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ABSTRACT

Extracellular S3-S4 linkers of domain IV (IVS3-S4) of L-type Ca*" channels (Cay1) are subject to
alternative splicing, resulting into distinct gating profiles serving for diverse physiological roles.
However, it has remained elusive what would be the determining factor of IVS3-54 effects on Cay1
channels. In this study, we systematically compared IVS3-S4 variants from Cay1.1-1.4, and discover
that the flexibility of the linker plays a prominent role in gating characteristics. Chimeric analysis
and mutagenesis demonstrated that changes in half activation voltage (V;/,) or activation time
constant (z) are positively correlated with the numbers of flexible glycine residues within the linker.
Moreover, antibodies that reduce IVS3-S4 flexibility negatively shifted V,,,, emerging as a new
category of Cay1 enhancers. In summary, our results suggest that the flexibility or rigidity of IVS3-S4
linker underlies its modulations on Cay1 activation (V,,, and t), paving the way to dissect the core
mechanisms and to develop innovative perturbations pertaining to voltage-sensing S4 and its
vicinities.
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Introduction
presumably by controlling the downstream molecular

L-type Ca®" channels (LTCCs), also named Cay1 fam-
ily, play a crucial role in numerous physiological func-
tions by mediating Ca** influx, including muscle
contraction, hormone secretion, gene transcription,
synaptic transmission and cardiac pacemaking,' LTCC
is formed as multimeric channel complex, by auxiliary
subunits such as B and «,§, and the prominent pore-
forming «; subunit, composed of 4 homologous but
non-identical domains, each of which contains a series
of 6 transmembrane a-helical segments, numbered S1-
S6, which are linked by both intracellular and extracel-
lular loops.> Segments S1-S4 form voltage sensing
domains (VSDs), and segments S5-S6 constitute the
permeation pore.”> VSDs could act as transducers of
transmembrane voltage potentials by positively charged
$4, leading to subsequent conformational changes.*”
The extracellular loops linking S3 and S4 (S3-54
loops or linkers) may influence the function of VSDs

interactions, e.g., between S3 and $4.51° Tt has been
reported that certain subtypes of Cay channels, includ-
ing Cayl.1, Cayl.2, Cay2.1 and Cay2.2 channels, are
subject to alternative splicing of short exons within the
S3-§4 loops of domain IV (IVS3-S4). These splice var-
iants exhibit distinct gating characteristics, particularly
the voltage-dependent activation, implying an impor-
tant role of IVS3-54 in VSD behaviors thus the chan-
nel gating.”'"""> However, it is still unclear about the
determining factor underlying differential modulations
by diverse variants of the linker. Such determinant is
potentially shared as common principles to different
subtypes and variants across the LTCC family. It
would be intriguing and beneficial to systematically
compare all the family members, i.e., Cayl.1-14, in
the context of IVS3-S4 modulations and mechanisms.
First, IVS3-S4 of natural variants would be properly
and quantitatively evaluated for its effects on gating,
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which are supposedly in part responsible for different
gating profiles of Cay1 subtypes. Sporadic evidence on
the IVS3-S4 effects has been reported, such as from
Cayl.1 and Cayl.2, but it is imperative to extend to
the whole Cayl family. Second, the mechanisms of
IVS3-S4 would help provide further insights into the
working principles of VSDs and channel activations of
Cayl channels. Understanding toward voltage-depen-
dent activation specific to Cay1 channels has been lim-
ited thus far.>”'® Third, new strategies could be
devised to modulate Cay1 channels for potential thera-
peutics, e.g., small molecules or antibodies, by targeting
and perturbing the key activation mechanism related
to the IVS3-54 loops.

In this study, we systematically examined and com-
pared IVS3-S4 linkers across LTCCs, which contain
the exons with different abundance of glycine residues
(Gx linkers). Further analysis by chimeric channels,
mutagenesis and specific antibodies suggest that the
flexibility of Gx linker would be the major index to
determine the mobility of VSD thus the potency of
modulatory effects on Cay1 activation.

