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ABSTRACT

KvB subunits are accessory proteins that modify gating of Kv1
channels. KvB1.3 subunits bind to the N termini of Kv1.5 a-sub-
units and induce fast N-type inactivation, slow the rate of
deactivation, and alter the voltage dependence and kinetics of
channel activation. The N terminus of a Kvg subunit and qua-
ternary ammonium compounds bind to the inner pore of Kv1
channels; however, it is unknown to what extent the pore
binding sites for drugs and Kvg subunits overlap. Here, we
used site-directed Ala mutagenesis to scan residues of the
Kv1.5 pore to define the binding site for KvB1.3 subunits.
Individual mutations of five residues in the S6 domain (Val505,
l1e508, Leu510, Val512, and Val516) greatly retarded or pre-
vented KvB1.3 induced inactivation, and reduced effects on
Kv1.5 deactivation. Mutation of Thr479 and Thr480 enhanced
KvB1.3-induced N-type inactivation. None of the Ala mutations

prevented the Kvp1.3-induced negative shifts in the voltage
dependence of activation or slow C-type inactivation, suggest-
ing that these gating effects are mediated by an interaction
other than the one for N-type inactivation. Thr479, Thr480,
Val505, 11e508, and Val512, of Kv1.5 channels are also impor-
tant interaction sites for the anthranilic acid S0100176 (N-
benzyl-N-pyridin-3-ylmethyl-2-(toluene-4-sulfonylamino)-
benzamide hydrochloride). Leu510 and V516A prevented
Kvp1.3-induced inactivation but did not alter drug block. Block
of Kv1.5 by S0100176 was reduced and voltage-dependent in
the presence of Kvp1.3 but not in the presence of an N-
truncated form of the Kv3 subunit. Thus, residues in the pore of
Kv1.5 required for N-type inactivation overlap with but are not
identical to the drug binding site.

Voltage gated K* (Kv) channels have diverse cellular
functions, including maintenance of the resting potential,
repolarization of action potentials, indirect modulation of
neurohormone release, volume regulation, and K* trans-
port. Kv channels are formed by coassembly of four pore-
forming a-subunits. The diversity of Kv channel structure
and function is enhanced by heteromultimerization of dif-
ferent a-subunits (Coetzee et al., 1999) or by coassembly
with small accessory Kvp subunits (Rhodes et al., 1997).
KvB subunits can bind to Kv a-subunits to form «,f,
complexes that modify the biophysical properties and/or
expression levels of the heteromultimeric channel. For ex-
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ample, Kv1.5 a-subunits form delayed rectifier K* chan-
nels that activate in response to membrane depolarization
and slowly inactivate by a “C-type” mechanism involving
the pore helix and S6 domains. Kvg subunits bind to the N
terminus of Kvl subunits and induce a comparatively
rapid “N-type” inactivation (Hoshi et al., 1990; Zagotta et
al., 1990; Sewing et al., 1996). In addition, Kv1.2 (De
Biasi et al., 1997) and Kvp1.3 (Uebele et al., 1998) sub-
units slow the rate of Kv1.5 channel deactivation and
cause a negative shift in the voltage dependence of activa-
tion and inactivation gating. KvB2 subunits bind to the C
termini of Kv2.2 or Kv4.3 channels to increase their cell
surface expression without obvious effects on gating prop-
erties (Fink et al., 1996; Yang et al., 2001). KvB3.1 sub-
units confer inactivation to Kv1.5 channels that is much
faster and more complete than other Kvp subunits
(Leicher et al., 1998). Knockout of KvB1.1 in the mouse

ABBREVIATIONS: S0100176, N-benzyl-N-pyridin-3-ylmethyl-2-(toluene-4-sulfonylamino)-benzamide hydrochloride; WT, wild-type; AN1-10,

deletion of 10 N-terminal amino acids; TBA, tetrabutylammonium.
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reduced inactivation of A-type current, reduced the slow
after-hyperpolarization and caused frequency-dependent
spike broadening in hippocampal CA1l pyramidal neurons
and impaired memory (Giese et al., 1998). Thus, accessory
KvpB subunits can fine-tune the membrane stabilizing func-
tion of a variety of Kv channels by modifying their biophys-
ical properties or trafficking to the cell surface.

N-type inactivation occurs by a “ball-and-chain”-type
mechanism (Armstrong, 1981), where the ball is formed
by the N terminus of a Kv channel a-subunit (Hoshi et al.,
1990). Some channels exhibit fast inactivation only when a
KvB subunit is tethered to a specific region of the N
terminus of the pore-forming a-subunit. In these channels
(e.g., Kv1.5), the N terminus of the Kv3 subunit acts as the
ball structure. Based on NMR structures, it was proposed
that the ball peptide of Kv a-subunits forms a compact
hairpin structure that binds to the inner vestibule to phys-
ically occlude the pore similar to a shallow plug (Antz
et al., 1997; Antz and Fakler, 1998). Chimeric Kvp2/
Kvp1.1 subunits can coassemble with N terminus-deleted
Kv1.4 a-subunits to induce rapid N-type inactivation. In
this case, it was proposed that the N terminus of the Kvp
subunit enters the channel pore as an extended pep-
tide similar to a deep plug (Zhou et al., 2001). It is un-
clear whether this mechanism applies to other Kvp and
Kv a-subunits. For example, the structure of Kvp1.3
differs markedly from KvB1.1 and is less lipophilic than
most inactivation ball peptides in that it contains one
charged and one polar amino acid within the first six
residues.

