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Human cardiac potassium channel DNA
polymorphism modulates access to drug-
binding site and causes drug resistance

Benoit Drolet,! Chantale Simard,! Laura Mizoue,2 and Dan M. Roden'

Division of Clinical Pharmacology, Departments of Medicine and Pharmacology, 2Department of Biochemistry and the
Vanderbilt Center for Structural Biology, Vanderbilt University School of Medicine, Nashville, Tennessee, USA.

Expression of voltage-gated K* channel, shaker-related subfamily, member 5 (KCNAS) underlies the human
atrial ultra-rapid delayed rectifier K* current (Ixu). The KCNAS polymorphism resulting in P532L in the C ter-
minus generates Ik, thatis indistinguishable from wild type at baseline but strikingly resistant to drug block.
In the present study, truncating the C terminus of KCNAS generated a channel with wild-type drug sensitivity,
which indicated that P532 is not a drug-binding site. Secondary structure prediction algorithms identified a
probable o-helix in P532L that is absent in wild-type channels. We therefore assessed drug sensitivity of Ixy,
generated in vitro in CHO and HEK cells by channels predicted to exhibit or lack this C-terminal a-helix. All
constructs displayed near-identical Ik, in the absence of drug challenge. However, those predicted to lack the
C-terminal a-helix generated quinidine-sensitive currents (43-51% block by 10 uM quinidine), while the cur-
rents generated by those constructs predicted to generate a C-terminal o-helix were inhibited less than 12%.
Circular dichroism spectroscopy revealed an a-helical signature with peptides derived from drug-resistant
channels and no organized structure in those associated with wild-type drug sensitivity. In conclusion, we
found that this secondary structure in the KCNAS5 C terminus, absent in wild-type channels but generated by a
naturally occurring DNA polymorphism, does not alter baseline currents but renders the channel drug resis-

tant. Our data support a model in which this structure impairs access of the drug to a pore-binding site.

Introduction

Expression of voltage-gated K* channel, shaker-related subfam-
ily, member 5 (KCNAS) generates a potassium current with the
characteristics of the ultra-rapid delayed rectifier K* current (Ixur),
an important component of the electrophysiology of the human
atrium (1-3). While the commonest arrhythmia currently treated
with antiarrhythmic drugs is atrial fibrillation, affecting up to
5,000,000 Americans, available drugs often cause side effects and
in particular the occasional generation of unwanted ventricular
arrhythmias (4, 5). Because KCNAS expression in human heart is
confined to the atrium and Ik, is recorded in atrial but not ven-
tricular cells, this gene product has become an attractive target for
development of drugs to treat atrial fibrillation (6, 7).

We have recently screened the KCNAS gene for polymorphisms
in a panel of 180 ethnically identified, but otherwise anonymized,
individuals (8). A nonsynonymous coding region single nucleotide
polymorphism (cSNP), resulting in P532L in the C terminus of the
channel, was identified in 1.1% of African Americans. Although cur-
rent generated by a P532L KCNAS construct was nearly identical to
wild-type Iku, the channel was strikingly less sensitive to block by
the antiarrhythmics quinidine and propafenone: the ICs for cur-
rent through wild-type channels was 8.4 uM, while that for P532L
was 133 uM (8). This result was entirely unexpected, as a drug-bind-
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ing site has previously been identified in the S6 region of this chan-
nel (9), as it has in other voltage-gated ion channels (10-12).

Results

In our initial report (8), we showed that wild-type and P532L
channels displayed near-identical activation and deactivation
characteristics but that 10 uM quinidine blocked wild-type cur-
rent by 49.6% + 7.5% and P532L current by 7.3% + 2.1%.

These data were obtained in transfected CHO cells studied at
room temperature. Accordingly, we have conducted further experi-
ments to demonstrate that these differences are not confined to
a narrow set of specific experimental conditions. When wild-type
and P532L channels were studied at 37°C (Figure 1, A and B) in
CHO cells, the same result was obtained: baseline currents were no
different, but 10 uM quinidine resulted in 50% block of wild-type
current and less than 10% block of PS32L current. We also conduct-
ed the same experiment in human embryonic kidney (HEK) cells.
Figure 1, C and D, shows that wild-type and P532L currents dis-
played very similar characteristics at baseline, but that, again, PS32L
current was much less sensitive to drug. Table 1 presents summary
data: at baseline, there was no significant difference between wild-
type and P532L current in amplitudes, the voltage dependence
of activation, or the activation time constant and only a minor
difference in the fast time constant for deactivation. However,
while 10 uM quinidine blocked wild-type current by 50.4% + 4.4%,
P532L current was suppressed by only 8.0% + 2.2%.

