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ABSTRACT: Inward-rectifier K channels are a group of highly specializetl &hannels that accomplish

a variety of important biological tasks. Inward-rectifier Kkhannels differ from voltage-activatedtK
channels not only functionally but also structurally. Each of the four subunits of the inward-rectifier K
channels has only two instead of six transmembrane segments compared to the voltage-activated K
channels. Thus far, there are no high-affinity ligands that directly target any inward-rectifighdtnel.

In the present study, we identified, purified, and synthesized a protein inhibitor of the inward-rectifier K
channels. The inhibitor, called tertiapin, blocks a G-protein-gated channel (GIRK1/4) and the ROMK1
channel with nanomolar affinities, but a closely related channel, IRK1, is insensitive to tertiapin.
Mutagenesis studies show that teritapin inhibits the channel by binding to the external end of the ion
conduction pore.

Inward-rectifier K' channels function like K-selective the heart, which is formed by two different types of subunits,
diodes in the cell membrané&,(2). They pass much larger GIRK1(GSK) and GIRK4(CIR) 11-13). In some cases,
inward than outward K current under symmetric ionic the channels are complexed with other proteins. For
conditions. This unusual property is commonly referred to example, the ATP-sensitive'Kchannel is a complex of an
as inward rectification, which results from voltage-dependent inward-rectifier Kt channel (K 6.2) and sulfonylurea
blockade by intracellular cations such as?¥gnd polyamines  receptor (4).

(3—8). Under physiological conditions, inward rectification  Thus far, the pharmacology of inward-rectifiet Khannels
manifests itself as a progressive reduction of the outward is poorly developed. There are no high-affinity ligands that
current, which allows the channel to control and regulate directly target any inward-rectifier Kchannels. Out of a
the resting membrane potential without impeding the genera- number of scorpion toxins that target ikhannels, only Lg2
tion of action potentials. Through regulation of the resting plocks the ROMK1 inward-rectifier K channel, but the
membrane potential, inward-rectifier'ichannels accomplish affinity is rather low Kq = 0.4 uM) (25; for Lg2, also see
many important and diversified biological tasks. For ex- 26 27). Because high-affinity inhibitors prove to be very
ample, the G-protein-gatedchannels control the heartrate  valuable tools for the studying of ion channels, we decided

and modulate neurotransmission; the ATP-sensitive K to search for high-affinity inhibitors against inward-rectifier
channel couples blood glucose level to insulin secretion; the K+ channels.

ROMK1 channel mediates water and electrolyte excretion

in the kidney 2, 9—14). The activities of most, if not al, MATERIALS AND METHODS

inward-rectifier K~ channels are regulated by intracellular )

signaling pathways such as G-proteins, inositol phosphates, Channel Expression.Oocytes harvested frot{enopus

and protein kinase2( 15-21). Iaeu|§ frogs were digested with collagenase (2 mg/mL) in a
Inward-rectifier K- channels differ from voltage-activated ~ Solution containing NaCl, 82.5 mM; KCI, 2.5 mM; Mg&l

K+ channels not only in function but also in structure. Each 1.0 mM; and HEPES, 5.0 mM (pH 7.6), and were agitated

of the four subunits of the inward-rectifier'kchannels has ~ On @ platform shaker at a rate of 80 rpm for 90 min. The

only two transmembrane segments rather than six found in00cytes were then rinsed thoroughly with and stored in a

voltage-activated K channels §—14). The amino acid  solution containing gentamicin, S@g/mL; NaCl, 96 mM;

sequences between the two channel types are minimallyKCl, 2 mM; CaCh, 1.8 mM; MgCh, 1 mM; and HEPES,

G-Y/F-G) that forms the K-selective filter p2—24). Al- 2 h after the collagenase digestion. To express channels,

though most of the inward-rectifierKchannels are formed ~ the corresponding cRNA was directly injected into oocytes.

by four identical subunits, some channels are formed by TO express the GIRK1/4 channel, GIRK1 and GIRK4 cRNAs

nonidentical subunits. A good example for the latter is the Were coinjected with either M2 or M4 receptor cRNA. Al

