Molecular Pharmacology Fast Forward. Published on June 13, 2012 as DOI: 10.1124/mol.112.079715
Molecular Pharmmmmﬂ@ggad?ﬂﬂie&nﬁm@nNethm.amﬁuameefs&nmaim o thi \elsb/mol.112.079715

MOL # 79715

Common mechanisms of drug interactionswith sodium and T-type calcium channels
ChrisBladen and Gerald W. Zamponi

Department of Physiology & Pharmacology, Hotchkiss Brain Institute, University of Calgary,
Canada.

Copyright 2012 by the American Society for Pharmacology and Experimental Therapeutics.

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 13, 2012 as DOI: 10.1124/mol.112.079715
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 79715

Running title: Mixed Nav/Cav3 blockers

Addressfor correspondence: Gerald W. Zamponi Ph.D., FRSC. Department of Physiology and
Pharmacology, University of Calgary, 3330 Hospital Dr. NW, Calgary, AB, T2N 4N1, Canada.

Tel. (403) 220-8687. Email: Zamponi @ucalgary.ca

Number of text pages: 26

Number of tables: 2

Number of figures: 8

Number of references: 36

Number of wordsin Abstract: 210

Number of wordsin Introduction: 508

Number of wordsin Discusson: 412

List of non-standard abbreviations: A803467 [5-(4-chlorophenyl-N-(3,5-

dimethoxyphenyl)furan-2-carboxamide], TTX tetrodotoxin

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 13, 2012 as DOI: 10.1124/mol.112.079715
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 79715

Abstract:

Voltage-gated sodium (Nav) and calcium (Cav) channels play important roles in physiological
processes, including neuronal and cardiac pacemaker activity, vascular smooth muscle
contraction and nociception. They are thought to share a common ancestry and in particular, T-
type calcium channels (T-type) share structural similarities with Nav channels, both with regard
to membrane topology and with regard to gating kinetics, including rapid inactivation. We thus
reasoned that certain drugs acting on Nav channels may also modulate the activities of T-type
channels. Here we show that the specific Nav1.8 blocker A803467 tonically blocks T-type
channelsin the low micromolar range. Similarly to Nav1.8, this compound causes a significant
hyperpolarizing shift in the voltage dependence of inactivation and appears to promote a slow
inactivation-like phenotype. We further hypothesized that the structural smilarity between T-
type and Nav channels may extend to structurally similar drug binding sites. Sequence alignment
revealed several highly conserved regions between T-type and Nav channels that corresponded
to drug binding sites known to alter voltage-dependent gating kinetics. Mutation of amino acid
residues in this regions within human Cav3.2 T-type channels altered A803467 blocking affinity
several-fold, suggesting that these sites may be exploited for the design of mixed T-type and Nav
channel blockers that could potentially act synergistically to normalize aberrant neuronal

activity.
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Introduction:
Nav channels mediate the induction and propagation of action potentials in most electrically
excitable cells (Yu and Catterall, 2004). The mammalian genome encodes nine different types of
Nav a subunits that are functionally classified as either tetrodotoxin-sensitive (TTX-S) or
tetrodotoxin-resistant (TTX-R), with the latter exhibiting slower inactivation kinetics than other
Nav channel subtypes (Waxmann et al., 1999; Blair and Bean, 2002). The various Nav channel o
subunits share a common transmembrane topology of four homologous domains that each
contain six membrane spanning helices plus a p-loop. While the a subunits define the Nav
channdl isoform and contain all of the machinery to form a sodium selective voltage activated
channdl, their functional properties are modulated by association with ancillary f1 and 2
subunits (for review see Isom, 2001). Mutations in various Nav channel subunits have been
linked to disorders such as paramyotonia congenita, cardiac arrhythmias, epilepsy and both
hypersensitivity and insensitivity to pain, thus underscoring their importance for nerve, muscle
and heart function (Catterall et al., 2008; Jarecki et a., 2010).

