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A mutation in Cay2.1 linked to a severe
neurodevelopmental disorder impairs channel gating

Sidharth Tyagi'®, Tyler R. Bendrick?, Dilyana Filipova?, Symeon Papadopoulos?’®, and Roger A. Bannister'@®

Ca?* flux into axon terminals via P-/Q-type Cay2.1 channels is the trigger for neurotransmitter vesicle release at
neuromuscular junctions (NMJs) and many central synapses. Recently, an arginine to proline substitution (R1673P) in the

S4 voltage-sensing helix of the fourth membrane-bound repeat of Cay2.1 was linked to a severe neurological disorder
characterized by generalized hypotonia, ataxia, cerebellar atrophy, and global developmental delay. The R1673P mutation was
proposed to cause a gain of function in Cay2.1 leading to neuronal Ca?* toxicity based on the ability of the mutant channel to
rescue the photoreceptor response in Cay2.1-deficient Drosophila cacophony larvae. Here, we show that the corresponding
mutation in rat Ca,2.1 (R1624P) causes a profound loss of channel function; voltage-clamp analysis of tsA-201 cells expressing
this mutant channel revealed an ~25-mV depolarizing shift in the voltage dependence of activation. This alteration in activation
implies that a significant fraction of Cay2.1 channels resident in presynaptic terminals are unlikely to open in response to an
action potential, thereby increasing the probability of synaptic failure at both NMJs and central synapses. Indeed, the mutant
channel supported only minimal Ca?* flux in response to an action potential-like waveform. Application of GV-58, a compound
previously shown to stabilize the open state of wild-type Cay2.1 channels, partially restored Ca?* current by shifting mutant
activation to more hyperpolarizing potentials and slowing deactivation. Consequently, GV-58 also rescued a portion of Ca?*
flux during action potential-like stimuli. Thus, our data raise the possibility that therapeutic agents that increase channel open
probability or prolong action potential duration may be effective in combatting this and other severe neurodevelopmental

disorders caused by loss-of-function mutations in Cay2.1.

Introduction

Ca?* flux into axon terminals via P-/Q-type (Cay2.1) Ca®* chan-
nels is the trigger for neurotransmitter vesicle release at the
neuromuscular junction (NMJ) and many central synapses (Katz
and Miledi, 1967; Turner et al., 1992; Uchitel et al., 1992; Dunlap
et al., 1994, 1995; Wu and Saggau, 1997). Like the other two
members of the Cay2.X subfamily, Cay2.1 is a heteromultimeric
complex composed minimally of a principal a; subunit and
auxiliary p and a,8 subunits (Campiglio and Flucher, 2015). Each
Cay2.l oya subunit is composed of four highly conserved,
membrane-bound domains (repeats I-IV) consisting of six
transmembrane a-helices each (Mori et al., 1991). In addition to
providing the structural elements that form the Ca2*-selective
pore (the S5-S6 helices), each repeat contains a voltage-sensing
module (the S1-S4 helices). The S4 helices are the “voltage
sensors” of the channel in that they translocate extracellularly
across the “gating charge transfer center” in response to depo-
larization, inducing conformational rearrangements that open
the channel pore (Stithmer et al., 1989; Tao et al., 2010). For this

purpose, each S4 helix has evolved with five or six basic residues
(positions RO-RS5) lining a face of the helix that interact with
acidic residues on the S2 helix to facilitate translocation (Fujita
et al., 1993; Palovcak et al., 2014). Neutralization of these argi-
nines/lysines or introduction of sterically disruptive residues
can profoundly impact gating of Cay2.1 and other voltage-gated
channels (Stithmer et al., 1989; Hans et al., 1999; Mori et al.,
2000; Tottene et al., 2002; Wappl et al., 2002).

Recently, an arginine to proline substitution at the R5 position
in the S4 helix of Cay2.1 repeat IV (R1673P) was linked to a severe
disorder characterized by ataxia, generalized hypotonia, cere-
bellar atrophy, and global developmental delay (Luo et al., 2017).
In this previous study, the R1673P mutation was found to cause a
gain of function in Cay2.1 based on the mutant channel’s ability to
rescue the photoreceptor response in 3-d-old Cay2.1-deficient
Drosophila cacophony larvae. Despite the functional rescue of
electroretinograms at 3 d, considerable photoreceptor neuro-
degeneration was observed at 30 d, leading to the idea that early
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aberrant Ca?* flux via the mutant Cay2.1 gives rise to chronic
neuronal Ca2* toxicity in Drosophila and, by extrapolation, humans.

Since the R1673P substitution occurs at a highly conserved
position that is likely to be critical for sensing membrane po-
tential, we were intrigued by its effect on channel gating. To
determine the impact of the mutation on Cay2.1 function, we
expressed the rat orthologue (R1624P) in a null-background cell
line (tsA-201 cells) and recorded Ca®* and Ba?* currents using
whole-cell voltage clamp (Hamill et al., 1981). Our results indi-
cate that the R1624P mutation causes a profound loss of channel
function by shifting the voltage dependence of channel activa-
tion ~25 mV to more depolarizing potentials. The alteration in
channel activation implies that a significant fraction of Cay2.1
channels resident in presynaptic terminals remain closed during
an action potential, thereby increasing the likelihood of synaptic
failure at both NM]Js and central synapses.

