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Chemical openers for KCNQ potassium channels are useful
probes both for understanding channel gating and for develop-
ing therapeutics. The five KCNQ isoforms (KCNQ1 to KCNQ5,
or Kv7.1 to Kv7.5) are differentially localized. Therefore, the
molecular specificity of chemical openers is an important sub-
ject of investigation. Native KCNQ1 normally exists in complex
with auxiliary subunits known as KCNE. In cardiac myocytes,
the KCNQ1-KCNEI1 (IsK or minK) channel is thought to under-
lie the I, current, a component critical for membrane repolar-
ization during cardiac action potential. Hence, the molecular
and pharmacological differences between KCNQ1 and KCNQ1-
KCNEL1 channels have been important topics. Zinc pyrithione
(ZnPy) is a newly identified KCNQ channel opener, which
potently activates KCNQ2, KCNQ4, and KCNQ5. However, the
ZnPy effects on cardiac KCNQ1 potassium channels remain
largely unknown. Here we show that ZnPy effectively augments
the KCNQ1 current, exhibiting an increase in current ampli-
tude, reduction of inactivation, and slowing of both activation
and deactivation. Some of these are reminiscent of effects by
KCNEL. In addition, neither the heteromultimeric KCNQ1-
KCNEI1 channels nor native I current displayed any sensitivity
to ZnPy, indicating that the static occupancy by a KCNE subunit
desensitizes the reversible effects by a chemical opener. Site-
directed mutagenesis of KCNQ1 reveals that residues critical for
the potentiation effects by either ZnPy or KCNE are clustered
together in the S6 region overlapping with the critical gating
determinants. Thus, the convergence of potentiation effects and
molecular determinants critical for both an auxiliary subunit
and a chemical opener argue for a mechanistic overlap in caus-
ing potentiation.

Voltage-gated potassium channels are critical for mem-
brane excitability. In cardiac tissue, potassium currents are
important elements responsible for the repolarization of
action potential. Among the different potassium current
components, I, and I, are two key determinants for the
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duration of cardiac action potential (1). Molecular and
genetic studies have shown that the I, component is likely
formed by the heteromultimeric assembly of subunits
encoded by KCNQ1 (Kv7.1) and KCNE1 (IsK or minK) (2, 3),
whereas the current encoded by hERG (human ether-a-
go-go related gene) is responsible for I, (4, 5). Genetic
mutations of genes encoding these subunits commonly
resulted in reduction of channel expression or conductance
that causes congenital long QT syndrome (1, 6 —8). In addi-
tion, I, and, to some extent, I, are common targets of unin-
tended block by non-cardiac drugs causing acquired long QT
syndrome (9, 10). Both forms of long QT syndrome are life-
threatening cardiac conditions with a shared feature of cur-
rent reduction (9 -11). Unlike channel blockers, the chemi-
cal activators for hERG and KCNQ1 are rare but valuable
probes. Understanding of channel activation and investiga-
tion of channel openers are of considerable interest both in
terms of gating mechanisms and in terms of developing ther-
apeutic intervention.

Voltage-gated potassium channels consist of pore-forming «
subunits and auxiliary regulatory 3 subunits that contribute to
diverse physiological functions, e.g. Kv3 subunits (12). KCNE
proteins are auxiliary subunits of at least five members, KCNE1
to KCNE5 (13, 14). Each KCNE subunit consists of a single
transmembrane segment. All five KCNE members (KCNEL1 to
KCNES5) are capable of coassembly with KCNQ1 (15, 16). In the
case of KCNQI1 with KCNEI, the resultant heteromultimeric
current is similar to I, in cardiac tissue. Both KCNE1 and
KCNE3 increase the maximum conductance of KCNQI,
whereas the association with KCNE2, KCNE4, and KCNE5
results in inhibition (2, 3, 16, 17). The effects of KCNE1 on
KCNQ1 include increasing overall current, slowing the activa-
tion and deactivation kinetics, and removal of inactivation (2,
3). There is also evidence suggesting an increase in the single
channel conductance of KCNQI1 (18-20). KCNE3 stabilizes
KCNQI in the open state and augments current amplitude to a
level comparable with that by KCNE1 (17). Several residues in
the KCNQI1 S6 domain (e.g. Ser®*®, Phe**°, and Phe*?) critical
for the augmentation by KCNE1 and KCNE3 have been identi-
fied (21-23), although the interaction mechanism still remains
elusive.