G-protein-gated inward-rectifier Kchannel (GIRK1/4) in injections were carried out at least 16 h after the collagenase
treatment. The injected oocytes were stored in a°C8

T This work was supported by an NIH grant (GM55560). incubator.
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Ficure 1: Purification of the inhibitor from honey bee venom. (A) A reverse-phase (C18) chromatograph of crude bee venom. A venom
suspension of 10@L (10 mg/1 mL) was injected on the column. Mobile phases A and B were 0.1% TFA (trifluoroacetic acid) in water

and 0.09% TFA in acetonitrile, respectively. The venom sample was eluted by increasing the fraction of mobile phase B at a rate of 1%
per minute. The fraction containing the active material was indicated by the arrow. (B) A reverse-phase (C18) chromatograph of the active
fraction purified as shown in A. Mobile phases A and B were 0.1% TFA in water and 0.07% TFA in methanol, respectively. The sample
was eluted by increasing the fraction of mobile phase B at a rate of 1% per minute. The active component was indicated by the arrow. (C)
A reverse-phase (C18) chromatograph of the active fraction purified in (B). (D) A comparison of chromatographic behaviors of native and
synthetic tertiapin. The samples were native tertiapin (upper), synthetic tertiapin (middle), and the combination of both (lower). Fam|lustrati

we used samples containing a small amount of tertiapin whose M13 was oxidizéttépagation of the Synthetic Tertiapimder Materials

and Methods). The large absorbance peaks, indicated by upward arrows, corresponded to the nonoxidized form, whereas the much smaller
peaks, indicated by downward arrows, corresponded to the oxidized form. The chromatographic method in (C) and (D) was the same as
that in panel B but with a different C18 column. In all of the experiments described above, the flow rate of the mobile phase was 1.0
mL/min. (E) Single-letter-coded amino acid sequence of tertiapin, apamin, and MCDP.

725C, Warner Instruments Corp.). The resistance of elec- made synthetically (see below). All other toxins were either
trodes filled wih 3 M KCIl was 0.2-0.4 MQ. To elicit recombinant toxins or purchased from Alomone Labs
current through the channel, the membrane potential of (Jerusalem, Israel).

oocytes was stepped t680 mV (100-125 ms) and then to Molecular Biology. The GIRK1 and GIRK4(CIR) cDNAs
+80 mV (100-125 ms) from the holding potential of 0 mV. were cloned into pBluescript (SK-) plasmid (Stratagene)-
Background leak currents were obtained by exposing oocytes(11, 13. The ROMK1 and IRK1 cDNAs were cloned into
to solutions containing tertiapin at concentrations greater thanpSPORT (Gibco-BRL) and pcDNA1/AMP (Invitrogen) plas-
100-fold of Kg. (Tertiapin did not affect the currents in  mids @, 10. The M2 and M4 receptor cDNAs were cloned
uninjected oocytes.) The bath solution contained KCI, 100 into pPGEM3 (Promega) plasmid. A mutation was introduced
mM; CaCk, 0.3 mM; MgCh, 1.0 mM; and HEPES, 10 mM  into the ROMK1 cDNA to create aiNdd site without
(pH 7.6). To activate the GIRK1/4 channel, ACh (10d) altering the amino acid sequence. Mutations in the ROMK1
was included in the bath solution. Tertiapin concentration cDNA were produced using the polymerase chain reaction
was calculated using an extinction coefficient of 6.1 MM  (PCR) primed with a mutagenic oligonucleotide. A se-
cmtat 280 nm wavelength. All toxin-containing solutions quenced 240 base pair fragment containing the mutation
were freshly made by diluting stock solutions. Unless (betweenNdd and Bglll) was subcloned into a wild-type
specified otherwise, tertiapin used in all experiments were recipient version of the ROMK1 cDNA. The GIRK1,
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Ficure 2: Comparison of inhibitory activities of native and synthetic tertiapin. (A and B) Currents through the GIRK1/4 channel were
elicited by stepping the membrane potential from the holding potential (0 mB@® mV (125 ms) and then t680 mV (125 ms). The

currents were recorded in the presence of 10 nM of native (A) and synthetic (B) tertiapin. Background leak currents were recorded in the
presence of5 uM tertiapin. Higher concentrations of tertiapin did not further reduce the currents. There wad/LBCh in the bath

solution. The dotted lines identify the zero current level. (C) Fractions of unblocked cuvtgnivere plotted as a function of concentrations

of native (circles) and synthetic (squares) tertiapin. All data were corrected for the background leak current determined using high cancentration
of tertiapin. The curves superimposed on the data correspond to the best least-squares fits using thd/egealig@<; + [Tx]), where

[Tx] is toxin concentration. The determined inhibition constants weret8(®28 and 8.6+ 0.5 nM (meart- sem;n = 21—29) for native

and synthetic tertiapin, respectively.

