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ABSTRACT: Tertiapin (TPN), a small protein derived from honey bee venom, inhibits the GIRK1/4 and
ROMK1 channels with nanomolar affinities. Methionine residue 13 in TPN interacts with residue F148
in the channel, located just outside of the narrow region of the ROMK1 pore. The methionine residue in
TPN can be oxidized by air, which significantly hinders TPN binding to the channels. To overcome the
reduction in TPN affinity due to oxidation of M13, we replaced M13 in TPN with fourteen different
residues. Out of the fourteen derivatives, only the one in which M13 was replaced by glutamine, TPNQ,
binds to the channel with aKi value very similar to that of native TPN. Since TPNQ is stable and functionally
resembles native TPN, it will be a very useful molecular probe for studying the inward-rectifier K+ channels.

Inward-rectifiers are a class of K+ channels that differ
structurally as well as functionally from the voltage-activated
K+ channels (1-7). The primary sequences of the subunit
in the two classes of channels are minimally conserved,
except for thesignature sequencewithin the P-region that
forms the “K+-selectivity filter” (8, 9). Furthermore, each
of the four subunits in the inward-rectifier K+ channels has
only two (M1 and M2) instead of the six (S1 through S6)
transmembrane segments occurring in the voltage-activated
K+ channels (2-7). A recent crystallographic study on a
bacterial K+ channel (KcsA) showed that the outer and
narrow part of the K+ pore is formed by the signature
sequence, whereas the inner part of the pore is formed by
the M2 segment (9).

Unlike the voltage-activated K+ channels, which are
primarily responsible for repolarizing the action potential,
the inward-rectifier K+ channels maintain and regulate the
resting membrane potential (1). By doing so, the inward-
rectifier K+ channels play many important biological roles.
For example, the G-protein-gated inward-rectifier K+ chan-
nels mediate vagal inhibition of the cardiac pacemaker and
modulate synaptic transmission in the nervous system,
whereas the ROMK1 inward-rectifier channels are critical
for the kidneys to maintain water and electrolyte balance
(1, 2).

Thus far, about twenty different kinds of protein inhibitors
(or toxins) for the voltage-activated K+ channels have been
isolated from the venoms of various poisonous animals (e.g.,
10-37). These protein inhibitors prove to be very effective
probes for understanding both the physiology as well as the

structure-function relationship of voltage-activated K+

channels (38-54). In contrast, the pharmacology of inward-
rectifier K+ channels is poorly developed (55, 56). Recently,
we found that tertiapin (TPN), a small protein derived from
honey bee venom, inhibits the G-protein-gated inward-
rectifier K+ channel (GIRK1/4) and the ROMK1 channel
with nanomolar affinities (57; cf. 58 and59 for its original
discovery). However, a methionine residue in TPN can be
readily oxidized by air. Oxidation of TPN significantly
hinders its binding to the channels. To overcome this
problem, we synthesized a high affinity TPN derivative in
which the air-oxidizable methionine residue is replaced by
a glutamine residue.

MATERIALS AND METHODS

Channel Expression.Oocytes harvested fromXenopus
laeVis frogs were digested with collagenase (2 mg/mL) in a
solution containing 82.5 mM NaCl, 2.5 mM KCl, 1.0 mM
MgCl2, and 5.0 mM (pH 7.6) HEPES. The oocyte digestion
solution was agitated on a platform shaker at a rate of 80
rpm for 90 min. The oocytes were then rinsed thoroughly
with and stored in a solution containing 50µg/mL gentami-
cin, 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2,
and 5 mM (pH 7.6) HEPES. Defolliculated oocytes were
selected at least 2 h after the collagenase digestion. To
express the channels, the corresponding cRNA was directly
injected into oocytes. To express the GIRK1/4 channel,
GIRK1 and GIRK4 cRNAs were coinjected with either M2
or M4 muscarinic receptor cRNA. All injections were carried
out at least 16 h after the collagenase treatment. The injected
oocytes were stored in an 18°C incubator.