Results

1VS3-54 loops from Cay1 channel family
differentially modulate voltage-dependent
activation

In LTCCs, 4 pore-forming «; subunit isoforms (o,
o1 aqp and o;x) exhibit distinct biophysical properties
and expression profiles, to accommodate different cellu-
lar-specific or tissue-specific needs.'"'>'”?' The IVS3-
S4 loop of all «; subunits contains the splicing exon:
exon 29 in the skeletal muscle Cay1.1 channel, exon 33
in the cardiac Cay1.2 channel, exon 32 in the neuronal
Cay1.3 channel, and exon 32 in the retinal Cay 1.4 chan-
nel (Fig. 1A). The coding sequences of these exons (yel-
low colored) appear to differ in the length and also in
the number of glycines (red colored). To examine the
role of various IVS3-54 loops in voltage-dependent acti-
vation, we constructed Cay1.3 chimeric channels by
inserting corresponding exons from the 4 «; subunits
into a natural splice variant of o;pE321p, (lacking exon
E32,p), which has rather short linker and decent cur-
rent in HEK cells. In response to membrane potentials
(V,,,) of the step protocol, current traces color-coded for
V,nof =30 mV, —10 mV and 410 mV indicated signif-
icant differences in
a1pE32;pa control and chimeric channels (Fig. 1B). For

channel activation between
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both rows of current traces, in accordance with longer
exons/linkers, less activation could be achieved at par-
ticular V,,, indicated by the traces appearing at lower
positions for —30 mV step (blue traces). As quantified
by half-activation voltage (V,,,) values, the activation
curves were significantly shifted to the positive direction
by the linkers (Fig. 1C). Apparently the length of the
linker plays an important role in the modulation of
channel activation, as suggested by the comparison
between «;pE32,pa and «;pE29;¢, the latter of which
has the longest linker and also the most significant V,,,
shift (AV,,,) (Fig. 1D). The positive shift of o;pE32
activation as compared with «;pE32,pp can also be
explained by their difference in the linker length. How-
ever, we noticed that although E32; is the shortest
exon, the E32;r linker also produced a significant
AV,, just second to that of E29;5. Closer examinations
suggested that the richness of glycines within the linker
could also play a prominent role, which led us to
hypothesize that the flexibility of linkers modulates the
activation of Cay1 channels.

Enrichment of glycines within IVS3-S4 loops further
attenuates voltage-dependent activation

To test the flexibility hypothesis, we gradually substi-
tuted original amino acids of exons E32,r and E29;5
with glycines, achieving mutant channels containing
different numbers of glycines: G;, G4 and G7; and Gg,
G and Gy, based on &1pE32,r and o;pE29,5 respec-
tively (Fig. 2A). Glycine enrichment of IVS3-S4 loops
further positively shifted the activation of the channels
with more positive V,,, evidenced from their exem-
plar traces before and after full glycine substitutions
(Fig. 2B). Moreover, gradual changes of V,,, can be
observed from both groups of a;pE32;r and o;pE29,5
channels, indicating an apparent trend of V,,, modu-
lations in accordance to the number of glycines
(Fig. 2C). Glycines add more flexibility to the motif in
the protein structure.”> We reason that the glycine-
mediated flexibility may be the more direct factor
underlying the voltage-dependent activation of chan-
nel variants containing different linkers.