Kv1 channels are molecular targets for investigational
therapeutic agents. Kv1.5 channel blockers have been pro-
posed for treatment of atrial arrhythmias (Snyders and
Yeola, 1995; Peukert et al., 2003) and Kv1.3 blockers are
under investigation as immunosuppressants (Hanner et
al., 2001; Vennekamp et al., 2004). In addition to altering
Kv1 channel gating and expression, coassembly with Kv
subunits can modulate their pharmacology. For example,
KvB1.3 subunits reduce the block of Kv1.5 by bupivacaine
and quinidine (Gonzalez et al., 2002); however, it remains
unclear whether drugs compete with KvB subunits for a
common binding site on the Kv1.5 channel (Uebele et al.,
1998).

We previously used an Ala-scanning mutagenesis ap-
proach to define residues in the pore of Kv1.5 that interact
with S0100176, an open channel blocker (Decher et al.,
2004). Mutation of Thr479 and Thr480 located at the base
of the pore helix and Val505, I1e508, and Val512, located in
the S6 domain in positions that face the inner pore, had the
greatest effect on reducing the potency of drug-induced
block of Kv1.5 channels. In this study, we use Ala-scanning
mutagenesis and voltage clamp analysis of mutant Kv1.5
channels expressed in Xenopus laevis oocytes to identify
pore residues that interact with Kv31.3. Several mutations
abolished Kvp1.3-induced N-type inactivation and slow
deactivation. Two mutations enhanced the effects of
Kvp1.3. Most of the Kv1.5 mutations that affected the
functional interactions with Kv31.3 also reduced block by
S0100176. Our findings provide a refined structural basis
for the mechanisms of KvB1-induced N-type inactivation of

Kv1.5 channels and competition between drug-binding and
N-type inactivation.

Materials and Methods

Molecular Biology. Site-directed mutation of Kv1.5 subcloned
into the pSGEM oocyte expression vector was described previously
(Sarkar and Sommer, 1990). The latest database entry for the
sequence of Kv1.5 (GenBank accession number NM_002234) con-
tains two additional residues in the N terminus compared with
the original sequence (GenBank M60451). Thus, the amino acid
numbering used here and in our previous work (Decher et al.,
2004) is +2 greater compared with the numbering in most of the
existing Kv1.5 literature. Restriction mapping and DNA sequenc-
ing of the PCR-amplified segment were used to confirm the pres-
ence of the desired mutation and the lack of extra mutations in
Kv1.5. cRNA for injection into oocytes was prepared with T7
Capscribe (Roche, Indianapolis, IN) after linearization with Nhel.
The KvB1.3 construct in a modified pSP64T vector and the cre-
ation of amino-terminal deletion mutants was described previ-
ously (England et al., 1995; Uebele et al., 1998). cRNA was made
with SP6 Capscribe (Roche) after linearization with EcoRI. Esti-
mates of cRNA quality and quantity were determined by gel
electrophoresis and UV spectroscopy.

Isolation, Injection, and Voltage Clamp of Oocytes. Stage IV
and V Xenopus laevis oocytes were isolated and injected with cRNA
encoding wild-type (WT) or mutant Kv1.5 channels. Oocytes were
injected with 5.0 to 12.5 ng of KvB and/or 2.5 to 12.5 ng of Kv1.5
cRNA, then cultured in Barth’s solution supplemented with 50 ug/ml
gentamicin and 1 mM pyruvate at 18°C for 1 to 3 days before use in
voltage clamp experiments. Barth’s solution contained 88 mM NacCl,
1 mM KCl, 0.4 mM CaCl,, 0.33 mM Ca(NOj;),, 1 mM MgSO,, 2.4 mM
NaHCOg, and 10 mM HEPES, pH 7.4. For voltage-clamp experi-
ments, oocytes were bathed in a modified ND96 solution containing
96 mM NaCl, 4 mM KCl, 1 mM MgC1,, 1 mM CaCl,, and 5 mM
HEPES, pH 7.6. Currents were recorded at room temperature
(23—25°C) with standard two-microelectrode voltage-clamp tech-
niques (Stuhmer, 1992). The holding potential was —80 mV and the
interpulse interval for all voltage clamp protocols was 10 s or slower
to allow channels to fully recover from inactivation between pulses.
To obtain current-voltage relationships and activation curves, 200
ms voltage steps were applied in 10 mV increments to potentials that
varied from —60 to +70 mV, followed by repolarization to —40 mV to
record tail currents.

Data analysis. pCLAMP 8 (Axon Instruments), and Origin 7
(Microcal Software) software were used for data acquisition and
analysis on a Dell Optiplex GX150 PC. The voltage dependence of
Kv1.5 channel activation (with or without coexpression with Kv31.3)
was determined from tail current analyses at —40 mV. The plot of
current amplitude versus test potential was fit to a Boltzmann
equation to obtain the half-point (V,,,) and slope factor (%) for the
relationship: I, = 1/(1 + expl(Vy,, — V/ED.

The voltage dependence of Kv1.5 inactivation was determined by
using a two-pulse protocol. A prepulse of 1 s was applied to potentials
ranging from —90 to +70 mV and was immediately followed by a
200-ms test pulse to +70 mV. For T480A Kv1.5 channels, pulses
were applied up to +130 mV. The relative amplitude of peak current
during the test pulse was plotted as a function of the prepulse voltage
and the relationship fit to a Boltzmann function to obtain the V,, for
inactivation. Other voltage pulse protocols are described under Re-
sults and in the figure legends. Data are expressed as mean = S.E.M.
(n = number of oocytes).

