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ABSTRACT Voltage-gated K* channels are complexes of
membrane-bound, ion-conducting « and cytoplasmic ancil-
lary (f3) subunits. The primary physiologic effect of coexpres-
sion of a and 3 subunits is to increase the intrinsic rate of
inactivation of the « subunit. For one  subunit, Kvf1.1,
inactivation is enhanced through an N-type mechanism. A
second 3 subunit, Kvf31.2, has been shown to increase inac-
tivation, but through a distinct mechanism. Here we show that
the degree of enhancement of Kvf31.2 inactivation is depen-
dent on the amino acid composition in the pore mouth of the
« subunit and the concentration of extracellular K*. Exper-
imental conditions that promote C-type inactivation also
enhance the stimulation of inactivation by Kvp1.2, showing
that this 8 subunit directly stimulates C-type inactivation.
Chimeric constructs containing just the nonconserved N-
terminal region of Kvf31.2 fused with an « subunit behave in
a similar fashion to coexpressed Kvf31.2 and « subunit. This
shows that it is the N-terminal domain of Kvf31.2 that
mediates the increase in C-type inactivation from the cyto-
plasmic side of the pore. We propose a model whereby the N
terminus of Kvf31.2 acts as a weakly binding “ball” domain
that associates with the intracellular vestibule of the a subunit
to effect a conformational change leading to enhancement of
C-type inactivation.

Voltage-gated K* channels are found in nearly all mamma-
lian tissues where their function is to stabilize membrane
potential and promote repolarization. Despite their common
roles many K* currents have been described; they are
especially prominent in excitable cell types found in the
nervous system, heart, and smooth muscle. The large assort-
ment of K* currents is probably generated by differential
expression of the 18 known « subunits (1) and the 5 known
B subunits (2-7).

Perhaps the most prominent difference in the physiologic
properties of K* channels are their inactivation properties,
which can be extremely variable in time course and can occur
by multiple mechanisms. Channel inactivation is best under-
stood in Shaker-type K* channels. One type of inactivation
mechanism found in Shaker K* channels is N-type or fast
inactivation, caused by occlusion of the cytoplasmic side of
the pore by a “ball” domain on the N terminus of some « or
B subunits (3, 8, 9). A second, and possibly more common
inactivation mechanism is C-type inactivation (9, 10), which
may be mediated by closure of domains near the pore mouth
(11). Each type of inactivation can occur independently, or
N- and C-type inactivation can coexist in the same channel.
Additionally, entry into the C-type inactivated state is faster
in the presence of N-type inactivation (10).
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A recently discovered class of ancillary (8) subunit, can
dramatically increase the rate of inactivation of the membrane-
bound Kvl « subunits (3-6, 12). One B subunit, Kvp1.1, has
been shown to increase the rate of inactivation through
interaction of its N terminus with the channel pore to cause
N-type inactivation (3). KvB1.2, which except for a unique
N-terminal 78-amino acid leader is identical to Kvg1.1, can
also increase the rate of inactivation, but through an undeter-
mined mechanism (4).

We show that the increased rate of inactivation in Kval
subunits associated with KvpB1.2 is due to an increase in the
rate of C-type inactivation. Further, unlike the intrinsic C-type
inactivation seen in Kva subunits expressed alone, it is the
unique N-terminal leader of Kv1.2 that is responsible for this
effect. We propose that the mechanism of f subunit-
stimulated C-type inactivation involves the N terminus of
Kvp1.2 binding to the inner vestibule of the channel pore with
rapid kinetics and low affinity. This interaction does not
generate resolvable N-type inactivation, but is sufficient to
result in faster C-type inactivation through its coupling with
N-type inactivation.

