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Abstract We have studied two aspects of calcium
channel activation. First, we investigated the molecular
regions that are important in determining differences in
activation between low- and high-voltage activated
channels. For this, we made chimeras between the low-
voltage activating CaV3.1 channel and the high-voltage
activating CaV1.2 channel. Chimeras were expressed in
oocytes, and calcium channel currents recorded by
voltage clamp. For domain I, we found that the
molecular region that is important in determining the
voltage dependence of activation comprises the pore
regions S5-P as well as P-S6, but surprisingly not the
voltage sensor S1–S4 region, which might have been
expected to play a major part. By contrast, the smaller,
but still significant, modulating effects of domain II on
activation properties were due to effects involving both
S1–S4 and S5–S6 but not the I/II linker. Second, during
channel activation we studied movement of the S4 seg-
ment in domain I of one of the chimeras, using cysteine-
scanning mutagenesis. The reagent parachloromercuri-
benzensulfonate inhibited currents for mutants V263,
A265, L266 and A268, but not for F269 and V271, and
voltage dependence of inhibition for residue V263 indi-
cated S4 movement, which occurred before channel
opening. The data indicate movement outwards upon
depolarisation so as to expose amino acids up to residue
268 in S4.

Keywords Ion channels Æ Electrophysiology Æ
Ion channel regulation

Introduction

Voltage-dependent calcium channels have important
physiological roles, including cardiac excitation and
contraction, neurotransmitter release, and secondary
messenger processes. The pore-forming subunit of the
calcium channel (a1) has a structure comprising four
homologous domains (I–IV), each with six transmem-
brane segments (S1–S6) (Catterall 1995; Hofmann et al.
1999; Perez-Reyes 2003; Wray 2000). These channels
have been classified by their electrophysiological char-
acteristics, sensitivity to pharmacological agents, and
their structure; the CaV1 and CaV2 families are high-
voltage-activating, while the CaV3 family is low-voltage-
activating.

For potassium and sodium channels, extensive stud-
ies of the S4 segment have established that the S4 seg-
ment rotates and moves outwards during depolarisation
(Bezanilla 2002; Cha and coworkers 1999a, 1999b;
Glauner et al. 1999; Larsson et al. 1996; Sheets and
Hanck 2002; Yusaf et al. 1996). An alternative model for
movement of the S4 by a paddle-like motion has been
proposed from structural studies (Jiang et al. 2003). In
contrast, very few studies (Garcia et al. 1997; Yamagu-
chi et al. 1999) have been carried out on the role of the
S4 region for calcium channels, and no studies have
systematically shown actual movement of the S4 region.

It is not understood at the molecular level why CaV3
channels are low-voltage activating, whereas CaV1 and
CaV2 channels are high-voltage activating. In previous
work (Li et al. 2004), we started to investigate this issue
by constructing a series of chimeras between a low-
voltage activating channel CaV3.1 (a1G) and a high-
voltage activating channel CaV1.2 (a1C). Our data
showed that replacing single domains I, III or IV of the
CaV3.1 channel with the corresponding sequence for
CaV1.2 led to a high-voltage activating channel like
CaV1.2. However, replacing domain II of CaV3.1 with
the corresponding domain for CaV1.2 shifted the cur-
rent/voltage curve to the high-voltage direction and
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modulated the activation kinetics but did not lead to a
high-voltage activating channel like CaV1.2. These re-
sults suggest that domains in the calcium channel play
different roles in the activation process; domains I, III
and IV contribute critically to the difference in voltage
dependence of steady-state activation between CaV3.1
and CaV1.2. In contrast, domain II, while still contrib-
uting appreciably to the voltage dependence of activa-
tion, plays more of a modulating role. We also replaced
S4 segments in CaV3.1 by their counterparts in CaV1.2,
but surprisingly the S4 segments were found not to ac-
count for the difference in voltage dependence between
CaV3.1 and CaV1.2 channels. Possible explanations
might be that it is the whole of the voltage sensor (i.e.
S1–S4) that together determines the voltage sensitivity,
or alternatively some other region of the channel, such
as the pore, may be involved.

Here we investigated whether it is indeed the whole of
the voltage sensor that makes a calcium channel either
low-voltage activating or high-voltage activating, or
whether another region of the channel is involved. Be-
cause domains I and II play different roles in channel
opening, we also compared the molecular regions that
determine the voltage dependence of activation for these
two domains. For this, we created a series of chimeras
between CaV3.1 and CaV1.2, and we investigated their
properties when expressed in oocytes, focusing particu-
larly on steady-state activation. In addition, to show
that the S4 segment actually moves upon depolarisation,
and to study its extent of movement, we also carried out
cysteine-scanning mutagenesis of the S4 segment of
domain I, and investigated the accessibility of the

cysteine-binding reagent parachloromercuribenzenesulf-
onate (PCMBS). We employed a high-voltage activating
chimeric calcium channel that was not inhibited by
PCMBS in the absence of S4 cysteine mutations.

Materials and methods

Materials

The following complemetary DNA (cDNA) clones were
used: mouse brain CaV3.1 (a1G), accession number
AJ012569 (Klugbauer et al. 1999); rabbit cardiac CaV1.2
(a1C), accession number X15539 (Mikami et al. 1989);
rat cardiac/brain b2, accession number M80545 (Perez-
Reyes et al. 1992); rabbit skeletal muscle a2d, accession
number M21948 (Ellis et al. 1988). Restriction enzymes
were obtained from Promega, WI, USA and New Eng-
land Biolabs, Beverly, MA, USA, and chemical reagents
were from Sigma, MO, USA.