Drugs. S0100176 was synthesized by the medicinal chemistry-
department of Aventis Pharma Deutschland GmbH (Bad Soden,
Germany). The drug was prepared as a 50 mM stock solution in
dimethyl sulfoxide and stored at room temperature.
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Results additional, rapid N-type inactivation with an average fast
time constant (7g.) of 4.7 = 0.2 ms and a slow time
constant (7,,) of 173.2 = 9.8 ms (n = 14). In addition,
KvB1.3 induced a slowing of Kv1.5 deactivation, observed
as a slowly decaying tail current when the membrane was

Mutations of Specific Residues in Kv1.5 Alter the
Functional Response to Kvp1.3. When expressed alone
in oocytes, Kv1.5 subunits coassemble to form channels
that conduct a rapid outward K* current that is activated . .
by depolarization of the oocyte to potentials greater than returned to a potenltlal of 40 mV (Fl_g' 14). .

—20 mV. Currents were characterized by voltage clamping We u.sed a §1te-d1rected ml.ltagenes1s apprloach to 1c_1en-
the membrane for 200 ms to potentials ranging from —60 tify residues in the S6 domain and pore helix that might
to +70 mV from a holding potential of —80 mV (Fig. 1A). interact with KvB1.3 subunits. Twenty-two amino acids in
WT Kvl.5 current exhibited no detectable inactivation in the S6 domain and two amino acids located at the base of
response to such short pulses; however, 5-s pulses to +70 the pore helix (Thr479, Thr480) were individually mutated
mV revealed a slow C_type inactivation that was well to Ala. Native Ala residues were mutated to Val. Four
described by a biexponential function with time constants mutations (G504A, A509V, P511A, and I515A) rendered
of 5.48 + 0.73 s and 586 * 54 ms (n = 7, data not shown). the channel nonfunctional, preventing further evaluation.
Coexpression of Kvl.5 with KvB1.3 subunits induced an The other 20 mutant channels expressed robust currents

A Kvl.5+KvR1.3 G L510A  L510A + Kvp1.3
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Fig. 1. Effects of Kvp1.3 on wild-type and mutant Kv1.5 channels expressed in X. laevis oocytes. A to L, current traces recorded during 200-ms pulses
to potentials ranging from —60 to +70 mV from a holding potential of —80 mV. Tail currents were recorded upon return of the membrane potential
to —40 mV. Left, currents recorded from oocytes expressing Kv1.5 subunits alone. Right, currents recorded from oocytes expressing Kv1.5 subunits
and KvpB1.3 subunits. Point mutations in Kv1.5 subunits are indicated above current tracings.
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in oocytes. Examples of currents conducted by mutant
Kv1.5 channels expressed with or without Kv1.3 subunits
are illustrated in Fig. 1, B to L. Some mutations, for
example T480A, A501V, and V505A enhanced the rate of
C-type inactivation and slowed the rate of deactivation of
Kv1.5 even in the absence of KvB31.3 subunits (Fig. 1, B-D).

V505A+Kvi31.3

130 mV

V512A+Kv31.3 V516A+KvR1.3

<+—130 mV
130 mV

. o *

I508A+KvR1.3

V514A (Fig. 1I) slowed deactivation without a change in
inactivation. Other mutations (e.g., I508A, V512A, V516A,
N520A, and Y523A; Fig. 1, F, H, and J-L) induced only
minor changes in gating compared with WT Kv1.5. Coex-
pression of mutant Kv1.5 channels with Kv31.3 subunits
had a widely variable effect on inactivation properties. For

IS08A
. _»f//; ®
hy o

130 mV +—130 mV

J —

N520A+Kvi31.3

|—

Y523A+Kv31.3

e —

Fig. 2. Inactivation for some mutant Kv1.5 mutant channels coexpressed with Kv1.3 occurs only at very depolarized potentials. Currents were
recorded during 200-ms pulses to test potentials of +70 mV (®) and +130 mV (indicated by arrows). Note that KvB1.3 did not induce additional
inactivation of I508A Kv1.5 channels. Point mutations in Kv1.5 subunits are indicated above current tracings.
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Fig. 3. Inactivation of mutant Kv1.5
channels expressed alone or coex-
pressed with Kv31.3 subunits. A, cur-
rent measured at the end of 200-ms
pulses to +70 mV was normalized rel-
ative to the peak initial current to
obtain relative current for WT and
mutant Kv1.5 channels expressed in
oocytes alone (left) or when coex-
pressed with Kvp1.3 subunits (right).