P532L is not a cryptic drug-binding site

One possible mechanism underlying resistance to drug block by
P532L is direct participation of the proline or adjacent residues in
drugbinding. Two lines of evidence strongly argue against this idea.
Volume 115 2209
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A WT B P532L Figure 1
Electrophysiology and drug sensitivity of wild
Baseline type (left panels) and P532L (right panels). (A)
Quinidine (10 pM)  Wild-type activating current in CHO cells at +50
Baseline mV and tail current at —30 mV at baseline and
after a 20-minute exposure to quinidine 10 uM
at 37°C. (B) P532L studied under the same
< Quinidine (10 uM) conditions as described for A. (C) Wild-type
c activating current in HEK cells at +50 mV and
- < tail current at =30 mV at baseline and after a
N 20-minute exposure to quinidine 10 uM at room
250 ms temperature. (D) P532L studied under the same
conditions as described for C.
c HEK cells D P532L
Baseline Baseline
Quinidine (10 uM)
Quinidine (10 uM)
< <€
o \ <
[aV] [aV] S
250 ms

First, the electrical distance () for the drug-binding site in
wild-type and P532L channels was nearly identical (wild-type,
0.22 £0.01 versus P532L,0.23 + 0.02; P= 0.81; Figure 2), which indi-
cates that the site at which drug blocks the channel is located ata
similar “depth” within the pore for the 2 channels, approximately
22% within the electric field, which is similar to previously report-
ed values (13, 14). Second, we determined drug sensitivity of a con-
struct in which the entire C terminus distal to position 527 was
truncated (AC-termsz;). As shown in Figure 3A, AC-terms;; KCNAS
displayed wild-type activation, deactivation, and drug sensitiv-
ity. Therefore, the proline at position 532 (absent in AC-terms;7)
is not required for drug block of the channel.

A predicted structural feature in the C terminus
In silico analysis of the C terminus suggested that substitution of
any amino acid except glycine at position 532 would generate an
a-helix, as would deletion of the proline at this position (AP532).
Drug block at a series of point mutations at this position in addi-
tion to circular dichroism (CD) spectroscopy were used to test the
hypothesis that generation of an a-helix in this region modulates
drug binding and channel blockade.

Drug block in P532 point mutations. First, current inhibition by
quinidine was assessed in CHO cells in a series of P532 mutant
channels. Substitution of alanine, glutamate, methionine, or ser-

Table 1
Wild-type and P532L KCNAS5 in HEK cells

ine or deletion of the proline at position 532 (AP532) were pre-
dicted to generate an a-helix in this region, whereas P532G was
not. Table 2 shows that in the absence of drug, all 7 constructs
tested (including AC-terms,7) exhibited similar in vitro properties,
including current magnitude, the voltage at which half maximal
current was activated, and time constants for activation, with
minor differences in the time constants for deactivation; these are
very similar to the values we previously reported for wild-type and
P532L current (8). The effects of quinidine were determined at a
concentration of 10 uM, which blocked wild-type current by 50%.
The 5 constructs predicted to generate an a-helix in this region
behaved just as P532L had: there was minimal (<12%) current inhi-
bition. Representative data for 3 of these are shown in Figure 3,
B-D. By contrast, current generated by P532G was inhibited 44%,
and as discussed above, current generated by AC-terms, also pre-
dicted to lack an a-helix was inhibited 51%.

CD spectroscopy. CD spectroscopy was performed on 4 peptides
of 29- to 30-amino acid length centered on position 532. As
shown in Figure 4, the peptide derived from the wild-type chan-
nel showed no evidence of organization, whereas that corre-
sponding to P532L demonstrated a clear structure, compatible
with the presence of an a-helix. The P532G peptide, predicted
to lack an a-helix and exhibiting wild-type quinidine sensitiv-
ity, also displayed no evidence of organization. By contrast, the

Activating current  Vq; activation Tactivation fast at  Tactivation SIow at T ion fast T slow Ikur block by 10 uM

at +50 mV (pA/pF) (mV) +50mV (ms)  +50 mV (ms) at-30 mV (ms)  at-30 mV (ms) quinidine (%)
Wild-type 402 + 41 -6.02 +1.47 1.46£0.18 712117 13.80 £ 1.30 57.22 +3.77 50444
P532L 396 + 39 -6.40 +1.98 1.46 £0.19 6.69 + 0.58 5.74 + 0.68 49.32+7.35 8.0x22