Low-voltage-activated (LVA) i.e., T-type channels, trigger low-threshold depolarizations
that in turn lead to the initiation of action potentials (Bender et a., 2011; Cain and Snutch, 2010).
These channels can be activated by small membrane depolarizations and display a small single
channe conductance and compared to other Cav channel subtypes, they display rapid activation
and inactivation kinetics (Perez-Reyes, 2003). T-type channels are encoded by one of three
different types of Cav3 al subunits (Cav3.1, Cav3.2 and Cav3.3) whose membrane topology is
similar to that of Nav channels (Catterall et al., 2005). Mutations in Cav3.2 T-type channels have
been linked to absence seizures (Heron et al., 2007; Khosravani and Zamponi, 2006). Moreover,

upregulation of Cav3.2 T-type channd activity in primary afferent fibers has been linked to the
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development of chronic pain (for review see Altier and Zamponi, 2004; Park and Luo, 2010) and
T-type channd dysfunction contributes to cardiac hypertrophy (Cribbs, 2010; David et al., 2010).
Altogether, Nav channels and T-type channels both contribute to neuronal excitability and to
similar disorders such as epilepsy and pain. Indeed, knockout of Nav1.8 and Cav3.2 both result
in hyposensitivity to pain (see Wang et al., 2011; Cregg et al., 2010 for reviews), suggesting the
possibility that mixed Nav/T-type channel blockers may be a possible strategy for the
development of new analgesics (Hildebrand et al., 2010). Recently, a new inhibitor of Nav1.8
channds, A803467, has been shown to be efficacious in animal pain models (M cGaraughty et
al., 2008). Theinteraction site of A803467 on the Nav channel complex is unknown, but its
mode of action appearsto be preferential binding to the slow inactivated state of this channel
(Jarviset a., 2007).

Here we show that A803467 inhibits T-type channels in the low micromolar range and
mediates a hyperpolarizing shift in the voltage dependence of activation and inactivation. In
addition, the compound promotes a slow inactivation-like phenotype. Sequence alignment
between T-type and Nav channels and their local anesthetic interaction site identified key

residues involved in the blocking action of this compound on T-type channels.
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Materialsand Methods:

CDNA Congtructs. Human Cav3.2, rat Cav1.2, and rat Cav2.1 cDNA constructs, aswell as
ancillary Cav channel subunit cONAs were kindly provided by Dr. Terrance Snutch (University
of British Columbia, Vancouver, Canada). Human Cav3.3 was obtained from Dr. Arnaud
Monteil (CNRS, Montpelllier, France), and human Cav3.1 was described previously by our

laboratory (Beedle et al., 2002).

Site-Directed Mutagenesis. Site-Directed Mutagenesis was performed using the QuikChange
1™ Site-Directed Mutagenesis Kit and protocols from Agilent Technologies Inc. Mutations

were then verified by on-site sequencing of the full length cDNA clone.

Chemicals. Unless stated otherwise, chemicals were purchased from Sigma (St. Louis, MO).
A803467 was purchased from Tocris Bioscience (Ellisville, MO) and was dissolved in dimethyl
sulfoxide (DM SO) at the stock concentrations of 10 mM or 30 mM. Dilutions were madein
external recording solutions so that the final concentration of DM SO was 0.1% or less. Cav

channel currents were not affected by 0.1% DM SO.

tsA-201 Cell Culture and Transfection. Human embryonic kidney tsA-201 cells were cultured
and transfected using the calcium phosphate method as described previoudly (Altier et al., 2006).
Enhanced green fluorescent protein (EGFP) DNA (0.5 pug of EGFP; Clontech) was transfected as
amarker. For experiments involving L- and P/Q type channels, rCav1.2 or rCav2.1, ol subunits
(3 ng), were each co-transfected with rat B1b (3 pg) or rat B4 (3 pg ). For experimentsinvolving

T-type channels, hCav3.1, hCav3.2, and hCav3.3, alsubunits were transfected alone (6 j1g).
6
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Cdlls were resuspended with 0.25% (w/v) trypsin-EDTA (Invitrogen) and plated on glass cover

dlipsaminimum of 3 to 4 hours before patching and kept at 37°C and 5% CO2.