Recently, several KCNQ-activating compounds have been
identified, some of which are in clinical trials for anti-convul-
sive applications (24 —28). These compounds are interesting in
several ways. First, their structures are sufficiently distinct and
appear to affect different aspects of channel properties that lead
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to more active channels (29, 30). Second, mutagenesis studies
revealed that they indeed recognize different “agonistic” sites
on KCNQ channels (31, 32). Furthermore, one KCNQ channel
complex is capable of interacting with more than one class of
chemical openers. As a result, the tripartite complex displays a
hybrid response, tunable by different concentrations and/or
ratios of the chemical openers (33). Specificity for either iso-
form or subunit composition is a topic critical for the molecular
understanding of these cation channel openers. Because the
KCNQ2-5 subunits are more commonly found in the nervous
system, whereas KCNQ1 is predominantly localized in cardiac and
other non-excitable tissues where they are in complex with KCNE
subunits, it is particularly relevant to investigate subunit specificity
among KCNQ1, KCNQ1-KCNE, and KCNQ2-5 channels.

We have reported that bis(1-hydroxy-2(1H)-pyridine-
selonato-0,S) zinc, commonly known as zinc pyrithione
(ZnPy),” is a potent activator of KCNQ 1, 2, 4, and 5 channels
but not KCNQ3 (34). The effects of ZnPy on neuronal KCNQ
channels include both a hyperpolarizing shift in the voltage
dependence of activation and an increase in current ampli-
tude. Of particular interest, mutagenesis studies have
revealed that KCNQ2(A306T) in the S6 segment signifi-
cantly reduced current augmentation of ZnPy (34). The cor-
responding region of KCNQ2(A306T) in KCNQI1 was impli-
cated for interactions with KCNE1 (21-23). We thus
hypothesized that the coassembly of KCNQI1 with KCNE1
subunits may lead to a distinct molecular specificity or phar-
macological response, which would be relevant to finding
compounds specific for either neuronal or cardiac KCNQ
channels. Using a combination of electrophysiological anal-
yses and site-directed mutagenesis, we have evaluated chan-
nel properties affected by ZnPy, tested whether KCNE aux-
iliary subunits affect ZnPy sensitivity, and investigated the
molecular determinants critical for KCNE modulation and
KCNQ1 pharmacology to chemical openers.

EXPERIMENTAL PROCEDURES

c¢DNAs and Mutagenesis— KCNQ1 and KCNE1 cDNA
were gifts from Dr. M. C. Sanguinetti (University of Utah).
KCNE3 cDNA was a gift from Dr. T. V. McDonald (Albert
Einstein School of Medicine). Point mutations in the
KCNQI1 channel were introduced by using the QuikChange
II site-directed mutagenesis kit (Stratagene) and verified by
DNA sequencing.

Cell Culture and Transfection—Chinese hamster ovary
(CHO) cells were grown in 50/50 Dulbecco’s modified
Eagle’s medium/F-12 (Cellgro, Manassas, VA) with 10% fetal
bovine serum and 2 mM L-glutamine (Invitrogen). To express
KCNQ1 and KCNQ1-KCNEL], cells were split at 24 h before
transfection, plated in 60-mm dishes, and transfected with
Lipofectamine2000™!. After transfection, cells were split and
replated onto coverslips coated with poly-L-lysine (Sigma-Al-
drich). Plasmid expressing CD4 as a marker was cotransfected.
Prior to recording, anti-CD4 Dynabeads (Invitrogen) were
added to the medium to allow for identification of the trans-

2The abbreviations used are: ZnPy, zinc pyrithione; CHO, Chinese hamster
ovary.
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fected cells. To coexpress KCNQ1 and KCNE3, cells were elec-
troporated with a Nucleofector™ kit for CHO-K1 cells
(Amaxa, Gaithersburg, MD) according to the manufacturer’s
instruction. A green fluorescent protein cDNA (Amaxa) was
cotransfected to allow identification of the transfected cells
with the fluorescent microscope. The cDNA concentration of
KCNQI or KCNE was 200 ng/ul, and the molar ratio of KCNE/
KCNQ1 was 1:1.