Construction of chimeras and mutants

All chimeras were made by replacing regions in domains
I or II of CaV3.1 by the corresponding regions in
CaV1.2, as shown in Fig. 1. The chimeras were con-
structed using standard PCR overlap extension as
described before (Horton et al. 1989; Li et al. 2004). For
chimera I-S(1–4)C, residues 81–199 of CaV3.1 were
replaced by residues 154–286 of CaV1.2; for chimera
I-S(5–6)C, residues 200–398 of CaV3.1 were replaced by

Fig. 1 Schematic structure of wild-type and chimeric channels.
Structures are shown for wild-type CaV3.1 (thin lines, GGGG) and
CaV1.2 (thick lines, CCCC) channels. Chimeras were made by
swapping regions of CaV3.1 with the corresponding regions of
CaV1.2, as follows. For domain I: chimera I-S(1–4)C by swapping
S1–S4, chimera I-S(5–6)C by swapping S5–S6, chimera I-(S5-P)C
by swapping S5-P, and chimera I-(P-S6) by swapping P-S6. For the

linker: chimera I–II(L)C by swapping the I/II linker. For domain
II: chimera II-S(1–4)C by swapping S1–S4, chimera II-S(5–6) by
swapping S5–S6. Current traces are also shown for wild-type
CaV3.1 (at �30 mV, left) and CaV1.2 (at +10 mV, right); these are
the mean of the normalised (at the maximum) currents for 36 and
40 cells, respectively
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residues 287–438 of CaV1.2; for chimera I-(S5-P)C, res-
idues 200–335 of CaV3.1 were replaced by residues 287–
374 of CaV1.2; for chimera I-(P-S6)C, residues 336–398
of CaV3.1 were replaced by residues 375–438 of CaV1.2.
In the final PCR products, all chimeric fragments of the
four constructs just described contained KspI and Hin-
dIII restriction sites in the CaV3.1 sequence on either
side of the CaV1.2 sequence. These chimeric PCR frag-
ments were digested with these enzymes, yielding a
1,103-bp product for I-S(1–4)C, a 920-bp product for
I-S(5–6)C, a 917-bp product for I-(S5-P)C, and a 1,064-
bp product for I-(P-S6)C. The digested fragments were
ligated with the similarly digested wild-type CaV3.1 (in
PGEM-HEL vector, Li et al. 2004).

For chimera II-S(1–4)C, residues 742–856 of CaV3.1
were replaced by residues 553–672 of CaV1.2; for chimera
II-S(5–6)C, residues 857–967 of CaV3.1 were replaced by
residues 673–786 of CaV1.2. The final PCR fragments of
these two chimeras included SpeI and SfiI restriction sites
in the CaV3.1 sequence on either side of the CaV1.2 se-
quence. After digestion with these enzymes, a 1,264-bp
product for II-S(1–4)C and a 1,258-bp product for II-
S(5–6)C were inserted into wild-type CaV3.1(in PGEM-
HEL vector) after digestion with the same enzymes.

For chimera I–II(L)C, residues 399–741 of CaV3.1
were replaced by residues 439–552 of CaV1.2; the chi-
meric PCR fragments had Csp45I and BsaAI restriction
sites. After digestion of the 1,461-bp products with these
enzymes, the fragment was ligated into a similarly di-
gested construct: ‘‘CaV3.1(XbaI-EcoRI)-pUC18’’. The
latter construct is a subclone of wild-type CaV3.1, and
was previously made (Li et al. 2004) by inserting the
XbaI-EcoRI subfragments of CaV3.1 (4,391 bp) into the
pUC18 vector. Then the whole insert for the I/II(L)C
chimera was transferred to CaV3.1-PGEM-HEL after
XbaI and EcoRI digestion.

All cysteine mutants were constructed in the S4 region
of domain I of the chimera CGGG in pGEM-HEL (Li
et al. 2004). For this, a 1,380-bp fragment of chimera
CGGG was first subcloned into pUC18 vector using
restriction enzymes XbaI and HindIII. Site-directed
mutagenesis was then performed on this smaller construct
using the QuickChange (Stratagene) method, and the
mutated insert was subcloned back into wild-type CaV3.1
in PGEM-HEL to reconstruct the CGGG chimera. The
entire inserts were verified by DNA sequencing.

All joins and the entire PCR inserts of all constructs
were verified by DNA sequencing. For making RNA,
CaV3.1 and chimeric cDNAs (in pGEM-HEL) were
linearised with MluI; CaV1.2 (in pcDNA3) was linear-
ised with Asp718; b2 and a2d (both in pcDNA3) were
linearised with NotI; capped cRNAs were synthesised in
vitro using T7 MEGAscript (Ambion).

Electrophysiological recording

Xenopus oocytes were injected with a volume of 50 nl
containing 10–20 ng wild-type or chimeric a1 subunit