Activating current is steady-state current measured at the end of a depolarizing pulse to +50 mV (n = 4 each). Tacivation fast and slow were measured using a
depolarizing pulse to +50 MV. Tgeactivation fast and slow were measured from the tail current obtained at —30 mV, after a depolarizing pulse to +50 mV. pA/pF,

picoAmpere per picoFarad.
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nel a-subunit at 25-A resolution (16) revealed a larger
membrane-embedded domain and a smaller cytoplasmic
domain, conjoined by 4 thin connectors resembling a
“hanging gondola” (17). The volume of the cytoplasmic
domain appeared sufficiently large to accommodate both
the N-terminal T1 domain and part of the C-terminal
region, which is again compatible with the intramolecu-
lar interaction observed in our study; subsequent studies
suggested that the K,f-2 subunit interacts with the C ter-

A WT B P532L
1.0 1.04
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Q Q
S ke
O e
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Figure 2

Calculation of 8. (A) Voltage dependence of wild-type KCNA5-mediated cur-
rent inhibition by quinidine 10 uM (near the I1Cso). Current at the end of voltage
steps in the presence of drug (/png) Was normalized to matching control current
(Icontror) @nd converted to normalized block (1 — Iprg//contro). Below —20 mV, the
ratio was undefined (small or no current). The dotted line represents the voltage
dependence of Kv1.5 activation. V,, indicates membrane voltage; open symbols
represent steep voltage dependence of block coinciding with channel activation,
and closed symbols, shallow voltage dependence of block. Only the latter data
were used in the fit with the Woodhull model (see Methods), shown by the solid
line with the indicated values for the equivalent 8. (B) The same experiment as
shown in A, with P532L studied at a concentration near the 1Cso (100 uM).

APS532 peptide, predicted to generate an a-helix and resistant to
quinidine block, displayed a structure similar to that of P532L.

Discussion

P532L is a human cSNP in the KCNAS gene that generates a
potassium channel nearly indistinguishable from wild type in the
absence of drug, but with unexpected resistance to drug block
(8). Previous studies have localized the major site of drug binding
to the channel at the intracellular face of S6, approximately 20%
inside the electric field from the cytoplasm (9), and suggested that
the C terminus could modulate drug access to a binding site in
the mouth of the pore. We report here that P532L exhibits a very
similar 6, which suggests that the drug-binding site is the same as
that in wild type. Further, we provide strong direct evidence that
sensitivity to drug block is tightly linked to the presence or absence
of a previously unidentified C-terminal o-helix in this region. The
presence of a proline, well-recognized as a “helix-breaker,” thus
facilitates drug block of the wild-type channel.

We envision 2 possible mechanisms for altered drug sensitivity
in the variant channel. One is that a conformational change gener-
ated by P532L generates, disrupts, or otherwise directly modulates
a drug-binding site in the channel. Arguing forcefully against this
idea is the near-identical § of the wild-type and variant channels,
as well as the demonstration that AC-terms,; generates channels
with wild-type drug sensitivity. We therefore hypothesize that the
variant does not alter the site on the channel at which drug binds
and blocks current, but rather generates a barrier restricting access
of drug to this binding site (Figure 5).

A variation on this mechanism would be that generation of an
a-helix creates a binding site for a second peptide domain that
then modulates drug block. This could represent an intramolecu-
lar (e.g., N terminus to C terminus) or intermolecular (e.g., acces-
sory P subunit of voltage-gated K* channel [K,f] subunit) interac-
tion. Indeed, the gating of the Kv2.1 channel has been found to be
influenced by specific interactions between the N- and C-terminal
domains (15). A 3D structure of the full-length Shaker K* chan-
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minus of the Shaker channel (18). K,f subunits have also
been described to modify function of Kv1.5 channels (19),
and differences in Kv1.5 amplitude, activation, and deac-
tivation observed when the channel is expressed in differ-
ent mammalian cell lines have been attributed to variable
expression of K, subunits (20). In HEK cells, in which
K, subunit expression is not detected, the mid-point
for current activation was -0.2 + 2.0 mV and shifted to
-14.1 + 1.8 mV with subunit expression. The present stud-
ies were conducted primarily in CHO cells, since HEK cells
can display an endogenous potassium current; in CHO
cells, the mid-points for current activation for wild type
and PS32L were -5.50 £ 2.13 mV and -6.01 + 2.81 mV,
respectively, and values for all other constructs were
more positive. The fact that activation and inactivation
of mutant channels are very similar to those of wild type, and
that the effect is observed in both CHO and HEK cells (Figure 1),
argues against a role for altered subunit binding as a primary
mechanism for modulating drug block.