Channel Recording.All three inward-rectifier K+ channels,
GIRK1/4, ROMK1, and IRK1, were studied using a two-
electrode voltage clamp amplifier (Oocyte Clamp OC-725C,
Warner Instruments Corp.) The resistance of electrodes, filled
with 3 M KCl, was 0.3-0.5 MΩ. To elicit current through
the channel, the membrane potential of oocytes was stepped
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to -80 mV and then to+80 mV from the holding potential
of 0 mV. Background leak currents were obtained by
exposing oocytes to solutions containing TPN or TPNQ at
concentrations greater than 100-fold ofKi. The bath solution
contained 100 mM KCl, 0.3 mM CaCl2, 1.0 mM MgCl2,
and 10 mM (pH7.6) HEPES. To activate the GIRK1/4
channel, ACh (150µM) was included in the bath solution.
The concentration of TPN and its derivative was calculated
by converting the absorbance of the solution at 280 nm
wavelength using an extinction coefficient 6.1 mM-1 cm-1.
In the case where methionine 13 was replaced by aromatic
residues, the concentration of the derivatives was estimated
by normalizing the peak area of a sample (in a predetermined
volume) detected at 215 nm wavelength on HPLC to that of
a known quantity of TPN sample. All toxin-containing
solutions were freshly made by diluting stock solutions. TPN
and its derivatives used in all experiments were made
synthetically (see below).

Molecular Biology.The GIRK1 and GIRK4 (CIR) cDNAs
were cloned into pBluescript (SK-) plasmid (Stratagene)(4,
6). The ROMK1 and IRK1 cDNAs were cloned into
pSPORT (Gibco-BRL) and pcDNA1/AMP (Invitrogen) plas-
mids, respectively (2, 3). The M2 and M4 receptor cDNAs
were cloned into a pGEM3 (Promega) plasmid. The GIRK1,
ROMK1, and IRK1 cDNAs were linearized usingNotI. The
GIRK4 cDNA was linearized usingXhoI. The M2 and M4
receptor cDNAs were linearized usingHindIII. All cRNAs,
except for that of GIRK4, were synthesized using T7
polymerase (Promega). The GIRK4 cRNA was synthesized
using T3 polymerase (Promega).

Synthesis, Mass Determination, and Purification of Ter-
tiapin and Tertiapin DeriVatiVes.Tertiapin and its derivatives
were synthesized using a Rainin/Protein Technologies Sym-
phony multipeptide synthesizer, and their mass was con-
firmed on a VG analytical MALDI-TOF spectrometer.
Synthetic TPN and its derivatives have a C-terminal amide
group. All synthetic peptides spontaneously adopted the
correct conformation in a solution containing 1 mM DTT
and 10 mM Tris (pH 8.0) after DTT became oxidized. After
the peptides folded into the correct conformation, they were
purified with a reverse phase HPLC column (C18) using a
linear methanol gradient (1% per minute). The flow rate was
1 mL/min. The nonoxidized TPN used in the experiment
was assayed daily on HPLC. The sample is considered
nonoxidized only if the oxidized form is less than 1%. The
oxidized TPN used in the experiment was spontaneously air-
oxidized and purified by HPLC.

RESULTS

Spontaneous Oxidation of the Methionine Residue in
Tertiapin. Figure 1A shows an HPLC chromatograph of
TPN. With time, TPN is “spontaneously” converted into an
earlier peak observed on HPLC. The chromatograph of TPN
samples either partially or fully converted are shown in
Figure 1, B and C, respectively. Mass analysis of the material
corresponding to the new peak shows its mass is 16 daltons
(the mass of an oxygen atom) greater than the expected for
TPN, while the material corresponding to the original peak
has the mass of TPN. This finding argues that the new peak
results from oxidation of TPN. Since the four cysteine
residues forming two disulfide bonds are already in an
oxidized form, methionine 13 is likely to be the residue

oxidized by air. To test this possibility, we substituted M13
with fourteen other residues (A, D, E, F, G, I, L, N, Q, S, T,
V, W, and Y). Each of these TPN derivatives has an
invariable retention time on HPLC, strongly supporting the
idea that the oxidization occurs in the side-chain of M13.