cRNA together with 5 ng b2 cRNA and 5 ng a2d cRNA.
Auxiliary subunits were co-injected because they in-
crease current amplitudes, even for CaV3.1 (Perez-Reyes
2003). Oocytes were incubated at 19.6�C for 2–4 days in
modified Barth’s solution (Li et al. 2004). For electro-
physiological recordings, cells were perfused with high
barium solution [40 mM Ba(OH)2, 50 mM NaOH,
2 mM KOH and 5 mM N-(2-hydroxyethyl)piperazine-
N¢-ethanesulfonic acid, adjusted to pH 7.4 by methane-
sulfonic acid]. Calcium channel currents were recorded
at 22–25�C using two-electrode voltage clamp as de-
scribed previously (Li et al. 2004). Currents were filtered
at 2 kHz and sampled at 4 kHz. The membrane poten-
tial of the oocytes was held at �80 mV (unless stated
otherwise) and 500-ms test depolarisations were applied
in 10-mV increments at 0.1 Hz. Peak amplitudes were
measured, and current–voltage (I/V) relationships were
constructed, with leak subtraction as previously de-
scribed (Li et al. 2004). The I/V curves were fitted with
the Boltzmann equation I ¼ V � Vrevð ÞGmax= 1þ½
exp V0:5 � Vð Þ=k�, where I is the peak current, V the test
potential, Vrev the reversal potential, Gmax the maximum
conductance, V0.5 the half-maximal activation potential,
and k is the slope parameter. The PCMBS (a membrane-
impermeable cysteine binding reagent) was applied by
continuous perfusion during repetitive stimulation at
0.1 Hz (pulse duration 200 ms) from a holding potential
of �80 mV with pulses to either �30 mV for CaV3.1 or
+10 mV for CGGG. To investigate the effect of holding
potential on PCMBS action, the following protocol was
used. An I/V curve was first obtained as previously de-
scribed at a holding potential of �80 mV, then the cell
was held at the required holding potential without any
depolarising pulses while PCMBS (100 lM) was applied
for 6 min, followed by washing for 2 min; finally the
holding potential was returned to �80 mV and a further
I/V curve obtained. Data are given as the mean ± the
standard error, and statistical significance was calculated
using Student’s paired t test or analysis of variance as
appropriate, with p<0.05 as the significant level.

To test for ‘‘endogenous’’ currents in the presence of
auxiliary subunits (i.e. due to auxiliary subunits com-
bining with endogenous a1), the b and a2d subunits were
injected alone (i.e. without the a1 subunit); the endoge-
nous currents were not large (�0.07±0.02 lA, n = 3).
Furthermore, in experiments with CaV1.2 injected with b
and a2d, the residual current after blocking by nifedipine
(1 lM) was �0.05±0.01 lA (n = 3), which is also a
separate estimate of the endogenous current, as the latter
is insensitive to dihydropyridines (Singer et al. 1991).
Thus, in our hands, the size of the endogenous current
(i.e. in the presence of just auxiliary subunits) is similar
to some estimates (De Waard and Campbell 1995;
Singer et al. 1991), although smaller than other estimates
(Lacerda et al. 1994; Scholze et al. 2001). The small size
of our endogenous currents may be because our exper-
iments were carried out after injection for only 2–4 days,
or because the rabbit a2d (used here) may boost currents
less than the rat form, or because high expression vectors
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were not used for the auxiliary subunits. The endoge-
nous current was generally much less than 25–30% of
currents with injected a1 subunits (see figure legends).
The lack of marked endogenous currents is also appar-
ent because when currents were small, the kinetics was
not uniform; either transient or sustained currents were
obtained depending on the channel being expressed (e.g.
Fig. 2a compared with b). Finally, contamination from
calcium-activated chloride channels was minimised by
using chloride-free solutions and by recording barium
currents (up to 2 lA); there was no evidence of unex-
pected tail currents.

Results

Roles of molecular regions in domain I on
voltage-dependence of activation

We have previously shown that replacement of domain I
in CaV3.1 by CaV1.2 transforms the channel from low-
voltage activating (like CaV3.1) to high-voltage activat-
ing (like CaV1.2) (see ‘‘Introduction’’). In order to
investigate which molecular region of domain I
contributes to determining the voltage dependence of

Fig. 2 The roles of S1–S4 and S5–S6 regions of domain I in
determining differences in voltage dependence of activation
between CaV3.1 and CaV1.2. a The mean value of peak-normalised
currents (Inorm) for chimera I-S(1–4)C (triangles, n=7), wild-type
CaV3.1 (squares, n=7) and CaV1.2 (circles, n=8) against the test
potential, V, with normalisation to the current at �30 mV
(�0.35±0.09 lA) for I-S(1–4)C, at �30 mV (�0.85±0.21 lA)
for CaV3.1, and at +10 mV (�0.26±0.08 lA) for CaV1.2. The
mean values of the normalised currents were fitted with the
Boltzmann curves shown. A sample current trace for the I-S(1–4)C
chimera with a voltage step to �30 mV is shown in the inset. b The
mean value of normalised currents for chimera I-S(5–6)C (triangles,
n=9) against the test potential, V, with normalisation to the value
at +20 mV (�0.23±0.02 lA), and fitted with the Boltzmann
curves shown. For comparison, the data for wild-type channels are
also shown in this and the subsequent figures, using the same curves

and the same symbols as in a. A sample current trace for I-S(5–6)C
is shown in the inset (voltage step to +20 mV). c, d The Boltzmann
parameters V0.5 and k are shown for chimeras I-S(1–4)C and I-S(5–
6)C and wild-type controls. For this, the Boltzmann parameters
were first fitted to the I/V curve for each individual cell, then the
mean values were obtained by averaging V0.5 and k over the
number of cells. An asterisk indicates significant difference
(p<0.05) compared with wild-type CaV3.1; a plus sign indicates
significant difference from wild-type CaV1.2. e The mean values of
the inactivation time, sinact, against the test potential, V, for wild-
type CaV3.1 (squares, n =7), and chimera I-S(1–4)C (triangles,
n=7), again fitted with the single-exponential curves shown. The
data are shown as mean ± the standard error of the mean in this
and in subsequent figures. Boltzmann and exponential fitting and
analysis were carried out similarly for the data shown in subsequent
figures
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activation, we constructed chimeras in domain I,
replacing regions in CaV3.1 with corresponding regions
from CaV1.2. Channels were expressed in oocytes, and
recordings made by two-electrode voltage clamp.