Electrophysiological Recording in CHO Cells—Whole-cell
voltage clamp recording was carried out using cultured CHO
cells at room temperature by an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA). The electrodes were
pulled from borosilicate glass capillaries (World Precision
Instruments, Sarasota, FL). When filled with the intracellu-
lar solution, the electrodes have resistances of 3—-5 M().
Pipette solution contained (in mm) 145 KCI, 1 MgCl,, 5
EGTA, 10 HEPES, and 5 MgATP (pH 7.3 with KOH). During
the recording, constant perfusion of extracellular solution
was maintained using a B-channel valve BPS-8 model perfu-
sion system (ALA Scientific Instruments, Westburg, NY).
Extracellular solution contained (in mm) 140 NaCl, 3 KCI, 2
CaCl,, 1.5 MgCl,, 10 HEPES, and 10 glucose (pH 7.4 with
NaOH). Signals were filtered at 1 KHz and digitized using a
DigiData 1322A with pClamp 9.2 software (Molecular
Devices). Series resistance was compensated by 60 —80%. In
the present study, three types of voltage protocols were used.
The holding potential was —80 mV in all voltage protocols.
To record the KCNQ1 current, the cells were stimulated by a
series of 1,500-ms depolarizing steps from —70 mV to +50
mV in 10-mV increments. A testing step to —120 mV was
applied to obtain tail currents. To record KCNQ1-KCNE1
currents, longer depolarizing steps (3,000 ms) were used to
elicit the currents, and a —50-mV testing step was used to
obtain tail currents. To record the KCNQ1-KCNE3 current,
slightly different voltage protocols were used. The currents
were elicited by a series of depolarizing steps from —100 to
+80 mV in 20-mV increments. The tail current testing step
was —50 mV.

Isolation of Cardiac Myocytes and Native I, Recording—Sin-
gle myocytes were isolated from the left ventricle of adult
guinea pig in a Langerdorff perfusion system as described pre-
viously (35). Briefly, the hearts were removed quickly via mid-
line thoracotomy and perfused with a Ca®* -free Tyrode’s solu-
tion containing collagenase (6 mg/ml) and protease (0.1 mg/ml)
for ~5—6 min. Then the hearts were switched to Kraft-Bruhe
solution perfusion for 5 min, and the ventricles were minced
and gently triturated to single cells. The cells were stored at 4 °C
in Kraft-Bruhe solution until use. Kraft-Bruhe solution con-
tained the following (in mm): 50 L-glutamic acid, 80 KOH, 40
KCl, 3 MgSO,, 25 KH,PO,, 10 HEPES, 1 EGTA, 20 taurine, and
10 glucose (pH 7.4).

Before recording, the myocytes were transferred to a record-
ing chamber perfused with Tyrode’s solution. Both I, and I
were recorded with conventional configuration of patch-clamp
technique using an Axopatch 200B amplifier (Molecular
Devices). Pipettes were pulled from borosilicate glass capillaries
(World Precision Instruments). When filled with the intracel-
lular solution containing (in mm) 120 KCl, 10 KH,PO,, 1
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Modeling—Three-dimensional
structural models for the KCNQ1
S5 and S6 domains were generated
using the solved crystal structure
of Kv1.2 (Protein Data Bank code
2A79) as a template. The cor-
responding domains  between
KCNQ1 and Kvl1.2 were aligned
with the DNASTAR MegAlign pro-
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gram using standard parameters.
The KCNQI1 models were con-
structed using DeepView/SWISS-
PDBViewer (36). The structural
representation was performed with
the POV-Ray program.

Data and Statistical Analysis—
Patch-clamp data were processed
using Clampfit 9.2 (Molecular
Devices) and then analyzed in
GraphPad Prism 4 (GraphPad, San
Diego, CA). The activation curve
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dal equation: G = G_;,+ (G, —
G i)/ (1 + exp(V — Vi,)/S)), where
G o is the maximum conductance,
G nin 18 the minimum conductance,
Vi, is the voltage for reaching 50% of
maximum conductance, and S is the
slope factor. The dose-response
curve was fitted by the Hill equa-
tion: E = E_, /(1 + (EC5,/C)"),
where EC,, is the drug concentra-
tion producing half of the maximum
response, and P is the Hill coeffi-
cient. The activation and deactiva-
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FIGURE 1.ZnPy potentiates KCNQ1 homomultimers expressed in CHO cells. A, the representative traces of
the KCNQ1 currents before and after application of 5 um ZnPy. The cell was held at —80 mV. The KCNQ1
currents were elicited by a series of voltage steps from —70 mV to +50 mV in 10-mV increments (inset). Scale
bars and voltage-step protocol are as indicated. B, time course of a representative KCNQ1 peak current in the
presence of 5 um ZnPy. C, concentration-potentiation curve of ZnPy (n > 3). D, conductance-voltage curves of
KCNQ1 in the absence or presence of ZnPy (5 um). The conductance at each depolarized voltage (from —70 to

-80 -60 -40 -20 0 20 40 60

tion trace were fitted by the stand-
ard (or power) exponential equation
using Clampfit 9.2. Data are pre-
sented as means = S.E. Significance
was estimated using a paired two-
tailed Student’s ¢ test.

Voltage (mV)

450 mV) was normalized to the conductance at +50 mV in the control (n > 3). The dashed line is a fit curve in

the presence of ZnPy after rescaling G, ,, to 1. E, conductance-voltage curves after application of the indicated

concentrations of ZnPy (n > 3).