Oxidation of M13 hinders the binding of TPN to the
channels. Figure 2, A and B shows the current traces of the
GIRK1/4 and ROMK1 channels in the absence and presence
of nonoxidized TPN. Comparatively, Figure 2, C and D
shows the current traces in the absence and presence of
oxidized TPN. To achieve a similar extent of channel
blockade higher concentrations of oxidized TPN must be
applied. The fractions of the unblocked current of the
GIRK1/4 channel are plotted against the concentrations of
the oxidized and nonoxidized TPN in Figure 2E, while those
of the ROMK1 channel are plotted in Figure 2F. The curves
superimposed on the data points in Figure 2, E and F
correspond to the fits of an equation assuming that one TPN
molecule blocks one channel.

Identification of the Channel Residue Energetically Coupled
to Residue 13 in TPN.To identify the channel residue
energetically coupled to residue 13 in TPN, we used

FIGURE 1: Chromatography of oxidized and nonoxidized TPN.
Samples were nonoxidized (A), partially oxidized (B), and oxidized
(C) TPN. Mobile phases A and B were 0.1% TFA in water and
0.07% TFA in methanol. The samples were eluted by increasing
mobile phase B at a rate of 1% per minute.
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thermodynamic mutant cycle analysis (47, 60, 61). Previ-
ously, we found that a single alanine substitution for each
of four P-region residues, N117, R118, F146, and F148,
lowers the affinity of the ROMK1 channel for TPN by 10-
fold or more (57). To identify the channel residue coupled
to M13 in TPN, we examined the potential energetic coupling
between M13 and each of the four channel residues with
mutant cycle analysis. Figure 3 shows the four mutant cycles,
in which the tested residues in both the channel and the toxin
are mutated to alanine. For each channel-toxin pair, there
are four possible combinations. One of the four combinations
is shown at each corner of the mutant cycle box. XLF, XRT,
YUP, and YLW are ratios of the corresponding adjacentKi.
The ratio of XLF and XRT (or YUP and YLW) defined asΩ
can be used to evaluate the energetic coupling between two
tested residues. AllΩ values presented in the mutant cycle
boxes are in a form greater than one, and their natural
logarithm form is presented in Figure 4. Interestingly, when
M13 in TPN was tested against channel residue F148, the

mutant cycle analysis yielded anΩ value of 40. However,
when it was tested against the other three channel residues,
Ω values were∼ 2. These results argue that M13 in TPN is
energetically coupled to channel residue F148.

A High Affinity and Stable TPN DeriVatiVe. Oxidation of
M13 hinders the interaction of TPN with the channel. To
overcome this problem, we substituted M13 with nonoxi-
dizable residues, e.g., alanine. Although alanine substitution
eliminates the oxidation problem, it introduces another
problemsthe derivative binds to the channel with a much
lower affinity. To search for a TPN derivative with an affinity
similar to the native one, we replaced M13, one at a time,
by fourteen different residues (A, D, E, F, G, I, L, N, Q, S,
T, V, W, and Y). Figure 5A shows current traces of the
ROMK1 channels in the absence and presence of six
representative TPN derivatives. For most TPN derivatives,
much higher concentrations are needed to inhibit half of the
current of the ROMK1 channel. Interestingly, one TPN
derivative, M13Q (referred to as TPNQ), binds to the
ROMK1 channel with high affinity (Ki ) 1.3 nM). The
fractions of unblocked currents by those TPN derivatives
are plotted against their concentrations in Figure 5B. We
determined theKi values of all TPN derivatives by fitting
the inhibition data with an equation assuming that one TPN
molecule blocks one channel (62). Ki values for all the
fourteen TPN derivatives are summarized in Table 1.

Specificity Comparison between TPN and TPNQ. We
compared the specificity of TPN and TPNQ among three
inward-rectifier K+ channels, GIRK1/4, ROMK1, and IRK1.
Figure 6, A-C, shows the current traces of the three channels
in the presence and absence of TPN, while Figure 6,D-F,
shows those in the presence and absence of TPNQ. TPN and
TPNQ at similar concentrations inhibited about half of the
currents of the GIRK1/4 or the ROMK1 channel. However,
the IRK1 channel is essentially insensitive to both TPN and
TPNQ at a concentration of 2µM, consistent with our
previous finding (57). The fraction of the unblocked currents
for all three channels are plotted against the concentration
of TPN and TPNQ in Figure 6, G and H, respectively. The
data show that TPN and TPNQ have similar specificity among
the three inward-rectifier K+ channels.