Electrophysiology. Whole-cell voltage-clamp recordings on tsA- 201 cells were performed at
room temperature 2 to 3 days after transfection. The external recording solution for calcium
channel recordings contained (in mM): 142 CsCl, 2 CaCl,, 1 MgCl,, 10 HEPES, 10 Glucoss,
adjusted to pH 7.4 with CsOH. The external recording solution for hCav3.2 Q1848 mutations
and their hCav3.2 wild type controls contained 124 Cscl, 20 BaCl,, 1 MgCl,, 10 HEPES, 10
Glucose, adjusted to pH 7.4 with CsOH. For all recordings, the internal patch pipette solution
contained (in mM): 126.5 CsMeSO,, 2 MgCl,, 11 EGTA, 10 HEPES adjusted to pH 7.3 with
CsOH. The internal solution was supplemented with 0.6 mM GTP and 2 mM ATP, which were
added directly to the internal solution immediately before use. Liquid junction potentials for the
above solutions were left uncorrected.

Drugs were prepared daily in external solution and were applied locally to cells with the
use of a custom built gravity driven microperfusion system that allows solution exchanges in
approximately 1 second (Feng et al., 2003). A series of vehicle only control experiments was
performed to ensure that there were no time dependent shiftsin half-activation and half-
inactivation potentials, and no such changes were observed (data not shown). Currents were
elicited from a holding potential of -110 mV and were measured by conventional whole-cell
patch clamp using an Axopatch 200B amplifier in combination with Clampex 9.2 software
(Molecular Devices, Sunnyvale, CA). After establishment of the whole cell configuration,
cellular capacitance was minimized using the analog compensation available on the amplifier.

Series resistance was <10 MQ and was compensated >85% in all experiments. Data were filtered
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at 1 kHz (8-pole Bessel) and digitized at 10 kHz with a Digidata 1320 interface (Molecular
Devices). In addition to collecting the raw data, a p/4 online leak-subtraction protocol was used
(the p/4 protocol involved four very brief hyperpolarizing pulses which should have anegligible
effect on drug interactions). Non leak subtracted currents were acquired in parallel for quality
control purposes. For current-voltage relation studies, the membrane potential was held at -110
mV and cells were depolarized from -90 to 20 mV in 10 mV increments. For steady-state
inactivation studies, the membrane potential was depolarized by test pulsesto -30 mV after 3.6-s
conditioning prepulses ranging from -110 to -20 mV. Individual sweeps were separated by 10
seconds to allow for complete recovery from inactivation between conditioning pulses. The
current amplitude obtained from each test pulse was then normalized to that observed at a
holding potential of -110 mV. For slow inactivation studies channels were assessed using atest
pulse (P2) that followed a 10-s conditioning prepulse of between -70 or -80mV to dicit a peak

current amplitude that was approximately 50 to 60% of the initial test pulse (P1).

Data Analysis and Statistics. Data were analyzed using Clampfit 9.2 (Molecular Devices).
Preparation of figures and curve fitting was carried out with Origin 7.5 software (Northampton,
MA, USA). Current-voltage relationships were fitted with the modified Boltzmann equation: | =
[ Grax® (Vim-Erev) /[ 1+ eXp[(Vo.5ac-V m)/Ka], Where Vi, is the test potential, Vo sac 1S the half-
activation potential, E,e, isthe reversal potential, Grax IS the maximum slope conductance, and ks
reflects the slope of the activation curve. Data from concentrati on-dependence studies were fitted
with the equationy = A2 + (A1-A2)/(1 + ([C]/ICs0)") where A; isinitial current amplitude and A,
isthe current amplitude at saturating drug concentrations, [C] is the drug concentration and nis

the Hill coefficient. Statistical significance was determined by paired or unpaired Student’ s t-
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Tests and one-way or repeated measures ANOV A followed by Tukey’s Multiple Comparison
tests and significant values were set as indicated in the text and figure legends. All data are given
as means +/- standard errors. Steady-state inactivation curves were fitted using the Boltzmann
equation: | =1/(1 + exp[(Vm-V1)/S] where V;, is the half-inactivation potential and Sisthe slope

factor.
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Results:

A803467 blocks T-type channels

A recent study identified a novel compound (A803467) as a specific and potent blocker of TTX-
R hNav1.8 channels (Jarvis et al., 2007). Given that T-type channels share structural similarities
with Nav channels, we examined whether this compound may affect T-type channels at both
therapeutic plasma and brain tissue concentrations (10 to 17 uM and 3 to 5 UM, respectively,
Jarvis et a., 2007). Figures 1A and 1B illustrate the effect of 5 uM A803467 on human Cav3.2
channels expressed transiently in tsA-201 cells at a holding potential of -110 mV. As evident
from the figure, this compound mediated robust peak current inhibition that could be partially
reversed upon washout. The concentration dependence of this type of tonic (i.e., resting state)
block could be well described by a Hill coefficient closeto 1 (Figure 1C), suggesting a
bimolecular interaction between the channel and the blocker. We then examined the calcium
channel subtype selectivity of A803467 (Figure 1D) and found that all LV A sub-types were
blocked with IC50s in the low micromolar range, whereas two representative members of the
high voltage activated (HVA) channel family (i.e., L- and P/Q type channels) exhibited lower
affinities (i.e., higher IC50 values). A previous study has shown that this drug does not show
significant block of N-type calcium channels, TRPV 1, KCNQZ2/3 potassium channels and other
channels or receptors found in peripheral sensory neurons (Jarvis et al., 2007).

Unlike what has been reported for hNav1.8 channels (Jarvis et al., 2007), we observed a
significant hyperpolarizing shift in the half-activation voltages of both Cav3.1 and Cav3.2
channels (Figure 2). There was also atrend towards more hyperpolarized voltages for hCav3.3,
however, these did not reach statistical significance (see Table 1). Application of A803467 to T-
type channels also resulted in a significant (~10mV) hyperpolarizing shift in the half-inactivation

10
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potentials of hCav3.1 and hCav3.2 (see Figure 2C, 2D) similar to that described previously for
hNav1.8 channels (Jarvis et a., 2007). The |leftward shift in the steady state inactivation curveis
consistent with inactivated channel block (Hille, 1977).

Altogether, these data indicate that A803467 mediates both resting channel inhibition and

inactivated channel block of T-type channels.

AB03467 block promotes a slow inactivation-like state of hCav3.2

Previous studies have identified slow inactivation channel blockers of Navs (Sheets et al., 2008),
aswell as mixed sodium/T-type channel blockers which stabilize the slow inactivated
conformation of these channels (Hildebrand et al., 2010). To determine whether A803467 may
mediate a similar action on T-type channels, we used a slow inactivation protocol to induce a
partial slow inactivated-like state of the channel. Specifically, we applied a brief test
depolarization (P1) prior to a 10 s conditioning pulseto -70 mV which is expected to induce both
fast and slow inactivation. This was followed by a brief hyperpolarizing step to induce recovery
from fast inactivation of non drug-bound channels. A second depolarizing test pulse (P2) allowed
us to determine the fraction of channels in the slow inactivated-like state (under our experimental
conditions, this amounted to about 30% slow inactivation in the absence of the drug). The dose-
dependent effects of A803467 on the currents dicited by P1 and P2 were then compared to
ascertain the amount of resting vs. slow inactivated-like channel block. As shown in Figure 3,
hCav3.2 channels A803467 induced channel inhibition that resembled features of enhanced slow
inactivation, as evident from areduction in the IC50 of P2 current inhibition. In contrast, the
hCav3.1 and hCav3.3 channels did not show stabilization of the slow inactivated-like channel

conformation. The combined effects of A8023467 on different kinetic states of hCav3.2 channels
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predicts substantial total/combined inhibition of Cav3.2 currentsin the high nanomolar to the

low micromolar range which is well within the therapeutic range of A803467.

A locus analogous to the Nav local anesthetic binding site controls A803467 block of Cav3.2