For chimera I-S(1–4)C, which has the S1–S4 region
of domain I CaV3.1 replaced by that of CaV1.2 (Fig. 1),
the calcium channel currents were low-voltage activat-
ing, with an I/V curve similar to that for CaV3.1
(Fig. 2a). Indeed, the Boltzmann parameters V0.5 and k
were not significantly different from the values for
CaV3.1, but were significantly different from the values
for CaV1.2 (Fig. 2c, d). Channel currents for the chi-
mera were fast-inactivating like CaV3.1 although some-
what slower (Fig. 2e), but still markedly different from
the non-inactivating CaV1.2 currents (Figs. 1, 2, sample
traces). Thus, the S1–S4 region of domain I does not
contribute to determining differences in activation be-
tween these low-voltage and high-voltage activating
channels, and has only a weak modulating effect on
inactivation.

In contrast, for chimera I-S(5–6)C, with the S5–S6
region of domain I of CaV3.1 replaced by CaV1.2
(Fig. 1), the currents were high-voltage activating, with
an I/V curve qualitatively similar, although not identi-
cal, to that for CaV1.2 (Fig. 2b) (V0.5 was even higher
than for CaV1.2, although k was similar to CaV3.1,

Fig. 2c, d). Also, the currents were non-inactivating
(Fig. 2, sample trace), as for CaV1.2. Hence, it is the S5–
S6 region of domain I (rather than S1–S4) that con-
tributes strongly to determining not only the differences
in the voltage dependence of activation between the low-
voltage and high-voltage activating channels, but also
determines inactivation properties.

To narrow down the molecular region in S5–S6 of
domain I that is important for these properties, we
constructed two further chimeras with the CaV1.2 se-
quence replacing that of CaV3.1 as follows: from S5 to
the beginning of the P helix [chimera I-(S5-P)C], and
from the P helix (via the selectivity filter) to the end of S6
[chimera I-(P-S6)C] (Fig. 1). The calcium channel cur-
rents for both these chimeras were high-voltage-acti-
vating, with I/V curves closest to, but not identical to,
that for CaV1.2 (Fig. 3a, b) (again, the values for V0.5

were even higher than for CaV1.2, Fig. 3c, while k values
were either like those of CaV1.2 [I-(S5-P)C] or CaV3.1 [I-
(P-S6)C], Fig. 3d). Taken together, these results are
surprising because one might have expected only one of
these regions to be responsible for determining voltage-
activation properties. Therefore, it seems that both
regions (i.e. S5-P and P-S6) must act synergistically to
give a low-voltage activated channel; replacing just one
of these regions gives a high-voltage activated channel.

Fig. 3 The roles of S5-P and P-S6 regions in determining
differences in the voltage dependence of activation between
CaV3.1 and CaV1.2. a The normalised I/V curve is shown for
chimera I-(S5-P)C (triangles, n=6), with normalisation to the
current at +20 mV (�0.23±0.03 lA). For comparison, the data
for wild-type CaV3.1 (squares) and CaV1.2 (circles) are also shown
(data as in Fig. 2a). A sample current trace for I-(S5-P)C with a
voltage step to +20 mV is shown (inset). b The normalised I/V
curve is shown for chimera I-(P-S6)C (triangles, n=5), with

normalisation to the current value at +20 mV (�0.20±0.03 lA).
Data for wild-type CaV3.1 (squares) and CaV1.2 (circles) are again
shown as before. A sample current trace for I-(P-S6)C (voltage step
to +20 mV) is also shown (inset). c, d The Boltzmann parameters
V0.5 and k are shown for chimeras I-(S5-P)C and I-(P-S6)C as well
as for wild type controls. An asterisk indicates significant difference
(p<0.05) compared with wild-type CaV3.1; a plus sign indicates
significant difference from wild-type CaV1.2
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Similarly, currents were non-inactivating for both chi-
meras (sample traces, Fig. 3), again indicating the roles
of both regions. Thus, we conclude that, for domain I,
both the S5-P region (i.e. S5 plus a linker to the start of
the P helix region) and the P-S6 region (i.e. P helix–
selectivity filter–S6 region) contribute to determining the
voltage dependence of activation, as well as determining
inactivation.

Roles of molecular regions in domain II on voltage
dependence of activation

We have previously shown that domain II, in contrast to
domain I, only contributes to a smaller, but significant,
extent to the differences in the voltage dependence of
activation between CaV1.2 and CaV3.1 channels (see
‘‘Introduction’’): replacement of domain II (including
the I–II linker) of CaV3.1 with the corresponding se-
quence for CaV2.1 (chimera ‘‘GCGG’’, Li et al. 2004)
shifts the I/V curve to the right by up to 15 mV, but not
so far to the right as to be high-voltage activating like
wild-type CaV1.2 with its shift greater than 40 mV. Here

we have investigated which molecular region underlies
these effects, starting with a study of the I/II linker.

For this, we swapped the I–II linker of CaV3.1 with
the corresponding regions of CaV1.2, forming chimera
I–II(L)C (Fig. 1). Surprisingly, this chimera activated at
more hyperpolarised potentials than for CaV3.1, with
the I/V curve shifted to the left (Fig. 4a) and the V0.5

value significantly more negative than for CaV3.1, al-
though the k value remained similar to that for CaV3.1
(Fig. 4b, c). Thus, the data for this chimera show that
the I–II linker did not account for the activation prop-
erties seen with chimera GCGG, and so the I/II linker
does not have a fundamental role in determining
whether the channel is low-voltage activating or high-
voltage activating. Since chimera I–II(L)C introduced a
b-binding site from CaV1.2, the leftward shift could in
principle be due to the shift that the b subunit causes in
CaV1.2 (although not for CaV3.1) (reviewed in Perez-
Reyes 2003; Walker and De Waard 1998). However,
when we expressed this chimera in the absence of a2d/b2

subunits, the voltage for half-maximal activation
(V0.5= �58.1±3.6 mV; n=7) was not significantly dif-
ferent from its value in the presence of subunits, indi-