ROMKZ1, and IRK1 cDNAs were linearized usimiptl. The a 103A separation system (Applied Biosystems). The
GIRK4 cDNA was linearized usinghd. The M2 and M4 extinction coefficient for tertiapin was calculated by deter-
receptor cDNAs were linearized usiktindlll. All cRNAs, mining the amino acid composition of an aliquot of tertiapin
except for that of GIRK4, were synthesized using T7 of known absorbance. The amino acid sequence of tertiapin
polymerase (Promega). The GIRK4 cRNA was synthesizedwas determined using 477A protein sequencer (Applied
using T3 polymerase (Promega). Biosystem) after derivatization of cysteine residues with
Purification of Tertiapin. Lyophilized venom of honey  4-vinylpyridine.
bee Apis mellifera)was dissolved in water at a concentration  Preparation of the Synthetic TertiapinTertiapin was
of 10 mg/mL. The venom suspension was first fractionated synthesized using a Rainin/Protein Technologies Symphony
using a reverse-phase HPLC (high-performance liquid chro- multipeptide synthesizer. The determined mass of the
matograph) column (C18, 0.46 25 cm, 5um, 80 A pore  synthesized peptide, 2460 daltons, is the same as the
size, Beckman). The sample was eluted with a water andtheoretical one. Tertiapin spontaneously adopted the correct
acetonitrile gradient. The active fraction was further purified conformation in a solution containing 1 mM DTT and 10
with an additional step of reverse-phase HPLC, in which- mMm Tris (pH 8.0) after DTT became oxidized. Tertiapin in
the sample was eluted with a water and methanol gradient.the correct conformation was subsequently purified using
The mass of the purified material was determined on a VG reverse-phase HPLC. We should point out that the me-
analytical MALDI-TOF spectrometer. thionine residue (M13) in tertiapin may become oxidized
Amino Acid Analysis and Sequence Determinatidine spontaneously. Oxidation of M13 altered both the chro-
amino acid analysis was done using a 420A derivatizer and matographic behavior and the inhibitory activity of tertiapin.
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Ficure 3: Effects of 17 K channel toxins on the GIRK1/4 channel. Currents of the GIRK1/4 channel recorded in the presence of various
toxins at 1uM concentration. There was 150 ACh in the bath solution. The dotted lines identify the zero current level. The 17 toxins
tested were apamin (APMN), mast cell degranulating peptide (MCDP), agitoxin 1 (AgTx1), agitoxin 2 (AgTx2), charybdotoxin (CTX),
iberiotoxin (IbTx), kaliotoxin (KTX), Lg2, margatoxin (MgTx), noxiustoxin (NTX), stichodactyla toxin (STX), tityustoxin (TtTx),
a-dendrotoxin @-DTX), -dendrotoxin g-DTX), y-dendrotoxin ¢-DTX), d-dendrotoxin §-DTX), and dendrotoxin-1 (DTX-I).

receptors along with GIRK1/4 channel Xenopusocytes.
Because oocytes have endogenous G-proteins, the channel
can be activated by adding acetylcholine to the bath solution
containing 100 mM K. The resting membrane potential

Table 1: Amino Acid Composition of Tertiagin

residues/molecule residues/molecule

observed theoretical observed theoretical

Asn,Asp 1.7 2 Pro 12 1 of oocytes was held at 0 mV. To elicit the current through

Gin,Glu 02 0 Ty 01 0 the channel, membrane voltage was briefly stepped&6

oo 02 0 var 02 0 V and then to+80 mV. Th t ded usi

Gly 13 1 Met 0.7 1 mV and then mV. The current was recorded using

His 1.0 1 Ile 1.9 3 a two-electrode voltageclamp amplifier.

