
Short Variable Sequence Acquired in Evolution Enables Selective Inhibition of
Various Inward-Rectifier K+ Channels

Yajamana Ramu, Angela M. Klem, and Zhe Lu*

Department of Physiology, UniVersity of PennsylVania, 3700 Hamilton Walk, Philadelphia, PennsylVania 19104

ReceiVed April 29, 2004; ReVised Manuscript ReceiVed June 8, 2004

ABSTRACT: Tertiapin (TPN), a small protein toxin originally isolated from honey bee venom, inhibits
only certain eukaryotic inward-rectifier K+ (Kir) channels with high affinity. We found that a short (∼10
residues) sequence in Kir channels, located in the N-terminal part of the linker between the two
transmembrane segments, is essential for high-affinity inhibition by TPN and that variability in the region
underlies the great variation of TPN affinities among eukaryotic Kir channels. This short variable region
is however not present in a bacterial Kir channel (KirBac1.1) or in many other types of prokaryotic and
eukaryotic K+ channels. Thus, the acquisition in evolution of the variable region in eukaryotic Kir channels
has created the opportunity to selectively target the numerous types of Kir channel that play important
physiological roles. We also show that TPN sensitivity can be readily conferred onto some Kir channels
that currently have no known inhibitors by replacing their variable region with that from a TPN-sensitive
channel. In heterologous expression systems, such acquired toxin sensitivity will allow currents carried
by mutant channels to be readily isolated from interfering background currents. Finally we show that, in
the heteromeric GIRK1/4 channels, the GIRK4 and not GIRK1 subunit confers the high affinity for TPN.

Inward-rectifier K+ (Kir) 1 channels play many important
physiological roles such as controlling the resting membrane
potential, regulating cardiac and neuronal electrical activity,
coupling insulin secretion to blood glucose levels, and
maintaining electrolyte balance; mutations in certain Kir
channels cause genetic diseases (1-3). Selective inhibitors
of Kir channels are thus valuable therapeutic tools.

Despite the appealing reasons for attempting to develop
specific inhibitors against medically significant Kir channels,
the feasibility of such a strategy remains in doubt because
of the perception that the targeted regions in K+ channels
are insufficiently diversified. To overcome that skepticism
and encourage the development of effective medicines
against specific Kir channels, we demonstrate that the
sequence of the target region varies greatly among Kir
channels and does exhibit inhibitor specificity. Previously,
our group found that the honey bee toxin tertiapin (TPN)
inhibits certain Kir channels (4). A subsequent alanine-
scanning mutagenesis study showed that TPN inhibits the
channels by binding to the linker region between the two
transmembrane segments M1 and M2 (5). By studying
chimeras between TPN-sensitive and -insensitive channels,
we find here that variability of a∼10-residue region in the
M1-M2 linker underlies the variable TPN affinity among
Kir channels, which could not have been learned from the

alanine-scanning study itself. Sequence comparison shows
that the small region varies significantly in both length and
sequence among eukaryotic Kir channels and is not present
in bacterial KirBac1.1. Thus, the apparent acquisition in
evolution of the short variable region has created the
condition required for the selective targeting of various Kir
channels.

Investigation of Kir channel mechanisms is sometimes
hampered by the lack of inhibitors for most subtypes of Kir
channels, because currents through channels under examina-
tion often cannot be isolated from background currents,
which confounds data analysis even in heterologous expres-
sion systems. The problem is especially acute in cases where
channels of interest express poorly. The discovery of TPN
and subsequent efforts to improve its characteristics proved
beneficial only in studies of ROMK1 and certain GIRK
channels (6, 7). In the absence of inhibitors for other channel
subtypes, a method for constructing mutant Kir channels with
acquired TPN sensitivity and little or no alteration in
functional characteristics would be highly desirable.