Positive correlations between the flexibility of Gy
linkers and the activation characteristics of
V;,and t

Collecting up all channel variants with different IVS3-
§4 loops, our results show V;,, values of the mutant
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Figure 1. Comparison among different IVS3-54 variants from Cay1 family. (A) Construction scheme for «qp chimeras targeting the splic-
ing exon. Based on 2 natural splice variants of exon32: a;pE32,pa and «;pE32,p, additional chimeric channels were constructed with
a1pE32:pa as the backbone inserted into E32-equivalent exons from s, oqr and a4, respectively. E32 or E32-equivalent exons are
highlighted as yellow in both the sequence alignment and the cartoon of «;p topology. Glycine residues are marked in red. (B) Modula-
tions of voltage-dependent activation of «qp-based chimeric channels. The voltage protocol was composed of 10 mV steps ranging
from —50 mV to 450 mV. Representative whole-cell Ba®* currents were from HEK293T cells expressing a;p chimeras, with traces at
—30 mV, —10 mV and +10 mV colored as shown. (C) Comparison of V,,, values (voltage at 50% activation, n) between «;pE32;p, and
a;p chimeras of a1pE324f, a1pE29;s, and a1pE33,c respectively. *, p < 0.05 and ***, p < 0.001. (D) Voltage dependence of channel acti-

vation of a1pE29;s, or a1pE32,F compared with that of «;pE32;pa.
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Figure 2. The strategy to change the flexibility of IVS3-S4 linkers by enrichment of glycine residues. (A) The summary of point mutations
to glycine residues. Based on chimeric channels of «;pE32:¢ and «;pE29,5 containing native variants of IVS3-S4, glycine (G) residues
gradually replaced the original sites of amino acids for each chimera. According to the percentage of glycine residues, the constructs
are named as HalfG or AllG. (B) Exemplar current traces of selected mutant channels in (A), in response to the same voltage protocols
and the color scheme as in Figure 1B. Top row and bottom row are based on «;pE32:¢ and «1pE29;s, respectively. According to the
number of glycine residues (Gy), for top row from the left to right, X = 3 or 7; and X = 6 or 19 for the bottom row. The statistics of the
group data is shown in (C), with the number of cells indicated for each chimera. *, p < 0.05 and ***, p < 0.001.

channels became more positive with the number of
glycine residues being increased (Fig. 3A). The shift in
V1, was accompanied by the change in slope factor
(S): 3.0 &= 0.2 (n = 11) for variant G, and 3.6 & 0.1
(n = 11) for variant Gyo, p < 0.01. This is within
expectations as both V,,, and S could be the manifes-
tation of decreased apparent sensitivity to V,, along
with increased number of glycines. Meanwhile, either
insertion of native alternative splicing exons or enrich-
ment of glycine residues slowed down the activation
kinetics of the channel (Fig. 3B). In addition, the sta-
tistic results demonstrate that the number of glycines
within IVS3-54 loop is positively correlated with V,,,
and the time constant (7) of the channel (Fig. 3C and
D), confirming the flexibility of IVS3-S4 loop provided
by glycine residues can significantly impair the activa-
tion of Cavl.3 channels.

Antibodies that bind and constrain IVS3-S4 enhance
channel activation by negative AV,

Inspired by prior report that antibodies binding onto
extracellular loops could act as innovative channel

modulators,”® we devised a similar strategy to target the
IVS3-54 linker based on our findings here, in hope to
specifically modulate channel activation. As the proof of
concept, we first inserted the His-tag (6 histidine resi-
dues) into IVS3-S4 loop of «pE32;pa to construct
a1pE32,pa6His, which would be recognized and bound
by antibodies of Anti-His-tag right at the loop of IVS3-
S4. TIRF imaging confirmed that only cells expressed
with o;pE32,ps6His channels, but not control cells, can
be recognized by the antibody (Fig. 4A). As expected,
the activation of a;pE32,pa6His channels was signifi-
cantly shifted to the left after incubating with Anti-His-
tag, as evidenced by the exemplar traces (Fig. 4B) and
the statistical analysis of the activation curves (Fig. 4C).
Supposedly, the antibody constrains the flexibility of the
loop, thus limits the randomized mobility of VSD, which
would counteract with the rightward activation shift due
to the flexible linker. As further assurance of our design,
the effect of Anti-His-tag did not cause any significant
shift of V,,,, for control channels (o;pE32,pa without
His-tag, p > 0.6) or under control conditions (intracellu-
lar application of Anti-His-tag, p > 0.5). In addition, we
also performed another set of experiments based on the
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Figure 3. Effects of IVS3-54 on Cay/1.3 activation are correlated with the number of glycine residues of the linker. (A) Summary of V,, for
various a1p channels including the native forms and chimeric mutants. These channel constructs were also named according to the
number of glycines (Gy) within the linker. *, p < 0.05 and ***, p < 0.001. (B) Flexibility of different Gy linkers affected the kinetics of
channel activation. At —30 mV, time constant () values of current traces were fitted, as shown by the exemplars of G, and Gy (upper),
and summarized for voltages from —30 mV to +10 mV (lower). (C and D) Correlations between the linker flexibility (Gx) and voltage-
dependence (V) or time-dependence (z, at —30 mV) of activation. The red lines are visually appended to illustrate the trends in rela-