MATERIALS AND METHODS

K* channel B subunits were named using the suggested
nomenclature (6, 7). KvB1.2 was formerly referred to as Kv3
(4, 5), and Kvpl.1 as KvB1l (3). Unless otherwise stated,
standard molecular biology techniques were used (13). En-
zymes were used according to the manufacturers recommen-
dations. Complementary DNAs encoding ferret Kvp1.2,
FK1A2-146, and FK1A2-146[K532Y] were described else-
where (4, 14, 15). Mutations in ShBA6-46 (9) were constructed
by the method of Ray and Nickoloff (16) using the mutagenic
oligonucleotides (mutagenic bases are underlined): TGGT-
GACATGAAACCCGTCGGCGT (T449K mutation) or TG-
GTGACATGTATCCCGTCGGCGT (T449Y) mutation. The
selection oligonucleotide for both mutations was AATATG-
GACAGCTGGTAACGTGAT (which destroyed a unique
Spel site). Fidelity of the mutations was confirmed by sequenc-
ing the region inclusive of the PCR primers. Kv1.1 was
isolated by reverse transcription of rat brain RNA, followed by
PCR with the primers AGGATTTACTCATGCAGCTTA-
AGTG and CTGTGTGTGGGTTCTGAAGTCAGC. The
product was cloned into the Smal site of pGEM-HES |[a
modified version of a Xenopus oocyte expression vector
pGEM-HE (17), modified to include Xhol, Notl, and Sall
restriction sites downstream from the Xenopus B globin 3’
untranslated region]. DNA sequence analysis showed that this
clone encoded an open reading frame identical to that previ-
ously reported (3). pNB1.2/FK1A2-146 chimera was con-
structed by recombinant PCR (18). The first 80 amino acids of
KvB1.2 were excised by PCR with an adapter oligonucleotide
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[ACATTCATCACCATGCATAGCCATGCCCGTCTCTG-
CTC; the first 20 nucleotides are from nucleotides 738-757 of
FK1 (15), and the 3’ 20 bases are from nucleotides 281-300 of
FHBKI1 (4)] and BS828L (CAGGAAACAGCTATGACCAT-
GATT; nucleotides 805-828 of pBS-SK~; Strategene). The
purified PCR product was then reamplified using Ncol-
digested pMC1-12 (containing FK1) (15) as template, with
BS828L and MC12-34 (CTCTCTCACAAAGCCCT; nucleo-
tides 1125-1141) primers. The PCR product was digested with
Spel and EcoRV, and ligated into the Spel/EcoRV sites of
FK1A2-146. The resulting construct contains the first 80 amino
acids of KvB1.2 spliced to the N-terminus of FK1A2-146. The
fidelity of the mutants was confirmed by DNA sequence
analysis. For in vitro transcription, RNAs were linearized with
HindIII (Sh constructs), Notl (KvB1.1), or Asp718 (others),
and transcribed with T7 (Sh and Kvg1.1) or T3 RNA poly-
merase as described (19) using 0.6 mM GTP, and 2.4 mM
m7G(5")ppp(5’)GTP in the transcription reactions.

In vitro transcribed RNA (up to 50 ng) was injected into
defolliculated stage V-VI Xenopus laevis oocytes. Voltage-
clamp experiments were conducted on oocytes within 3—6 days
of injection using a two electrode “bath clamp” amplifier
(OC-725A, Warner Instruments, Hamden, CT) as described
(4). No correlation between current size and inactivation rate
was detected for the range of currents measured in this study.
Extracellular solution was 1.0 mM MgCl,/1.8 mM CaCl,/5
mM Hepes:-NaOH, pH 7.4, plus 96 mM NaCl/2 mM KClI (low
[K*]o) or 0 mM NaCl/98 mM KClI (high [K*],). Electrodes
were filled with 3 M KCI (resistances 0.6—-1.5 M{(}) and shielded
to reduce capacitive coupling. All measurements were carried
out at room temperature. Data were not leakage or capaci-
tance subtracted, unless otherwise specified. Data were fil-
tered at 2 kHz and analyzed using an Axon Instruments (Foster
City, CA) TL-1 interface and PCLAMP software. To control for
variability in the kinetics of C-type inactivation that occurred
between batches of oocytes, data comparisons were performed
the same day against suitable controls from the same batch of
oocytes. Inactivation rates were fit with either one or two
exponentials and the dominant exponential time constants
reported. Confidence levels were calculated using an unpaired
t test.

RESULTS AND DISCUSSION

We have previously shown that KvB31.2 can accelerate inacti-
vation of Kval.4 and Shaker B that lack N-type inactivation
due to removal of their N-terminal ball domains (14). We have
reproduced these results for N-terminal deleted mutants of
Kv1.4 (FK1A2-146) and Shaker (ShBA6-46) in Fig. 1 4 and B.
The apparent time constant of inactivation decreases by 73%
and 33% for Kvl.4 (FK1A2-146) and Shaker (ShBA6-46),
respectively, when coexpressed with KvpB1.2. However, the
enhancement is much slower than would be predicted for the
wild-type N-type inactivating channels. Both these mutant «
subunits display a slow phase of inactivation attributable to
C-type inactivation (9, 14). Unlike Kvg1.1, KvB1.2 did not alter
inactivation of Kval.l, an « subunit that shows little C-type
inactivation (3, 20), despite data demonstrating that Kv31.2 is
capable of binding Kval.1 (21-23).