?Lg 1.0 L Leu 1.2 1 We purified the activity in the venom using reverse-phase
r 0.0 0 Phe 0.2 0 . .

Ala 1.0 1 Lys 41 4 HPLC. Figure 1A is an HPLC chromatograph of crude

honey bee venom. The fraction indicated by an arrow
contained the inhibitory activity and was further purified by
an additional HPLC step (Figure 1B). The purity of the
As shown in Figure 1D, the oxidized form of tertiapin was material was then examined on HPLC (Figure 1C). Amino
eluted at a lower percentage of organic phase than theacid sequencing showed that the purified material consisted
nonoxidized form. The affinity of the oxidized form of  of 21 amino acid residues which included 4 cysteines and 5
tertiapin for the channels was about 20-fold lower than that pasic residues (Figure 1E). The predicted and observed
of the nonoxidized form (data not shown). Therefore, we masses of the purified material are 2460 and 2458 daltons,
daily examined our tertiapin samples using HPLC both before respectively. The predicted and observed amino acid
and after experiments. We only used tertiapin samples compositions of the material are also in a good agreement
containing less than 1% oxidized tertiapin, which was (Taple 1). As we searched protein databases, we found the
determined from the areas of absorbance peaks on HPLC gmino acid sequence of our purified material is the same as
that of tertiapin, a previously purified protein from the same
venom @8, 29. However, the usage of tertiapin was

Purification and Synthesis of an Inhibitor against Inward- Unknown.
Rectifier K Channels. We initially screened venoms from To demonstrate that tertiapin itself is the active component,
various sources for their activities against the inward-rectifier we compared native tertiapin with synthetic tertiapin (see
K* channel formed by GIRK1(GSK) and GIRK4(CIR)1~— Materials and Methods). Chromatographic behaviors of the
13). The channel, GIRK1/4, normally present in cardiac cells native and the synthetic tertiapin were indistinguishable
and is gated by muscarinic receptors through G-proteins. To(Figure 1D). When injected separately, the native and the
study the GIRK1/4 channel, we coexpressed muscarinic synthetic tertiapin had an identical retention time on HPLC

@ The contents of cysteine and tryptophan were not determined.

RESULTS
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Ficure 4: Inhibition of three inward-rectifier K channels by tertiapin. (AC) The current traces of the GIRK1/4 (A), ROMK1 (B), and

IRK1 (C) channels recorded in the absence and presence of tertiapin at the concentrations indicated. The dotted lines identify the zero
current level. (D) Fractions of unblocked curreid) for the three channels were plotted as a function of the concentration of tertiapin.
Except for the IRK1 channel, all data were corrected for the background leak current, which was determined using high concentrations of
tertiapin. The curves superimposed on the data correspond to the best least-squares fits using thé/eoad€idik; + [Tx]), where [TX]

is toxin concentration. The determined inhibition constants weret806 and 2.0t 0.1 nM (meant sem;n = 16—29) for the GIRK1/4

and ROMK1 channels, respectively. The affinity of the IRK1 channel was so low that we could not accurately determine it.

