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ellular potassium efflux is controlled
C by the orchestrated openings and

closings of K™ channel proteins. To
meet the potassium conduction require-
ments for a wide variety of tissues, K* chan-
nels co-assemble with different B-subunits
to afford membrane-embedded complexes
with distinctive gating properties. The KCNE
type | transmembrane peptides are a class
of B-subunits that assemble with and modu-
late the electrical output of voltage-gated
K" channels (7). KCNE peptides are particu-
larly fond of KCNQ1 (Q1) channels, as all
five members (E1-E5) form complexes with
this voltage-gated K™ channel (7). The num-
ber of KCNE peptides in a K* channel com-
plex is still debated. Studies have proposed
two or four KCNE peptides per K™ channel
tetramer; however, alternative subunit com-
positions could not be ruled out (2-4). Q1
channels must assemble with KCNE pep-
tides for proper physiological function, be-
cause mutations that disrupt complex for-
mation give rise to congenital deafness and
inherited cardiac arrhythmias (5, 6). In the
heart, the Q1/E1 K* channel complex has
long been thought to generate the slowly ac-
tivating cardiac /, current (7, 8). In con-
trast, E2 and E3 subunits have been shown
to assemble with Q1 channel subunits in
epithelial cells where they maintain salt and
water homeostasis (9, 10). The biological
roles of Q1/E4 and Q1/E5 complexes have
yet to be defined.
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Because the functional output of Q1
channels is controlled by KCNE peptides,
their tissue distribution has been assumed
to underlie Q1-KCNE complex function in
vivo. Recently, all five KCNE transcripts
have been detected in cardiac (11, 12)
and other tissues (13), raising the possibil-
ity that two different KCNE peptides can as-
semble with the same Q1 channel to form a
heteromeric complex. Determining the func-
tional output of heteromeric Q1-KCNE com-
plexes has been hampered by the fact that
macroscopic electrical recordings measure
the total current from a cell, making it diffi-
cult to deconvolute the contribution of het-
eromeric complexes (e.g., Q1/E1/E4) from
two populations of homomeric complexes
(e.g., Q1/E1 and Q1/E4) functioning at the
cell surface. Co-immunoprecipitation of one
KCNE peptide by another KCNE peptide has
indirectly hinted at heteromeric complex for-
mation (14). However, these qualitative bio-
chemical experiments are unsatisfying given
that it is unclear whether these precipitated
complexes are functional. Therefore, we uti-
lized a tethered blocker approach in combi-
nation with electrophysiological recordings
to determine the KCNE composition and
functional consequences of heteromeric
Q1-KCNE K™ channel complex formation.

KCNE peptides have a striking effect on
the opening and closing of Q1 channels,
and these gating differences have been tra-
ditionally used to identify the composition
of homomeric Q1-KCNE complexes

ABSTRACT KCNE transmembrane peptides
are a family of modulatory B-subunits that as-
semble with voltage-gated K™ channels, produc-
ing the diversity of potassium currents needed
for proper function in a variety of tissues. Al-
though all five KCNE transcripts have been found
in cardiac and other tissues, it is unclear whether
two different KCNE peptides can assemble with
the same K™ channel to form a functional com-
plex. Here, we describe the derivatization of a
scorpion toxin that irreversibly inhibits KCNQ1
(Q1) K* channel complexes that contain a spe-
cific KCNE peptide. Using this KCNE sensor, we
show that heteromeric complexes form, and the
functional output from these complexes reveals
a hierarchy in KCNE modulation of Q1 channels:
KCNE3 > KCNE1 > KCNE4. Furthermore, our re-
sults demonstrate that Q1/KCNE1/KCNE4 com-
plexes also generate a slowly activating current
that has been previously attributed to homo-
meric Q1/KCNE1 complexes, providing a poten-
tial functional role for KCNE4 peptides in the
heart.
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Figure 1. Coexpression of Q1 channels with two different KCNE peptides gives rise to an amalgam of voltage-dependent and -independent currents.
Two-electrode voltage clamp recordings for homo- and heteromeric Q1-KCNE complexes. Currents were elicited by a family of command voltages
from —100 to 60 mV at 20-mV increments and recorded in KD50 solution. Dashed line indicates zero current. Scale bars represent 1 A and 0.5 s.