tion to Gy and loop flexibility.

channel variant with G;o linker, which confirmed the
antibody effects of activation enhancement (Fig. S1).

Effects on channel activation arising from IVS3-54
and C-terminus are additive

We next explored another established modulation of
channel gating mediated by the competition between

distal carboxyl terminus (DCT) and apo-calmodulin
(Ca**-free CaM)'*** (Fig. 5A). One major phenotype
according to the modulation profiles is the shift of activa-
tion: DCT such as DCT¥. (strong DCT from o) would
positively shift V;,, whereas CaM would leftward shift
V2. Although the detailed mechanism about how CaM
pre-associated channel affects the gating is unclear, a rea-
sonable assumption is that channels fully bound with
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Figure 4. Antibody targeting IVS3-54 loop modulated the acti-
vation of channels. (A) His-tag antibodies (Anti-His-tag) recog-
nized o;pE32;pa6His on the cell membrane, compared with
a1pE32:pa as the control group. (B) Exemplar current traces
of the «a;pE32;,pa6His channels without/with extracellular
incubation (ex) of Anti-His-tag antibodies. The voltage proto-
col and color scheme are the same as in Figure 1B. (C) Volt-
age dependence of the activation curves. A significant
leftward shift in «;pE32,pA6His activation was evidenced
without/with His-tag antibodies in the extracellular solution
(extra), as indicated by the differences in the level of activa-
tion at particular voltages (™, p < 0.001). No difference
existed among channels of E32;ps, E32;pa with antibodies
extracellular applied (extra), E32;pa6His, or E32,pA6His with
antibodies intracellular applied through pipettes (intra).
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CaM reach the maximum activation (most negative
Vi52); in parallel, every DCT-bound channel such
as  opa-DCTE  is thus
approaching the most positive V;, (rightward

essentially CaM-less

shifted). We were asking about the potential rela-
tionship between these 2 types of modulation: Gx
and CaM. DCTy caused additional shift of V,,, for
channels with either short (Gy) or long (Gjo) link-
ers (Fig. 5B and C). From the perspective of Gx
effects, increasing number of glycines (enriched Gy,
from Gy to Gj9) produced further rightward shift
for channels with (CaM+) or without (CaM-) pre-
associated CaM. Alternative interpretations would
be: for CaM- channels, Gx changing from G, to
Gy9 made the channel even more difficult to open
as compared with the V,,, limit of “CaM-” chan-
nels; on the other hand, for CaM+ channels, Gx
changing from Gy to G, negatively shifts the chan-
nel beyond the V), limit of “G;9 CaM+" channels
(Fig. 5D). The latter view emphasizes the additive
nature of IVS3-S4 and CaM effects, strongly sug-
gesting that the 2 mechanisms should follow differ-
ent (non-overlapped) downstreams in modulation
of Cayl activation.

Discussion

This study focuses on the mechanism of action under-
lying the modulation of IVS3-S4 loop on voltage-
dependent gating and provides the evidence to support
the flexibility of IVS3-S4 loop as the major factor.