MgSO,, 5 EGTA, and 5 HEPES (pH 7.2 with KOH), the pipettes
have resistances of 3—-5 M(). I, ., was elicited by 3-s depolariz-
ing pulses from a holding potential of —80mV to various test
potentials between —70 and +70 mV in 10-mV increments in
Tyrode’s solution perfusion. Tyrode’s solution contained (in
mM) 135 NaCl, 5.4 KCl, 1 MgCl,, 0.33 NaH,PO,, 5 HEPES, and
5 glucose (pH 7.4 with NaOH) and was oxygenated with 100%
O,. To isolate for I, the external solution was switched to
Na*-free solution containing (in mm) 132 N-methyl-p-gluca-
mine (for sodium ion replacement), 1.0 CaCl,, 1.0 MgCl,, 10
HEPES, 5 glucose, 0.05 lanthanum chloride to block I,, and
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RESULTS

Augmentation of KCNQI Chan-

nels by ZnPy—To examine ZnPy

modulation on the KCNQ1 current, we first expressed the
KCNQ1 c¢DNA in CHO cells and recorded the channel activity
with a whole-cell voltage clamp. KCNQ1 displayed a character-
istic outward current with visible inactivation (Fig. 14). In the
presence of 5 uM ZnPy, steady-state currents at different depo-
larizing voltages were greatly potentiated, and inactivation was
no longer readily detectable during the depolarizing phase (Fig.
1A). The ZnPy-mediated potentiation was fully reversible upon
removal of ZnPy (Fig. 1B), consistent with the idea of modulat-
ing channel activity instead of protein density on cell surface.
Examination of current amplitude increase using steady-state
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FIGURE 2. ZnPy effects on channel kinetics of KCNQ1 homomultimers. A, the normalized upstroke phases
from the full traces (see inset in C) in the control (black line) and after application of 5 um ZnPy (gray line) are
shown. B, the time constant of activation was fit to standard (or power) exponential function and was plotted
against the different voltages. C, the normalized tail currents from full traces in the absence (black line) and
presence (gray line) of 5 um ZnPy are shown. D, the deactivation rate was fit to standard exponential function,

iy - and 3.6 = 0.1 um (# > 3) for deac-
8 tivation (Fig. 2, E and F). Thus, the
EC,, values measured for current
amplitude, activation, and deacti-
vation time constants are essen-
tially the same, providing evidence
for the notion that one class of

ZnPy (M)

and the time constant was plotted against the different voltages. £ and F show the dose-dependent relation-

ship of ZnPy concentration to changes in either activation rate (E) or deactivation rate (F).

currents at different concentrations of ZnPy revealed a half-
maximal value (EC,,) of 3.5 £ 1.1 um (n > 3) (Fig. 1C).

Previous work has shown that ZnPy-mediated potentiation
of neuronal KCNQ2 channels involves both a hyperpolarizing
shift of half-maximal activation voltage (V,) and an increase in
overall conductance (G,,,,,) (34). To determine the ZnPy effects
on the KCNQ1 homomultimer, we examined the G-V curve in
the presence or absence of 5 um ZnPy, which causes an ~80%
potentiation. In the absence of ZnPy, the Vi, value was —23.2 =
1.1 mV, similar to the value of the earlier reports (3, 37, 38) (Fig.
1D). Further experiments with a range of ZnPy concentrations
revealed no significant change of Vi, either (Fig. 1E). Hence,
ZnPy increases overall conductance of KCNQ1 without affect-
ing voltage dependence.
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interaction (or binding site) is
responsible for the activation and
deactivation changes and for the
current potentiation (Fig. 1C).

Among different KCNQ channels, inactivation is a distinc-
tive feature for KCNQI. The overall increase in current ampli-
tude could be contributed in part through inhibition of inacti-
vation (Fig. 1A). Using the voltage pulse protocols outlined in
Fig. 34, the inactivation kinetics in the presence or absence of
ZnPy was evaluated. In the absence of drug treatment, notice-
able inactivation was observed (Fig. 3, A and B). However, in the
presence of 5 um of ZnPy, the inactivation was largely dimin-
ished. At a higher concentration of 10 um, a similar effect was
observed (data not shown). When examining the recovery from
inactivation, the effect was rather minimal (n > 4; p > 0.1) (Fig.
3, C and D). Thus, the inhibition of inactivation by ZnPy is a
contributing factor for an overall increase of current amplitude.
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Coassembly with KCNEI Desensitizes ZnPy-mediated
Augmentation—Coassembly of KCNQI with KCNE1 is
thought to form the native I, (2, 3). The modulation of KCNQ1
by KCNE1 displays considerable similarity to ZnPy-induced
effects. Both KCNE1 and ZnPy increase current amplitude,
decrease inactivation, and slow activation and deactivation
(Table 1), although their effects on the G-V curve are different.
To test any potential alteration of sensitivity to ZnPy, we coex-
pressed KCNQI1 and KCNEI1 (Fig. 4C). In the presence of 10 um
ZnPy, there were no obvious effects of drug-induced further
potentiation (Fig. 4, C and E). It is known that the heteromultim-
eric KCNQ1-KCNEL1 channels have a depolarizing Vi, shift of
38.5 = 1.5mV compared with homomultimeric KCNQ1 channels
(Fig. 4D). In the presence of different concentrations of ZnPy, the
Vi, values remain unchanged (Fig. 4F). In addition, no changes
were detected for deactivation in the presence of ZnPy (Fig. 4G).