Given the structural similarity between T-type and Nav channels, we hypothesized that
the drug binding site on these two types of channels may be conserved. Sodium channels possess
multiple drug interaction sites, including a receptor site for binding of local anesthetics and
anticonvulsive drugs (Lipkind and Fozzard, 2005). A key locus for local anesthetic block of Nav
channels was first identified by Ragsdale and colleagues (1994). The authors revealed that
tyrosine (Tyr) 1771 and phenylalanine (Phe) 1764 in Nav1.2 were important determinants of
local anesthetic block of Nav1.2 channels and that mutagenesis of these two residues (especially
reside 1764) resulted in areduction in etidocaine blocking affinity for the channel. In hCav3.2
channdls, the residue equivalent to these two residues are valine and glutamine (Figure 4)
indicating that one key component of the local anesthetic binding siteis absent in T-type
channels. However, Y arov-Y arovoy and colleagues (2001, 2002) identified several amino acid
residuesin the IS6 and 111 S6 segments of the Nav 1.2 o subunit that also affected drug
interactions. These authors showed that in addition to residue Tyr 1771 and Phe 1764,
mutagenesis of isoleucines (Ile) 409 and 1469 reduced local anesthetic interactions. Clustal\W2
multiple sequence alignment of hNav1.8 versus hNav1.2 and hCav 3.2 revealed that these
regions were highly conserved in these channels (see Figure 4). The corresponding loci of these
residuesin Cav3.2 are lle 403 and Val 1551, indicating that Cav3.2 channels may possess some

of the structures needed for local anesthetic interactions.
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To determine whether these residues may be involved in AB03467 interactions with
hCav3.2, we replaced lle 403 and Va 1551 with alanines and then assessed A803467 block of
these mutant channels. As shown in Figure 5, these amino acid substitutions resulted in a
significant decrease in A803467 blocking affinity for hCav3.2 (by over one order of magnitude
for the 111S6 substitution). This effect was not secondarily due to reduced slow inactivation, as
the only gating parameter that was significantly altered was a shift in half-activation voltage of
the 1403A mutant (see Table 2).

Next, we tested whether these mutations affected the ability of A803467 to enhance slow
inactivation of hCav3.2. As shown in Figure 6, the A803467-induced stabilization of a slow
inactivated like state of the wild type channel was abolished in the two mutant channels.

To further support the hypothesis that alocus analogous to the sodium local anesthetic binding
site controls A803467 block of Cav3.2, we introduced a tyrosine residue in position V1855 of
Cav3.2 (corresponding to Tyr 1771 in hNavl.2) and determined the consequences on A803467
block of hCav3.2 (Figure 7). The introduction of Tyr 1855 significantly increased A803467
resting state blocking affinity by approximately four-fold (Figure 7A) and preserved the ability
of the compound to stabilize the fast inactivated state (Figure 7B). Furthermore, we observed a
significant increase in blocking activity in response to the slow inactivation pulse paradigm, as
evident from areduction in the IC50 during P2 (Figure 7C). Unlike substitutions in positions 403
and 1551, tyrosine substitution of residue 1855 induced a ~10 mV depolarizing shift in the
voltage dependences of activation (not shown) and inactivation (Figure 7B), indicating that this
locusisimportant for channel gating.

Finally, we mutated the glutamine residue in position 1848 of hCav3.2 to the

phenylalanine found in the corresponding position in Nav1.2 channels (Ragsdale et al., 1994; see
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Figure 4). In addition we also substituted this residue with another hydrophobic residue leucine.
When expressed in tsA-201 cells, both mutants yielded T-type currents, albeit with much
reduced whole cell current amplitudes compared to those seen with wild type channels. In fact,
reliable current recordings required us to increase the ionic strength of the extracellular recording
solution to 20 mM barium. Under these conditions, we were at least able to test the ability of
A803467 to mediate tonic (resting) blocking affinity. As shown in Figure 8, the compound
exhibited atwenty-fold increase in affinity for the phenylalanine mutant, and aten-fold increase
for the leucine mutant compared with wild type channels bathed in the same barium solution. In
both mutants, block was completely reversible upon washout, (not shown).

Altogether, these data indicate that both tonic and slow inactivated-like channel block of
Cav3.2 channels by A803467 is mediated by interactions of this compound with residues that are

analogous to those comprising the local anesthetic receptor site in Nav channels.
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Discussion:

A803467 was originally identified as potent inhibitor of hNav1.8 channels with a mode of action
that appearsto involve at least in part a stabilization of the slow inactivated state (Jarvis et a,
2007). Furthermore, this compound was shown to reduce neuropathic and inflammatory pain in
animal models (McGaraughty et al., 2008). Here, we demonstrate that A803467 also blocks T-
type channels with high affinity, with IC50’ s that fall into the range of therapeutic concentrations
and that block of the Cav3.2 channel subtype appears to stabilize slow inactivation. The
similarities between Nav1.8 and Cav3.2 channel inhibition by this compound are striking and
underscored by the observation that mutations in Cav3.2 in regions corresponding to the local
anesthetic interaction site in sodium channels antagonize A803467 action. Altogether, our
findings suggest evolutionarily conserved interactions between A803467 and related drugs with
Nav and LVA Cav channels.