Last, the physiological roles of various GIRK channels in
many tissues are being intensively studied. Whereas cardiac
GIRK channels are formed by GIRK1 and GIRK4, different
subunit combinations involving GIRK1 or GIRK4 may occur
in other tissue types (1). Thus, the question of whether
GIRK1 or GIRK4 actually underlies the apparent TPN
sensitivity of the GIRK1/4 channels has been raised and
needs clarification before TPN can be used to help identify
GIRK channel subunit composition in certain cells (e.g., ref
8). As shown below, our identification of a minimal sequence
in Kir channels required for conferring TPN sensitivity
represents an essential step toward fulfilling the three
seemingly disparate goals delineated above: to develop
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subtype-specific therapeutic agents, to experimentally dis-
tinguish defined Kir channel currents from confounding
background currents, and to dissect pharmacologically the
tissue distribution of various Kir channel subtypes. Because
the short region is in the turret (9), a mutation there often
has little or no effect on conduction or gating properties of
K+ channels.

TPN, a 21-residue compact protein originally isolated from
honey bee venom, inhibits cardiac GIRK1/4 (Kir3.1/3.4) and
renal ROMK1 inward-rectifier K+ (Kir1.1) channels with
nanomolar affinity (4). In contrast, other Kir channels such
as IRK1 (Kir2.1) are relatively TPN insensitive. Like
scorpion toxins with voltage-gated K+ (Kv) channels (10-
30), TPN interacts 1:1 with Kir channels and inhibits them
by binding to the external vestibule formed by the M1-M2
linker (5). The C-terminal portion of TPN (histidine 12-
glycine 19) adopts anR-helical structure, whereas its
N-terminal half acquires more extended conformations (31).
Two pairs of disulfide bonds help hold the two parts together.
Unlike scorpion toxins, which bind to Kv pores mainly via
certainâ sheets and not theR helix (19, 21, 22, 25-27),
TPN binds to a Kir pore with itsR helix (5). Methionine
residue 13, located at the N-terminal end of theR helix in
TPN, readily undergoes oxidation under ambient conditions,
significantly reducing its affinity for the channels (6). This
technical inconvenience can be circumvented by replacing
methionine 13 with glutamine to yield a TPN derivative
called tertiapin-Q (TPNQ). TPNQ, though nonoxidizable
under ambient conditions, binds to the channels with TPN-
like affinity and selectivity. We therefore used TPNQ to carry
out the present study.

MATERIALS AND METHODS

Synthesis of cRNAs and Their Expression in Xenopus
Oocytes.The cDNAs encoding mouse IRK1 (32), rat GIRK1
(33), mouse GIRK4 (34), and human muscarinic receptor 2
(35) were subcloned into the pGEM-HE vector (36), whereas
rat ROMK1 cDNA (37) was cloned into a pSPORT plasmid
(Gibco-BRL). All mutant cDNAs were obtained through
PCR-based mutagenesis and confirmed by DNA sequencing.
All cRNAs were synthesized using T7 polymerase (Promega)

from the cDNAs linearized withNhel, except in the case of
ROMK1, whereNotI was used to linearize the plasmid.

Oocytes harvested fromXenopus laeVis were digested with
collagenase (2 mg/mL) in a solution containing 82.5 mM
NaCl, 2.5 mM KCl, 1 mM MgCl2, and 5 mM HEPES (pH
7.6) and agitated on a platform shaker at 80 rpm for 90 min.
The oocytes were then rinsed thoroughly with and stored in
a solution containing 50µg/mL gentamicin, 96 mM NaCl,
2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES
(pH 7.6). Defolliculated oocytes were selected at least 2 h
after the collagenase digestion. To express the channels, the
coding RNA was injected into oocytes, except in the case
of the GIRK1/4 channel, where cRNAs encoding GIRK1,
GIRK4, and the muscarinic receptor were co-injected. All
injections were carried out at least 16 h after the collagenase
treatment. The injected oocytes were stored at 18°C.

Channel Recording.All channels were studied using a two-
electrode voltage clamp amplifier (Oocyte Clamp OC-725C,

FIGURE 1: Alignment of the sequence between M1 and M2 in mouse or rat Kir (mKir or rKir) channels used in the present studies. For
comparison, also included are the sequences from human Kir (hKir) channels, a bacterial Kir channel (KirBac1.1), and other types of K+

channels including bacterial KcsA, MthK, and KvAP, andDrosophilaKv channels Shaker, Shab, Shal, and Shaw.

