by 7y subunits
on Ic, was investigated. Fig. SA shows the conductance-volt-
age relations of I, in the absence and presence of different

Fig. 3. Autoradiographs of y-2 (A), ¥-3 (B,C) and y-4 (D-F) riboprobe hybridizations to mouse brain sections. y-2 was strongly detected in the
cerebellum and moderately in the hippocampus, cerebral cortex and olfactory bulb (compare with [11]). -3 mRNA was detected in the hippo-
campus, cortex, olfactory bulb and caudate putamen. y-4 was found to be highly expressed in the caudate putamen, olfactory bulb, habenulae

and at lower levels in the thalamus and cerebellum.
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Fig. 4. Western blot analysis of the y-2Myc-His fusion protein tran-
siently expressed in HEK293 cells (A) and its plasma membrane lo-
calization (B). A: About 2% (left lane) and 4% (right lane) of the
cell preparation (see Section 2) were run on a 10% SDS polyacryl-
amide gel, electroblotted to a nitrocellulose membrane and incu-
bated with a myc-antibody. The size of the y-2Myc-His fusion pro-
tein is about 42 kDa. The calculated molecular mass is 39 kDa, this
difference presumably is caused by the glycosylation of the y pro-
tein. B: Confocal laser scanning microscopy of the y-2Myc-His fu-
sion protein detected with an anti-myc and a secondary Cy-3 la-
belled antibody.

v subunits. Only y-2 showed a small but significant shift of the
voltage-dependent activation to more positive potentials (Fig.
5 and Table 1).

As described by Letts et al. [11], y-2 shifted the steady-state
inactivation curve towards more hyperpolarized potentials
(Fig. 5B and Table 1). This shift in the steady-state inactiva-
tion curve was also observed upon coexpression with y-4, but
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not with y-5. The -3 subunit was not further characterized in
this study because of its close sequence similarity with y-2, and
the expection that they would behave similarly. Fig. 5C shows
a comparison of the kinetics of inactivation of o4 upon co-
expression with different y subunits. 71 and 72 were signifi-
cantly reduced by the y-2 and y-4 subunits. In all experiments
v-5 had no significant effect on the modulation of voltage-de-
pendent activation and inactivation of the o calcium chan-
nel.

The above experiments were carried out with the skeletal
muscle Bla subunit. In order to investigate the functional role
of the B subunit and to use only subunits which have been
cloned from brain, we repeated these experiments with the
neuronal B2a (nf2a) splice variant [22]. The same effect on
the steady-state inactivation, that was seen with Bla could be
observed when -2 was coexpressed with o, f2a and 0,6-1
(Fig. 6A and Table 1). However, the negative shift in the
voltage-dependence of inactivation only occurred when Ca’*
was used as charge carrier. Using Ba>* as charge carrier we
observed a shift to more positive potentials (Fig. 6 and Table
1). In Fig. 6B the voltage dependency of the conductances are
compared in the presence and absence of the y-2 subunit ei-
ther with Ca?* or Ba?* as charge carrier. The voltage depen-
dent activation was shifted to hyperpolarized potentials when
Ba>* was used as charge carrier. The coexpression of the y-2
subunit had no significant effect on activation when either
Ca’* or Ba>" was used as charge carrier.

The interactions of the novel y subunits were only analyzed
with a member of the neuronal non-L-type calcium channels.
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Fig. 5. Modulation of the voltage-dependent activation and inactivation of o, calcium channels by various y subunits. The different subunit
combinations are indicated in the insets. A: Conductance-voltage relation of I, in the absence and presence of different y subunits. The con-
ductance (G) was calculated according to the equation G(V)=1/(V—V,) (see legend to Table 1). The data were averaged and fitted with the
Boltzmann equation. B: Steady-state inactivation curves measured for Ic, in the absence and presence of different y subunits. The current was
activated by a 100 ms long depolarizing pulse from a holding potential of —80 mV to +20 or +10 mV immediately after a 3 s long condition-
ing prepulse to voltages between —80 mV and +50 mV in 10 mV increments. The current amplitudes were normalized to the maximal ampli-
tude. Solid lines represent Boltzmann fit. C: Comparison of the inactivation properties of the o calcium channel upon coexpression with dif-
ferent y subunits. The inset shows the time courses of Ic, evoked by a | s long depolarizing pulse to +20 mV normalized to the same
amplitude. Ic, was best fitted with a sum of a two-exponential decay and are presented as columns. A; represents the percentage of the fast