Materials and methods
Ethical approval
No animals or human subjects were used in this study.

Molecular biology

Venus-fused rat Cay2.1 R1624P was derived from the plasmid
V-Cay2.1 (accession no. NM_012918), a generous gift from Dr.
PJ. Kammermeier (University of Rochester School of Medicine
and Dentistry, Rochester, NY; Beqollari and Kammermeier,
2013). A single G to C point mutation at bp 4,871 of V-Cay2.1
was introduced via the Q5 Site-Directed Mutagenesis kit (New
England Biolabs) using the forward primer 5'-AAACTCCTCCCC
CAGGGTTACAC-3' and the reverse primer 5'-GATGAGTCGGGC
AGCACG-3'. The presence of the mutation was verified by
sequencing.

Cell culture and transfection

Mycoplasma-free tsA-201 cells (Sigma-Aldrich) were cultured
and transfected using Lipofectamine 2000 (Thermo Fisher Sci-
entific) as described previously (Beqollari et al., 2015). The
transfection mixture contained expression plasmids encoding
V-Cay2.1 or V-Cay2.1 R1624P with rat p, and rabbit a,8-1 auxil-
iary subunits (1 pg of each cDNA per well). The day after
transfection, cells were trypsinized and replated onto 35-mm
Primaria-treated plastic culture dishes (BD Falcon). Success-
fully transfected cells were used in experiments ~24 h later.

Confocal imaging

Images of live tsA-201 cells expressing either V-Cay2.1 or V-Cay2.1
R1624P were acquired using the confocal laser scanning micro-
scope LSM780 (Zeiss) as described previously (Beqollari et al.,
2018). Briefly, Venus was excited with the 488-nm line of an
argon laser directed to the cell via a 488-nm/543-nm dual di-
chroic mirror. The emitted Venus fluorescence was directed to a
photomultiplier equipped with a 500- to 550-nm band-pass filter.

Whole-cell electrophysiology
All electrophysiological experiments were performed at room
temperature. Borosilicate pipettes (3.0-4.5 MQ) were filled with
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an internal solution containing (in mM): 140 Cs-aspartate, 10
Cs,-EGTA, 5 MgCl,, and 10 HEPES, pH 7.4 with CsOH. The ex-
ternal solution contained (in mM): 145 tetraethylammonium-Cl,
4 KCl, 2 CaCl, or 2 BaCl, 2 MgCl,, 10 HEPES, 10 glucose, and 1 4-
aminopyridine, pH 7.4 with tetraethylammonium-OH. GV-58
(Alamone) was dissolved in 100% DMSO to make a 50-mM so-
lution and then diluted in the external recording solution just
before experiments. During experiments, the GV-58 working
solutions were applied through a manually operated, gravity-
driven global perfusion system. Electronic compensation was
used to reduce the effective series resistance. Linear components
of leak and capacitive currents were corrected with -P/4 online
subtraction protocols. Except where noted, filtering was at 5 kHz
and digitization was at 10 kHz. Cell capacitance (C,,) was deter-
mined by integration of a transient from -80 mV to -70 mV using
Clampex 9.2 (Molecular Devices) and was used to normalize
current amplitudes (pA/pF). The average value of C,, was 30 =
1 pF (n = 156 cells) and the time constant for decay of the whole-
cell capacity transient (t,,) was reduced as much as possible using
the analogue compensation circuit of the amplifier; the average
values of T,,, and R, were 277 + 8 pus and 9.3 + 0.4 MQ, respectively.
Peak and normalized I-V curves were fitted according to:

T = Grax (V - Vi) / (1 + €xp[ (V2 - V) /kc]), ©

where I is the peak or normalized current for the test potential
V, Vyey is the reversal potential, Gyay is the maximum channel
conductance, Vy, is the half-maximal activation potential, and
kg is the slope factor. Tail current amplitudes (I;.;) were mea-
sured immediately following the onset of the repolarization
from the test pulse to -40 mV. G-V relationships were obtained
from the I,3-V data, where individual tail current amplitudes
evoked from a given test potential were normalized by the tail
current amplitude produced by repolarization from +90 mV
to —-40 mV. Normalized I.,; values were subsequently fit with
the equation:

G/Gmax = 1/(1+ exp[-(Vijzat - V) /K]), (2)
where G is the tail current amplitude evoked by repolarization
from a given test potential back to —40 mV, Gpay is the normalized
conductance for repolarization from +90 mV to -40 mV, Vy/p, is
the half-maximal activation potential, and k is the slope factor.
Activation kinetics were fit with a single exponential function:

I(t) = Io[exp(-t/Tact)]- (3)

To assess the rate of inactivation, current decay kinetics were
expressed as half-time of total current decay during a 500-ms
test step (ti/adecay) Deactivation kinetics were fit with a single
exponential function:

Lait(t) = Liaito [€XP(~t/Taeact) - (4)