Implications on physiological roles of IVS3-S4
variants of Ca, channels

Several earlier studies reported that S3-S4 loops of volt-
age-gated ion channels have significant impact on
voltage dependence and temporal kinetics of activa-
tion."'">'7** In both P/Q-type Cay2.1 and N-type
Cay2.2 channels, alternatively spliced exons 31a contain
only 6 nucleic acid bases, encoding NP or ET at IVS3-S4
loop, respectively. The presence of NP or ET causes
slower activation kinetics for both channels,’**> but
with preferential distributions: NP of Cay2.1 in the cen-
tral nervous system,"” and ET of Cay2.2 in the periph-
eral,"” suggesting specific neurons may utilize [VS3-S4
loop as one of the sophisticated mechanisms to gauge
channel gating and Ca* signaling.
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petitive DCT (kicking-off apoCaM) would cause the positive shift of channel activation. (B and C) Exemplar traces for different combina-
tions of Gy and DCT effects. The native form of «;pE32:pa (Go CaM—+) contains a DCT motif with much weaker strength in competition
with CaM than DCT from o (DCT). E29;5AlIG consists of the linker from exon 29 of a5 but with glycine substitutions (G, CaM+).
a1paE32:1pA-DCTE (Gy CaM-) is the chimeric channel fused with DCT: to aqpa, essentially replacing the DCT of the native form in
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tal conditions and color schemes are similar to Figure 1B. (C and D) Comparison among the voltage dependence of the activation curves,
for the 4 kinds of channels under tests. Activation curves (C) and statistics of V,,, values (D) are shown for each channel subtypes.
*,p < 0.05; """, p < 0.001.

cells.*® For Cayl.4, splice variants are distributed not
only in retina but also in the immune system.*'

For Cay1.1 and Cay1.2 of LTCCs, different IVS3-S4
spliced variants also exist distinct distributions, sug-
gesting LTCCs may also take advantage of IVS3-54 to
alter channel activities to control Ca** signals. In

Systematic comparison across the whole Ca,1 famil
Cayl.1 channel, the variant lacking exon 29 is distrib- 4 P v y

uted at low levels in differentiated muscle, but abun-
dantly expressed in myotubules, and this variant
shows a significant left-shifted V,,, and a substantially
increased current density.’” For Cayl.2 channels,
IVS3-S4 splice variants display different levels of
expression in fetal and adult heart and brain, and all
the IVS3-S4 variants demonstrate unmistakable V;,,
shifts.'* Cay 1.3 splice variants exhibit distinct percen-
tages of abundance in brain and neuroendocrine

Cayl1.3 and Cayl1.4 channels are also subject to alter-
native splicing within IVS3-54 loop, however, the gat-
ing modulation of this loop is lacking.'™* In this
work, we devised the chimeric analysis to symmetri-
cally evaluate the functional roles of splicing exons
within IVS3-54 loops from the entire LTCC family.
Results confirmed the previous observation of inhibi-
tory effects on the channel activation, including posi-
tive V,, shift (Fig. 1), slower activation 7 (Fig. 3), etc.,
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Figure 6. Schematic summary of IVS3-54 modulation on Cay1
activation. (A) Scheme of summary. Channel activation can be
considered being controlled by the cooperative behaviors (bind-
ing and downstream events) between S3 and S4. Gy linkers atten-
uate whereas loop-bound antibodies facilitate the activation. The
color codes (green, closed; red, open) are to indicate the open
probability or the fraction of open channels. (B) Cartoons to illus-
trate the potential mechanism of flexibility-mediated channel
gating. Increasing flexibility of VSD movement would reduce the
chance of appropriate VSD positioning for the key sites to interact
(indicating by green and violet dots); and decreasing the random
movement of VSD would do the opposite. (C) The summary and
comparison for the 2 major kinds of modulation in this study.
The dynamic range and perturbations related to IVS3-54 (upper)
and CaM (lower) are compared. Color codes are in similar fashion
to (A).