part of inactivation (7). *: significant difference at P <0.05.
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Fig. 6. Comparison of the steady-state inactivation curves and conductances of Ic, and Ip, through ojanB2ac,d-1 or ayccpan,dé-1 calcium
channels in the absence and presence of y subunits. The different subunit combinations are indicated in the insets. A: Steady-state inactivation
of Ic, or Iy, in HEK293 cells transfected with ojanB2ac,8-1 in the absence or presence of the y-2 subunit. 10 mM Ca®* or Ba>* were used as
charge carrier. The same pulse protocol and analysis was employed as described in the legend to Fig. 5. B: Boltzmann fits of the voltage de-
pendencies of the conductances as for the same subunit combination as in A. C: Steady-state inactivation of Ig, in HEK293 cells transfected
with occf2a0;d-1 in the absence and presence of either the y-2 or -5 subunit. The steady-state inactivation of Iy, was evaluated by means of
a 3 s long conditioning prepulse following a 200 ms test pulse from a holding potential of —80 mV. Solid lines represent Boltzmann fits. D:
Boltzmann fits of the voltage dependencies of the conductances for the same subunit composition as in C.

We therefore compared the effects of the novel y subunits with
those of our previously published results on the L-type calci-
um channel o;c [9]. Upon coexpression of y-1 with ojc_,,
cardiac B2a (cf2a) and opd-1, the steady-state inactivation
curve was shifted about 30 mV to more negative potentials
and the current inactivation was accelerated. Using the newly
identified subunits, y-2 and y-5, we performed coexpression
studies with oyc_,, cardiac B2a and 0,,8-1 with Ba?* as charge
carrier. Small but significant shifts of the voltage dependence

of activation and inactivation were observed with y-2, but not
with the y-5 subunit (Fig. 6C,D). These results suggest that
there is also an interaction between the y-2 subunit and the
L-type calcium channel o;c. Coexpression studies with y-5
were also performed in the absence of 0,8-1. The absence of
this subunit did not uncover effects of y-5 on the voltage de-
pendence of activation or on the steady-state inactivation of
the current through ojc calcium channels. Although y-5 is
expressed in at least some of the tissues that also express

Table 1
The effects of different y subunits on the activation and inactivation properties of calcium channels in various subunit combinations
Channel Density (pA/pF) Activation n Inactivation n
VO.S activ. (mV) kactiv VO.S inact. (mV) kinact
aaBlaoyd (Cah) 34.8%8.7 +11.9+0.1 4.5%0.1 8 —150%£0.3 6.910.2 7
oaBlaoydy-2 (Ca’") 299+34 +15.0£0.1* 44%0.1 9 —18.7x0.4* 63104 9
oaPlaondy-4 (Ca?t) 359%9.3 +10.8+0.2 42%0.2 8 —20.0%£0.3* 63103 6
oaBlacydy-5 (Ca’™) 36.0+8.9 +11.3+£0.2 43%0.2 9 —149%0.2 6.9+0.2 8
oanfacyd (Ca>™) 40.8+2.7 +13.9+0.2 3.8+0.1 9 +4.6£0.5 3.610.3 8
oanfBao,dy-2 (Ca™) 429+8.4 +12.4%0.1 3.9+£0.1 10 +1.3£0.8* 4.6+0.7 8
o1anpac,d (Ba>*) 459+8.8 +6.9+0.4 44+0.2 8 —6.5+0.5 69104 6
oanfBac,dy-2 (Ba?t) 46.5+6.2 +7.310.3 45%0.2 8 —1.9£0.7* 7.0£0.6 6
acePan,d (Ba?*) 62.8£7.0 +2.0+0.4 59+0.2 18 —19.8%£0.6 9.8+0.6 16
oceBan,8y-2 (Ba?t) 45.1£8.2 +7.3+0.3* 6.1£0.2 9 —16.5%0.7* 11.2£0.6 7
o1ccBa0,dy-5 (Ba>™) 59.9+9.7 +1.9+0.4 6.21+0.3 11 —17.2%0.6 9.1£0.5 8