column (upper and middle traces in Figure 1D). When at 1uM concentration, inhibited the channel by only-20
coinjected, the native and synthetic tertiapin comigrated on 30%. The affinities of the channeKg > 1 uM) for these
the column (lower trace in Figure 1D). Functionally, both two toxins were at least 100-fold lower than that for tertiapin
the native and the synthetic tertiapin had almost identical (K4 = 8 nM). Furthermore, we examined 15 other toxins
inhibitory activity. As shown in Figure 2A,B, the native derived from various venoms. All of them had little or no
and synthetic tertiapin, each at 10 nM, inhibited the GIRK1/4 effects on the channel at a concentration giM (Figure
current by about 50%. The fraction of unblocked currents 3).
in the presence of the native and synthetic tertiapin were To determine the specificity of tertiapin, we tested it
plotted as a function of their concentrations (Figure 2C). The against two other related inward-rectifiertKchannels,
curves superimposed on the data represent the best fits o0ROMK1 and IRK1 @, 10. As shown in Figure 4, the
an equation that assumes one tertiapin molecule blocks oneROMK1 channel was also very sensitive to tertiapin. In fact,
channel. The equilibrium dissociation constants determinedthe ROMK1 channel was even slightly more sensitive to
for the native and synthetic tertiapin were 8.2 and 8.6 nM, tertiapin than the GIRK1/4 channel. The dissociation
respectively. constant for tertiapin binding to the ROMK1 channel was
Specificity of Tertiapin. Two other honey bee toxins, 2.0 nM. In contrast, the IRK1 channel was relatively
apamin and mast cell degranulating peptide (MCDP), are insensitive to tertiapin.
known to inhibit voltage- and/or C&-activated K channels Effects of Channel Mutations on Tertiapin Affinityl.o
(30, 3). They share some homology with tertiapin in amino test if tertiapin inhibits the channels by binding to their
acid sequence (Figure 1E). Therefore, we examined theP-regions, we examined how mutations in the P-region versus
potential effects of apamin and MCDP on the GIRK1/4 other regions affect tertiapin and channel interaction. Since
channel. As shown in Figure 3, both apamin and MCDP, the ROMK1 channel assembles as a homotetramer, we can
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Ficure 5: Effects of ROMK1 P-region mutation on channel inhibition by tertiapin—[ Current traces of the wild-type and three

mutant channels, N124A, G127S, and F146A, recorded in the absence and presence of tertiapin at the concentrations indicated. (E) Fractions
of unblocked currentl(l,) for the wild-type and the three mutant channels were plotted as a function of the concentration of tertiapin. All
data were corrected for the background leak current that was determined using high concentrations of tertiapin. The curves superimposed
on the data correspond to the best least-squares fits using the equktienKi/(Ki + [Tx]), where [Tx] is toxin concentration. The
determined inhibition constants were 2t00.1, 13.94+ 0.4, 2.7+ 0.3, and 65.2t 4.0 nM (meant sem,n = 4—16) for the wild-type,

N124A, G127S, and F146A channels, respectively.

simultaneously replace each of the four equivalent residuescurrents for all four channels were plotted as a function of
by introducing a single mutation in the cDNA encoding the concentration of tertiapin in Figure 5E. The equilibrium
ROMKZ1. Because of this technical advantage, we chose todissociation constants for the wild-type, N124A, G127S, and
carry out a mutagenesis study in the ROMK1 channel. F146A channels were 2.0 nM, 13.9 nM, 2.7 nM, and 65.2
We first examined how mutations in the P-region of the nM, respectively. Effects of 12 P-region mutations on the
ROMKZ1 channel affect the interaction of the channel with interaction of the channel with tertiapin were summarized
tertiapin. Figure 5A-D shows the inhibition of the wild- in Figure 6.
type channel and three representative mutant channels For a comparison, we also examined tertiapin inhibition
(N124A, G127S, and F146A) by tertiapin. The affinity of of a mutant channel in which asparagine 171, in the second
the G127S channel for tertiapin was similar to that of the putative membrane-spanning segment (M2), was replaced
wild-type channel, whereas the affinities of N124A and with an aspartate. The substitution of a negatively charged
F146A channels were much reduced. Fractions of unblockedresidue, aspartate, in the M2 segment is known to dramati-
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4 cations to the channel, the mutation had little effect on the
binding of extracellular tertiapin (Figure 7A,B). The equi-
librium dissociation constants of the wild-type and the mutant
2 channels were 2.0 nM and 1.5 nM, respectively (Figure 7C).
The data presented thus far are compatible with the idea that
tertiapin inhibits the channel by binding to the P-region.