Ramp waveforms intended to mimic neuronal action poten-
tials were generated using a protocol similar to that used by
Bahamonde et al. (2015). Cells were depolarized by a 1-ms ramp
from -80 mV to +30 mV immediately followed by a 1-ms re-
polarization ramp to -80 mV. For this subset of experiments,
filtering was at 10 kHz and digitization was at 33 kHz. Peak
currents have been expressed in pA/pF, whereas charge flux
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Figure 1. The R1624P mutation causes a profound
depolarizing shift in Cay2.1 activation. (A) Schematic
representation of Cay2.1 with Venus fluorescent protein
fused to the N terminus (V-Cay2.1). The R to P substi-
tution at human residue 1,673 (rat residue 1,624) is in-
dicated by the star. (B) Sequence comparison of the RIV
S4 helices of human Cay2.1 (GenBank accession no. NM_
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AARLIKLLRQGY

R1624P
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! 000068) and rat Cay2.1 (GenBank accession no. NM_
012918), rat Cay2.1 with the R to P substitution at the
R5 position and Drosophila Cay2.1 (UniProtKB accession
no. P91645). Basic residues in positions RO-R5 are
shown in green (Cay2.1 RIV S4 lacks a basic residue in

the nominal RO position). Nonconserved residues are in
blue. (C and D) Ca2* current families recorded from tsA-
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201 cells expressing V-Cay2.1(C) or V-Cay2.1 R1624P (D)
with B4 and a,6-1. Currents were elicited by 25-ms step
depolarizations from =90 mV to the indicated test po-
tentials; the repolarization voltage was -40 mV.
(E) Comparison of V-Ca\2.1 (@; n = 24) and V-Ca,2.1
R1624P (O; n = 23) average peak |-V relationships.
Currents were evoked at 0.1 Hz by test potentials
ranging from -50 mV through +90 mV in 10-mV incre-
ments. Amplitudes were normalized by capacitance (pA/
pF). |-V curves are plotted according to Eq. 1 with the
following respective parameters for V-Cay2.l and
V-Cay2.1 R1624P: Gyay = 690 + 30 and 560 + 70 pS/pF,
Vi2=-0.9+1.0and18.2 + 1.6 mV, V,, = 71.1 % 2.6 and
777 £ 2.0 mV and k = 3.4 + 0.8 and 6.2 + 0.9 mV.
(F) Normalized G-V relationships were fit with Eq. 2 with
the following respective parameters for V-Cay2.1 and
V-Cay2.1R1624P: V3, =23 +1.2and 27.8 £ 2.1 mV; k =
43+ 0.8 and 8.2 £+ 1.2 mV. Error bars represent +SEM.

test potential

A non-transfected tsa-201 @ \/-Ca 2.1 (24)

was calculated as the integral of the area under the current
evoked by the ramp protocol.

Statistics

Figures were made using SigmaPlot software (version 12.0; Sy-
stat Software). All data are presented as mean + SEM. All sta-
tistical comparisons were by unpaired, two-tailed t test, unless
otherwise noted. P < 0.05 was considered significant.

Online supplemental material

Figs. S1 and 2 show the R1624P substitution did not appear to
affect Cay2.1 inactivation after 100-Hz trains or 5-s step depo-
larizations, respectively.

Results

The R1624P mutation causes a profound depolarizing shift in
Cay2.1 activation

The R1673P mutation resides in the “R5” position in the voltage-
sensing S4 a-helix of repeat IV of Cay2.1 (Mori et al., 1991; Fig. 1 A).
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The repeat IV S4 helix is highly conserved from Drosophila to
mammals (Luo et al., 2017; Fig. 1 B). For experiments, Venus
fluorescent protein was fused to the N termini of wild-type rat
Cay2.1 and to Cay2.1 carrying the rat equivalent of the human
R1673P mutation (V-Cay2.1 and V-Cay2.1 R1624P, respectively;
Fig. 1 B); the addition of a single fluorescent protein tag does not
affect channel gating (Grabner et al., 1998). These constructs
were expressed in tsA-201 cells with a;8-1 and B, auxiliary
channel subunits (Fig. 1, C and D, insets), because these subunits
promote membrane expression of the a;s subunit in this het-
erologous system (Meza and Adams, 1998). In particular, we
chose the B, isoform because of its overlapping expression with
Cay2.1 at NMJs (Pagani et al., 2004; Molina-Campos et al., 2015)
and in multiple cell types within the cerebellum (Volsen et al.,
1997).