Both hNav1.8 and T-type Cav3.2 channels are functionally expressed in both nociceptive
DRG and laminal spinal cord neurons (Hildebrand et a., 2010; Ikeda et al., 2003) and are
known to regulate their excitability. Hyperfunction of both channel subtypes has been linked to
the development of hyperalgesia and allodyniain various animal models of pain (Ikeda et al.,
Barton et a., 2005 and Cummins et a., 2007). Conversely, knockout or inhibition of T-type or
Nav channels mediates analgesia (Bourinet et al., 2005 and Choi et al., 2007).

Given the potent blocking effects of A803467 on Cav3.2 channels, it is possible that the
previously reported effects of this compound on AP firing in DRG neurons and the associated
analgesiamay be at least in part mediated by T-type channel inhibition. Given that Nav and Cav
work together to prolong subthreshold depolarizations within lamina | neurons (Prescott et al.,

2002; Ikeda et al., 2003 and Hildebrand et al., 2010), adual action of A803467 may promote a
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synergistic inhibition of pain signaling. Slow inactivation is significantly enhanced during
prolonged depolarizations or during neuronal burst firing. Promotion of a slow inactivated like
state of both channel subtypes may thus mediate frequency dependent inhibition of channel
activity and therefore reduce overall neuronal excitability. Reduction in neuronal excitability
may make compounds such as A803467 ideally suited towards treatment of neuronal
hyperexcitability disorders including pain and may perhaps be extended to conditions such as
epilepsy. The apparent conservation in the drug receptor site between Nav and Cav3.2 channels
may provide an opportunity for the synthesis of more potent antagonists acting on both of these

channel subtypes.
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Figurelegends:

Figure 1. Tonic block of voltage-gated calcium channels by A803467. A. Representative current
trace recorded from Cav3.2 channels transiently expressed in tsA-201 cells before and after
application of 5 uM A803467. Currents were dlicited by stepping from a holding potential of -
110 mV to atest potential of -30 mV. B. Representative time course of development of and
recovery from A803467 block. C. Ensemble dose response curve for tonic Cav3.2 channel
inhibition by A803467. The solid lineisafit viathe Hill equation. D. IC50s for tonic A803467
block of rat HVA and human LV A calcium channels. Data were obtained by fitting dose-

response curves for each channel subtype (n=6 per channel). Error bars reflect standard errors.

Figure 2. A,B, Current voltage relations recorded prior and after application of 5 uM A803467
to hCav3.1 (A) or hCav3.2 (B) channels. Data from multiple paired experiments are included in
each figure. C,D, Steady State inactivation curves for hCav3.1 (C) and hCav3.2 (D) channelsin
the absence (Control) and presence of 5uM A803467. Note the negative shift in half inactivation
potential in the presence of A803467. The data were fitted with the Boltzmann equation, half
inactivation potentials obtained from the fits were as follows: hCav3.1: control -74 mV, drug -84

mV; hCav3.2: control -64 mV, drug -71 mV.

Figure 3. Summary of 1C50s for A803467 block of Cav3 channel subtypesin apartial sSlow
inactivated state. Theinset shows the whole cell voltage command protocol used to induce slow
inactivation (i.e., atest pulse P1, followed by a 10 s conditioning pulseto -70 mV, a brief
hyperpolarization to remove fast inactivation, and a second test pulse P2 to determine the

fraction of slow inactivated channels). Note that only Cav3.2 channels display a decrease in
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IC50 for A803467 inhibition during P2, indicating a selective increase of A803467 affinity for

slow inactivated Cav.3.2 channels (*p < 0.05, Student’s T-test).

Figure 4. Sequence alignment of the local anesthetic binding regions in Nav channels with the
analogous regions in hCav3.2. Residues involved in local anesthetic binding to Nav channels are
indicated in bold. Note the overall degree of sequence similarity between T-type channels,
sodium channels and the NavAb bacterial sodium channel whose crystal structure has recently

been resolved.