Resistance to drug action by the generation of such a barrier
is not unexpected but has not previously been described for ion
channels. Importantly, whereas previous experiments have used
specifically engineered mutants to address the determinants of
drugbinding, the experiments described here were designed based

A ACterm,, B P532E
Baseline
Baseline Quinidine
(10 uM)
Quinidine
(10 uM)

< <
o c
ol
250 ms 250 ms
C P532M D P5323
Baseline Baseline
Quinidine Quinidine
(10 pM) (10 uM)
< <
o [a]
250 ms 250 ms
Figure 3

Electrophysiology and drug sensitivity of KCNAS5 variants. (A) Cur-
rent generated by AC-termsy;. The current displays wild-type sensi-
tivity to drug. (B-D) P532E, P532M, and P532S, displaying resis-
tance to drug block.
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Table 2
Mutant KCNAS5 in CHO cells

Activating current Vi activation  tactivation fast @t Tactivation SIOW @t Tyeativation fast Tdeactivation SIOW Iy, blOCK by 10 uM
at +50 mV (pA/pF) (mV) +50 mV (ms) +50 mV (ms) at-30 mV (ms) at-30 mV (ms) quinidine (%)
Constructs predicted to lack an o-helix
P532G 403 + 36 -1.01£1.45 1.25+0.18 6.21 +1.70 9.56 + 2.76A 45,18 + 5.52A 439+6.2
AC-termsyy 398 + 57 4.28 +2.138 1.25+0.38 6.72 +0.52 4.75 + 0.948 35.34 + 8.14A 51325
Constructs predicted to generate an o-helix
AP532 404 + 25 -0.53 +1.64 1.31+0.22 5.70 + 1.28 4.31+0.998 33.96 + 7.504 10.7 +3.98
P532A 397 + 46 -2.60 +2.96 1.35+0.37 5.05+173 3.79 + 1.308 32.64 +4.32A 9.9+238
P532E 394 29 -3.34 £ 1.81 1.30+0.15 6.93 + 1.03 13.07 £ 1.67 55.57 +7.37 6.9+2.98
P532M 408 + 43 14.49 + 0.688 1.28+0.14 7.64 +0.28 13.90+1.76 55.06 + 3.90 11.3+2.08
P532S 387 + 28 3.69 +3.56 1.32 +0.11 7.05+0.23 13.17 + 0.69 62.01 +2.38 102 +2.28

AP < 0.05 and BP < 0.001 (n = 4 cells each) vs. data for wild-type current. Activating current is steady-state current measured at the end of a depolarizing
pulse to +50 mV. Tacivation fast and slow were measured using a depolarizing pulse to +50 mV. Tgeactivation fast and slow were measured from the tail current

obtained at —30 mV, after a depolarizing pulse to +50 mV.

on findings with a naturally occurring, albeit uncommon, human
DNA polymorphism. In these experiments we used quinidine, but
we have previously demonstrated that P532L channels also exhibit
striking resistance to block by propafenone (8). In addition, we
have reported that PKA-dependent phosphorylation in the N and
C termini of KCNQ1, another voltage-gated K* channel, inhibits
drug block and suggested that the access of blocking drugs to a
binding site in the pore was impaired in the phosphorylated chan-
nel (21). Thus, the concept of an intracytoplasmic access pathway
to a pore binding site for drugs may have some generalizability.
Other ion channel variants appear to alter sensitivity to drug block
and have in fact been linked to the development of drug-induced
arrhythmias in patients (22-24). However, unlike P532L, these vari-
ants produce readily detectable changes in channel function in vitro
in the absence of drug. Clinical studies in large patient populations
will be required to test the hypothesis that patients with atrial fibril-
lation and the PS32L variant will be resistant to drugs whose mecha-
nism of antiarrhythmic action in this setting includes Ik, block.

Methods

Construction and expression of recombinant KCNAS channels. Variants of KCNAS
were engineered into the pBK-CMV Phagemid Vector (Stratagene) using
the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The identity
of the inserts was verified by sequencing. Vectors expressing wild-type or
mutant KCNAS were transfected into CHO or HEK cells for subsequent
electrophysiological study; 2 ug of KCNAS cDNA and 6 pl of the FuGENE
6 Transfection Reagent (Roche Diagnostics Corp.) were used. GFP was
coexpressed to identify transfected cells.