<<t P513A Kv1.5/Kvp1.3 channels did not
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##, P < 0.001 compared with WT
Kv1l.5 (left) or WT Kv1.5+Kvp1.3
(right). B, additional (N-type) inacti-
vation-mediated reduction of Kv1l.5
channel current caused by coexpres-
sion with KvB31.3, expressed as a ratio
of relative currents calculated as indi-
cated in inset shown at left. Igg, cur-
rent at end of 200 ms pulse to +70
mV; I, peak initial current; n.e.,
no expression (A509V channels ex-
pressed very small currents and were
not analyzed).
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example, inactivation of T480A Kv1.5 was greatly en-
hanced by Kvp1.3 (Fig. 1B), but KvB-subunits did not
induce rapid inactivation of V505A, I508A, L510A, V512A,
or V516A mutant channels when examined with test po-
tentials as positive as +70 mV (Fig. 1). Each of these S6
residues, except Leu510 (a residue conserved in other Kv
channels), is predicted to face the central cavity of the
channel based on homology with the bacterial KesA chan-
nel (Doyle et al., 1998). Mutation of the Asn520 and, in
particular, Tyr523 residues, predicted to face the central
pore but located at a more distal location in the S6 seg-
ment, also reduced the ability of KvB1.3 to induce inacti-
vation (Fig. 1, K and L). Val505, Asn520, and Tyr523
mutant channels coexpressed with Kvp1.3 exhibited sig-
nificant inactivation when pulsed to +130 mV. However,
even at this very depolarized potential, V512A and V516A
channels resisted N-type inactivation, and I508A exhibited
no additional KvB1.3-induced inactivation (Fig. 2). In sum-
mary, KvB1.3-induced N-type inactivation results from in-
teraction with only a few Kv1.5 residues located at the
base of the pore helix and in the S6 domain. With one
exception (Leu510), these key residues face toward the
central cavity of the channel.

The extent of inactivation of Kv1.5 channels when ex-
pressed with or without Kv31.3 subunits is summarized in
Fig. 3. For this comparison, inactivation was evaluated for
currents elicited with 200-ms pulses to a test potential of +70
mV. The relative component of noninactivating current mea-
sured at +70 mV for WT and each mutant channel is plotted
in Fig. 3A when Kv1.5 was expressed alone (“a”, left-) or
when Kv1.5 was coexpressed with KvB1.3 (“a + B”, right).
The Kvp1.3-induced change in inactivation of mutant chan-
nels was also compared with WT channels as a ratio and is
plotted in Fig. 3B. This analysis revealed that five mutations
in the S6 domain (V505A, I508A, L510A, V512A, and V516A)
were most effective in inhibiting KvB1.3-induced inactiva-
tion. In contrast, T479A and T480A greatly enhanced
Kvp1.3-induced inactivation.

We found previously that mutation to Ala of two residues
located at the base of the pore helix (Thr479, Thr480)
decreased block of Kv1.5 channels by S0100176. Even
the conservative substitution of these residues to Ser
strongly decreased the potency of block (Decher et al.,
2004). For example, T480S increased IC;, by 88-fold com-
pared with 362-fold for T480A. In contrast to the drug,
mutation of Thr479 or Thr480 to Ala enhanced the ability

T480S+KvR1.3
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Fig. 4. Mutation of Thr479 and Thr480 to Ala or Ser enhanced Kvf1.3-
induced in activation of Kv1.5 channels. A and B, example of currents for
T480S Kv1.5 channels expressed alone or with Kv31.3 subunits. C, cur-
rent measured at the end of 200-ms pulses to +70 mV was normalized
relative to the peak initial current to obtain relative current for WT or
mutant Kv1.5 channels coexpressed with KvB31.3 subunits. ##, P < 0.001
compared with WT Kv1.5+ KvB1.3.
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of KvB1.3 to induce inactivation, and this effect was accen-
tuated when Thr480 was substituted with Ser (Fig. 4).
Thus, mutation of Thr479 or Thr480 has opposite effects
on the apparent binding affinities of S0100176 and Kv1.3
subunits.

N-type inactivation can enhance C-type inactivation
(Baukrowitz and Yellen, 1995). Might there be a correlation
between the rate of C-type inactivation induced by point
mutations of the S6 domain of Kv1.5 and the extent of N-type
inactivation induced by coexpression with Kv31.3? To test for
such a correlation, the extent of inactivation during a 1.5-s
pulse to +70 mV for Kv1.5 channels expressed alone or
together with KvB1.3 subunits was compared and plotted in
Fig. 5. This plot indicates that the extent of C-type inactiva-
tion of mutant Kv1.5 channels does not determine the ability
of KvB1.3 to induce N-type inactivation.

KvB1.3 accelerated the rate of inactivation of WT and
many mutant Kv1.5 channels during 1.5-s pulses. In the
presence of Kv31.3 subunits, current inactivation for most
channels was best fit with a biexponential function. The
exceptions were V505A, I508A, V512A, and V516A (Fig.
6A). The inactivation of these four mutant channels were
also examined using longer (5 s) pulses to +70 mV. With
these longer pulses, inactivation was best fit with a biex-
ponential function, but the rates were still slow and simi-
lar to those of WT Kv1.5 channels expressed alone (Fig.
6B). Thus, mutation of four residues in the S6 domain
essentially eliminated the ability of KvB1.3 subunits to
induce N-type inactivation of Kv1.5.