HEK?293 cells were transiently transfected with cDNA plasmids encoding channels with different combinations of oya, ayc, Bla, f2a (brain or
cardiac), 0,8-1 and various y subunits. For o;4 we used either fla or the neuronal B2a and for oyc we used the cardiac B2a splice variant. To
analyze the voltage-dependent activation, the conductance (G) was calculated according to the equation G(V)=I/(V— V), Where I was the cur-
rent, V was the test pulse potential and Vi, was the measured reversal potential. The data were averaged and fitted with the Boltzmann equa-
tion: G(V) = Guax/{1+exp[(V—Vn)/k]} (Vi is the potential of half the maximal activation and k is the slope). Steady-state inactivation was meas-
ured by a prepulse protocol. The average data were fitted with the Boltzmann equation as shown in Figs. 5 and 6. Data represent the
mean = S.E.M. The number of cells is indicated in parentheses. * Marks significant differences with P < 0.05.
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Fig. 7. Effects of the y subunits on the voltage dependence of activation and inactivation of the oy channel. A: Steady-state inactivation
curves were measured using the following protocol: transfected cells were held at —100 mV. 5 s long conditioning prepulses to voltages between
—120 mV and —10 mV were followed by a 5 ms long return to —100 mV and by 40 ms long test pulses to the peak of the current-voltage re-
lationship (—10 mV in most cases). The pulse sequence was repeated every 10 s. Amplitudes of test pulse currents were normalized to the max-
imal test pulse amplitude and averaged. Solid lines represent fits of averaged experimental data to the Boltzmann equation. (0), oG channel;
(0), og+y-2 channel; (a) og+y-4 channel; (V) oyg+y-5 channel. B: Recovery from voltage-dependent inactivation was measured using the
voltage protocol shown in the inset. Briefly, current amplitude was tested by 40 ms long pulse to the peak of current—voltage relationship (T1).
Channel was inactivated by a 5 s long pulse to 0 mV. After a variable recovery period A current amplitude was tested again by test pulse T2
identical to T1. Extent of recovery was evaluated as It,/IT;. Same symbols as in A. C: Voltage dependence of time constants of current inacti-
vation. The current was activated by depolarizing pulses from a holding potential (HP) of —100 mV to membrane voltages between —20 mV
and +40 mV. Individual time courses were fitted to the Hodgkin-Huxley equation (m4h). The inset demonstrates the ascending phase of cur-
rents recorded during depolarization to —10 mV (peak of current-voltage relationship) normalized to the same amplitude. Symbols as in A. D:
Voltage dependence of time constants of current activation obtained as described for C for membrane voltages between —30 mV and +40 mV.
The same symbols as in A. The inset shows an example of current traces measured during a test pulse to —20 mV normalized to the same am-
plitude to facilitate comparison. Solid lines are connectors of experimental data. Please note different scales for depolarizations to —30 and
—20 mV (left axis) and for depolarizations between —10 and +40 mV (right axis). # marks significant difference between o, channel and
oygty-4 channel (P<0.05). *: Marks significant difference between o,g channel and oyg+y-5 channel (*: P<<0.05; **: P<0.01; ***:
P <0.001).

ojc, it does not seem to modulate this L-type calcium chan- T-type calcium channels and antisense strategies have shown
nel. For these reasons, we suggest that the y-5 subunit may no effects of B subunits on T-type current [23]. We therefore
not be an auxiliary subunit of the high voltage gated calcium considered the possibility that the novel y subunits are auxil-
channel. iary subunits of the LVA T-type calcium channels and ana-