FIGURE 2: Inhibition of ROMK1, IRK1, and a chimeric channel
by TPNQ. (A-C) Currents of ROMK1, IRK1, and a chimera in
which the M1-M2 linker of IRK1 is replaced by that of ROMK1,
recorded in the absence or presence of TPNQ at the concentrations
indicated. Background leak currents are obtained as described in
the Materials and Methods. Dashed lines indicate zero current levels.
(D) Fraction of current not blocked (mean( SEM; n ) 5-7)
plotted against the TPNQ concentration. The curves through the
data are fits of the equationI/IO ) Kd/(Kd + [TPNQ]), yielding Kd
values of 1.3( 0.1 nM, 20.0( 0.1 µM, and 1.9( 0.1 nM for
ROMK1, IRK1, and the chimeric channel, respectively.
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Warner Instruments Corp.). The resistance of electrodes filled
with 3 M KCl was∼0.3 MΩ. To elicit channel current, the
oocyte membrane potential was stepped to-80 mV and then
to +80 mV from a holding potential of 0 mV. Background
leak currents were obtained by exposing oocytes to solutions
containing TPNQ at concentrations>100Kd. For channels
with very low affinity for TPNQ, such as IRK1, the
background leak currents were estimated in a bath solution
containing 100 mM Na+ (Cl- + OH-), 0.3 mM CaCl2, 1
mM MgCl2, and 10 mM HEPES (pH 7.6 adjusted with
NaOH). In either case, the background current, whose
amplitude is comparable to that in oocytes not injected with
cRNA, does not inwardly rectify.

The bath solution contained 100 mM K+ (Cl- + OH-),
0.3 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES (pH 7.6
adjusted with KOH). To activate the GIRK1/4 channels
coexpressed with M2 receptors, 150µM ACh was included
in the bath solution. The concentration of TPNQ was
calculated from the absorbance at 280 nm using an extinction

coefficient of 6.1 mM-1 cm-1 (4), whereas that of apamine
(APMN) or of the construct formed by joining the N-terminal
half of TPNQ to the C-terminal half APMN (see the Results)
was estimated using 0.4 mM-1 cm-1.

Synthesis, Mass Determination, and Purification of Toxins.
All toxin peptides were synthesized with a multipeptide
synthesizer, and the mass of synthesized products was
confirmed with MALDI spectrometry (Keck Biopolymer
Facility, Yale University). All synthetic peptides have a
C-terminal amide group. For proper folding, each synthetic
peptide was dissolved in a solution containing 1 mM DTT
and 10 mM Tris (pH 8.0) (4). After DTT became oxidized,
the peptide spontaneously adopted the active conformation
and was purified on a reverse-phase HPLC column (C18)
using a linear-methanol gradient (1% per minute).

RESULTS

Identification of a Short Sequence Underlying TPNQ

SelectiVity in Kir Channels. TPNQ inhibits certain Kir

FIGURE 3: Inhibition of four chimeric channels by TPNQ. (A)
Alignment of the M1-M2 linker sequence between ROMK1 and
IRK1. (B-E) Currents of four chimeric channels in which part of
the M1-M2 linker in IRK1 is replaced by the indicated counterpart
from ROMK1, recorded in the absence or presence of TPNQ at the
concentrations indicated. (F) Fraction of current not blocked (mean
( SEM; n ) 4-5) plotted against the TPNQ concentration. The
curves through the data for the mutant IRK1 channels with ROMK1
sequences V105-P120 or P110-P120 are fits of the equation
described in Figure 2, yieldingKd values of 19.3( 0.1 or 38.4(
0.3 nM. The curves through the remaining two data sets are hand-
drawn.