Fig. 4 The role of the I/II linker in determining differences in the
voltage dependence of activation between CaV3.1 and CaV1.2. a
The normalised I/V curve is shown for chimera I–II(L)C (triangles,
n=7), with normalisation to the current at �40 mV
(�2.24±0.68 lA). For comparison, the curves for wild-type
CaV3.1 (squares) and CaV1.2 (circles) are again shown using the
same data as in Fig. 2a. A sample current trace for I–II(L)C with
subunits is shown (inset) for a voltage step to �40 mV. b, c The

Boltzmann parameters V0.5 and k are shown for chimera I–II(L)C
in comparison with wild-type controls. An asterisk indicates
significant difference (p<0.05) compared with wild-type CaV3.1;
a plus sign indicates significant difference from wild-type CaV1.2. d
The inactivation time constant, sinact, against the test potential for
chimera I–II(L)C (triangles, n=7), together with CaV3.1 (squares)
(same data as in Fig. 2e)
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cating that the observed shift (with respect to CaV3.1)
for chimera I–II(L)C was not due to an effect of the
b subunit. Inactivation of the chimera was transient, like
CaV3.1 (sample trace, Fig. 4), although the inactivation
time constant was about twofold larger than for CaV3.1
(Fig. 4d), suggesting a modulating role only for the I/II
linker in inactivation.

To investigate the possible role in activation of other
regions of domain II, chimeras II-S(1–4)C and II-S(5–
6)C were made by replacing the S1–S4 region or the S5–
S6 region, respectively, in domain II of CaV3.1 with the
corresponding region of CaV1.2 (Fig. 1). It can be seen
(Fig. 5a, b) that the I/V curves of both these chimeras
were shifted to the right as compared with that for
CaV3.1, but again not so far to the right as to be similar
to CaV1.2; indeed the V0.5 values (Fig. 5c) were inter-
mediate in value between those of the two wild-type
channels (although the k values were closer to the values
for CaV1.2, Fig. 5d). Therefore, taken together, both the
S1–S4 region and the S5–S6 region contribute to the
effects of domain II on activation processes in these
channels. The currents for both the chimeras were
transient and inactivating in nature (sample traces,

Fig. 5), basically like CaV3.1, although somewhat slower
(Fig. 5e), indicating that the effect of domain II on
inactivation is less marked than for S5–S6 of domain I.

Effects of PCMBS on domain I S4 cysteine mutants

We first tested whether PCMBS reacts with the low-
voltage activating wild-type CaV3.1 channels. Oocytes
expressing these channels were repetitively depolarised
(see ‘‘Materials and methods’’) from a holding potential
of �80 mV, and PCMBS (100 lM) was applied during
continuous perfusion. As can be seen (Fig. 7a), PCMBS
inhibited currents for wild-type CaV3.1, indicating that
native cysteines have reacted; indeed there are 14 cy-
steines present in extracellular loops of wild-type
CaV3.1. Because of this reactivity with PCMBS, CaV3.1
could not be used for cysteine-scanning mutagenesis.
However, many of the extracellular cysteines for CaV3.1
are located on extracellular loops of domain I (seven
cysteines), whereas CaV1.2 possesses only four cysteines
in this domain. Therefore, we tested chimera CGGG,
with domain I of CaV3.1 replaced by CaV1.2. For this

Fig. 5 The role of S1–S4 and S5–S6 regions of domain II in
determining differences in the voltage dependence of activation
between CaV3.1 and CaV1.2. a The normalised I/V curve is shown
for chimera II-S(1–4)C (triangles n=5), with normalisation to the
value at 0 mV (�0.23±0.03 lA). The same data as in Fig. 2a are
also shown for wild-type CaV3.1 (squares) and CaV1.2 (circles)
channels. A sample current trace for II-S(1–4)C is shown (inset),
with a voltage step to 0 mV. b The normalised I/V curve is shown
for chimera II-S(5–6)C (triangles, n=7), with normalisation to the
current value at �10 mV (�0.41±0.10 lA). For comparison, the
curves for wild-type CaV3.1 (squares) and CaV1.2 (circles) are again

shown. A sample current trace for chimera II-S(5–6)C (voltage step
to �10 mV) is shown (inset). c, d The Boltzmann parameters V0.5

and k are shown for chimeras II-S(1–4)C and II-S(5–6)C, as well as
wild-type controls. An asterisk indicates significant difference
(p<0.05) from wild-type CaV3.1; a plus sign indicates significant
difference from wild-type CaV1.2. e The inactivation time constant,
sinact, against the test potential, for chimeras II-S(1–4)C (up
triangles, n=5) and II-S(5–6)C (inverted triangles, n=7). For
comparison, wild-type CaV3.1 (squares) is also shown (same data as
in Fig. 2e)
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chimera, PCMBS indeed did not affect currents
(Fig. 7b). Therefore, chimera CGGG was suitable for
carrying out cysteine-scanning mutagenesis. As previ-
ously shown (Li et al. 2004), this chimera is high-voltage
activating, and non-inactivating (Fig. 7b).

In order to characterise the movement of the S4
segment in domain I of chimera CGGG, we replaced
neutral residues (one at a time) with cysteines (Fig. 6b).
After the mutants had been expressed in oocytes,
PCMBS (100 lM) was applied during repetitive stimu-
lation from a holding potential of �80 mV. The results
show that currents for mutants F269C and V271C were
not inhibited by PCMBS (Fig. 8e, f), but currents for
mutants V263C, A265C, L266C and A268C were
inhibited by the reagent (Fig. 8a–d; CaV1.2 residue
numbering used throughout). Thus, taken together, the
data indicate that, under these depolarising conditions,
exposure of the S4 region occurs up to and including
residue 268, with residues 269 and 271 remaining buried
in the membrane.