but extended onto the whole Cay1 family. Also, the
order of modulation strength as demonstrated by chi-
meric analysis is E29;5 > E32,r > E33,c > E32p,
consistent with the activation profiles of Cayl
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channels following the same order: Cayl.1 > Cayl.4
> Cayl.2 > Cay1.3,/%'%**?° where Cay1.1 is the most
hard-to-activate Cay1 and Cay1.3 has the most nega-
tive Vy,, (Fig. S2).

Mechanistic insights into the effects by IVS3-S4 loops

Regarding the mechanisms underlying IVS3-54 mod-
ulation, it has been speculated that the length of the
linker might be the key factor,'> which also appears to
be consistent with our data. However, more thorough
comparison and mutagenesis suggest that the flexibil-
ity of the loop would be the more direct index. Other
properties, such as hydrophobicity, of the linker pep-
tide might also underlie the Gx modulation. So we
examined the hydrophobicity of E32, and E29;5, and
both linkers turn out to be neural peptides; when the
residues are completely replaced with glycines (low
hydrophobic index, so producing neutral peptides),
the richness of glycines strongly modulates the chan-
nel function (G, and G;o) while the overall hydropho-
bicity remains unaltered. Thus, it is unlikely that
hydrophobicity plays any significant role in the Gy
effects in this work. Whether under certain circum-
stances the hydrophobicity of the linker could also
cause appreciable effects on channel function, as an
intriguing perspective, inviting future investigations.
The consensus has been reached that upon depo-
larization S4 should move to appropriate position
(e.g., to interact with S3) and activate the channel
(Fig. 6A and B). Meanwhile, S4 as part of the VSDs
is also dynamic and subject to random movement
which could be highly regulated by the flexible linker
of IVS3-54. It is unlikely that the Gx linker directly
interferes with the voltage-dependent VSD move-
ment, but instead, adding glycines further random-
izes VSD dynamics, reducing the chance for S3-54
cooperation, under the conditions of both with and
without depolarization. In this context, regardless of
the actual perturbations, which could be the length
or the number of glycines being increased, the same
consequence would be caused: the flexibility of VSD
is increased, so is the randomness of the movement,
eventually the channel would end up with lower
open probability at different V,,, i.e., more positive
Vi, or less activation (Fig. 6B). In this view, the
degree of freedom in VSD movement (i.e., the num-
ber of glycines) would determine the effective con-
centration for the interaction,?? or in an alternative



42 (& N.LUETAL

view the probability of S4 to appear in appropriate
positions favoring the S3-S4 cooperation or interac-
tion’. In this context, our study and related work
from other groups are complementary to each other:
we focus on changes in effective concentrations of
the interacting peptides and they emphasize on
changes in binding affinity between S3 and S4
motifs”"°
tion-based scheme we proposed (Fig. 6B).

, altogether supporting such putative reac-

Also, applying depolarization or attaching antibody
can provide confinement to VSD dynamics, reducing
the space of random walk, effectively promoting the
probability of S3-S4 binding, as one way to understand
the mechanism of voltage-dependent activation. In
this work, we explored the dynamic range of the mod-
ulation by Gx-linker, by chimeric channels, mutagene-
sis and loop-specific antibodies, which are supposed to
be extendable (Fig. 6C, upper panel). In contrast, prior
works assure that CaM+ and CaM- channels, if not
reaching, are very closely approaching the limits of the
dynamic range set by DCT/CaM modulation (Fig. 6C,
lower panel). This led us to realize that the loop flexi-
bility is unlikely overlapped with the activation mech-
anism mediated by CaM modulation, since further
Vi, shifts arising from Gyx-modulation on CaM+
(from Gig to Gy) or CaM- (from G, to G;4) channels
were substantially extended beyond the limits of
DCT/CaM modulation.