FIGURE 4: Effects of alanine mutation at lysine residues in the M1-
M2 linker of the IRK1 channel. (A) Sequence of the M1-M2 linker
in IRK1. (B-E) Currents of wild-type IRK1 channels or its mutants
in which one or both lysine residues within the M1-M2 linker
(bolded in A) are replaced by alanine, recorded in the absence or
presence of TPNQ at the concentrations indicated. (F) Fraction of
current not blocked (mean( SEM; n ) 5-6) plotted against the
TPNQ concentration. The curves through the data are fits of the
equation described in Figure 2, yieldingKd values of 20.0( 0.1,
6.6 ( 0.6, 6.9( 0.5, and 7.3( 0.7 µM for wild-type and mutant
channels containing K117A, K120A, and K117A+ K120A,
respectively.
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channels by binding to the M1-M2 linker region whose
alignment among various homologous Kir channels is shown
in Figure 1. For technical simplicity, we first examined how
TPNQ interacts with two inward rectifiers, ROMK1 and
IRK1, which exhibit very different affinities. Parts A and B
of Figure 2 show that TPNQ at 1 nM inhibits about half of
the ROMK1 current, whereas it barely inhibits the IRK1
current even at 7µM. To start identifying the sequence that
determines channel selectivity for TPNQ, we replaced the
entire region between M1 and M2 in IRK1 with its
counterpart from ROMK1 (Figure 1). The chimeric channel
is approximately as sensitive to TPNQ as ROMK1 itself (parts
A and C of Figure 2). Figure 2D plots the normalized currents
carried by ROMK1, IRK1, and the chimeric channel against
the concentration of TPNQ. The curves through the data are
fits of the equation for a 1:1 binding model, yieldingKd

values of 1.3 nM, 20µM, and 1.9 nM for ROMK1, IRK1,
and the chimeric channel, respectively. Thus, affinities of
ROMK1 and the chimeric channel for TPNQ are comparable
and much higher than that of IRK1.

Pore-blocking toxins bind to K+ pores by interacting with
residues in regions N terminal to the pore helix or C terminal
to the signature sequence trailing the pore helix. Residues
in the former region shape the turrets lining much of the
extracellular vestibule of the ion conduction pore, whereas
those in the latter region surround the external opening of
the pore (9). We further divided the N-terminal region into
two parts, corresponding to V105-P120 and E123-S130,
respectively, in ROMK1 (Figure 3A). The two residues (CV)
that connect the parts are conserved between ROMK1 and
IRK1. Substituting V105-P120 from ROMK1 for the
corresponding sequence in IRK1 increases the affinity of the
latter for TPNQ by 1000-fold (Kd decreases from 20µM to
19 nM; compare parts B and D of Figure 2 with parts B and
F of Figure 3). In contrast, substituting E123-S130 or the
distal region F148-T155 alone has little effect on the affinity
of IRK1 for TPNQ (parts B and D of Figure 2 versus parts
D-F of Figure 3). Interestingly, a shorter region correspond-
ing to P110-P120 of ROMK1, flanked by two pairs of
conserved residues (DLX...XCV; Figure 1), appears to be a
cassette with sequences that vary among eukaryotic Kir
channels. This region is however absent in the prokaryotic
KirBac1.1. Substituting only this variable region from
ROMK1 (P110-P120) for its counterpart in IRK1 lowers
the Kd of IRK1 for TPNQ from 20 µM to 38 nM (parts C
and F of Figure 3), an affinity comparable to that (Kd ) 19
nM) of the mutant containing the longer ROMK1 sequence
V105-P120 (parts B and F of Figure 3).

There are two lysine residues in the variable region of
IRK1 (Figure 4A), which raises the question whether the
extremely low affinity of IRK1 for TPNQ merely reflects
energetically unfavorable interactions between these posi-
tively charged residues and those in TPNQ (one histidine,
one arginine, and four lysine residues). To examine this, we
replaced one or the other or both lysine residues in IRK1
with alanine; all three mutants are almost as insensitive to
TPNQ as wild-type IRK1 is (parts B-F of Figure 4).

The variable region in IRK1 might conceivably adopt a
special conformation and incidentally hinder the binding of
TPNQ. To test this possibility, we made an IRK1 construct
lacking the variable region (DTSKVSKA; Figure 1). This
deletion mutant, like the wild-type IRK1 channel, conducts

K+ current in an inwardly rectifying manner and is relatively
insensitive to TPNQ (Kd ) 10 µM; Figure 5).

To examine further the interaction between TPNQ and the
variable region, we performed thermodynamic mutant cycle
analysis, comparing how TPNQ and a mutant thereof block
the wild-type and a mutant IRK1. The construct TPNQ-
APMN is a mutant TPNQ molecule where, for reasons
discussed below, the C-terminal half is replaced by that from
apamine (APMN) (Figure 6A). The mutant IRK1 contained
variable region P110-P120 from ROMK1 and, therefore,
exhibited high affinity for TPNQ.