(Figure 1). Q1/E1 complexes are strongly
voltage-dependent and upon depolariza-
tion give rise to a slowly activating K* cur-
rent (7, 8), whereas Q1/E3 complexes are
open at both negative and positive voltages
and have nearly instantaneous gating kinet-
ics (Figure 1) (20). In contrast, when Q1 as-
sembles with E4, the complexes are essen-
tially nonconducting at the plasma mem-
brane (Figure 1) (15). Coexpression of Q1
and E1 with E3 or E4 results in an amalgam
of currents (Figure 1), and visual inspection
or activation curve analysis (Supplementary
Figure 1) does not reveal whether there are
heteromeric Q1-KCNE complexes function-
ing at the plasma membrane. To detect
KCNE peptides in functioning Q1 channel
complexes, we synthetically modified
charybdotoxin (CTX) to specifically react
with cysteine residues within the N-termini
of KCNE peptides (Figure 2, panel a). CTX is
a peptide scorpion toxin that reversibly
binds K" channels with high affinity (16,
17). Previous studies with CTX have shown
that an arginine on the backside of the toxin
can be mutated to cysteine for derivatiza-
tion without affecting its affinity for K™ chan-
nels (18, 19). To convert CTX into a cysteine-
reactive inhibitor (CTX-Mal), the mixed

disulfide protected R19C CTX mutant was
treated with DTT followed by the addition of
100-fold molar excess bis-maleimide (Meth-
ods section).

Because CTX does not inhibit native
Q1/E1 complexes, we utilized a variant of
Q1 that is blocked by nanomolar concentra-
tions of toxin (2). CTX-sensitive Q1/E1 com-
plexes do not possess any extracellular cys-
teines and thus CTX-Mal should reversibly
bind to these complexes. When cells ex-
pressing CTX-sensitive Q1/E1 complexes
were treated with 10 nM CTX-Mal, the cur-
rent was blocked, and then upon washout,
it fully recovered to pretreated levels, dem-
onstrating that inhibition was reversible
(Figure 2, panel b). Q1/E3 complexes were
also reversibly blocked by CTX-Mal when the
lone cysteine in E3 (C31S) was removed by
mutagenesis (Figure 2, panel b, second
graph). These control experiments showed
that chemical derivatization of CTX did not
disrupt binding to the Q1 channel pore. We
next cysteine-scanned the N-terminus of E1
to find residues that were covalently modifi-
able by CTX-Mal. The N-termini of KCNE pep-
tides are ideal for cysteine mutagenesis be-
cause these regions in E1 and E3 are not
required for assembly with or modulation

of Q1 channels (20, 21). Mutation of three
E1 residues (Thr14, GIn22, and Ser34) to
cysteine resulted in Q1/E1 complexes with
wild-type gating kinetics that were irrevers-
ibly blocked by CTX-Mal. Q1/E1+,c com-
plexes were the most reactive, showing no
relief of inhibition upon washout of CTX-Mal
(Figure 2, panel b, third graph). Covalent
tethering of CTX-Mal to Q1/E1y, ,c required
binding to the channel pore given that the
reaction was completely prevented by com-
petitive inhibition with 250 nM CTX

(Figure 2, panel b, fourth graph). In all ex-
periments, only ~85% of the total current
could be inhibited (reversibly or irreversibly);
even in the presence of 250 nM wild-type
CTX, which based on the calculated disso-
ciation constant for CTX-sensitive Q1/E1
complexes should afford >99.9% inhibi-
tion (2). We did not expect 100% block be-
cause Xenopus oocytes possess low levels
of endogenous, CTX-insensitive Q1 chan-
nels that migrate to the cell surface with the
injection of KCNE mRNAs (Supplementary
Figure 2) (2, 7).