Control

« Control
© 5uM ZnPy

It is believed that coassembly of KCNE1 and KCNQ1 forms
the native [, channels. Therefore, if KCNE1 indeed abolishes
the KCNQL1 sensitivity to ZnPy, native I, should display no
sensitivity. To examine this possibility, ventricular cardiac
myocytes from guinea pig were acutely isolated. Using the pre-
viously reported conditions (see “Experimental Procedures”),
the I, component was isolated and showed a characteristic
inhibition by 100 uM chromanol 293B (Fig. 5, A—C) (39). In the
presence of ZnPy, the I, displayed no detectable change in
macroscopic currents, voltage sensitivity, or deactivation kinet-
ics (Fig. 5, D-G). Hence, neither recombinant KCNQ1-KCNE1
nor native I, displays the sensitivity to ZnPy. This is in further
agreement with KCNE1-mediated desensitization.

The five known KCNE subunits may be divided according to
their effects. Both KCNE1 and KCNE3 display potentiation
when coassembled with pore-forming « subunits. In contrast,
the other KCNE subunits display
inhibitory effects. KCNE3 has a 35%
identity with KCNE1. Coassembly
of KCNE3 with KCNQ1 produces a
constitutive and potentiated cur-
rent (17). Because the critical
KCNQ1 residues for KCNE3 lie in
proximity to those for KCNE1, and
KCNE1 abolished ZnPy potentia-
tion, we sought to examine whether

—
| =100
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Control

oy
1

-90 mV

i
1

-140 mV

Trecovery (ms)

L
1

® Control
o 5uM ZnPy

Pre-pulse voltage (mV)

60 20 20 60 KCNE-mediated desensitization is
generalizable. Indeed, we found that
ZnPy caused no detectable potenti-
ation on the KCNQ1-KCNE3 het-
eromultimeric channel in CHO
cells (Fig. 6, A-D). In addition, the
I-V relationship has no significant
change in presence of either 10 or 20
um ZnPy (Fig. 6E). Thus, coassem-
bly of KCNQ1 with KCNE3 also

causes desensitization to ZnPy.

500 pA
A\

100 ms

FIGURE 3. ZnPy reduces the voltage-dependent inactivation. A, the steady-state inactivation of the KCNQ1
channel was investigated by the protocol shown in the left panel, a series of 10-s-long pre-pulses from —100 mV
to +60 mV in 20-mV increments followed by a test pulse at +50 mV. The right panel shows the currents
recorded before and after application of 5 um ZnPy. B, the steady-state inactivation curves with or without 5 um
ZnPy are shown. C, the protocol to study recovery from inactivation is shown in the left panel:inward KCNQ1 tail
currents were recorded from —140 mV to —90 mV in 10-mV increments after a depolarization step to +50 mV.
The initial phases of the tail currents at these potentials are shown (right panel). D, the initial rising phases
preceding slower deactivation of the tail currents were fit to a single exponential function and plotted against

the corresponding voltage.

TABLE 1
Comparision of ZnPy, KCNE1, and KCNE3 effects on KCNQ1

140 -130 -120 -110 -100 -90

Molecular Determinants for
KCNE1 and ZnPy Modulation—
Earlier work has identified residues
in KCNQ1 critical for KCNE1 mod-
ulation (21-23). Of particular inter-
est, KCNQ1 with mutations of
Phe*** or Phe**® displays much
reduced effects by KCNEL. Residues
in the corresponding area of

Voltage (mV)