DISCUSSION

The methionine residue in tertiapin becomes oxidized
“spontaneously” and its oxidation affects the binding of TPN

FIGURE 2: Oxidation of TPN hinders its interaction with both the
GIRK1/4 and ROMK1 channels. A and B: Current traces of the
GIRK1/4 and ROMK1 channels in the absence and presence of
nonoxidized TPN, respectively. C and D: Current traces of the
GIRK1/4 and ROMK1 channels in the absence and presence of
oxidized TPN, respectively. The leak currents were recorded in the
presence of TPN at concentrations greater than 100 times of theKi
values. The dashed lines identify the zero current level. E: The
fractions of unblocked GIRK1/4 current (mean( sem,n ) 3-26)
were plotted as a function of the concentrations of oxidized and
nonoxidized TPN, respectively. F: The fractions of unblocked
ROMK1 current (mean( sem, n ) 4-50) were plotted as a
function of the concentration of oxidized and nonoxidized TPN,
respectively. The curves superimposed on the data points in E and
F correspond to the fits of equationI/Io ) Ki/(Ki + [TPN]). The
fits yield that theKi values for the GIRK1/4 channel to interact
with nonoxidized and oxidized TPN are 8.3( 0.5 (mean( sem)
nM and 40.5( 0.7 nM, respectively, while those for the ROMK1
to interact with nonoxidized and oxidized TPN are 2.0( 0.2 nM
and 7.8( 0.5 nM, respectively.

Table 1: Ki Values for TPN and Its Deriatives

mean (nM) sem n

wt 2.04 0.02 50
M13A 19.31 2.51 4
M13D 21.54 1.82 4
M13E 299.63 17.65 4
M13F 33.74 1.98 3
M13G 96.81 6.32 4
M13I 7.21 0.45 8
M13L 16.23 1.91 4
M13N 40.41 3.04 4
M13Q 1.25 0.01 50
M13S 38.93 4.25 4
M13T 21.41 2.06 4
M13V 12.54 1.08 4
M13W 40.14 2.34 3
M13Y 27.12 1.65 3
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to the targeted channels. In fact, many scorpion toxins
inhibiting voltage- and Ca2+-activated K+ channels also
contain methionine residues. In some cases, methionine
residues in those toxins are critical for the channel-toxin
interaction (43, 44, 48-50). However, there has been no
documented information thus far on either oxidizability of
the methionine residues in those scorpion toxins by air or
any resulting alteration in the channel-toxin interaction.

Generally, the sulfur atom in the side-chain of methionine
is susceptible to oxidation by air or other oxidants. A
complete oxidation of the sulfur atom in a methionine residue
is a two-step reaction. In the first step, sulfoxide is formed
by covalently attaching a single oxygen atom to the sulfur.
This step of the reaction can be reversed by thiols (63).
However, formation of sulfone in the second step by
covalently attaching a second oxygen atom to sulfoxide is

irreversible. We only observed the first oxidation step with
TPN. The formation of sulfoxide in TPN significantly hinders
its binding to both the GIRK1/4 and the ROMK1 channels
(Figure 2). Although the oxidation of the methionine residue
can be reversed with a reducing agent, the amount of
reducing agent needed also reduces the disulfide bonds within
TPN, thereby rendering it nonfunctional.

Oxidation of TPN significantly limits its applicability. To
overcome this problem we replaced M13 with fourteen
different residues. Out of them, only the derivative containing
a glutamine residue at position 13, TPNQ, binds to the
ROMK1 channel with a high affinity similar to that of native
TPN (Table 1). Like TPN, TPNQ also blocks the GIRK1/4
channel with high affinity but does not inhibit the IRK1
channel, and thus has the same specificity among the three
inward-rectifier K+ channels (Figure 6). We do not have a
definitive explanation why a glutamine residue provides a
nearly full energetic compensation for the methionine in
TPN. However, it is interesting to note that the accessible
surface areas of the side-chain of glutamine (and phenyla-
lanine) are closest to that of methionine among all naturally
existing neutral amino acids, but the ratios of polar and
nonpolar portions are very different between the two (64).
Furthermore, among those neutral residues only the side-
chains of methionine (C-C-S-C) and glutamine (C-C-
C-N(or O)) have four linear non-hydrogen atoms.