Armed with a reagent to detect KCNE pep-
tides in K* channel complexes, we deter-
mined whether Q1/E1/E3 complexes as-
semble and are functional. We first placed
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Figure 2. Strategy and utilization of CTX-Mal for identifying KCNE peptides in functioning Q1-KCNE complexes. a) Cartoon depiction of the toxin
tethering reaction between CTX-Mal and a cysteine residue in E1. b) Inhibition of Q1-KCNE complexes with (10 nM) CTX-Mal in ND96 solution.
Current was monitored at 20 mV every 15 s. Q1/E1 and Q1/E3;,s complexes lack extracellular cysteine residues. Single cysteine containing
Q1/E1,,,c complexes were irreversibly inhibited by CTX-Mal after washout; inhibition was completely prevented in the presence of excess

(250 nM) CTX.
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Figure 3. Detection of heteromeric Q1/E1/E3 complexes with CTX-Mal: @) Q1/E1;;,c/E3c55s-

b) Q1/E1/E3 (using native cysteine (C31) in E3). Current traces shown are pretreatment (Before)
and after washout (After) of 10 nM CTX-Mal. Currents were measured in KD50 solution and were
from command voltages (—100, —80, —60, 0, 20, and 40 mV). Subtraction traces are a math-
ematical difference of the After and Before traces. Outward currents are shaded blue; inward are
shaded pink. Dashed line indicates zero current. Scale bars represent 1 pA and 0.5 s. Reaction
profiles (Reaction) with 10 nM CTX-Mal were monitored at —100 mV every 15 s in KD50 solu-
tion. For Q1/E1;,c/E3c31s, 78% = 2% of the CTX-sensitive current was irreversibly inhibited af-
ter washout and for Q1/E1/E3 74% =+ 4%. Data were averaged from three to five oocytes +

SEM.

the target cysteine in E1. Coexpression of
Q1/E14,4c/E3¢345 resulted in both outward
and inward currents in response to a family
of depolarizations in 50 mM external K*
(Figure 3, panel a, Before). This external so-
lution (KD50) allows for the visualization of
the inward currents (shaded pink); however,
this concentration of external K* noticeably
slows the activation/deactivation kinetics of
some Q1-KCNE complexes (Figures 1 and
3) compared with ND96 (2 mM KCl) solution
(Figure 4). Treatment of these cells with CTX-
Mal covalently modifies and irreversibly
blocks Q1 channel complexes that have as-
sembled with E1;,,c peptides. Upon wash-
out, ~80% of the CTX-sensitive current gen-
erated by a —100 mV test potential was
irreversibly inhibited (Figure 3, panel a, Re-
action). Examination of the current-voltage
traces after CTX-Mal washout (Figure 3,
panel a, After) shows a mixture of E1 and
E3 modulated Q1 currents. Because CTX-
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Mal irreversibly blocks all of the CTX-
sensitive current in exogenously expressed
Q1/E1+,,4c complexes (Figure 2, panel c,
third graph), we postulate that the remain-
ing Q1/E1 current is due to endogenous
(CTX-insensitive) Q1 channels that have as-
sembled with E1;,,c peptides (Supplemen-
tary Figure 2). To visualize the currents irre-
versibly blocked by CTX-Mal, we math-
ematically subtracted the remaining current
after block from the before block currents.
The subtracted traces are a mixture of cur-
rents from Q1/E1 homomers and Q1/E1/E3
heteromers. However, because homomeric
Q1/E1 complexes are closed and noncon-
ducting with test potentials <—30 mV
(Figure 1), the inward currents in the sub-
tracted traces (Figure 3, panel a) are entirely
from Q1/E1t;4c/E3c515 complexes. Unlike
the inward currents, the outward currents
(shaded blue) in the subtracted traces are
contaminated with slowly activating homo-