G is the channel conductance in the presence of either ZnPy or auxiliary subunits, whereas G,, is the conductance of KCNQ1 without ZnPy or any auxiliary subunits (KCNE1
or KCNE3). Both ZnPy and KCNE increase the conductance ~ 4-fold; ZnPy and KCNE1 slow the activation and deactivation, whereas KCNE3 accelerates the deactivation.
In addition, ZnPy inhibits KCNQI inactivation, whereas KCNE completely abolishes the inactivation. Significance was estimated by using a paired ¢-test; # > 4. NA, not

applicable.
KCNQ1“ ZnPy (5 pm)” KCNQ1-KCNE1“ KCNQ1-KCNE3”
G/G, 1.0 4.2 £0.8° 4.3 +0.9° 4.4+ 1.5°
T activation (ms) 234+ 49 73.7 £ 12.5° 71, 1297.6 * 432.5% 1,, 218.0 * 46.8 259 + 2.8
7 deactivation (ms) 60.6 = 6.2 113.20 *= 15.41¢ 243.8 + 47.9¢ 21.6 = 3.4°
Inactivation (%) 67.2 +3.7 14.2 = 12.5¢ NA NA

“The KCNQI and KCNQ1-KCNELI currents were elicited by depolarization to +50 mV.

? The KCNQ1-KCNES3 currents were elicited by depolarization to +40 mV.
€*, p < 0.05 compared with KCNQI.
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FIGURE 4. The heteromultimeric KCNQ1-KCNE1 channels lack ZnPy sen-
sitivity. A and B show the currents induced from CHO cells transiently trans-
fected by KCNE1 and KCNQ1, respectively. C, the currents recorded in the cells
cotransfected by KCNQ1 and KCNE1 in the absence or presence of 10 um ZnPy
are shown. D, comparison of voltage-dependent activation of KCNQ1 homo-
multimers and KCNQ1-KCNE1 heteromultimeric channels is shown. E, the his-
togram shows steady current of KCNQ1-KCNE1 heteromultimers in the pres-
ence of ZnPy at the indicated concentrations. F, G-V curves of KCNQ1-KCNE1
in the presence of different concentrations of ZnPy are shown. G, the histo-
gram shows the effects of 10 um ZnPy on the deactivation rate of
KCNQ1-KCNET1.

KCNQ2 also affect the ZnPy sensitivity (34). We thus con-
structed point mutations in this region and tested for sensitivity
to KCNE1, KCNE3, and ZnPy. Fig. 7A illustrates a segment of
the KCNQ1 S6 domain, from Gly**® to Gly***, and the individ-
ually mutated residues are as indicated. Mutants with func-
tional expression were tested for sensitivity to 10 um ZnPy.
Although most functional KCNQ1 mutants displayed the
ZnPy-mediated potentiation, three mutants show reduction of
ZnPy potentiation (Fig. 7, A and C). The S338A mutation dra-
matically reduced ZnPy potentiation from 4.5-fold to 1.4-fold,
whereas S338W completely abolished ZnPy potentiation. Fur-
thermore, ZnPy has an inhibitory effect on the L342A muta-
tion. Because the mutant itself displays no inactivation (Fig.
7C), one possibility would be that the mutation does not affect
the binding but causes ZnPy to preferably bind the close state.
Investigation of the mutants for functional coexpression with
KCNE1 indicated that most mutants, including S338A, S338W,
and L342A, are sensitive to KCNE1 modulation. An immedi-
ately adjacent residue, Phe**°, when changed to either alanine
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FIGURE 5. Native I, recorded from guinea pig cardiac myocytes lacks
ZnPy sensitivity. A, the total current (I, elicited by a series of depolariza-
tion steps from —70 mV to +70 mV in 10-mV increments in normal Tyrode’s
solution, which includes 140 mmNa™, 5.4 mm K™, and 1.8 mm Ca2™, is shown.
B, the current recorded in a modified Na™-free external solution supple-
mented with 50 um La** to block I, and 5 um nifedipine to block I, is shown.
C, the currents recorded in the modified external solution were inhibited by
100 uMm | selective inhibitor chromanol 293B. D, the currents recorded in the
same cells in B after application of 10 um ZnPy are shown. E, the histogram
shows that 10 um ZnPy did not increase the native I, amplitude. F, G-V curves
of native I, in the absence or presence of 10 um ZnPy are shown. G, the
histogram shows that 10 um ZnPy did not affect the deactivation rate of the
native ly,.

or tryptophan, renders a complete loss of modulation by
KCNE1 (Fig. 7, B and D). The Phe**® residue was shown previ-
ously to be important for the modulation by KCNE1 (21, 22).
Mutations of Phe®* to either alanine or tryptophan preserve
sensitivity to ZnPy modulation. Interestingly, we began to find
more cells no longer display full sensitivity to KCNE1 modula-
tion under the same 1:1 transfection ratio of KCNQI1 and
KCNE1 (Fig. 7C and data not shown). This may represent an
intermediate effect by the mutation in perturbing coassembly.
The loss or disruption of KCNE1 modulation could be identi-
fied by lacking potentiation of overall conductance or a notice-
able inactivation phase. Together, the evidence from point
mutation sensitivity studies reveals that critical residues for
either ZnPy or KCNE1 modulation are clustered in the S6
domain.