These results suggested that KvB1.2 increased the rate of
inactivation through C-type inactivation instead of the N-
type inactivation shown for KvB1.1. To test for B subunit
stimulation of C-type inactivation, we used criteria described
by Hoshi et al. (9): inhibition by high extracellular K*
concentration, and response to specific amino acid substi-
tutions near the pore mouth at position 449 in ShB (see Fig.
2A). Increasing [K*], from 2 to 98 mM reduced inactivation
~3-fold [at 6.0 s, P < 0.05; see Fig. 1C; Table 1) of
N-terminal-deleted Kval.4 (FK1A2-146 (15)] coexpressed
with KvpB1.2. Similar results are obtained when ShBA6-46

Proc. Natl. Acad. Sci. USA 93 (1996)

98 mMK"

Fic. 1. Kvpl.2 causes a [K*],-sensitive increase in the rate of
inactivation of « subunits. (4) Effects of coexpression of KvB1.2 with
FK1A2-146. Current traces are in response to a depolarizing pulse to
+50 mV from a holding potential of —90 mV. Currents shown in this
and subsequent figures were normalized to peak current for purposes
of comparison. (B) Effects of coexpression of KvB1.2 with ShBA6-46.
(C) [K*]o sensitivity of coexpression of Kv31.2 with FK1A2-146. Peak
current values at +50 mV in 2 mM [K*], were 3.9 = 1.5 pA for
FK1A2-146 plus Kvp1.2. (D) [K*], sensitivity of coexpression of
KvpB1.2 with ShBA6-46. Peak current value at +50 mV in 2 mM [K*],
was 8.30 = 0.19 pA.

plus Kvp1.2 inactivation was measured at 98 mM [K*],,
decreasing total inactivation 45% (P < 0.05) at the end of
3.0 s (Fig. 1D). The sensitivity of inactivation to high [K*],
shows that the Kvpl.2-mediated increase in inactivation
fulfills an important criterion for C-type inactivation.
Shaker Kval subunits show dramatically different rates of
C-type inactivation in the presence of various amino acids at
position 449 (532 in FK1; Fig. 24) (14, 26), although other
amino acids can influence the intrinsic inactivation rate.
Lysine, which is present in Kval1.4 at this position, is most
favorable to C-type inactivation; threonine, found in Shaker
B, supports an intermediate level of C-type inactivation.
Channels that contain a tyrosine at this position, such as
Kval.l, display very little inactivation (20). One interpreta-
tion of these observations is that KvB1.2-mediated acceler-
ation of C-type inactivation should be more pronounced in
the presence of « subunits with an amino acid sequence
favorable to C-type inactivation. It is also possible that the
observed effects might be due to some other property of
these « subunits. We therefore constructed a series of pore
mouth mutations in FK1A2-146 and ShBA6-46 (Fig. 24). As
predicted, KvB1.2 fails to increase the rate of inactivation in
FK1A2-146[K532Y] and ShBA6-46[T449Y] mutants, which
display little inactivation in the absence of 8 subunit (Fig. 2
B and C and Table 1). A mutant that promotes C-type
inactivation (ShBA6-46[T449K]; Fig. 2D) showed a further
rate increase when coexpressed with KvB1.2. These effects
were not the result of general interaction of 8 subunits with
the amino acid at position 449, as coexpression of Kvg1.1
with FK1A2-146[K532Y] and ShBA6-46[T449Y] resulted in
rapid, [K*], insensitive, N-type inactivation (data not
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B FK1A2-146[K532Y]+Kvp1.2

FK1A2-146[K532Y]

05s

C ShBAB-46[T449Y]+KvB1.2 D

——

ShBAG-46[T449Y]

05s

05s

ShBAG-46{T449K]

ShBAG-46[T449K]+Kvp1.2

FiG. 2. Kvp1.2 influence on the rate of C-type inactivation rate in the presence of pore mouth mutations that affect C-type inactivation.
(A4 Upper) Schematic representation of a voltage gated K* channel 6-membrane spanning domain structure. The bold line represents the pore
forming domain, with the star showing the approximate position of the pore mouth mutations. (Bottom) Alignments of the amino acid sequence
of the pore regions from ShB (24), ferret Kv1.4 (15), and rat Kv1.1 (25). Mutations that alter the rate of C-type inactivation were constructed
at position 449 in Shaker and 532 in fKv1.4 (). (B) Coexpression of KvB1.2 with FK1A2-146[K532Y] had no effect on inactivation rate (P >
0.25). (C) Coexpression of Kvp1.2 with ShBA6-46[T449Y] also had no effect on inactivation rate (P > 0.25). (D) ShBA6-46[T449K] mutation
greatly increased the rate of C-type inactivation. Total inactivation measured at 100 ms increased 1.4 fold (Table 1; P < 0.05) in response to
KvB1.2 coexpression. All current traces shown are in response to a depolarizing pulse to +50 mV from a holding potential of —90 mV. Peak
current values measured at +50 mV in 2 mM [K*], were 5.6 = 1.6 pnA for FK1A2-146[K532Y], 21 * 4 pA for ShBA2-46[T449Y], 3.4 = 1.2
A for FK1A2-146[K532Y] plus KvB1.2, 28 + 8 A for ShBA2-46[T449Y] plus KvB1.2, 17 = 1 pA for ShBA2-46[T449K], and 19 = 3 uA for