TPN and APMN are toxin isoforms from honey bee venom
(Figure 6A). Their C-terminal halves adopt anR-helical
conformation, whereas their N-terminal halves are more
extended (31, 38). Two disulfide bonds help hold the two
structural elements together. Previous studies have shown
that only TPN and not APMN inhibits certain Kir channels
with high affinity and that theR helix in TPN is the channel-
binding domain (4, 6). To test whether the variable region
in the Kir channels interacts with TPNQ, we replaced the
C-terminalR helix of TPNQ by that from APMN. Because
it is theR helix that actually binds to the channel, the TPNQ-
APMN chimera is expected to act like APMN and not TPNQ.
Indeed, APMN and the chimera block IRK1 with nearly
identical (and low) affinity (Kd ≈ 20 µM), regardless of
whether that variable region of the channel is replaced by
P110-P120 of ROMK1 (parts B-F of Figure 6). Conse-
quently, the value of the energetic coupling coefficientΩ
(25) computed withKd values of wild-type and mutant IRK1
channels for APMN and the TPNQ-APMN chimera is near
unity (top part of Figure 7). In contrast, theΩ value is∼450
when computed withKd values of wild-type and mutant IRK1
channels for TPNQ and the TPNQ-APMN chimera (bottom
part of Figure 7). These results support a model where the
R helix in TPNQ interacts with the variable region in the
channel to produce high-affinity inhibition.

FIGURE 5: Effect of deleting the variable region in IRK1 on TPNQ
inhibition. (A and B) Currents of wild-type and mutant (∆8) IRK1
channels in which the variable region (DTSKVSKA; Figure 1) is
deleted, recorded in the absence or presence of TPNQ at the
concentrations indicated. (C) Fraction of current not blocked (mean
( SEM; n ) 4-5) plotted against the TPNQ concentration. The
curves through the data are fits of the equation described in Figure
2, yielding Kd values of 20.0( 0.1 and 10.0( 0.1 µM for the
wild-type and mutant channels, respectively.
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Identification of the Subunit in the GIRK1/4 Channel that
Underlies High-Affinity Inhibition by TPNQ. Cardiac Kir
channels, gated by G proteins, consist of two different types
of subunits, GIRK1 (Kir3.1) and GIRK4 (Kir3.4) (33, 34,
39). These heterotetrameric GIRK1/4 channels also exhibit
high affinity for TPNQ [apparentKd ∼ 10 nM; (4, 6)]. If, as
argued above, a competent variable region indeed suffices
to confer high TPNQ affinity upon the IRK1 channel, one
expects to see a dramatic increase in the affinity of IRK1
for TPNQ upon replacement of its variable region with that
from either GIRK1, GIRK4, or both. To test this, we made
two such mutant IRK1 channels called IRK1GIRK1 and
IRK1GIRK4 (Figures 1 and 8A). Parts B-D of Figure 8 show
currents of wild-type and mutant IRK1 channels in the
absence or presence of TPNQ at the concentrations indicated.
Like wild-type IRK1, IRK1GIRK1 is relatively insensitive to
TPNQ (Kd ) 20 µM; Figure 8E). In contrast, IRK1GIRK4 is
rather sensitive (Kd ) 68 nM). Furthermore, for reasons
discussed below, we found that IRK1 acquires TPNQ

sensitivity when the C-terminal part of its variable region is

from TPNQ-sensitive GIRK4, even if the N-terminal part of
the region is from TPNQ-insensitive GIRK1 (Figure 9). These
results confirm that a competent variable region confers toxin
sensitivity upon a relatively insensitive channel and also
suggest that GIRK4 but not GIRK1 underlies the high TPNQ

affinity of the heterotetrameric GIRK1/4 channel. The latter
surmise is further supported by the finding described next.

Neither GIRK1 nor GIRK4 expresses effectively as a
homotetrameric channel (34), yet together they form a
functional channel with a 2:2 stoichiometry (40, 41).