We in this study rely on the analysis of voltage-
dependence (V,/, and S) and temporal-kinetics (7),
which are the 2 most prominent aspects of channel
activation. Regarding other channel characteristics,
current density should be modulated by Gx-linkers as
well, presumably similar to V;, and 7 (e.g, higher
current density corresponding to facilitated channel
activation), in consistence with our observations and
other published reports;” whereas CDI (Ca”**-depen-
dent inactivation) did not have any appreciable
change with Gx-linker modulation (Fig. S3).

Proof of concept to inspire strategies of developing
innovative Cay,1 modulators

Our work demonstrates the potentials to devise more
potent perturbations, including longer Gx-linkers and
corresponding antibodies, both of which would
exhibit broader range of activation tuning in both
directions (AV,,,, At, etc.). Extracellular loop might
be an intriguing target to develop specific antibody-

based modulators for both research and therapeutic
purposes.”> Our success in applying antibodies target-
ing IVS3-S4 to modulate Cay1 activation, as a proof
of principle, opens up the avenue to explore the poten-
tials of such Cayl openers or enhancers with new
mechanism of action. It is worth to further develop
more potent (by optimizing antibody properties) and
more applicable (by producing antibodies specific to
the native loops) antibody-based modulators. Also, we
provide the evidence that the facilitation of activation
due to CaM'® can be utilized as an additive modula-
tion in parallel with IVS3-54 effects, altogether would
provide much broader space of potency than any
strategy currently known. By such “cocktails” of Cay1
inhibition or facilitation combining the effects from
both loop flexibility and apoCaM, AV}, could reach
up to —30 mV or more, as estimated from our data
(Fig. 5D).

Materials and methods
Molecular biology

Constructs of a;p (AF370009.1), ;¢ (NM_199460.3),
o1 (NP005174) and o5 (XM_983862.1) were gener-
ously provided by the groups of D. Yue, K. Beam, J.
McRory & T. Snutch and J. Streissnig. For Cay1.3 chi-
meric channels, o;pE29;5, o1pE33,c, «@1pE32:p,
a1pE32:5 or a;pE32,pp6His were generated by using
overlap extension PCR to fuse different exons: exon
29 from Cayl.1 channel, exon 33 from Cayl1.2 chan-
nel, exon 32 from Cayl1.3 channel, exon 32 from
Cayl.4 channel or the His-tag (6 histidines) into
IVS3-S4 loop of &1pE32,ps, respectively. For
o1pE29;5 and o pE32,5, glycine residues substitute for
acids within IVS3-S4 loop
(a1pE29,gHalfG,  o;pE29,AllG,  «;pE32,:HalfG,
a1pE32,rAllG) by QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent Technologies).
After PCR reaction, the segments were digested with 2
unique sites BamHI and Kpnl and inserted to replace
the previous region. For o;paE32,pa-DCTE, DCT
derived from o was amplified by PCR with flanking
Spel and Xbal and fused to mutant o;p (a;pa) with
the carboxyl terminal being truncated out. To make
construct of o;ppE29;5AllG-DCTy, segment from
a1pE29,sAllG was amplified by PCR with flanking
BglII and BstEII and cloned directionally via these 2
unique sites into corresponding region of
1paE32,pA-DCTg. For opa[6His-E29,AllG-6His]-

original amino



DCTy, overlap extension PCR was performed, similar
to a;pE32,pa6His.

Transfection of cDNA constructs

HEK293 cells were cultured in 60 mm dishes, and
recombinant channels were transiently transfected
according to an established calcium phosphate proto-
col.>* We applied 5 g of cDNA encoding the desired
o subunit, along with 4 g of rat brain ,, (M80545)
and 4 pg of rat brain «,6 (NM012919.2) subunits. All
of the above cDNA constructs were driven by a cyto-
megalovirus promoter. To enhance expression, cDNA
for simian virus 40 T antigen (1-2 p©g) was also co-
transfected. Cells were washed with PBS 6-8 h after
transfection and maintained in supplemented DMEM,
then incubated for at least 48 h in a water-saturated
5% CO, incubator at 37°C before whole-cell
recordings.