ShBA2-46[T449K] plus Kvf1.2.

shown). The response of the « subunits to coexpression with
KvB subunits shows that the acceleration of inactivation
mediated by KvB1.2 is through a C-type mechanism.

All known KvB subunits are highly conserved in their
C-terminal domains (6, 7), suggesting that unique properties
are conferred by their N termini. Yet, C-type inactivation is
thought to be mediated through domains at or near the
extracellular mouth of the channel pore (9, 26). To deter-
mine the portion of KvB1.2 responsible for acceleration of
C-type inactivation, we examined chimeric constructs in
which the unique N-terminal domain of Kvp1.2 was attached

to the N terminus of FK1A2-146 in the presence and absence
of the K532Y mutation (Fig. 34). This chimeric construct
(NB1.2-FK1A2-146) showed an increased rate of inactiva-
tion, which was slowed by elevation of [K*], (Fig. 3B and
Table 1). An additional mutation in the pore region (K532Y)
that largely removed C-type inactivation greatly slowed the
inactivation rate of this chimeric construct (Fig. 3C and
Table 1). This shows that the N terminus of Kvp1.2 is both
necessary and sufficient to promote C-type inactivation in
Kva subunits.

We have shown that the mechanism of action of the KvB31.2
subunit is to accelerate the rate of C-type inactivation in both

Table 1. Effect of [K*], or KvB1.2 on the development of C-type inactivation
Channel [K*]o, mM dg/p, % Time, s n P
2 20+ 04
FK1A2-146 plus Kv1.2 08 60 + 0.9 6.0 3 <0.05
2 42*+1.9
ShBAG6-46 plus Kvp1.2 08 76 + 1.0 3.0 4 <0.05
FK1A2-146[K532Y] 80 = 0.7
FK1A2-146[K532Y] plus KvpB1.2 2 73+57 30 o =025
ShBA6-46[T449Y] 79+ 18
ShBA6-46[T449Y] plus Kv1.2 2 80 + 3.5 60 7 =025
ShBA6-46[T449K] 58 £ 4.0
ShBA6-46[T449K] plus Kvf31.2 2 42+76 0-1 3 <005
NB1.2-FK1A2-146 2 713l 2.0 5 <0.01
Al 98 54 £3.0 ' '
Np1.2-FK1A2-146 12 +21
NB1.2-FK1A2-146[K5432Y] 2 40 =23 50 4 <005

Summary of data from Figs. 1-3. The degree of inactivation (dg,/p) is expressed as the ratio of current
amplitudes at the final time (shown in subsequent column) vs peak amplitude; smaller percentages
represent greater extent of inactivation. Confidence levels represent the difference or similarity of

matched sets.
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NpB1.2-FK1A2-146 (98 mM K’)
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F1G. 3. The N-terminal domain of KvB1.2 increases the rate of
C-type inactivation of FK1. (4) Diagram of the KvB1.2-FK1 chimeric
construct. Amino acids 1-79 were spliced to the N terminus of
FK1A2-146 (B and C) or FK1A2-146[532Y] (C). (B) The chimeric
construct between Kvp1.2 and FK1 showed an increased rate of
inactivation which was sensitive to an increase of [K*],. (C) Inacti-
vation of the chimeric construct was greatly slowed by a mutation in
the pore region (K532Y) that largely removed C-type inactivation.
Current traces shown are in response to a depolarizing pulse to +50
mV from a holding potential of —90 mV. Currents were normalized
to peak current for purposes of comparison of inactivation rates. Peak
current values measured at +50 mV in 2 mM [K*], were 11 = 3.5 pA
for the chimera and 21 * 4 pA for the mutant chimera.
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Kv1.4 and Shaker B channels. The region which is both
necessary and sufficient to promote this acceleration of inac-
tivation is localized to the N-terminal portion of the 8 subunit.
The chimeric construct which attaches the N terminus of
KvB1.2 to FK1A2-146 confirms that N terminus is the active
domain and reaches its binding site from the intracellular side
of the channel. Hydropathy analysis indicates that the Kv31.2
N terminus is largely hydrophilic (data not shown), suggesting
that it does not bind to the transmembrane spanning regions.
Thus, direct interaction of the N terminus with the external
mouth of the pore is unlikely to occur.