FIGURE 6: Inhibition of the wild-type and mutant IRK1 channels
by honey bee toxins. (A) Sequences of TPNQ, APMN, and their
chimera. The N- and C-terminal halves of the chimeric toxin (TPNQ-
APMN) come from TPNQ and APMN, respectively. (B-E)
Currents of the wild-type and mutant IRK1 channels (the latter
contain P110-P120 of ROMK1), recorded in the absence or
presence of APMN or TPNQ-APMN at the indicated concentrations.
(F) Fraction of current not blocked (mean( SEM; n ) 4) plotted
against the relevant toxin (TX) concentration. The curves through
the data are fits of the equation described in Figure 2, yieldingKd
values of 20.0( 0.1 and 20.0( 0.1µM for the inhibition of wild-
type and mutant IRK1 by APMN, and 20.0( 0.2 and 18.0( 0.3
µM for the inhibition of wild-type and mutant IRK1 by TPNQ-
APMN.

FIGURE 7: Thermodynamic mutant cycles.Kd values are for
interactions between wild-type IRK1 and APMN (upper left),
mutant IRK1 (containing P110-P120 of ROMK1) and APMN
(upper right), wild-type IRK1 and TPNQ-APMN chimera (middle
left), mutant IRK1 and TPNQ-APMN (middle right), wild-type
IRK1 and TPNQ (lower left), and mutant IRK1 and TPNQ (lower
right). For the top and bottom boxes, theΩ values are computed
respectively as Kd(wtIRK1:TPNQ-APMN)Kd(mtIRK1:APMN)/
Kd(mtIRK1:TPNQ-APMN)Kd(wtIRK1:APMN) ) 1.1 andKd(wtIRK1:
TPNQ)Kd(mtIRK1:TPNQ-APMN)/Kd(mtIRK1:TPNQ)Kd(wtIRK1:TPNQ-
APMN) ) 450.

FIGURE 8: TPNQ inhibition of IRK1 and its mutants containing
the variable region from either GIRK1 or GIRK4. (A) Alignment
of the variable region among IRK1, GIRK1, and GIRK4. (B-D)
Currents of the wild-type and mutant IRK1 channels, recorded in
the absence or presence of TPNQ. In the mutant IRK1 channels
(IRK1GIRK1 or IRK1GIRK4), the variable region is replaced by its
counterpart from GIRK1 or GIRK4. (E) Fraction of current not
blocked (mean( SEM; n ) 4-5) plotted against the TPNQ
concentration. The curves through the data are fits of the equation
described in Figure 2, yieldingKd values of 20.0( 0.1 µM, 20.0
( 0.2µM, and 68.4( 0.4 nM for IRK1, IRK1GIRK1, and IRK1GIRK4,
respectively.
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Interestingly, a single mutation located distally to the variable
region (F137S in GIRK1 or S143T in GIRK4; Figure 10A)
causes them not only to express functional homotetrameric
channels, but also to conduct K+ current constitutively (42).
These two homotetrameric channels allow the TPNQ sensi-
tivity of GIRK1 and GIRK4 to be tested individually. Parts
B-D of Figure 10 show current records of GIRK1/4,
GIRK1-F137S, and GIRK4-S143T channels in the absence
or presence of TPNQ at the concentrations indicated.
Consistent with the above findings, homomeric mutant
GIRK1 is relatively insensitive to TPNQ, whereas homomeric
mutant GIRK4 is very sensitive. Analysis of dose-inhibition
curves yieldsKd values of 12 nM, 20µM, and 2 nM for
GIRK1/4, GIRK1-F137S, and GIRK4-S143T channels,
respectively (Figure 10E). These results confirm that GIRK4
interacts with TPNQ much more strongly than GIRK1.

DISCUSSION

Inward-rectifier K+ channels play important roles in
numerous vital physiological and pathophysiological pro-
cesses and represent significant potential pharmacological
targets. For example, cardiac GIRK1/4 channels mediate the

vagal inhibition of pacemaker activity. Vagal release of
acetylcholine (ACh) activates, via muscarinic receptors, G
proteins, which in turn activate GIRK1/4 channels (33, 34,
39, 43-49). The resulting K+ conductance increase causes
membrane hyperpolarization in the pacemaker cells and a
slower heart rate. The muscarinic antagonist, atropine,
administered to relieve the vagal inhibition of pacemaker
activity (50), unfortunately produces profound general an-
timuscarinic side effects, which severely limit its clinical
application. A selective inhibitor of the GIRK1/4 channel
would therefore be highly desirable.