When tested with KCNE3, most mutants displayed sensitiv-
ity as indicated in Fig. 7D. Intriguingly, the residue Ser®**, when
mutated to tryptophan, lost the sensitivity to KCNE3, whereas a
mutation to alanine was sensitive to KCNE3. The adjacent res-
idue, Phe®*°, when mutated to alanine, lost the sensitivity,
whereas a mutation to tryptophan was sensitive to KCNE3.
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activation rate would have an oppo-
site effect on potentiation. The
potentiation of neuronal KCNQ
channels by ZnPy causes a signifi-
cant hyperpolarization shift of volt-
age dependence, whereas ZnPy has
no effects on the activation depend-
ence curve of KCNQ1 (Fig. 1).
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Hypothetically, the ZnPy effect on
activation kinetics could simply
elongate the first latency of channel
opening, a notion that requires fur-
ther investigation.

KCNQI1 channels display promi-
nent inactivation upon depolariza-
tion (Figs. 1A and 3). Several volt-
age-gated channels openers (e.g
. . sodium channel activator DPI

10 20

-0.54

[l

2nA
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FIGURE 6. ZnPy effects on the heteromultimeric KCNQ1-KCNE3 channels

. A and B show the currents

0 50 100 201-106 and hERG activator
Voltage (mV) RPR260243) have been reported to
confer potentiation through inhib-
iting inactivation (42, 43). Notice-
ably, in addition to KCNQ1, inacti-
vation was recently reported for

induced by KCNQ1 and heteromultimeric KCNQ1-KCNE3. Compared with the KCNQ1 homomultimer currents, KCNQ4 and KCNQ5. BMS-204352,
coexpression with KCNE3 caused a constitutively active current. C, the currents recorded inthe same cellsinB  an activator of neuronal KCNQ

after application of 10 um ZnPy are shown. D, the histogram shows the effects of 10 and 20 um ZnPy on
KCNQ1-KCNE3 heteromultimers. E, the I-V relationship of KCNQ1-KCNE3 in the absence or presence of 10 or 20

M ZnPy is shown.

This indicates a strict dependence of side-chain size, as only
conserved changes are tolerable. Mutations of I337A and
A344V led to the loss of KCNE3 modulation. Mutations of
Phe®*?, which did not display full sensitivity to KCNE1, were
sensitive to KCNE3. These experiments provide evidence that
the Ile**” to Ala®** region is critical for KCNE3 modulation and
that the modulation desensitizes the ZnPy potentiation. Using
homology modeling and the Kv1.2 crystal structure, we con-
structed a KCNQI1 model, and the location of critical residues
for KCNE1, KCNE3, and ZnPy were assigned (Fig. 7B). A short
segment between Ile**” and Val®*** harbors the key determi-
nants, either overlapping or in immediate proximity to the gat-
ing hinge or PAG motif (40). This supports that one restrictive
region in S6 is involved in augmentation for both auxiliary sub-
units and ZnPy.

DISCUSSION

There are several measurable changes that contribute to the
overall current potentiation of KCNQ1 by ZnPy. The simulta-
neous slowing of both activation and deactivation is an intrigu-
ing behavior of ZnPy, seen in KCNQ1 (Fig. 2) and KCNQ2 (34).
This behavior bares some resemblance to that by KCNE1. A
similar effect was also reported for L-364,373 ((3-R)-1, 3-dihy-
dro-5-(2-fluorophenyl)-3-(1H-indol-3-ylmethyl)-1-methyl-
2H-1,4-benzodiazepine-2) (also known as R-L3), a benzodiaz-
epine-like compound with lower potency compared with that
of ZnPy (41). Indeed, the slowing of deactivation is in agree-
ment with the overall current potentiation. But the slowing of
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channels, inhibits the KCNQ4 inac-
tivation (44). In the presence of 5 um
ZnPy, the inactivation of KCNQ1
was almost completely removed at
the depolarizing voltages with no significant change of recovery
from inactivation. For those mutants that possess significant
inactivation, the inhibition of inactivation by ZnPy was also
observed (Fig. 7C and data not shown). In addition, KCNE1 and
KCNES3 abolish KCNQ1 inactivation, which contributes to the
amplitude potentiation of the heteromultimeric channels (45—
47). Thus, inhibition of KCNQI inactivation may be a key
potentiation mechanism by both auxiliary subunits and chem-
ical openers of KCNQ1. However, the quantitative analysis and
kinetic modeling are required to quantify the degree of the
kinetics changes caused by ZnPy and to what extent the
changes could account for the increase in amplitude.