The whole-cell patch-clamp technique was employed to test
directly whether the Cay2.1 R1624P mutation affects channel
gating (Hamill et al., 1981). With 2 mM Ca®* serving as the charge
carrier, cells expressing V-Cay2.1 produced robust Ca?* currents
that peaked around +10 mV (Fig. 1, C and E). Cells expressing
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Figure 2. The R1624P mutation causes a profound depolarizing
shift in the activation of Ba2* currents. (A and B) Ba2* current

-30 mV

families recorded from tsA-201 cells expressing V-Cay2.1 (A) or V-Cay2.1
R1624P (B) with B4 and @,8-1. Currents were elicited by 25-ms-step

depolarizations from =90 mV to the indicated potentials; the repolari-
zation voltage was -40 mV. (C) Normalized G-V relationships were fit
with Eq. 2 with the following respective parameters for V-Ca,2.1 (@;
n =16) and V-Cay2.1R1624P (O; n = 10): V1), = -8.9 + 2.3and 20.8 + 2.7
mV; k = 6.9 + 0.7 and 9.7 + 0.4 mV. (D) Comparison of activation ki-
netics from tsA-201 cells expressing either V-Ca,2.1 (@; n = 16) or
V-Cay2.1 R1624P (O; n = 10). For both channels, the activation phase
was fit by Eq. 3. Only test potentials in which a substantial amount of
current was present are shown (i.e., ranging from 0 to 30 mV for
V-Cay2.1and 10 to 30 mV for V-Cay2.1 R1624P). Significant differences
by two-tailed, unpaired t test are indicated (*, P < 0.05). Error bars
represent + SEM.
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V-Cay2.1 R1624P also supported Ca%* currents, but the current
only developed at more depolarizing test potentials and peaked
near +35 mV (Fig. 1, D and E). This marked depolarizing shift in
activation of V-Cay2.1 R1624P relative to V-Cay2.1 was evident in
the I-V relationship (Vy/; = 18.2 + 1.6 mV, n = 23 vs. -0.89 + 1.02
mV, n = 24, respectively; P < 0.0001; Fig. 1 E). Importantly, Gpax
values derived from the I-V relationships for V-Cay2.1 and
V-Cay2.1 R1624P (690 pS/pF + 30 and 560 + 70 pS/pF, respec-
tively; P > 0.05) were not significantly different, indicating that
the reduction in peak current was a result of the shift rather
than a substantial reduction in channel expression.

It is important to note that the V;,, values obtained from the
I-V relationships were influenced by an outward Cs* conduc-
tance at more depolarizing potentials. To avoid any ambiguity
regarding the magnitude of the shift in activation, we obtained
G-V relationships from the tail currents of the same recordings.
The profound depolarizing shift in activation of V-Cay2.1
R1624P relative to V-Cay2.1 persisted in the G-V relationships
(Vij2 = 27.8 + 2.1 mV vs. 4.3 + 1.2 mV, respectively; P < 0.001;
Fig. 1 F). Similarly, a >20-mV depolarizing shift was also ob-
served in the G-V relationship when 2 mM Ba2* was used as the
charge carrier (V,; = 20.8 + 2.7 and -8.93 + 2.3 mV, respec-
tively; P < 0.001; Fig. 2, A-C). Ba?* current activation kinetics
were fit over a range of test potentials (0-30 mV) with a single
exponential function. At each test potential examined, the ac-
tivation kinetics were significantly slower for tsA-201 cells
expressing the mutant Cay2.1 construct than for those ex-
pressing the wild-type channel (P < 0.05 for all sets; Fig. 2 D).

Tyagi et al.
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However, the slower activation appeared to be a direct con-
sequence of the ~25-mV shift in the voltage dependence of
activation.

Deactivation is little affected by the R1624P substitution
Llinés et al. (1981) demonstrated that most of the Ca* influx at
NM]Js occurs during the falling phase of the action potential.
Thus, alterations in Cay2.1 deactivation could have more pro-
found effects on action potential-induced Ca?* influx beyond
those predicted merely by a shift in activation. For this reason,
we assessed deactivation kinetics evoked by repolarization from
peak activation (i.e,, +10 mV and +30 mV for V-Cay2.1 and
V-Cay2.1 R1624P, respectively) to a range of less depolarizing
test potentials (Fig. 3 A). The results of these experiments
showed that the wild-type channel deactivates at voltages ~20 mV
more hyperpolarized relative to V-Cay2.1 R1624P (Fig. 3, B-D).
However, the shift is largely negated when one considers the 20-
mV difference in the prior depolarization, as shown in the lower
traces in Fig. 3, B and C. That is, a similar magnitude of repolar-
ization from peak activation is required for wild-type and mutant
channel closure.

Inactivation kinetics are accelerated by the R1624P mutation

Timothy syndrome, another profound developmental disorder,
is precipitated by a gain-of-channel-function mutation in Cayl.2
that retards voltage-dependent inactivation (Splawski et al.,
2004, 2005). To explore the possibility of whether the R1624P
mutation also causes a gain of Cay2.1 channel function by
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Figure 3. V-Cay2.1 R1624P deactivation kinetics. (A) Ba*
tail currents were elicited by 60-ms repolarizations to test po-

tentials ranging from =90 mV to +10 mV following a 25-ms

depolarization from -90 mV to either +30 mV or +10 mV.