The action potential of cardiac myocytes has a character-
istic plateau phase, which allows sufficient Ca2+ entry to
trigger a forceful contraction. Forty years ago, Noble studied
the role of strongly inwardly rectifying K+ currents in the
generation of cardiac action potentials and concluded that
inward rectification causes a decrease in potassium conduc-
tance upon membrane depolarization, producing the long
action-potential plateau, followed by an increase during
repolarization, which accelerates the latter (51, 52). Molecular
genetic studies have identified the underlying channels as
IRK1 (Kir2.1), and deletion of the IRK1 gene in mice results
in prolonged action potentials (53). In light of these findings,
a selective inhibitor for the IRK1 channel might provide a
novel means to enhance cardiac contractility. Additionally,
prolonging the action potential in both atrium and ventricle
by inhibiting GIRK1/4 and IRK1 may extend the refractory
period and therefore be potentially antiarrhythmogenic (50).

Despite these and other appealing reasons for developing
specific inhibitors against medically significant Kir channels,
serious doubts remain whether the various highly homolo-
gous Kir channels can in fact be selectively targeted. Specific

FIGURE 9: TPNQ inhibition of IRK1 constructs whose proximal
and distal parts of the variable region are replaced by those from
GIRK1 and GIRK4. (A) Alignment of the variable region between
ROMK1, IRK1, GIRK1, and GIRK4. (B) Currents of the mutant
IRK1 channels, recorded in the absence or presence of TPNQ. In
the mutant, the proximal and distal parts of the variable region are
replaced by their counterparts from GIRK1 (normal font) and
GIRK4 (bolded), respectively. (C) Fraction of current not blocked
(mean( SEM; n ) 5) plotted against the TPNQ concentration.
The curves through the data are fits of the equation described in
Figure 2, yieldingKd ) 42.5 ( 0.8 nM.

FIGURE 10: TPNQ inhibition of GIRK1/4 heterotetramers and
mutant GIRK1 or GIRK4 homomers. (A) Partial M1-M2 se-
quences of GIRK1 and GIRK4, where F137 of GIRK1 and S143
of GIRK4 are bolded. (B-D) Currents of GIRK1/4, GIRK1-
F137S, and GIRK4-S143T, recorded in the absence or presence
of TPNQ at the concentrations indicated. (E) Fraction of current
not blocked (mean( SEM; n ) 5) plotted against the TPNQ
concentration. The curves through the data are fits of the equation
described in Figure 2, yieldingKd values of 12.2( 0.1 nM, 20.0
( 0.2 µM, and 2.1( 0.2 nM for GIRK1/4, GIRK1-F137S, and
GIRK4-S143T, respectively.

10706 Biochemistry, Vol. 43, No. 33, 2004 Ramu et al.



targeting requires two obvious conditions: the targeted
channel sequence (or other structural feature) must differ
sufficiently among the various channels, and binding of a
specific ligand to the target region must result in a desirable
functional alteration. The example we studied here satisfies
both criteria. TPNQ, a nonoxidizable derivative of a small
toxin originally isolated from honey bee venom, interacts,
through its C-terminalR helix, with the M1-M2 linker of
Kir channels and inhibits some (e.g., ROMK1) with high
affinity, whereas others (e.g., IRK1) are barely affected (4,
6). We found that a short region in the N-terminal part of
the M1-M2 linker in Kir channels is critical for high-affinity
binding of TPNQ (Figure 3). The region of only∼10 residues
varies in both length and sequence among various eukaryotic
Kir channels, although the two pairs of residues (DL and
CV) that flank the variable region are highly conserved
(Figure 1).

Replacing the short region in IRK1 (relatively insensitive
to TPNQ) by its counterpart from highly sensitive ROMK1
renders the former channel sensitive (Figure 3). The apparent
selectivity could mean either that the region forms the
primary receptor for TPNQ and/or that it merely hinders
TPNQ binding. Regarding possible hindrance, the two lysine
residues in the variable region of IRK1 are conspicuous,
because their positive charge may impede the binding of
TPNQ whose channel-interactingR helix contains several
basic residues. However, replacing either or both lysines with
alanine did not dramatically enhance the affinity of IRK1
for TPNQ (Figure 4), nor did deleting the entire variable
region (Figure 5). In contrast, results of the mutant cycle
analysis are entirely consistent with the variable region
interacting energetically with the C-terminalR helix of TPNQ

(Figure 7). This model also accounts for the previous finding
that replacing the residues in the variable region of ROMK1,
one at a time, with alanine dramatically alters the affinity of
the channels for TPNQ (5).