Deactivation of WT Kv1.5 was biexponential at —40 mV
with time constants of 32.0 = 1.1 and 9.2 = 0.3 ms (n = 15).
Coexpression with KvB1.3 slowed the deactivation of WT
Kv1.5 by a factor of 2.35 = 0.1 for the fast component and
1.95 = 0.1 for the slow component (Fig. 6C, n = 11). Deacti-
vation was also analyzed for —70 mV, and similar changes in
deactivation rates were noted (Fig. 6D). The slowing of deac-
tivation may result from an inability of the activation gate to
close when a Kvp ball peptide is bound to the inner pore of
the channel. Consistent with this hypothesis, the effect of
KvB1.3 on deactivation was minimal for channels harboring
a mutation in V505A, I508A, L510A, or V512A residues in
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Fig. 5. Lack of correlation between C-type inactivation of Kv1.5 and the
ability of KvB1.3 to induce additional inactivation. Percentage inactiva-
tion during a 1.5-s pulse to +70 mV for Kv1.5 channels expressed alone
(x-axis) is compared with that when Kv1.5 and Kv1.3 were coexpressed

(y-axis).
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Fig. 6. Effects of Kv1.5 mutations on channel inactivation and deactivation. A, time constants for inactivation of WT and mutant Kv1.5 channels when
coexpressed with KvB1.3. Currents during 1.5-s pulse to +70 mV were fit with either a mono- or biexponential function. *, P < 0.05; #, P < 0.01; ##,
P < 0.001 compared with WT Kv1.5+ KvB1.3. B, time constants for inactivation of WT and select mutant Kv1.5 channels coexpressed with Kv31.3
during 5-s pulses to +70 mV. Currents were fit with either a mono- or biexponential function. *, P < 0.05; #, P < 0.01; ##, P < 0.001 for corresponding
channels without KvB1.3. C and D, time constants for deactivation expressed as a ratio for currents measured at —40 mV (C) or —70 mV (D) in the
presence or absence of Kvp1.3 subunits. Deactivation of I502A was analyzed at —30 mV, and T480A channels were only analyzed at =70 mV. *, P <
0.05; #, P < 0.01; ##, P < 0.001 for corresponding channels without Kv31.3.
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Fig. 7. Shifts in voltage dependence of Kv1.5 gating induced by coexpression with Kv31.3. Plot of half-point (V,,) for activation (A) and inactivation
(B) of current determined for oocytes expressing Kv1.5 channels alone or when coexpressed with Kv31.3 subunits. C, Kvp1.3 did not significantly alter
properties of Kv1.5 channels formed from subunits containing two inactivation-perturbing mutations, V505A and I508A. D, Kvg1.3-induced shift in
V,,, for Kv1.5 activation is reduced but still present in channels that have two inactivation-perturbing mutations. #, P < 0.01; ##, P < 0.001 compared
with corresponding channels without KvB1.3.
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the S6 of Kv1.5 identified as crucial for interaction with
KvB1.3. Deactivation of A501V, L506A, and V514A channels
were also not affected much by coexpression with Kv1.3, but
these mutations alone greatly slowed deactivation of Kv1.5
channels (Fig. 1).

Voltage-Dependent Shifts in Activation and Inacti-
vation Gating Induced by Kv1.3 Are Independent of
Interaction with the Inner Cavity of Kvl.5 Channels.
Kvp1.3 shifted the voltage required for half-maximal inacti-
vation of Kv1.5 induced with 1.0-s test pulses by —11 mV.
The V,,, was —11.5 = 2.2mV (n = 12) for Kv1.5 channels and
—22.6 = 0.6 mV (n = 16) for Kv1.5/KvB1.3 channels. In
addition, KvB1.3 shifted the voltage dependence of activation
by —15 mV, from —5.2 = 2.0 mV (n = 12) to —20.0 = 0.7 mV
(n = 18). The Kvp1.3-induced negative shifts in the half-
points of the activation (Fig. 7A) and inactivation (Fig. 7B)
relationships remained intact for most of the mutant Kv1.5
channels; in some cases (e.g., inactivation of T480A), they
were exaggerated. The shifts in the voltage dependence of
gating were also observed in most of the Kv1.5 channels
harboring single mutations that abolished the Kvf1.3-in-
duced N-type inactivation (e.g., V505A, I508A, V512A, or
V516A).

The combined mutation of two critical residues nearly
eliminated the gating effects of Kv1.3. Coexpression with
KvpB1.3 had no apparent effect on gating of V505A/I508A
(Fig. 7C), V505A/512A, or I508A/V512A channels, although a
small shift in the voltage-dependence of C-type activation
was still detected (Fig. 7D). Together, these findings suggest
that although binding of Kv31.3 to the central cavity is likely
to mediate N-type inactivation and a slowing of deactivation,
binding to some other domain of Kv1.5 may mediate the
negative shifts in the voltage dependence of activation and
C-type inactivation.

Mutations of Leu510 in Kvl1.5 Prevent Functional
Interaction with Kv1.3 but Not KvB1.2 Subunits. With
the exception of Leu510, the residues of the Kv1.5 subunit
that seem to interact with Kvp1.3 face toward the inner
cavity of the channel. Of the mutations studied here, the
L510A mutation caused the most pronounced enhancement
of C-type inactivation, reducing current by 80% during a
1.5-s pulse to +70 mV. This mutation also prevented the
slowing of deactivation normally associated with coexpres-
sion with KvpB1.3. In contrast, mutation of Leu510 to Met
slowed the rate of Kv1.5 activation but did not enhance
C-type inactivation (Fig. 8A). Similar to L510A, Kv1.3 was
unable to induce N-type inactivation of L510M channels (Fig.
8B). However, the L510M mutation did not prevent interac-
tion of Kv1.5 with all Kvp subunits because coexpression
with KvB1.2 induced N-type inactivation and slowed the rate

A B C

L510M L510M+KvR1.3 L510M+KvR1.2

L

=

Fig. 8. L510M mutation prevents interaction with KvB1.3 but not
Kvp1.2. L510M Kv1.5 currents were recorded at test potentials ranging
from —60 to +70 mV (10-mV increments) in the absence (A) and presence
of KvB1.3 (B) or KvB1.2 (C).
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of deactivation (Fig. 8C). Thus, mutation of Leu510 to Met
prevented interaction with Kv31.3 but not Kv31.2 subunits,
suggesting a KvB1-subunit—specific role for Leu in this posi-
tion.