(B and C) Representative Ba?* tail currents recorded from tsA-

201 cells expressing V-Cay2.1 (B) or V-Cay2.1 R1624P (C) fol-
lowing depolarization from either +10 mV for V-Cay2.1 or +30
mV for V-Cay2.1 R1624P to the indicated test potentials.
D) Comparison of deactivation kinetics from tsA-201 cells ex-

A +30 mV (/-Cay2.1 R1624P) b
+10 mV (/-Cay2.1)
-90 mV 25ms
60 ms
B ® _Ca,2.1 C o0 .-ca2.1R1624P
-40 mV T aomv

20 pA/pF

3
T o e (n=10)
E o(n=7)
©
@©
S 1 i
; 8
c8Ceoo0
0

-100 -80 -60 -40 -20 0 20
repolarization potential (mV)

slowing voltage-dependent inactivation, we measured Ba?*
current decay kinetics during 500-ms depolarizations near the
peak of the I-V relationships of V-Cay2.1 (+10 mV; Fig. 4 A) and
V-Cay2.1 R1624P (+30 mV; Fig. 4 B). In these experiments, we
found the rate of inactivation to be significantly faster for
V-Cay2.1R1624P relative to V-Cay2.1 (ty/zdecay = 110 + 14 ms, n = 13
vs. 270 * 39 ms, n = 10, respectively; P < 0.001; Fig. 4 C). This
difference in the rate of open-state inactivation between
V-Cay2.1 and V-Cay2.1 R1624P is probably underestimated, as
the wild-type current does not decay entirely during the 500-ms
test potential.

While the R1624P mutation destabilizes the open state by
accelerating the transition to the inactivated state, this process
occurs over a time frame unlikely to have great implications for
neurotransmitter release. Indeed, when inactivation was mea-
sured following a 200-ms, 100-Hz high-frequency stimulus
train, there was no appreciable difference in the amount of
decay of the peak current between V-Cay2.1 and V-Cay2.1
R1624P (P2/P1 = 0.958 + 0.007, n = 10 vs. 0.946 + 0.006, n = 10,
respectively; P > 0.05; Fig. S1). There was also no difference in
inactivation from the closed state between V-Cay2.1 and
V-Cay2.1 R1624P (Vpinace = -33.3 £ 2.2 mV, n = 13 vs. -29.1 + 3.4
mV, n = 8, respectively; P > 0.05; Fig. SZ).

Tyagi et al.
Altered Cay2.1 gating linked to a developmental disorder

pressing either V-Ca\2.1 (@; n = 10) or V-Ca,2.1R1624P (O;n = 7).
For both channels, deactivation was fit by Eq. 4. Significant
differences by two-tailed, unpaired t test are indicated (*, P <
0.05).

L

5ms

The Roscovitine derivative GV-58 promotes Ca?* flux via both
Cay2.1 and Cay2.1 R1624P

Since the cyclin-dependent kinase inhibitor Roscovitine in-
creases neurotransmitter release at NMJs and central synapses
by promoting Ca?* flux via P-/Q-type channels (Yan et al., 2002;
Wen et al., 2013), we tested the effects of its higher-affinity
derivative GV-58 (Tarr et al., 2013; Wu et al., 2018) on cur-
rents mediated by V-Cay2.1 and V-Cay2.1 R1624P. In these ex-
periments, GV-58 (12.5 uM) expectedly slowed deactivation of
V-Cay2.1 (Tgeact = 0.69 * 0.07 ms vs. 5.79 + 0.48 ms before and
during GV-58 application, respectively; P < 0.001; paired t test;
Fig. 5, A and C). GV-58 also augmented step current by shifting
V-Cay2.1 activation to slightly more hyperpolarizing potentials
(1.7 + 1.3 mV vs. -5.7 + 2.8 mV before and during drug applica-
tion, respectively; P < 0.001, paired t test; n = 8, Fig. 5, B and D).
Similar effects on deactivation were observed when GV-58 was
applied to tsA-201 cells expressing V-Cay2.l R1624P (Tgeact =
1.02 + 0.03 ms vs. 4.41 + 0.45 ms before and during GV-58 ap-
plication, respectively; P < 0.001; paired t test; Fig. 5, E and G).
However, the hyperpolarizing shift in activation induced by GV-
58 was approximately three times larger for V-Cay2.1 R1624P
than the shift observed with V-Cay2.1 (27.9 + 2.2 mV vs. 10.8 =
1.9 mV before and during drug application, respectively; P <
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Figure 4. Open-state inactivation of Cay2.1is accelerated by the R1624P
mutation. (A and B) Representative Ba2* currents recorded from tsA-201
cells expressing V-Cay2.1 (A) or V-Cay2.1 R1624P (B) near the peak of the I-V
relationship for either channel. Currents were elicited by 500-ms depolari-
zations from =90 mV to +10 mV (A) and +30 mV (B). In both A and B, half-
times of decay are indicated by the red dot. (C) Summary of half-times of
current decay for V-Cay2.1 (@; n = 10) and V-Cay2.1 R1624P (O; n = 13).
Means and medians are indicated by the dashed and solid black lines of the
boxes, respectively. Boxes represent the 25th/75th percentiles. Bars repre-
sent the 5th/95th percentiles. A significant difference by two-tailed, unpaired
t test is indicated (P < 0.001).

0.001, paired t test; n = 7, Fig. 5, F and H). The consequence of
this shift was that significantly more Ca?* current mediated by
V-Cay2.1 R1624P could be evoked by step depolarizations in the
range of maximal activation of the wild-type channel (Fig. 5, E,
F, and H).