Figure 5. Summary of 1C50s for tonic A803467 block of wild type (Wt) and mutant Cav3.2
channds. Currents were elicited by stepping to atest potential of -30 mV from a holding

potential of -110 mV. Significance was assessed using ANOVA (**p < 0.01)

Figure 6. IC50 values for A803467 block of slow inactivated Cav3.2 channels using the same
protocol as that described in Figure 3 except holding potential was stepped to -80 mV. Note that
the mutant channels do not show an increase in blocking affinity for the slow inactivated state

(*p < 0.05, t-test).

Figure 7. Effect of atyrosine substitution in position 1855 of hCav3.2. A. IC50 for tonic
A803467 of Wt and mutant V1855Y (*p < 0.05, t-test). B. Steady state inactivation curves
recorded in the presence and the absence of 5 uM A803467. Note the hyperpolarizing shift from
-58 mV to -64 mV. For comparison, the inactivation curve of the Wt (Control) channel is

included. C. Dose dependence of slow inactivated channel block of mutant hCav3.2 V1855Y
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expressed as the fractional current at various drug concentrations. The inset depicts the IC50 for
P1 vs P2 slow inactivated channel block by A803467 using same protocol as described in Figure

3. Note that the Tyrosine substitution produces submicromolar block by this compound.

Figure 8. Summary of 1C50s for tonic A803467 block of wild type (Wt) and mutant Q1848L
and Q1848F hCav3.2 channels. Currents were elicited by stepping to atest potential of -20 mV
from a holding potential of -110 mV. Asterisks denote statistical significance relative to control
(**p<0.01). All recordingsin thisfigure were performed in 20 mM Barium due to the small
current amplitudes of the mutants. IC50 values were obtained by fitting dose response curves
with the Hill equation as described in Figure 1. Both substitutions in position 1848 produced

submicromolar block by this compound.
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Table 1.
Calcium V, sact (mV) Vg sact (mV) Vh (mV) Vh (mV) 1C50 Tonic
Channel Con Drug Con Drug (M)
hCav3.1 -50.3 1.6 -60.0 +1.6* -74 0.9 -84 +1.8* 4.8
N=5 N=5 N=5 N=5 N=6
hCav3.2 44.3 +1.4 -52.1+1.2* -64.2 £0.93 -71£0.45** 7.0 £0.51
N=7 N=7 N=5 N=5 N=6
hCav3.3 -47.8 £1.6 -50.0 £2.7 =79 11.7 -83 1.6 5.6
N=6 N.S. N=6 N=9 N.S. N=9 N=6
rCav2.1 -15.8 1.3 -2511.4 N.A. N.A. 15.0
N=5 N=5 N=6
rCavl.2 50.0
N=6

MOL # 79715

Biophysical parameters of HVA and LV A calcium channels in the absence and the presence of

AB03467. Asterisks denote statistical significance relative to control (*p<0.05, **p<0.01, N.S. —

not significant).
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Table 2.
Calcium Vg sact E ey Gmax Vh 1C50 Tonic
Channel {(mV) {mV) (ns) (mV) {(uM)
hCav3.2 -443+1.4 27.3+0.7 -1.9+0.08 -64.2 £0.93 7.0+0.51
N=7 N=7 N.S N=7 N.5. N=5 N=6
hCav3.2 -54.0+1.8*% 20.3+1.8*% -1.7 £0.09 -63.8 +0.87 20.0£1.5**
1403A N=11 N=11 N.SN=11 N.S. N=6 N=6
hCav3.2 -47.0%x1.1 23.8%1.5 -1.9*0.06 -67.0+£0.98 40.0 £3.1**
V1551A N.S. N=13 N.S. N=13 N.SN=13 N.S. N=6 N=6
hCav3.2 -29.64+2.1* 14.64 +2.1* -3.9+0.14* -58.4+0.56* 1.8+0.41*
V1855Y N=14 N=14 N=14 N=6 N=6

MOL # 79715

Biophysical parameters of wild type and mutant hCav3.2 calcium channels. Asterisks denote

statistical significance relative to wild type (* p<0.05, **p<0.01, N.S. — not significant).
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