meric Q1/E1,,c currents. To determine
whether Q1/E1/E3 complexes possess any
time-dependent activation at positive poten-
tials, we utilized the native cysteine in E3
and looked at irreversible block of outward
currents in wild-type Q1/E1/E3 complexes.
The blocked outward currents in this config-
uration will still be a mixture of homo- and
heteromeric complexes; however, the ho-
momeric complexes are Q1/E3, which are
devoid of slow gating (Figure 1). Thus, any
slow gating observed would be due to het-
eromeric Q1/E1/E3 complexes. CTX-Mal
treatment and subsequent washout of cells
expressing Q1/E1/E3 resulted in a reduc-
tion of both inward and outward currents as
before (Figure 3, panel b). Mathematical
subtraction reveals that heteromeric
Q1/E1/E3 complexes slowly activate at
positive voltages and slowly deactivate
upon repolarization (Figure 3, panel b, Sub-
traction). In total, these results show that
the Q1/E1/E3 complex generates current
with the combined properties of homomeric
Q1/E1 and Q1/E3 complexes: it is a hetero-
meric complex that is open at negative po-
tentials but slowly activates with positive
depolarizations.

We next examined whether Q1/E1/E4
complexes were functional. E4 is the most
abundant KCNE transcript in heart (11, 12),
yet when the peptide assembles with Q1, it
produces a nonconducting channel com-
plex (Figure 1) (15). Therefore, to detect
functional Q1/E1/E4 complexes, the cys-
teine residue was placed in E4. When E4
was coexpressed with Q1/E1, the resultant
CTX-sensitive currents in ND96 solution
were irreversibly blocked (52% = 3%) by
CTX-Mal upon washout (Figure 4, panel a). Ir-
reversible blockade of any current indicates
Q1/E1/E4 complex assembly given that ho-
momeric Q1/E4, ,c complexes are like wild-
type Q1/E4 and nonconducting (data not
shown). The amount of irreversible inhibi-
tion measured was predictably dependent
on the ratio of E1/E4, ,c expressed. Injection
ratios that favored the formation of Q1/E1
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Figure 4. KCNE4 peptides form heteromeric complexes with Q1 and KCNE1 or KCNE3. a) Q1/E1/
E4 ,c. b) Q1/E3_5,5/E4, ,c. Reaction profiles (Reaction) with 10 nM CTX-Mal were monitored at
20 mV every 15 s in ND96 solution. For Q1/E1/E4, ,¢, 52% = 3% of the CTX-sensitive current
was irreversibly inhibited after washout and for Q1/E3/E4,, 80% =+ 1%. Data were averaged
from two to five oocytes = SEM. Families of currents (Subtraction) in ND96 were generated by
subtracting the pretreated currents from the currents elicited after washout of CTX-Mal. The Be-
fore and After currents for panels a and b are shown in Supplementary Figure 3. Command volt-
ages were from -100 to 40 mV with 20 mV steps. Dashed line indicates zero current. Scale bars

represent 1 pA and 0.5 s.

homomers resulted in a reduction of irre-
versible block, whereas injection of more
E4 ,c mRNA resulted in an increase of irre-
versible block (Supplementary Figure 4).
Subtraction of the after traces from the be-
fore traces (Supplementary Figure 3) re-
vealed the gating kinetics of Q1/E1/E4 com-
plexes (Figure 4, panel a, Subtraction),
which resemble the cardiac /., current that
has been attributed to Q1/E1 complexes. E4
also forms functional heteromeric Q1 com-
plexes with E3. Q1/E35,5/E4 5 complexes
were irreversibly blocked by CTX-Mal in
ND96 solution (Figure 4, panel b). Although
E4 is present in both heteromeric complexes
studied, the peptide has little effect on the
gating kinetics. Thus for Q1 channels, E3
and E1 dictate gating in heteromeric com-
plexes with E4 peptides.