GV-58 increases Ca?* flux via both V-Cay2.1 and V-Ca,2.1

R1624P in response to an action potential-like waveform

The ~25-mV depolarizing shift in activation for V-Cay2.1 R1624P
relative to V-Cay2.1 suggests that the mutant channel will only
be minimally activated by an action potential. To investigate this
idea more rigorously, we evoked Ca?* flux via an action
potential-like voltage-clamp protocol similar to that used by
Bahamonde et al. (2015) to assess flux via heterologously ex-
pressed Cay2.1 channels. Briefly, this stimulus consisted of a 1.0-
ms rising phase from -80 mV to +30 mV followed by a 1.0-ms
decline back to -80 mV (Fig. 6, A and D, top panels). Robust Ca®*
influx via V-Cay2.1 was observed using this protocol (Fig. 6 A).
Specifically, the evoked current reached -4.4 + 0.7 pA/pF in
amplitude (n = 8; Fig. 6 B), and the total charge flux was -2.7 +
0.3 nC/pF (Fig. 6 C). By contrast, V-Cay2.1 R1624P exhibited little
current, as assessed via amplitude (-1.4 + 0.2 pA/pF,n=7; P <
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0.001 vs. that for V-Cay2.1) and flux (-0.7 + 0.2 nC/pF; P < 0.001
vs. that for V-Cay2.1), supporting the idea that the human or-
thologue of V-Cay2.1 R1624P supports little or no Ca®* influx at
presynaptic terminals in response to depolarizations in the
physiological range (Fig. 6, D-F).

Since GV-58 increases channel P, by (1) shifting the voltage
dependence of activation to less depolarizing potentials (Fig. 5, D
and H) and (2) slowing deactivation (Tarr et al., 2013; Wu et al.,
2018; Fig. 5, A-C and G), we investigated whether GV-58 could
enhance Ca?* flux via V-Cay2.1 and V-Cay2.1R1624P in response
to action potential-like stimuli. In regard to V-Cay2.1, GV-58
greatly enhanced both current amplitude by 272.5 + 33.3% and
charge flux by 282.6 + 29.0% (n = 8; both P < 0.001; Fig. 6, A-C).
Current amplitude and charge flux were both increased by GV-
58 in cells expressing V-Cay2.1 R1624P (315.6 + 59.8% and 288.5 +
34.7%, respectively, n = 7; both P < 0.001; Fig. 6, D-F), though the
drug failed to fully rescue channel function.

Discussion

Our results show that the R1624P substitution caused an ~25-
mV depolarizing shift in Cay2.1 activation (Figs. 1 and 2) without
great effect on channel activation kinetics (Fig. 2 D) or deacti-
vation (Fig. 3). The R1624P mutation accelerated inactivation
from the open state during 500-ms step depolarizations (Fig. 4),
but did not appear to affect inactivation following a 100-Hz train
(Fig. S1) or individual 5-s depolarizations (Fig. S2). The primary
implication of these data are that action potentials are likely
insufficient to gate a significant portion of Cay2.1 R1624P
channels. Since Ca?* flux into axon terminals via Cay2.1 is the
trigger for neuromuscular communication (Katz and Miledi,
1967; Turner et al., 1992; Dunlap et al., 1994, 1995; Wu and
Saggau, 1997), the ~25-mV depolarizing shift in activation of
the rat Cay2.l mutant suggests that more frequent synaptic
failure at the NMJ contributes to the hypotonia and muscle
weakness associated with human Cay2.1 R1673P. Likewise, the
ataxia, cerebellar atrophy and developmental delay may poten-
tially be attributed to synaptic failures within the cerebellum
and other regions of the central nervous system where Cay2.1 is
expressed. Our data indicating that Ca®* flux via Cay2.1 R1624P is
reduced in response to an action potential-like stimulus provide
support for this idea (Fig. 6).

The finding that the R1624P mutation profoundly impairs
channel voltage-sensitivity contrasts, at least superficially, with
the observations of an earlier study in which the photoreceptor
response was rescued by the Cay2.1 R1673P mutant in 3-d-old
cacophony (Cay2.1-deficient) Drosophila larvae (Luo et al., 2017).
Multiple explanations could account for the seemingly diametric
effects of the two approaches, including elevated expression
levels of the mutant or compensation from other Drosophila Ca2*
channel isoforms during early larval development. Moreover, it
is unknown whether the R to P substitution at the R5 position in
the cacophony channel causes a similar impediment of gating to
the corresponding mutation in the rat Cay2.1 channel. Needless
to say, further investigation is required to determine how a loss
of function on the molecular level translates to a toxic gain of
function on the organismal level in flies.
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Figure 5. GV-58 promotes Ca%* flux via both Cay2.1 and
Cay2.1 R1624P. (A) Ca?* currents recorded before (1) and
during (2) application of 12.5 uM GV-58 to a tsA-201 cell ex-
pressing V-Cay2.1, B4, and a,8-1. (B) Time course of step current
amplitude before (black filled circles) and during (red filled cir-
cles) GV-58 application. Currents were evoked by the protocol
illustrated in A at 0.1 Hz. Numbers correspond to traces shown
in A. (C) Comparison of Tyeact of V-Cay2.1 tail currents evoked by
repolarization from +10 mV to -40 mV in the absence (black
filled circles) or presence (red filled circles) of GV-58 (n = 8).
(D) Normalized G-V relationships before and during application
of GV-58. Currents were evoked at 0.1 Hz by test potentials