There is no typical B subunit interaction domain motif in lyzed the effects of the -2, y-4, and -5 subunits on the oG
Table 2
Effects of y subunits on the voltage-dependent activation and inactivation of the o T-type calcium channel
Channel I (pA/pF) Activation Inactivation

Vos (mV) k Vos (mV) k 7 (ms)

G 6217 (25) —249+1.2 (12) 39103 —549+1.2 (9) 43%0.2 25124 (9)
oGY-2 87+ 13 (13) —24.4+1.6 (10) 3.8+0.2 —51.4+ 1.4 (10) 42402 336+ 14%* (8)
! 79+ 12 (14) —23.9+1.3 (10) 41402 —50.0+ 1.4* (11) 3.9+0.2 320+ 17* (10)
oGY-5 7319 (22) —24.1+1.0 (12) 3910.2 —51.7+£1.2 (11) 45102 248+ 11 (9)
0o GOpd-2 93+ 15* (17) —22.3+0.8 (12) 41102 —50.4+0.7%% (11) 4.0%0.2 279+ 12 (10)
oGO d-2y-5 85112 (18) —21.4%+1.1 (19) 42102 —49.3+ 1.1*%* (11) 41103 296+ 25

I represents averaged current densities for all tested channels. Activation was evaluated by fitting individual conductance-voltage relation calcu-
lated as described in the legend to Table 1 by the Boltzmann equation. Resulting Vs and k values were averaged and are given in the third
and fourth columns. Steady-state inactivation data were measured as described in the legend to Fig. 7 and were fitted by the Boltzmann equa-
tion. Resulting Vs and k values for voltage dependent inactivation were averaged. The last column shows the time constant of recovery from
voltage dependent inactivation measured as described in the legend to Fig. 7. Individual measurements were fitted to the exponential association
curve and resulting 75 were averaged. *: P <0.05 between o and oygy-4 channels; **: P<<0.01 between oy and a;gYy-2. Data are given as
mean = S.E.M. with the number of cells in brackets.
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calcium channel with 20 mM Ca?* as charge carrier. The
current density was enhanced upon coexpression of each
v subunit, but this increase was not statistically significant
(Table 2). The voltage dependence of current activation was
unaffected. The steady-state inactivation curves were slightly
shifted to more positive voltages (Table 2 and Fig. 7A), how-
ever, this shift was only significant for the y-4 subunit. The
speed of recovery from voltage-dependent inactivation was
significantly slowed down by the y-2 and y-4 subunits, but
not by the y-5 subunit (Table 2 and Fig. 7B). The time course
of current activation and inactivation during a depolarizing
pulse was described by fitting individual records according to
the Hodgkin—Huxley equation. The -5 subunit significantly
accelerated both processes over the whole range of voltages.
This effect indicates that y-5 could be an auxiliary subunit of
LVA calcium channels. In contrast, the y-4 subunit had sim-
ilar effects only at voltages above the threshold for current
activation and the y-2 subunit was without effect (Fig. 7C,D).

It is possible that an interaction of the y-5 subunit with oG
requires the presence of an additional auxiliary subunit. Due
to the lack of a B subunit interaction domain in oG, potential
candidates are the 0,0 subunits. While 0,8-1 and o,8-3 did
not modulate the oG current [16], 0,,6-2 shifted significantly
the voltage dependence of the steady-state inactivation of the
channel (Table 2). Therefore we coexpressed oG together
with 0,6-2 and y-5. However, the properties of the oG/0,0-
2/y-5 channel were similar to the properties of the o;G/0,0-2
channel (Table 2).

4. Discussion

We present here the first account of the existence of a fam-
ily of putative calcium channel y subunits with at least five
members. An amino acid alignment reveals that only the three
neuronal y subunits show a high degree of homology with
each other. Furthermore the subunits of this subfamily are
significantly longer at their C-terminal ends than the other
v subunits.