The I/V curves before the application of PCMBS
were similar for all cysteine mutants when compared

with the non-mutated CGGG chimera (data not shown).
For those mutants that were inhibited by PCMBS, the
rate of inhibition did not vary systematically with the
depth of the residue in the membrane (Fig. 8g). This
contrasts with the Shaker channel where deeper residues
reacted more slowly with PCMBS (Yusaf et al. 1996).

We further examined the effect of PCMBS on the
V263C mutant as a function of membrane potential. For
this, oocytes expressing the V263C mutated channel
were held at various holding potentials in the absence of
depolarising pulses (see ‘‘Materials and methods’’) and
were treated with PCMBS (100 lM). At a holding po-
tential of �140 mV (Fig. 9a), there was no inhibition of
calcium channel currents by PCMBS, indicating that
this residue is buried in the membrane at this hyperpo-
larised potential. For more depolarised holding poten-
tials, an increase in the extent of inhibition by PCMBS
was seen (Fig. 9b–e). Therefore, these data show that
residue 263 is accessible at depolarised, but not hyper-
polarised potentials, implying that depolarisation causes
this residue in S4 to move from a position within the
membrane to an extracellular location.

Fig. 6 Amino acid sequences and alignments. a Alignment of
domains I and II of CaV1.2 and CaV3.1. The sequences shown are
for the swapped regions of the S5–S6 chimeras. The region
swapped for chimera I-(P-S6)C is from the beginning of the P helix
(marked with an asterisk) to the end of the sequence; the region
swapped for I-(S5-P)C covered the remaining sequence shown. The
approximate positions of the predicted P helix and selectivity filter
are shown as guidelines only. These were obtained by homology
modelling against KvAP (1ORS, Jiang et al. 2003) using Jigsaw at

http://www.bmm.icnet.uk/�3djigsaw/, and the approximate posi-
tion of the P helix was also obtained from secondary structure
predictions using Jpred at http://www.compbio.dundee.ac.uk/
�www-jpred/. The pore glutamate (Talavera and coworkers
2001, 2003) is indicated with an arrow. b Membrane topology of
domain I for chimera CGGG showing positions of the cysteine
substitutions (shaded) in S4. c Sequence alignment of S4 of domain
I of the CGGG chimera with the Shaker S4 domain. The residue
numbering for domain I of CGGG is as in wild-type CaV1.2
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Finally, to establish that the inhibitory effect of
PCMBS was due to specific binding to a cysteine residue,
we tested this by applying PCMBS followed by 1 mM
dithiothreitol. As can be seen in Fig. 7c, dithiothreitol
(but not washing) indeed reversed the inhibition of
PCMBS on mutant V263C, consistent with specific
covalent binding of PCMBS to the cysteine.

Discussion

For domain I, with its large influence on activation
properties, we found that the voltage sensor S1–S4 re-
gion does not contribute to determining differences in
activation properties between high-voltage activated and
low-voltage activated channels; rather we showed that it
is the pore S5–S6 region that is involved. Furthermore,
we showed that residues within both sections of the
domain I pore region (i.e. the region of S5 plus its linker
to the start of the P helix, and the region of P helix–
selectivity filter–S6) are involved, both these regions
acting synergistically to give a low-voltage activating
channel. We also showed that the intracellular I/II linker
does not determine whether the channel is high-voltage
activating or low-voltage activating, and in fact this

chimera gave an unexpected hyperpolarising shift. For
domain II, with its somewhat smaller influence on
determining activation properties, both the S1–S4 and
the S5–S6 regions contributed.

Our conclusion that the voltage sensor S1–S4 region
of domain I does not contribute to determining these
differences in activation properties is consistent with our
earlier work showing that the S4 region itself of domain
I does not determine the voltage dependence of activa-
tion (Li et al. 2004). Furthermore, it is also consistent
with data on gating currents for calcium channels, where
gating currents precede activation of high-voltage acti-
vated channels by 30–40 mV, but by 10 mV for low-
voltage activated channels, indicating that the voltage
sensor moves at rather similar voltages independent of
whether the channel is low-voltage activating or high-
voltage activating (Josephson 1997; Lacinova et al. 2002;
Neely et al. 1993).

On the other hand, since our data indicate that resi-
dues within the pore region of domain I determine the
voltage dependence of activation, this suggests that the
key step for determining differences in the voltage
dependence of activation in these calcium channels is
concerned with either (1) the voltage dependence of the
coupling between voltage sensor and gate, or (2) the

Fig. 7 Effects of parachloromercuribenzenesulfonate (PCMBS) on
calcium channels without cysteine mutations. a The effect of
application of PCMBS (100 lM, indicated by the bar) on wild-type
CaV3.1 (squares, n=4) during repetitive depolarisations from �80-
mV holding potential (see ‘‘Materials and methods’’). Current
amplitudes were normalised (Inorm) with respect to the initial value
(�1.15±0.04 lA). Sample current traces are shown at �30-mV
depolarisation. b The effect of application of PCMBS (100 lM,
indicated by the bar) on chimera CGGG (squares, n=4) during
repetitive depolarisations from �80-mV holding potential. Current

amplitudes were normalised (Inorm) with respect to the initial value
(�0.76±0.01 lA). Sample current traces are shown at +10-mV
depolarisation. c Reversal of inhibition of V263C by PCMBS with
dithiothreitol (DTT). Mean currents are shown for cells expressing
the mutant V263C (n=4) with repetitive depolarisations from a
holding potential of �80 mV (see ‘‘Materials and methods’’). The
PCMBS (100 lM) was applied, followed by washing and then DTT
(1 mM), as shown by the solid lines. The current (Inorm) was
normalised to the initial value (�1.16±0.07 lA)
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movement of the pore region itself. Indeed, Talavera and
coworkers (2001, 2003) made point mutations in the
selectivity filter for CaV3.1, i.e. within the region covered
by our chimera I-(P-S6)C, Fig. 6a, and showed that
these mutations changed the voltage dependences of
activation properties, consistent with our conclusion
that pore domains are involved. However, our results
indicate that it is not just the selectivity filter that is
involved; for instance the S5-P region is not only in-
volved in determining V0.5 but is also involved in
determining the slope parameter, k. Furthermore, al-
though there is considerable homology in S5, P helix,
selectivity filter and S6 (Fig. 6a), there is a long con-
necting loop between S5 and the P region for CaV3.1
(absent for CaV1.2) that may also contribute to differ-
ences. Moreover, since the activation gate of calcium
channels is likely localised in the pore (e.g. Jurkat-Rott
and Lehmann-Horn 2004), the gate may well reside in

the S6 part of the P-S6 region that we have implicated,
and so the gate itself may also directly affect the voltage
dependence of activation.