19 0 GV-58 (12.5 uM ) ranging from =50 mV to +90 mV in 10-mV increments. G-V
GV-58 (12.5 uM ) Pl il ) ! )

—~ -1500 __ -1oo0 curves are plotted according to Eq. 2 with the respective pa-
g_ < 200 1 rameters for control and GV-58: Vy; = 1.7 + 1.3 and -5.7 +
= 2000] T " ousas0s0s0000s0u080000 = % 2.8mVand k = 48 + 0.4 and 5.6 + 0.8 mV. (E) Ca?* currents
= 2 = 300 2 recorded before (1) and during (2) application of 12.5 uM GV-58
-2500 -400 to a tsA-201 cell expressing V-Cay2.1 R1624P, B4, and ayd-1.
gp— 500 (F) The corresponding time course. (G) Comparison of V-Cay2.1
o 1 2 3 4 5 0 1 2 3 4 R1624P deactivation upon repolarization from +10 mV to -40
time (min) time (min) mV in the absence (open circles) or presence (red circles) of GV-
C G 58 (n = 7). (H) Normalized G-V relationships for V-Cay2.1
7.5 7.5 R1624P before and during application of GV-58. The respective
. < 0,001 . 6801 G-V fit parameters for control and GV-58 were Vy/, = 27.9 + 2.2
g 5.0 ’ g 5.0 ’ and 10.8 + 19 mV and k = 8.3 + 0.4 and 8.6 + 0.5 mV. For
- —= reference, the G-V curve for wild-type V-Cay2.1 in the absence
g 25 § 55 of GV-58 is shown as a dashed black line. As in Figure 3, tail
[ o currents were fit by Eq. 4. Means and medians in C and G are
5 o indicated by the dashed and solid lines of the boxes, respec-
control 12.5 uM control 12.5 pM tively. Boxes represent the 25th/75th percentiles. Bars repre-
GV-58 GV-58 sent the 5th/95th percentiles. In D and H, error bars represent +SEM.

D H Significant differences by two-tailed, paired t test are indicated.
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While the nameless disorder described by Luo et al. (2017)
shares a genetic basis and some overlapping characteristics with
episodic ataxia type 2 and spinocerebellar ataxia type 6
(Piétrobon, 2010), it is representative of a distinct and growing
family of more severe developmental disorders that are begin-
ning to be revealed more frequently with whole-exome se-
quencing techniques (Blumkin et al., 2010; Romaniello et al.,
2010; Lv et al., 2017; Travaglini et al., 2017). Perhaps the most
relevant example is a proline to leucine substitution at residue
1,353, which resides in the S4 helix of repeat III (Weyhrauch
et al., 2016). This particular mutation, which essentially ab-
lated the ability of Cay2.1 to support Ca®* currents in tsA-201
cells, resulted in a similar syndrome to the one precipitated by
the R1673P mutation; both disorders are characterized not only
by ataxia but also include hypotonia, language deficits, and
global developmental delay. Even though P1353L and R1673P
both cause loss of channel function, the mechanisms by which
they do so seem to differ. The former mutation appears to pre-
vent expression/trafficking of the channel, while the latter
makes the channel far less sensitive to elevations in membrane
potential. Thus, the pathology of P1353L is likely to be a
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test potential (mV)

consequence of haploinsufficiency (Weyhrauch et al., 2016). By
contrast, the ability of the rat equivalent of R1673P to form
functional channels that are efficiently trafficked to the mem-
brane in our expression system suggests that the mutant
channel exerts a dominant-negative effect in vivo by competing
with wild-type Cay2.1 for tightly regulated “slots” at presyn-
aptic terminals (Cao et al., 2004; Cao and Tsien, 2010). In this
regard, the impaired gating of the mutant channel likely di-
minishes synaptic vesicle release probability, as the density of
functional Cay2.1 channels has been found recently to correlate
tightly with synaptic strength at the calyx of Held synapse in
mice (Liibbert et al., 2019).