Our results using CTX-Mal demonstrate
that a tetrameric Q1 channel can simulta-
neously assemble with two different KCNE
peptides. Although we show that hetero-
meric Q1-KCNE complexes form, we can-
not determine the assembly preference for
KCNE peptides with Q1 subunits because
we are looking at an endpoint (current ex-
pression) and not the biogenesis and stabil-
ity of the protein subunits. The formation of
heteromeric complexes requires that there
are at least two KCNE peptides in the K™
channel complex; however, irreversible inhi-
bition with CTX-Mal cannot distinguish be-
tween two or more peptides within the com-
plex, which is still a surprisingly unsettled
issue (2—4). Our results also indicate that
the N-termini of KCNE peptides are near the
Q1 channel outer vestibule since the linker
connecting CTX to the maleimide is too short
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to reach beyond the S3-S4 loop of the volt-
age sensor (22). On the basis of a recent
NMR structure of CTX bound to a bacterial
K™ channel (23), we tentatively position the
KCNE N-terminus within ~20 A of the ion
conduction pathway. CTX-Mal enabled us
to determine that certain KCNE peptides
govern Q1 modulation in heteromeric com-
plexes: E3 > E1 >> E4, where the dominant
peptide has substantial control over the
opening and closing of the channel. This hi-
erarchy of KCNE modulation of Q1 channels
has several implications on KCNE physiol-
ogy. In the heart, it has been assumed that
homomeric Q1/E1 complexes produce the
unmistakably slowly activating/deactivating
current involved in repolarization (7, 8). E4
may also generate the cardiac /, current be-
cause Q1/E1/E4 and Q1/E1 complexes
have similar gating kinetics. Likewise, in
most epithelial cells where the resting mem-
brane potential is negative, the assembly
of E1, E4, or E5 with Q1 has been ques-
tioned given that these complexes would
be essentially closed. However, E1 and E4
peptides can act as structural surrogates in
Q1/E3 heteromeric complexes to produce
channels that are open at negative poten-
tials and thus may partake in salt and wa-
ter homeostasis. In either case, these het-
eromeric complexes can substitute for
homomeric complexes; however, they re-
quire the presence of the dominant KCNE
peptide, consistent with KCNE knockout
mice studies (9, 24). In contrast, overexpres-
sion of constitutively conducting Q1/E1/E3
complexes could be detrimental in main-
taining the cardiac action and resting poten-
tials, suggesting that cells regulate Q1-
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KCNE assembly. Simple binary transcrip-
tional regulation of functionally opposed
KCNE peptides could be used to control the
potassium efflux of a cell. Alternatively,
KCNE assembly with Q1 channel subunits
may be regulated at the protein folding
level. If Q1-KCNE assembly is chaperone-
mediated, these proteins must reside in ei-
ther the ER or cis-Golgi since KCNE peptides
assemble with Q1 channels early in the se-
cretory pathway (25).

We have used a synthetically modified
scorpion toxin to detect Q1 subunit assem-
bly with a mixed KCNE population. CTX-Mal
can also be used to disentangle the pheno-
typic effects of KCNE mutations on assembly
from those on modulation by deconvolving
the functional contributions of unpartnered
Q1 channels and mutant Q1-KCNE com-
plexes. The discovery that heteromeric
Q1-KCNE complexes form implies that
other voltage-gated K* channels will be
amenable to coassembly with two different
KCNE peptides. Given the cadre of scorpion
and spider toxins available to specifically in-
hibit a wide range of ion channels, our ap-
proach can be readily applied to study other
membrane-embedded B-subunits in func-
tioning ion channel complexes.

METHODS

Mutagenesis and in Vitro Transcription. The CTX
sensitive Q1 construct (2), E1, E3, and E4 were
subcloned into a vector containing the 5’ and 3’
untranslated regions from the Xenopus B-globin
gene for optimal expression in Xenopus oocytes.
Single point mutations in KCNE peptides were in-
troduced using QuikChange site-directed mu-
tagenesis (Stratagene) and confirmed by DNA se-
quencing of the entire gene. E1 and E3 constructs
possessed the hemagglutinin A tag, YPYDVPDYA,
in the N-terminus between residues 22 and 23
and 11 and 12, respectively, which has been
shown to increase toxin affinity (2). The comple-
mentary DNA plasmids were linearized, and
complementary RNA was synthesized by run-off
transcription using SP6 or T7 RNA polymerase
(Promega).