Sensitivity to Kvp1l Requires both N-Terminal and
Pore Domain Binding Sites. The sequence of the S6 do-
main is highly conserved in Kv1, -2, -3, and -4 a-subunits and
the residues that face the central cavity, corresponding to
Val505, I1e508, and Val512 of Kv1.5, are identical. However,
Kvp subunits are tethered to the channel complex by binding
to a specific site located on the N terminus of some but not all
Kv a-subunits. Kv2.1 a-subunits lack this N-terminal bind-
ing site for KvB subunits. Therefore, we constructed a Kv1.5-
Kv2.1 chimera, combining the N terminus of Kv1.5 with the
remaining domains of Kv2.1 (Fig. 9A). KvB1.3 had no effect
on Kv2.1 gating (Fig. 9B) but induced N-type inactivation of
the chimera channel (Fig. 9C), thus providing the Kv2.1
channel with an N terminus that could bind Kv31.3 enabled
N-type inactivation.

Competition between Kvf1.3 and a Drug for Binding
to the Pore of Kv1.5 Channels. The time-dependent block
of Kv1.5 channels by S0100176 roughly resembles Kv3 sub-
unit-induced inactivation (Fig. 10A). As reported previously
for bupivacaine and quinidine (Gonzalez et al., 2002), coex-
pression with KvB1.3 reduces the potency of S0100176 for
block of Kv1.5 channels. At a test potential of +40 mV, the
IC5, 0f S010076 for Kv1.5 currents was 0.7 = 0.2 uM (Decher
et al., 2004). In the presence of Kv31.3, the IC;, for block of
channels was increased by more than 4-fold to 3.1 = 0.2 uM
(n = 6). Note that 1 uM drug blocked Kv1.5 channels more
effectively than 3 uM drug blocked Kv1.5/KvB31.3 channels
(Fig. 10A, top and middle). In addition, although block of
Kv1.5 by S0100176 was voltage-independent over the range
examined (—20 to +80 mV), block assumed a voltage-depen-
dent profile in the presence of Kvp1.3 (Fig. 10B, top and

middle).
" (U]
) I\I | o \ /
(VA ! V
| |

Kv2.1+Kv31.3

Fig. 9. N terminus and pore binding sites are required for Kvp1.3-
induced inactivation of Kv channels. A, schematic of Kv2.1 subunit
(left) and Kv2.1 with Kv1.5 N terminus (right). B, KvB1.3 does not
affect gating of Kv2.1. Currents were recorded during 1.5-s pulses
applied from a holding potential of —80 mV to test potentials ranging
from —60 to +90 mV. C, KvB1.3 induces inactivation of Kv2.1/Kv1.5
chimera channels. Currents were recorded using the same voltage
protocols described for Kv2.1 currents. Scale bars in B and C represent
1 pA and 0.5 s.
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The N-terminal region of KvB subunits are believed to
act as the inactivation ball (Uebele et al., 1998) and
presumably can compete with drug for binding to specific
residues in the pore of Kv1.5. Therefore, we determined
whether deletion of the first 10 amino terminal amino
acids of Kvp1.3 altered its ability to compete with
S0100176 for block of Kv1.5 channels. The IC;, of
S0100176 for Kv1.5 in the presence of Kvp1.3(AN1-10)
was 0.9 £ 0.3 uM (n = 5), not significantly different
from the IC;, for Kv1.5 alone. As predicted, KvB1.3(AN1-
10) did not confer voltage-dependence to block of Kv1.5
by S0100176 (Fig. 10B, bottom). The V.., was —5.2
mV *+ 2.0 for Kv1.5 (n = 12) compared with —14.0 = 1.8
mV (n = 5) for Kv1.5/Kvp1.3(AN1-10) (P < 0.001). Thus,
although N-truncated KvpB1.3 did not alter the IC;, or
voltage dependence of Kv1.5 block by the drug, it re-
tained the ability to shift the voltage dependence of Kv1.5
activation.

The onset of drug block was determined by plotting the
Iy, u/1 contro Tatio as a function of time during a single pulse to
+70 mV (Fig. 10C). The rate of current reduction by
S0100176 was slower in the presence of Kv31.3 but not in the
presence of KvB1.3(AN1-10), findings consistent with com-
petition between drug and the WT Kv-subunit for a common
binding site.

The time course for the recovery from Kvp1.3-induced
inactivation and/or block by the drug was assessed with a

A

Kv1.5

+

1 UM S0100176

Kv1.5

=

500 ms

3 pA

Kv1.5+Kv31.3

Kv1.5+Kvi31.3
i 90

3 uM S0100176

% Inhibition
[4)]
o

% Inhibition
n
o

[Te]