All neuronal y subunits investigated so far shift the steady-
state inactivation curve towards hyperpolarized potentials
when coexpressed with o4 in the presence of Ca** as charge
carrier. As already suggested by Letts and coworkers [11] this
shift may reduce the channel availability at a neuronal resting
potential of —70 mV. Stargazin (y-2) could inhibit presynaptic
Ca”" entry at nerve terminals, where P/Q-type calcium chan-
nels are abundant. The oy subunit has been shown to form
P/Q-type calcium channels and alternative splicing of the o
subunit gene results in channels with distinct kinetic and phar-
macological properties [24]. Clearly, the negative shift in the
steady-state inactivation curve depends on the presence of
Ca”". Using Ba>" as charge carrier we found a small but
significant shift to more positive potentials.

The in situ hybridization of y-4 in mouse brain indicates a
high expression in the caudate putamen and in the olfactory
bulb. A comparison with the expression pattern of o; subunits
reveals that oja and oyg are the predominantly expressed
HVA calcium channel subunits in these brain regions
[20,25]. These observations further strengthen the physiolog-
ical relevance of our coexpression experiments.

We further compared the effect of y-2, as a representative of
the neuronal y subunits, and y-5 as a more ubiquitously ex-
pressed subunit, with our previous results using the L-type
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calcium channel o)c together with cardiac B2a and 0,8-1
[9]. Upon coexpression of y-1 with oc_,, cardiac B2a, o,6-
1, the steady-state inactivation curve was shifted to negative
potentials and the current inactivation was accelerated. These
effects were essentially the same as observed by Singer et al.
[7], who found that once present, the y subunit dominates the
inactivation process. However, none of the y subunits inves-
tigated in this study showed this strong effect when coex-
pressed with ojc. y-2 even shifted the steady-state inactivation
curve towards more positive potentials using Ba>* as charge
carrier. The physiological relevance of this observation is still
unknown.

We also considered the possibility that the novel y subunits
are auxiliary subunits of T-type calcium channels. Coexpres-
sion with the T-type o;g subunit revealed that the y-2 and y-4
subunits moderately increased the current density and slowed
down the speed of recovery from voltage dependent inactiva-
tion. These relatively small effects are comparable with the
effects of 08 subunits on the T-type calcium channels
[16,17] and may be the result of an improved targeting of
the heterologously expressed calcium channel subunits. How-
ever, none of the auxiliary subunits had marked influences on
the voltage dependence or kinetics of expressed oG currents.
This could reflect the fact that the native subunit composition
is still unknown or that the y subunits interact with so far
unidentified ion channels.

The Northern blot of y-5 indicates a more ubiquitous ex-
pression pattern of this subunit, for example liver, heart, kid-
ney, skeletal muscle and lung. T-type calcium channel o sub-
units are also found in the liver and kidney (o and o1) and
in the heart (o and o). In order to test a potential asso-
ciation of the y-5 subunit with a T-type calcium channel, we
investigated the effects of the y-5 subunit on o, in the pres-
ence and absence of the 0,,08-2 subunit. This o6 subunit is
expressed in heart and brain [19,26]. Expression of 0,8-2 with
o increased the current density, accelerated the decay and
shifted the steady-state inactivation of the current through
ag. Coexpression of the y-5 subunit together with o, and
08-2 did not further increase the current density, and did not
affect the other kinetic parameters. However, in the absence of
the o»8-2 subunit, the y-5 subunit accelerated the time course
of current activation and inactivation of the T-type calcium
channel. This interaction appears to be specific for T-type
channels since the y-5 subunit did not modulate the voltage
dependence of activation and inactivation of the HVA o
and ojc calcium channels. It is therefore conceivable that
the -5 subunit interacts in vivo with T-type calcium channels.

In summary, we present here a family of y subunits with at
least five members which are expressed in a tissue specific
manner. The neuronal y-2, y-3 and -4 subunits are expressed
in different brain regions. The results of this and other studies
[11,18] suggest, that y-2, v-3 and -4 could be associated with
the oya, oy and oy channels. The in situ hybridizations
from this and a previous study [25] suggest that y-4 could
be part of the oyg calcium channel in the habenulae. Other
brain regions express several o and y subunits. It is possible
that y-2 is preferentially part of the P/Q-type channel [11],
whereas V-3, y-4 and -5 complex with other calcium channels
or even with other membrane proteins not identified so far.
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