Impairment of Cay2.1 function has been reported to weaken
neuromuscular transmission in both episodic ataxia type 2 pa-
tients and the leaner mouse model of the disease (Jen et al., 2001;
Maselli et al., 2003; Kaja et al., 2008; Piétrobon, 2010). Similarly,
a zebrafish mutant with a spontaneous tyrosine to asparagine
mutation occurring at position 1,662 of the Cay2.1b isoform was
shown to have greatly impaired mechanically induced escape
responses. The motility impairment was ascribed to the di-
minished frequency and amplitudes of end-plate currents
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Figure 6. GV-58 increases Ca?* flux via V-Cay2.1 and V-Cay2.1 R1624P
in response to an action potential-like waveform. (A and D) Ca?*
currents recorded before (1) and during (2) application of 12.5 uM GV-58 to
tsA-201 cells expressing either V-Cay2.1 (A) or V-Cay2.1 R1624P (D). In
both cases, Ca?* currents were evoked by an action potential-like
waveform similar to that used by Bahamonde et al. (2015). Specifically,
this stimulus consisted of a 1-ms rising phase from -80 mV to +30 mV
followed by a 1-ms decline back to -80 mV (illustrated in A and D, top).
(B and C) Comparison of current amplitudes (B) and total charge flux (C) for
cells expressing V-Cay2.1 in the absence (gray box) or presence (black box)
of GV-58 (n = 8). (E and F) Comparison of current amplitudes (E) and total
charge flux (F) for cells expressing V-Cay2.1 R1624P in the absence (gray
box) or presence (black box) of GV-58 (n = 7). Means and medians are in-
dicated by the dashed and solid lines of the boxes, respectively. Boxes
represent the 25th/75th percentiles. Bars represent the 5th/95th percen-
tiles. Significant differences by two-tailed, paired t test are indicated.

consequential to a reduction of Ca?* flux into the presynaptic
nerve terminal. Swimming behavior and end-plate currents
were both partially rescued by Roscovitine, a compound previ-
ously shown to stabilize the open state of wild-type Cay2.1
channels (Yan et al., 2002; Buraei et al., 2007). This latter ob-
servation prompted us to examine whether Ca2* flux via Cay2.1
R1624P could be rescued to some degree with the higher-affinity
Roscovitine derivative GV-58 (Tarr et al., 2013; Wu et al., 2018).
In these experiments, GV-58 expectedly slowed deactivation of
both the wild-type and mutant channels (Fig. 5). Interestingly,
we also observed that GV-58 caused a 17-mV hyperpolarizing
shift in channel activation of Cay2.1 R1624P, whereas there was
only a 7-mV shift for wild-type Cay2.1. Given the position of the
mutation in the S4 a-helix of repeat IV, this result suggests that
GV-58 is facilitating movement of the RIV voltage sensor

through the membrane field.
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Ca?* channel blockers are currently being employed to combat
Cay2.1 R1673P pathology (Luo et al., 2017). Our data suggest that
therapeutic agents that augment synaptic efficacy should be
considered instead. One such compound, the carbonic anhydrase
inhibitor acetazolamide, has been successful in blunting attacks
of episodic ataxia 2 by increasing cycling of synaptic vesicles
(Chen and Chesler, 1992; Bertone et al., 2017). However, the pa-
tient carrying the Cay2.1 R1673P mutation has been reported to be
nonresponsive to this regimen (Luo et al., 2017). Since acetazol-
amide enhances synaptic efficacy at the level of vesicle cycling, it
is possible that the lack of requisite Ca?* flux into the terminal
upstream from neurosecretion may have precluded its beneficial
effects. In this regard, drugs that increase Cay2.1 P, directly or
prolong action potential duration may represent a better clinical
regimen than drugs that target the vesicle release apparatus.
While Roscovitine seems problematic because of the complexity
of its effects on Cay2.1 and a variety of other ion channels (Yan
et al., 2002; Buraei et al.,, 2005, 2007; Yarotskyy and Elmslie,
2007, 2012), GV-58 is more consistent in its effects and may
hold promise for further development (Tarr et al., 2013; Wu et al.,
2018; S. Tyagi and R.A. Bannister, unpublished results). K*
channel blockers have been approved to treat Lambert-Eaton
myasthenic syndrome, an autoimmune condition in which
Cay2.1 currents are depressed by autoantibodies directed to
Cay2.1 (Garcia and Beam, 1996). In particular, the promotion of
synaptic efficacy through administration of 3,4-diaminopyr-
idine, either alone or in combination with acetylcholinesterase
inhibitors, has proven beneficial (Maddison, 2012).

Our results raise the possibility that an arginine to proline
substitution at residue 1,673 causes a severe neurodevelopmental
disorder by making Cavy2.1 less sensitive to changes in membrane
potential. However, it is important to point out that this con-
clusion is based on observations made with the rat orthologue.
Another unfortunate limitation of our methodology is that we
were unable to investigate the effects of the aforementioned
compounds on motor behavior and synaptic function in the
context of the mutation. Even though our heterologous expres-
sion system is an appropriate vehicle to assess the biophysical
and pharmacological properties of the Cay2.1 R1673P mutant,
there are multiple examples in which results obtained in neu-
ronal cells have diverged from the outcomes predicted by work
in heterologous systems. In particular, gain-of-function muta-
tions in Cay2.1 and Nayl.1 linked to familial hemiplegic migraine
required a neuronal context to fully manifest as such (Tottene
etal., 2002; Cestéle et al., 2013). The results of these latter studies
underscore the need for a vertebrate model as an essential tool
for understanding the fundamental biology of the syndrome
associated with Cay2.1 R1673P and other cases of Cay2.1 loss-of-
channel function, as well as the need to test the clinical suit-
ability of 3,4-diaminopyridine, Roscovitine derivatives, and
other (novel) compounds in combatting this growing family of
severe neurological disorders.
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