The bacterial channel KirBac1.1 lacks the variable region
found in eukaryotic Kir channels (Figure 1) and so do many
other types of K+ channels such as bacterial MthK and KcsA
or prokaryotic and eukaryotic Kv channels (Figure 1; refs
9, 54-56). Most significantly the seemingly accidental
acquisition, during evolution, of the variable region by
eukaryotic Kir channels creates a specific potential target in
each channel type, which could be exploited for therapeutic
purposes. Some Kir channels are, furthermore, hetero-
tetramers (33, 34, 39), which entail additional target diver-
sification. For example, in the case of the GIRK1/4 channel,
only GIRK4 and not GIRK1 binds TPNQ with high affinity
(Figures 8-10).

Both the length and the sequence of the variable region
are different among IRK1, GIRK1, GIRK4, and ROMK1
channels. Replacing the variable region in (relatively) TPNQ-
insensitive IRK1 (Kd ) 20 µM) by that from sensitive
channels GIRK4 or ROMK1 and not from insensitive GIRK1
renders IRK1 highly sensitive (Figures 3 and 8). The question
thus arises why do only GIRK4 and ROMK1 and not GIRK1
and IRK1 exhibit high-affinity TPNQ binding, even though
the differences between any two of the four variable
sequences are equally striking.

A possible clue lies in theR-helix-forming tendency of
the four-residue sequences bolded in Figure 9A. The
conspicuous absence of two distal residues in the variable

region of low-affinity IRK1 suggests that a complete
R-helical turn (at least four residues) is required for high
TPNQ affinity. If this were the case, the TPNQ affinity of a
given channel should correlate with theR-helix-forming
tendency of the bolded four-residue sequences in the three
Kir channels without missing residues. A common method
for evaluating theR-helix-forming tendency of a given
residue is to determine its energetically stabilizing (-) or
destabilizing (+) effect on anR helix. Interestingly, our
calculation with the experimentally determined energy values
for individual residue types (57) shows that the sum of the
R-helix-stabilizing energy of residues QEWI and DNRT
(-1.0 and-1.2 kcal/mol) in the TPN-sensitive GIRK4 and
ROMK1 channels is indeed comparable but much larger than
that of GNYT (-0.3 kcal/mol) in TPN-insensitive GIRK1.
Thus, although the exact energetics of TPNQ binding to a
channel are determined by interactions between residue pairs
at their interface, anR-helical propensity of the four
C-terminal residues in the variable region of the channel may
be a prerequisite to any interaction with TPNQ. If this is true,
IRK1 should become TPNQ sensitive provided itsC-terminal
residues in the variable region are replaced by those from
TPNQ-sensitive GIRK4, regardless of whether the N-terminal
ones are from GIRK4 or TPNQ-insensitive GIRK1. This is
in fact what we observed (parts D and E of Figure 8 and
parts B and C of Figure 9).

In summary, we have identified a short (∼10 residues)
region in the distal part of the M1-M2 linker of Kir channels
that is essential for high-affinity inhibition by TPNQ. This
region appears to form a critical part of the TPNQ receptor
and is present only in eukaryotic Kir channels and not in
bacterial KirBac1.1. Both the length and the sequence of the
region vary significantly among eukaryotic Kir channels.
Thus, the appearance, during evolution, of the variable region
in eukaryotic Kir channels offers an opportunity for selective
targeting of medically significant Kir channels and raises
the question whether any physiological ligands targeting the
variable region evolved in parallel to modulate the Kir
channel function. Additionally, we show that one can confer
TPNQ sensitivity onto Kir channels currently lacking inhibi-
tors by replacing their variable region with that from a TPNQ-
sensitive channel. TPNQ-sensitive mutant Kir channels will
be useful in heterologous expression systems because cur-
rents of channels with acquired toxin sensitivity can then be
readily separated from interfering background currents.
Finally, we show that in the heteromeric GIRK1/4 channels
the GIRK4 and not GIRK1 subunit actually confers high
affinity for TPN.
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