Electrophysiology. Standard techniques were
used for preparation of and recording from Xeno-
pus oocytes by two-electrode voltage clamp 2-4 d
(5—-6 d for E4) after cRNA injection (26). Oocytes
expressing KCNE extracellular cysteine residues
were stored in ND96 bathing solution (96 mM
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NaCl, 2 mM KCl, 1.8 mM CacCl,, 5 mM HEPES,

pH 7.4, 50 g mL~* gentamicin containing 1 mM
L-glutathione (Sigma)) and incubated in ND96 re-
cording (96 mM NaCl, 2 mM KCl, 0.3 mM CacCl,,

1 mM MgCl,, 5 mM HEPES, pH 7.4, containing

1 mM TCEP (CalBioChem)) for 10 min prior to re-
cording. cRNA injection ratios were as follows:
Q1/E1, Q1/El4 0 Q1/E3, Q1/E35,s, and

Q1/E4 5, 3:1; Q1/ELy 4 /E3c516, Q1/E1/E3, and
Q1/E4 5o /E3 516y 4:1:0.2; Q1/EL/Ed o, 4:1:1.
Current—voltage relationships were measured in
ND96 or KD50 (50 mM KCl, 48 mM NacCl, 0.3 mM
CaCl,, 1 mM MgCl,, 5 mM HEPES, pH 7.4) by hold-
ing at —80 mV and pulsing for 2 or 4 s to poten-
tials between —100 and +60 mV in 10-mV incre-
ments. Activation curves were generated from tail
currents and measured 6 ms after repolarization to
—80 mV in KD50, as was previously described for
channels with basal activation (21). For CTX experi-
ments, bath solutions also contained 50 pg mL™*
bovine serum albumin. Solution exchanges were
performed by gravity-fed perfusion system with a
chamber clearing time of ~10 s. Families of cur-
rents before and after block were recorded in the
appropriate bath solution by holding at —80 mV
and pulsing from —100 to 60 mV in 20 mV incre-
ments. Currents from heteromeric Q1-KCNE com-
plexes were revealed by subtracting postblock
family traces from preblock families (Clampfit 9.0
Axon Instruments).

CTX Derivatization. Recombinant CTX R19C was
purified and the protected CTX-MTSET adduct was
prepared according to Shimony et al. (18). CTX-Mal
was synthesized as follows: 16 nmol of CTX-MTSET
in 2 mL of Buffer C (10 mM NaCl, 10 mM KPi, pH
7.4) was reduced with 1 mM DTT for 30 min and
bound to a SP Sephedex (Sigma) cation exchange
column. DTT was washed from the column using
150 mL of Buffer C, and the resin bound CTX was
labeled with 3 mL of 5 mM BM[PEOQ], (Pierce) in
Buffer C. After 10 min, the column was washed
with Buffer C to remove excess label, and CTX-Mal
was eluted with 1 M NaCl in 10 mM KPi, pH 7.4.
CTX-Mal was desalted and HPLC purified using a
C18 column (4.6 mm X 250 mm) eluting with sol-
vent A (0.1% TFA)/solvent B (acetonitrile) gradi-
ent 10% to 40% B over 30 min. The concentra-
tion of purified CTX-Mal was determined by UV
spectrometry (OD,g, of 1.0 = 100 uM CTX (18))
and labeling efficiency of CTX-R19C was deter-
mined to be 35% = 5% (1 = 10). The purified
product was confirmed by electrospray ionization
mass spectrometry (see Supporting Information)
and was aliquoted, lyophilized, and stored at
—20 °C. Individual aliquots were resuspended in
recording solutions immediately prior to use.
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