In this study, we found that the functional charac-
teristics of molecular regions of domain II are different
from those of domain I. With the somewhat smaller
influence of domain II on determining the voltage
dependence of activation, both the voltage sensor S1–S4
region and the pore S5–S6 region of domain II con-
tributed to determining the voltage dependence of acti-
vation. Indeed in our earlier work, we had shown that S4
of domain II makes a clear contribution (Li et al. 2004).
One explanation for the different pattern of results for
domain II as compared with domain I may be that, al-
though domain II does not critically control calcium
channel opening, it may modulate activation by cou-
pling with domains I, III and IV via both S1–S4 and S5–
S6 regions in domain II. For sodium channels, studies

Fig. 8 Effects of PCMBS on calcium channels, with cysteine
mutations in domain I S4 segment of chimera CGGG. a–f The
effect of application of PCMBS (100 lM, indicated by the bars) on
normalised currents for cysteine mutants V263C
(*,�0.97±0.05 lA, n=3), A265C (*,�0.83±0.01 lA, n=4),
L266C (*�0.86±0.06 lA, n=3), A268C (*,�0.95±0.03 lA,
n=3), F269C (�0.81±0.06 lA, n=4), and V271C
(�0.78±0.08 lA, n=3) during repetitive depolarisations (see

‘‘Materials and methods’’) from a holding potential of �80 mV.
Paired Student’s t tests were carried out (using initial and final
values averaged over 5 min for each cell); significant reductions
(p<0.05) in current by PCMBS are denoted by asterisks in the data
given above. g Exponential time constants, s, of the time course of
inhibition of PCMBS for V263C, A265C, L266C and A268C. An
asterisk indicates significant difference (p<0.05, analysis of
variance test) for L266C as compared with A268C
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using fluorescent tags showed that domains I, II and III
are the key regions for channel activation, and move-
ment of domain IV during activation is triggered by the
other three domains (Chanda and coworkers 2002,
2004). It may be that a similar situation occurs for cal-
cium channels, with movement of domain II being
triggered by movement of the other three domains.

We also showed that the intracellular I/II linker does
not contribute to determining whether the channel is
high-voltage activating or low-voltage activating. In fact
replacement of this linker in CaV3.1 by CaV1.2 in
chimera I–II(L)C even shifted the I/V curves in a hy-
perpolarising direction rather than the opposite. The
mechanism for this is unknown, but it may come about
from an interfering effect of the linker on the IS6 region
of the pore in the chimera. The V0.5 value for activation
of this chimera with CaV3.1 replaced by CaV1.2 at the I/
II linker was not affected by auxiliary subunits, although
such an action might have been expected from the
known shift seen for CaV1.2 (Walker and De Waard
1998). It may be that other regions besides the I and II
linker are also involved in b subunit action (such as the
IS6 region), and indeed in a recent abstract (Arias et al.
2004), the nature of the linkage between the I/II linker
and IS6 was also implicated in b subunit action.

Domains III and IV are also key regions in deter-
mining the voltage dependence of activation, as for
domain I. Lin et al. (2004) showed that isoforms of the

N-type channel CaV2.2 that are alternatively spliced in
the S3–S4 region in domain IV do not show differences
in the voltage dependence of activation, similar to the
results we have found here for domain I. Thus, as for
domain I, domain IV (and perhaps also domain III) may
depend only on S5–S6 rather than S1–S4. It will be
interesting to test this in further studies.

The inactivation gate has not yet been unambiguously
localised in calcium channels. For domain I, our results
show that the pore regions (S5-P and P-S6), rather than
the S1–S4 region, determine inactivation properties. This
is consistent with, and extends, our earlier results swap-
ping domain I or IS4 (Li et al. 2004), and also with
previous reports showing that S6 in domain I is impor-
tant in determining the inactivation of calcium channels
(Zhang et al. 1994; Bernatchez et al. 2001).

For domain II chimeras S1–S4 and S5–S6 with
CaV3.1 replaced by CaV1.2, as well as for the I/II linker
chimeras, inactivation remained transient, suggesting a
less important role for domain II than domain I in the
inactivation process. However, inactivation for these
three chimeras was slower by around a factor of 2 than
for wild-type CaV3.1, suggesting some kind of modu-
lating role. Furthermore, swapping the whole of domain
II and the I/II linker in CaV3.1 with CaV1.2 still pro-
duced an inactivating channel (Li et al. 2004), but with
much slower inactivation than for the chimeras in do-
main II (swapping S1–S4 or swapping S5–S6) or for the

Fig. 9 Dependence on holding potential for inhibition of CGGG
V263C by PCMBS. a–e Current/voltage curves for mutant V263C
before (squares) and after (circles) application of PCMBS
(100 lM). The reagent was applied in the absence of stimulation
at the indicated holding potentials (see ‘‘Materials and methods’’).
Currents were normalised to the value at +10 mV before PCMBS

application (�140 mV, �1.04±0.09 lA, n=4; �110 mV,
�0.79±0.08 lA, n=3; �80 mV, �0.74±0.02 lA, n=5; �40 mV,
�0.83±0.05 lA, n=3; 0 mV, �1.10±0.08 lA, n=3) and curves
were fitted by Boltzmann curves. The Boltzmann parameters (V0.5

and k) were not significantly affected by PCMBS treatment
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I/II linker chimera, suggesting that there may be inter-
action among these three regions (i.e. S1–S4, S5–S6 and
the I/II linker) in determining inactivation. Indeed it has
been reported that the I–II linker and the S6 region in
domain II are involved in inactivation of calcium
channels (Berrou et al. 2001; Geib et al. 2002; Park et al.
2004; Stotz and Zamponi 2001).