Whole-cell electrophysiology

Whole-cell recordings of transfected HEK293 cells
were obtained at room temperature (25°C) using an
Axopatch 200B amplifier (Axon Instruments). Elec-
trodes were pulled with borosilicate glass capillaries by
a programmable puller (P-1000, Sutter Instruments,
USA) and heat-polished by a microforge (MF-900,
Narishige, Japan), resulting in 1-3 MJ() resistances,
before series resistance compensation of 70% or more.
The internal solutions contained, (in mM): CsMeSOs,
135; CsCl,, 55 MgCl,, 1; MgATP, 4; HEPES, 5; and
EGTA, 5; at 290 mOsm adjusted with glucose and at
pH 7.3 adjusted with CsOH. The bath solution con-
tained (in mM): TEA-MeSOs, 140; HEPES, 10; BaCl,,
10; 300 mOsm, adjusted with glucose and at pH 7.3
adjusted with TEAOH, all according to the previous
report.”*

Antibody incubation of live cells

HEK293 cells transfected with desired recombinant
channels were washed with Tyrode solution contained,
(in mM): NaCl, 129; KCl, 5; CaCl,, 2; MgCl,, 1; glucose,
30; Hepes, 25; 300 mOsm, adjusted with glucose and at
pH7.3 adjusted with NaOH at room temperature. Cells
were then incubated for 1-2 h in Tyrode solution con-
taining THE™ His Tag Antibody, mAb, Mouse (Gen-
Script A00186-100), 1:1000 dilution.
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Immunocytochemistry

HEK?293 cells on confocal dishes were rinsed briefly in
phosphate-buffered saline (PBS), fixed with ice cold 4
% paraformaldehyde in PBS (pH 7.4) for 20 min at
the room temperature, then washed 3 times with ice-
cold PBS. Fixed cells were then permeabilized with
0.3% Triton X-100, blocked with 10% normal goat
serum in PBS for 1 h at room temperature, and incu-
bated overnight at 4°C in primary antibodies: THE™
His Tag Antibody, mAb, Mouse (1:1000 dilution;
GenScript). The next day, cells were washed with PBS
3 times, incubated at room temperature for 2 h in a
1:800 dilution of anti-mouse-Alexa 568 (Invitrogen),
and washed with PBS 3 times.

TIRF microscopy

Following immunocytochemistry, fluorescence meas-
urements of HEK293 cells were acquired with Nikon
Ti-E automatic inverted microscope (A1RSi) through
a 100xoil TIRF objective. For Alexa 568 imaging,
excitation was delivered by a solid-state laser featuring
a 561-nm line. TIRF images were analyzed with Image
] and Matlab software.

Analysis and fitting for channel activation

Voltage-dependent activation of the current was fitted
according to Boltzmann equation,

1

V=V )

l4e =

n—=

where 7 is the normalized activation, V, is the V,,, for
half-maximal conductance/activation and S is the
slope factor.

The time constant of activation was achieved from
the fast activation process of Ba®* current I, by fit-
ting with a single-exponential function,

I=I,-e /"4+C

where I, is the amplitude of the current, 7 is the spe-
cific time constant and C is a constant to compensate
leakage current when necessary.

Data analysis and statistics

Data were analyzed in Matlab and Origin software.
Standard error of the mean (SEM) and student ¢-test
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(2-tailed with criteria of significance: *, p < 0.05;
*,p < 0.01 and ™, p < 0.001) were calculated when
applicable.

Abbreviations
CDI  Ca®’'-dependent inactivation

DCT  distal carboxyl terminus
LTCCs L-type Ca®" channels
VSDs  voltage sensing domains
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