We propose that the N terminus of KvB1.2 acts at as a
rapid but relatively low affinity inactivation ball that inter-
acts with an intracellular binding site to promote C-type
inactivation. This model explains why channels where C-type
inactivation is apparently absent, such as Kval.1, would fail
to show an effect when coexpressed with KvB1.2 (4), even
though they are capable of association (23). N-type inacti-
vation increases the rate at which C-type inactivation pro-
ceeds (10, 14). In Kv1.4 channels, binding of the N-terminal
inactivation domain promotes C-type inactivation so that
100% of the inactivated channels are driven into the C-type
inactivated state (14).

Fig. 4 illustrates our proposed mechanism. We propose
that the N-terminal ball domain of KvB1.2 binds rapidly to
the intracellular vestibule, orienting the channel into a
conformation favorable for C-type inactivation. Unbinding
then occurs before the C-type inactivated conformation is
attained because of its relatively low affinity compared with
N-terminal domains capable of inducing fast inactivation.
The result is an acceleration of C-type inactivation similar to
that seen in the presence of intact « subunit ball domains (9,
14). The diagram suggests that binding of the B-subunit N
terminus blocks the channel. Although our data do not
address that issue, it is also possible that the N terminus binds
to the intracellular side and increases the rate of C-type
inactivation without occluding the pore. It may also bind
without any dependence on the activation state of the
channel. However, at least two other previous observations
suggest that the KvB1.2 N-terminus can at least partially
block the pore. When the membrane is depolarized to very
positive potentials using fast voltage clamp methods, acti-
vation is very fast and a rapid transient inactivation compo-
nent (7 ~ 2.5 ms at +50 mV) was observed (27). Rapid low
affinity open channel block also causes a slowing of deacti-

Fi1G.4. Proposed mechanism of
action of KvB1.2. The N-terminal
domain of Kvp1.2 promotes C-type
inactivation by binding rapidly to
the intracellular vestibule, resulting
in conformational changes favor-
able to C-type inactivation and/or
reducing K* occupancy in the
pore. Unbinding may occur before
attainment of the C-type inacti-
vated conformation because it is
relatively low affinity compared
with conventional N-terminal do-
mains.
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vation tail currents, (e.g., a cross-over phenomenon) and
KvpB1.2 has been shown to result in an ~3-fold increase in the
time constant of deactivation of FK1A2-146 (27).

There are several potential explanations for the enhance-
ment of C-type inactivation observed in the presence of
N-terminal inactivation domains. The effect may be caused by
a B subunit reducing K* occupancy of the channel pore, which
when combined with prolonged opening of the channel’s
activation gate, could prolong the period in which C-type
inactivation could take place (28). Another possible explana-
tion is that N-terminal domain binding either immobilizes the
channel or otherwise induces a conformational change in the
channel that permits C-type inactivation to proceed more
rapidly (14, 29). Neither mechanism necessarily excludes the
other, as there is variability in kinetic behavior for C-type
inactivation in different channel types. Some channels may be
more sensitive to enhancement of C-type inactivation through
an immobilization mechanism, while in others permeation may
be the dominant mechanism. Bi-exponential C-type inactiva-
tion suggests multiple conformational changes are involved in
C-type inactivation, and it may be possible that certain of these
steps are more susceptible to N-terminal binding than others.
Our data suggest that the fast component of C-type inactiva-
tion is less strongly influenced by KvB1.2 than the slower
component.

This study demonstrates that KvB subunits can modulate
voltage-gated K* channel inactivation by both known mech-
anisms of channel inactivation. For both forms of inactivation,
this requires participation of 8 subunit N-terminal domains on
the cytoplasmic side of the pore. This suggests that determi-
nation of the specific associations of the N-terminal domains
of K* channel B subunits with « subunit pore domains will be
important for understanding the role of K* channels in
determination of action potential duration and firing rate of
excitable cells. 8 subunit modulation of C-type inactivation has
important implications for understanding the molecular phar-
macology of use-dependent K* channel inhibitors that are
important as antiarrhythmic, anticonvulsive, and immunosup-
pressive medications.
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