Electrophysiological studies. Kv1.5 currents were measured using the whole-
cell configuration of the patch-clamp technique in cells maintained at
room temperature (22-23°C), unless otherwise indicated. Cells were held
at -80 mV and pulsed to -30 to +50 mV for 250 ms, and tail currents were
then measured at -30 mV. The composition of superfusion and internal
pipette solutions were described previously (8, 25).

A first-order blocking scheme was used to describe the drug-chan-
nel interaction (9, 13). The apparent affinity (Kp, representing the ICso)
and Hill coefficient (n) were obtained by fitting the fractional block (f)
at various drug concentrations ([D]) to the equation = 1/(1 + (Kp/[D])").
The electrical binding distance, 9, i.e., the fraction of the transmembrane
field sensed by a single charge at the receptor site, was calculated from the

2212
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Woodhull equation (26): f=[D]/([D] + Kp* x e¥FF/RT) 'where z is the valence
(+1 for cationic quinidine), F the Faraday constant, E the transmembrane
electrical potential, R the gas constant, and T the absolute temperature.
Kp* represents the apparent affinity at the reference voltage (0 mV).

Secondary structure prediction. The sequence-based prediction algorithm
Network Protein Sequence Analysis (http://npsa-pbil.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_server.html) (27) was used to iden-
tify possible structural motifs near position 532 in the C terminus of the
KCNAS protein. Peptides corresponding to wild-type (NFNYFYHRETD-
HEEPAVLKEEQGTQSQGPG) and sequence variants (L, G, or P at position
532 deleted without substitution) were custom synthesized to 95% purity
by BioSource International.

200004
— 100001
-
‘S . - - - P532G
= o - == AP532
= H — P532L
@ o
= .
,g 180 19'._ 210 220 23 250 260
5 _
g
[=
[1+]
=
-10000
=20000-
Figure 4

CD spectra from 185 to 260 nm in 2,2,2-trifluoroethanol, 40% vol/vol,
at 25°C. The red traces represent data obtained using peptides lack-
ing structural organization (solid line, wild type; dashed line, P532G).
The blue traces were derived using peptides predicted to generate
a-helices (solid line, P532L; dashed line, AP532, in which the proline
at position 532 is deleted without substitution). The blue traces display
minima at 208 and 222 nm, typical of a-helices.
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Figure 5

Schematic representation of KCNA5 with its intracellular S6 drug binding
site, indicated by arrows. The right panel illustrates the concept that gen-
eration of a C-terminal a-helical secondary structure in the P532L vari-
ant (black dot) would restrict access of the drug to the S6 binding site.

CD spectroscopy. CD spectra were acquired on a Jasco J-810 spectropolarim-
eter equipped with a Peltier-controlled temperature block usinga 1-mm path
length quartz cuvette. The data were collected at 1-nm increments from 185
to 260 nm using a response time of 2 seconds and a scan speed of 10 nm/min.
Spectra represent an average of 2 scans with the background corrected
against a buffer blank. Data are reported as mean residue ellipticity,
[0] (deg x cm? x dmol '), which was calculated as [8] = 100 x (signal) / (Cx n x[),
where deg represents degrees; signal represents raw output in mdeg; C rep-
resents peptide concentration in millimolar; » represents number of amino
acid residues; and [ represents cell path length in centimeters.

Stock peptide solutions were prepared by dissolving lyophilized powder
in water. Concentrations of stock solutions were determined by measur-
ing the tyrosine absorbance at 280 nm assuming an extinction coefficient
0f 2,560 M~ cm™! (28). Samples for CD were prepared by dilution of the
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peptide stocks and contained 10 mM potassium phosphate, pH 7.5, and
40% (vol/vol) 2,2 2-trifluoroethanol.

Statistical analysis. Time constants for Ixy, activation (Tactivation fast and
Tactivation Slow) were determined by fitting activating current during a pulse
to +50 mV to a biexponential function, and time constants for deactiva-
tion (Tdeactivation fast and Tdeactivarion Slow) were similarly determined from
the tail current at -30 mV after a pulse to +50 mV. The voltage at which
channels were 50% activated (Vi) was obtained by fitting the Boltzmann
function to current-voltage (I-V) relations: I = Imay/(1 + exp[(V - V112)/k]),
where I is the maximal current and k represents the slope factor. Data
are presented as mean + SEM. Differences between wild-type and mutant
currents were analyzed with 1-way ANOVA. A P value < 0.05 was consid-
ered statistically significant.
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