Of course, as is the case with any standard muta-
genesis approach, it is conceivable that unforeseen spu-
rious structural changes might occur in the chimeras we
have constructed (such as alterations of interactions
between subunits), which may provide an alternative,
although unlikely, explanation of our results. Indeed, in
our chimeras, we swapped homologous regions, except
for the loop regions. Also the chimeras generally did not
have anomalous properties; thus, the k values for the
chimeras were not grossly different (apart from the I/II
linker chimeras) from those for wild-type channels, as
observed here or by others (Lacinova et al. 1999). Fur-
thermore, the S4 movement of the domain I chimera was
investigated and shown to be as expected, as discussed
further in the following.

Study of the movement of the S4 segment of domain I
chimera CGGG was carried out using cysteine-scanning
mutagenesis, investigating accessibility to the cysteine-
binding reagent PCMBS. Inhibitory effects of PCMBS
were reversed by dithiothreitol, although not by wash-
ing, indicating specific effects of the reagent on cysteines.
We showed that, under depolarising conditions, the S4
segment is exposed to the extracellular environment up
to and including residue A268, with residues 269 and 271
remaining buried within the membrane. We also exam-
ined residue V263, and showed that this residue is
accessible at depolarised, but not hyperpolarised,
potentials. Thus, taken together, it appears that depo-
larisation causes the S4 region in domain I in this chi-
meric calcium channel to move outwards such that
buried residues are exposed to the extracellular solution.

Our detailed study of residue 263 showed that there is
movement of the S4 region even at a hyperpolarised
potential (�110 mV) relative to the resting potential; an
interpretation of this would be that at least one S4 seg-
ment of the channel must have been moved outwards by
this hyperpolarised potential. However, although the
protocol we used (i.e. with exposure to PCMBS for a
fixed time) shows voltage-dependent movement of this
residue in S4, time course experiments would be needed
to quantitatively determine the V0.5 value for this effect
(and the same qualification applies to our earlier esti-
mates of V0.5 for Shaker using the same protocol, Yusaf
et al. 1996). Even without quantitative analysis, the data
indicate that movement of S4 in this calcium channel
occurs at potentials more hyperpolarised than for ionic
currents via the pore. Consistent with this, as previously
mentioned, gating currents precede activation of both
CaV1.2 and CaV3.1 channels.

Our data for residues 263, 265, 266, 268, 269 and
271 were obtained with repetitive depolarising pulses
from a holding potential of �80 mV. Since the results

show exposure of residue 263 even at hyperpolarised
potentials, one may expect movement and hence
accessibility to PCMBS even at the holding potential
itself (as well as, more markedly, during the depola-
rising steps). However, as residue 263 showed voltage-
dependent movement and residues 269 and 271 were
not accessible under these depolarising conditions, it
seems reasonable to assume that there is outward
movement of the S4 helix as far as and including resi-
due 268, but not beyond.

Our results add evidence to the correctness of the
alignment of the S4 segment of Shaker with S4 of the
CaV1.2 domain I from the CGGG chimera, as shown in
Fig. 6c. Thus, residues up to and including A268 are
exposed to the extracellular environment upon depo-
larisation in the CGGG chimera, which corresponds to
exposure up to residue L366 of Shaker. Taking the
membrane boundary at G260 (corresponding to Shaker
L358, Gandhi and Isacoff 2002), this would correspond
to a movement outwards of nine residues in the calcium
channel. However, as it is thought that S4 lies in a water-
filled crevice (Gandhi and Isacoff 2002), movement must
be less than this, perhaps just up to V263, involving at
least six residues. The S4 segment is well conserved be-
tween Shaker and this calcium channel; and by analogy
with Shaker (Gandhi and Isacoff 2002), residues K264,
R267, R270 and R273 of this calcium channel are likely
to mainly contribute to gating charge measurements
when S4 moves in this calcium channel. Overall, it can
be seen that the movement of the S4 region in this chi-
meric calcium channel is as might be expected when
compared with potassium channels. Furthermore, re-
sults that we have found for domain I S4 movement in
this high-voltage activating chimera likely apply also to
wild-type CaV1.2; clearly it would also be of interest to
test S4 movement of CaV1.2 directly, and indeed to test
S4 movement in domains II, III and IV.

In summary, we have studied domains I and II of
calcium channels. Domain I is of key importance in
determining whether the channel is low-voltage activat-
ing or high-voltage activating and in determining inac-
tivation, and the molecular region that is important in
determining these properties comprises both the S5-P
and the P-S6 pore regions, but not the voltage sensor
S1–S4 region. Domain II is of less importance in
determining both the voltage dependence of activation
and the inactivation properties than domain I, and by
contrast with domain I, both the S1–S4 and S5–S6 re-
gions are responsible for determining activation prop-
erties in domain II. We have shown that, upon
depolarisation, the S4 segment of domain I of CaV1.2
moves such that amino acids up to residue 268 of S4
become exposed to the extracellular solution. This out-
ward movement occurs at more hyperpolarised poten-
tials than for ionic currents, corresponding to a
movement of S4 segments before channel opening.
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