500 ms

double-pulse protocol. Oocytes were depolarized to +40
mV for 1 s to induce inactivation and/or block, allowed to
recover at —90 mV for a variable time, then pulsed again to
+40 mV to assess the extent of channel recovery. Kv1.5/
KvB1.3 channels inactivated 40% over 1 s during the first
pulse to +40 mV, and current magnitude was almost fully
recovered after only 30 ms at —90 mV (Fig. 11, O). In the
presence of drug, the recovery of Kv1.5 channel current
from block (Fig. 11, A) was very slow, with a time constant
of 486 = 9 ms (n = 5) and only 4.6% recovery after 30 ms.
In contrast, the time course for recovery from inactivation
plus block of Kv1.5/Kv1.3 channels was biphasic (Fig. 11,
W). Current was recovered by 25.4% after 30 ms at —90
mV, and the fast component had a time course similar to
the recovery from N-type inactivation induced by KvB1.3.
Thus, N-type inactivation was reduced 40% in the presence
of the drug. The slow component (unblock by drug) had a
time constant of 425 = 7.3 ms (n = 5), similar to recovery
from block of Kv1.5 channels alone. These findings provide
further functional evidence that Kv31.3 subunits compete
with S0100176 for block of Kv1.5 channels. These findings,
when combined with the Ala-scanning mutagenesis re-
sults, suggest that the binding sites for S0100176 and
KvpB1.3 are composed of overlapping, but not identical
residues that line the central cavity of the Kv1.5 channel
(Fig. 12).
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Fig. 10. Kvp1.3 alters block of Kv1.5 channels by S0100176. A, WT Kv1.5, Kv1.5/Kv1.3, and Kv1.5/KvB31.3(AN1-10) channel currents recorded in the
absence and presence of 1 uM S0100176. Currents were recorded during 1.5-s test pulses to potentials ranging from —20 to +80 mV. B, inhibition of
currents by S0100176 as a function of voltage of the test pulse. Drug concentrations were chosen based on equivalent channel block at 0 mV. Plot for
Kv1.5 alone + 1 uM S0100176 (top) was previously published (Decher et al., 2004). C, onset of current block at +70 mV for Kv1.5 and Kv1.5/
KvB1.3(AN1-10) channels by 1 uM S0100176 and for Kv1.5/KvB1.3 by 3 uM S0100176. Currents recorded in the presence of drug were divided by

currents recorded before exposure of the oocyte to drug to obtain the ratio I,,,./I

control*
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Discussion

Kv1.5 channels activate rapidly and inactivate very
slowly by a C-type mechanism. When coexpressed with
KvB1 subunits, Kv1.5 channels acquire an additional and
much more rapid N-type inactivation (England et al.,
1995), a mode of inactivation dependent on a N-terminal
inactivation peptide first identified at the molecular level
in Shaker K™ channels (Hoshi et al., 1990; Zagotta et al.,
1990). More recently, Zhou et al. (2001) determined the
molecular mechanism of N-type inactivation for a
Kvp1.1-B2 chimera subunit and an inactivation removed
Kv1.4 channel, Kv1.4-IR. These investigators used a mu-
tagenesis approach to identify important residues for N-
type inactivation in both the a- and B-subunits. Zhou et al.
(2001) mutated the six residues of Kv1.4-IR that were
predicted to face the inner cavity based on a sequence
alignment with KesA. These individual mutations affected
both the K, of KvB1-induced inactivation and the K, for

1.0

0.8+

o Kv1.5+KvRR1.3

Normalized peak current

0.6 A Kv1.5+S0100176
= Kv1.5+KvR1.3+S0100176
0.4
02F
0.0 T ¥ T X T ¥ T T 1
0 500 1000 1500 2000

Interpulse interval (ms)

Fig. 11. Time-dependent recovery from block by S0100176 for Kv1.5
and Kv1.5/KvB1.3 channels. Normalized peak current amplitudes are
plotted versus the interpulse time at —90 mV for Kv1.5 + Kv1.3 (O),
Kv1.5 + S0100176 (A), and Kv1.5 + Kvg1.3 +3 pM S0100176 (H).
Oocytes were depolarized by stepping for 1 s to +40 mV before return
to the holding potential of —90 mV. After a range of times at —90 mV,
a second depolarizing pulse was applied to +40 mV. The time course
for recovery from inactivation of Kv1.5/Kvp1.3 channels and recovery
from block of Kv1.5 by S0100176 were fit with a mono-exponential
function. The recovery from block/inactivation of Kv1.5/KvB31.3 chan-
nels in the presence of 3 uM S0100176 was fit with a biexponential
function, reflecting fast recovery from inactivation (dotted curve) and
slow recovery from block (dashed curve).
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block of the channel by tetrabutylammonium (TBA). They
noted that the volume of the first three residues of the
Kvp1.1 peptide (MQV) was similar to the volume of TBA,
implying that the peptide and the TBA bind to the same
receptor site in the Kv1.4-IR pore. Zhou et al. (2001) also
proposed that interaction of the KvB1.1 N-terminal pep-
tide with the Kv1.4-IR pore required two sequential gating
steps between two open (O, O') and one inactivated (I)
state of the channel: O — O’ — I. The N terminus of a
single KvB1 subunit initially binds to a site outside the
pore, perhaps by snaking its way through a window in the
T1-S1 linker. The transition from the open channel (O) to
the preinactivated state (O’) was shown to be the rate-
limiting step in the inactivation pathway. The more rapid
and final transition (O’ — I) was proposed to result from
binding of the Kvp1.1 N terminus (residues MQVSIA) to
specific residues of S6 that face the central cavity.