3
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T?TPCVET I i\l(fMT?AFLFSLETQVTiGIGEREVTE? DISCUSSION
----- ﬁué-»-{X-/f--E--s----2—-------------5--"---F-»f--C---;-E-- We have purified and identified a small protein in the

< = = v honey bee venom, called tertiapin, as an inhibitor against
FiGURe 6: Summary of P-region mutation on the interaction of two members of the inward-rectifier'kchannel family. Both
tertiapin with the ROMK1 channel. The free energy changes (in e G|RK1/4 and ROMK1 inward-rectifier Kchannels are
RT units) resulting from various P-region mutations were plotted hiahl itive to tertiapi hile the IRK1 i d-rectifi
against the primary sequence. ghly sensitive to tertiapin while the 1 inward-rectifier

K™ channel is relatively insensitive. Tertiapin was initially

cally increase the channel affinity for intracellular cationic purified from the bee venom over 20 years ad8)(
blockers such as Mg and polyaminesg—8, 32, 33. Asa Because the venom was believed to contain materials
consequence, the N171D channel conducts much smallebeneficial to arthritis, many laboratories tried to identify the
outward K" current than the wild-type channes, (32, 33; antiarthritis components in the venom. The search led to
and also see Figure 7A,B). Despite the dramatic effect of the purification of many small proteins. Two of the purified
the N171D mutation on the binding of the intracellular small proteins, apamin and MCDP, were found to be
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Ficure 7: Effect of a ROMK1 M2-region mutation on channel inhibition by tertiapin. (A and B) Current traces of the wild-type (A) and
N171D mutant (B) ROMK1 channels recorded in the absence and presence of tertiapin at the concentrations indicated. The dotted lines
identify the zero current level. (C) Fractions of unblocked curréftg)(for both channels were plotted as a function of the concentration

of tertiapin. All data were corrected for the background leak current determined using high concentrations of tertiapin. The curves superimposed
on the data correspond to the best least-squares fits using the equktienKi/(K; + [Tx]), where [TX] is toxin concentration. The
determined inhibition constants were 2:00.1 and 1.5+ 0.1 nM (mearnt sem;n = 16—20) for the wild-type and N171D mutant channels,
respectively.
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inhibitors of voltage- and Ca-activated K channels 30, than Lg2, which would also explain why tertiapin binds to
31). Tertiapin is one of the many other purified proteins the channel with a 200-fold higher affinity than Lg2 does
without any clearly identified biological activities. (25, Figure 2).

Even though the biological action of tertiapin was un-  Tertiapin is an asymmetric molecule, while the ROMK1
known, the studies on tertiapin chemistry were quite ad- channel is likely 4-fold symmetric because it is formed by
vanced. The three-dimensional structure of tertiapin has beenfour identical subunits9). The ROMK1 channel should
determined using NMR spectroscop84). The structure have four identical binding orientations for tertiapin, similar
shows that tertiapin is a highly compact molecule with a to those for scorpion toxins on the voltage-activated K
high density of positively charged residues. It consists of a channels. However, the GIRK1/4 inward-rectifiet khan-
type-I reverse turn and am-helix. A loop formed by an nel is formed by two different types of subunits (GIRK1
extendedf-sheet connects the turn and the helix. Four and GIRK4) with a 2:2 stoichiometry5(0—53). The
cysteines within the polypeptide chain form two disulfide GIRK1/4 channel likely does not contain four equivalent
bonds. The extensive interactions among the side chainsbinding orientations for tertiapin. Therefore, an understand-
enhance the rigidity the structure of tertiapin. The overall ing of how tertiapin interacts with GIRK1/4 channel may
structure of tertiapin is very similar to that of apamBb). provide insight into the arrangement of the subunits, i.e.,
The main difference between these two structures is thewhether the same two subunits are located adjacently or
relative position of the connecting loop and tiednelix. This diagonally.
difference is caused by the existence of an extra amino acid |n summary, we report here a nanomolar affinity inhibitor,
residue in the connecting loop of tertiapin. At this point, tertiapin, for two inward-rectifier K channels, GIRK1/CIR
we do not know whether the difference in the relative and ROMK1. Tertiapin will be a very useful tool for
position of the connecting loop and thehelix, or the  studying the physiology and the structtifeinction relation-
differences in the side chains of various residues, accountsship of these channels. Tertiapin will also be a powerful
for the greater than 100-fold difference in the affinities |igand for purifying functional channels as well as for
between the two toxins (Figures 2 and 3). screening pharmaceutical agents against these channels.

It has been well established that scorpion toxins inhibit
the voltage- and Ca-activated K channels by blocking the ~ACKNOWLEDGMENT
ion conduction pore36—38). Extensive mutagenesis studies
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