Earlier reports have provided the evidence that alteration of
signal channel kinetics could contribute to the overall potenti-
ation of KCNQ1 by KCNE subunits (19, 20, 48). The potentia-
tion by ZnPy on KCNQ2 and KCNQ4 appears to have no effect
on the single conductance (34). Given the considerable similar-
ity between ZnPy and KCNE1 shown in the present study, it
would be interesting to determine whether ZnPy could alter the
single channel conductance of KCNQI.

Although ZnPy strongly potentiates KCNQI, it does not
have an effect on the heteromultimeric KCNQ1-KCNE1 and
KCNQI1-KCNE3 channels. The loss of sensitivity may be a
result of auxiliary subunit assembly that competes, masks, or
decouples the binding and/or allosteric effects by ZnPy. S338A
showed a lower sensitivity to ZnPy compared with the wild
type, whereas S338W does not have sensitivity to ZnPy. For the
mutation L342A, ZnPy inhibited the amplitude. This suggests
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FIGURE 7. Point mutants reveal critical residues for ZnPy and KCNE modulation. A, the histogram shows the potentiation effect of 10 um ZnPy on KCNQ1
S6 point mutants (at +50 mV) (n > 3). Each mutation site was indicated based on the predicted transmembrane regions. The dashed line indicates a
potentiation level of 1 (no effect). Significance was estimated using analysis of variance; n > 3. %, p < 0.05 compared with the control level (dashed line); #, p <
0.05 compared with the ZnPy potentiation effect on the wild type (WT). B, the modeled structure of an isolated KCNQ1 S5-S6 domain is shown. Left panel,
residues essential for ZnPy, R-L3, KCNE1, and KCNE3 are colored differently. Right panel, enlarged structure of the S6 domain. C, the representative traces of
mutants alone or coexpression with auxiliary subunits (KCNE1 or KCNE3) are shown. D, summary of mutagenesis results is shown. The inset IN indicates an
inhibitory effect.

that Ser®*® and Leu** are critical for ZnPy potentiation. Inter-  all three residues locate in the lower portion of S6, which sug-
estingly, an adjacent residue, lle*®”, was reported to be critical ~gests this region is essential for augmentation of KCNQ1 by
for R-L3 effects (49). In the KCNQ1 homology model (Fig. 7B), chemical openers. Voltage-gated potassium channel activation
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is proposed to be the result of simultaneous bending of all S6
domains to open the pore (50 —54). For KCNQ1, a flexible motif
PAG (residues 343-345) is important for channel activation
(40). Although the precise interaction sites for KCNE1 and
KCNE3 modulations are still being actively investigated, the
critical role of this S6 region is clearly evident. Regardless of the
precise roles of KCNE subunits in abolishing the ZnPy effect,
either via competition for binding or by allosteric changes, the
convergence of molecular determinants critical for argumenta-
tion of KCNQ1 channels argues for the possibility of a mecha-
nistic overlap in endowing the potentiation. Indeed, the differ-
ences between ZnPy and KCNEI1 effects are also noticeable,
including differential effects on the G-V curve, and mutations
of Ser®*® and Phe**° have a different sensitivity to ZnPy and
KCNEL. Further studies are required to clarify whether and to
what extent their mechanistic actions overlap.

Alteration of pharmacology for an ion channel by an acces-
sory subunit has been reported in a number of cases, e.g. Refs. 41
and 55-58. Complete desensitization of an agonistic ligand for
voltage-gated ion channels is rare, perhaps in part due to few
openers that are available. For KCNQ channels, a known case
so far is differential potentiation by R-L3 for KCNQI and
KCNQ1-KCNEL1, in which case there is a noticeable reduction
of R-L3 effects for the heteromultimeric channels when titrated
with amounts of the injected cRNA in the Xenopus oocyte
expression system (41). This is intriguing especially in light of a
recent paper arguing for KCNQ1-KCNE1 with 4:2 stoichiome-
try (59) and the evidence that one KCNQI1 channel complex
may recruit more than one type of KCNE subunits (60). Indeed,
ZnPy and retigabine are two KCNQ openers and interact with
different sites (34). When applied together, they cause a hybrid
effect indicative of simultaneous binding to one channel com-
plex (33). In the proposed “4:2” complex, even if KCNE physi-
cally blocks a ZnPy site, a simple model would expect there are
two “vacant” sites. Our present data indicate no ZnPy effect at
all in the presence of KCNE1 or KCNES3, although these results
could not distinguish whether the zinc pyrithione actually
binds to the heteromultimeric channel. This is an interesting
direction for future studies.
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