The S6 sequence of Kv1.4-IR and Kv1.5 channels is iden-
tical, whereas the initial N-terminal sequence of KvB1.3 is
MLAART. Thus, it was unknown whether binding of Kv31.3
to the S6 domain of Kv1.5 would be the same as in the Zhou
et al. study. In fact, there are several differences between our
findings and the previous study. Our coexpression of mutant
Kv1.5 channels with Kv31.3 identified five residues in the S6
segment and two residues located at the base of the pore
helix as important interaction sites for Kv31.3, whereas Zhou
et al. (2001) only investigated residues in S6 that were pre-
dicted to face the central cavity and therefore did not mutate
Leu556 in Kv1.4-IR or the two Thr residues at the base of the
pore helix. Thus, our data suggest that Kv31.3 may bind
higher in the pore than predicted by the earlier study. More-
over, whereas Zhou et al. (2001) identified Tyr569 as one of
the most important residues for Kvg binding to Kv1.4, mu-
tation of Tyr523 in Kv1.5 only modestly affected Kvp1.3
interaction. The residues in S6 crucial for interaction with
KvpB subunits are underlined, and the differences in the pu-
tative binding-site deduced in the two studies are bold and
italic:

Kv1.4+p1.1-82.1: 551 VLTIALPVPVIVSNFNYFY 569
Kv1.5+pB1.3: 505 VLTIALPVPVIVSNFNYFY 523

Leu510 of Kv1.5 is predicted to face away from the central
cavity. We previously found that L510A had no effect on
block of Kv1.5 by the anthranilic acid derivative S0100176
(Decher et al., 2004). Therefore, we were somewhat surprised
to discover that mutation of this residue greatly diminished

Fig. 12. Partial overlap of drug and KvB1.3 bind-
ing sites on S6 domain of Kv1.5 channel subunit.
A, model of the Kv1.5 channel pore depicting three
subunits. Model is tilted from the horizontal axis
to facilitate viewing of residues important for in-
teraction with KvB1.3 and S0100176 plotted on
one of the subunits. The S5-S6 domains of a single
Kv1.5 subunit are depicted with important resi-
dues for interaction with Kvp1.3 (B) or S0100176
(C) highlighted in space-fill mode. Interacting res-
idues are defined by a mutation-induced decrease
in the extent of inactivation caused by KvB31.3 or a
decrease in block by drug. In addition, mutation of
Thr479 or Thr480 enhanced the ability of Kv31.3
to inactivate Kv1.5 channels. Homology models
are based on the crystal structure of the KcsA
channel (Doyle et al., 1998), incorporating a pre-
dicted bending of the S6 domain at the PVP motif
(Hanner et al., 2001; Decher et al., 2004).
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the ability of Kv31.3 subunits to alter Kv1.5 channel gating.
However, mutation of Leu510 was previously reported to
decrease channel block by the local anesthetics quinidine and
tetraethylammonium (Yeola et al., 1996; Franqueza et al.,
1997; Caballero et al., 2002).

Mutation of Val516 to Ala caused the greatest impairment
of KvB1.3-induced inactivation of Kv1.5 channels. A similar
mutation in Kv1.1 channels causes episodic ataxia type-1
(Browne et al., 1994), and heterozygous (V408A/+) trans-
genic mice developed stress-induced loss of motor coordina-
tion (Herson et al., 2003). Similar to V516A in Kv1.5, the
V408A mutation in Kv1.1 caused a 10-fold increase in the
rate of Kv1.1 deactivation and greatly slowed the rate of
KvB-induced inactivation (Adelman et al., 1995; Maylie et al.,
2002). Thus, mutation of this critical Val in the S6 domain of
Kvl channels prevents normal interaction with Kvp sub-
units.

In addition to inducing N-type inactivation, KvB31.3-in-
duces a negative shift in the voltage dependence of Kv1.5
channel activation and inactivation. We found that most
mutations in the S6 of Kv1.5 that prevented KvB1.3-me-
diated N-type inactivation did not prevent shifts in the
voltage dependence of gating. The structural basis of the
shifts in gating are unknown, but the shifts remain largely
intact when the 68 amino acids are removed from the N
terminus of the B-subunit, implying that different domains
of KvpB1.3 are responsible for inducing rapid inactivation
and shifting the voltage dependence of gating of Kv1.5
channels (Uebele et al., 1998). Our results also suggest
that a domain of Kv1.5 that is located outside the pore may
be involved in the gating effects. Perhaps the shifts in
gating correspond to the transition from the open to the
preinactivated state (O — O’) proposed in the Zhou et al.
(2001) model of Kv1 channel gating.

Specific mutations of Kv1.5 (Val514, Thr507) that in-
creased block by quinidine did not alter KvB31.3-induced in-
activation, suggesting that the drug binding site is distinct
from the one that mediates fast inactivation (Uebele et al.,
1998). However, our Ala-scanning studies suggest a similar
binding site for an anthranilic acid derivative S0100176 and
the peptide inactivation gate of KvB1.3. Thr480 (and to a
lesser extent Thr479), located at the base of the pore helix,
and Val505, I1e508, and Val512, located in S6, were identi-
fied as the putative binding sites for this drug. Based on
altered properties of inactivation induced by mutation, these
same residues mediate interaction with KvB31.3 subunits. In
addition, Kv1.3 seems to interact with Leu510 and Val516
on the S6 domain. Finally, KvB1.3 (but not an N-truncated
construct) reduced the potency of S0100176 block and con-
verted the profile from voltage-independent to voltage-depen-
dent. Together, these findings strongly suggest that the
blocker and the Kv1.3 subunit compete for an overlapping
but not identical binding site located in the inner cavity of
Kvl.5.
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