To identify the channel residue that is energetically
coupled to M13 in TPN, we carried out thermodynamic
mutant cycle analysis. The theoretical basis of the analysis
has been thoroughly discussed in many earlier papers by
other investigators (47-50, 60, 61). Here, we just recapture
its essence. If a channel residue is not coupled to a toxin
residue (i.e., they are independent), then the binding energy

FIGURE 3: Thermodynamic mutant cycles. In each of the four mutant cycles, one channel residue is tested against residue 13 in TPN, as
indicated above the mutant cycle boxes. Each of the four corners of a mutant cycle box represents a tested TPN-ROMK1 residue pair in
single letter codes. The four corners are wild-type TPN vs wild-type ROMK1 (upper left), wild-type TPN vs mutant ROMK1 (lower left),
mutant TPN vs wild-type ROMK1 (upper right) and mutant TPN vs mutant ROMK1 (lower right). In each case, the tested residue was
replaced by alanine. TheKi values (mean( sem) for each tested pair is presented in the corresponding parentheses. X and Y are the ratios
of the adjacentKi values. TheΩ values are the ratios of XLF and XRT (or YUP and YLW).

FIGURE 4: Values of RT lnΩ (mean( sem) associated with the
four ROMK1 residues when tested against M13 in TPN.
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changes due to mutating both the channel and toxin residues
should be additive. Consequently, the difference in free
energy changes that results from mutating one tested residue
with and without mutating the other tested residue (RTln Ω)
should theoretically be zero. Conversely, if the value of
RTln Ω deviates significantly from zero, an energetic
coupling between the tested channel and the toxin residues
is indicated, provided the large value ofΩ is unique.

Generally, a unique largeΩ value argues against a global
structural change caused by the mutation, because energy
changes caused by a global structural change would be
distributed over many residues at the interface, which would
result in largeΩ values when a toxin residue is tested against
many channel residues.

As shown in Figure 4, when M13 in TPN is tested against
channel residue F148 the value ofRTln Ω is 2.2 kcal/mol,

FIGURE 5: Effects of M13 mutations on the interaction of TPN with the channel. A: Current traces of the ROMK1 channel in the absence
and presence of six representative TPN derivatives in which M13 was replaced by the residue indicated. B: The fractions of unblocked
currents (mean( sem,n ) 4-50) were plotted as a function of the concentration of TPN derivatives. The curves superimposed on the data
points correspond to the fits of equationI/Io ) Ki/(Ki + [TX]).
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whereas those values associated with the other three channel
residues, when tested against residue 13 in the toxin, are

about 0.5 kcal/mol or less. These results argue that residue
13 in the toxin is coupled to residue 148 in the channel. This

FIGURE 6: Comparison of specificity of TPN and TPNQ among three inward-rectifier K+ channels. A-C: Current traces of GIRK1/4,
ROMK1, and IRK1 in the absence and presence of TPN at the concentrations indicated. D-F: Current traces of GIRK1/4, ROMK1, and
IRK1 in the absence and presence of TPNQ at the concentrations indicated. The leak currents were obtained in the presence of TPNQ at
concentrations greater than 100 times of the correspondingKi values, except for the IRK1 channel whose affinities for TPN and TPNQ are
too low. The dashed lines identify the zero current level. G: The fractions of unblocked currents of the GIRK1/4, ROMK1, and IRK1
channels were plotted as a function of the concentration of TPN. H: The fractions of unblocked currents of the GIRK1/4, ROMK1, and
IRK1 channels were plotted as a function of the concentration of TPNQ. All data in G and H were corrected for background leak currents,
except for those of IRK1. The curves superimposed on the GIRK1/4 and ROMK1 data points in G and H correspond to the fits of equation
I/Io ) Ki/(Ki + [TX]). The Ki values determined from the fits are 8.3( 0.5 nM (mean( sem), 2.0( 0.2 nM, 13.3( 0.6 nM, and 1.3(
0.1 nM for GIRK1/4-TPN, ROMK1-TPN, GIRK1/4-TPNQ, and ROMK1-TPNQ interactions, respectively. The curves superimposed on the
IRK1 data points have no theoretical significance.
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interpretation of our results is compatible with the observa-
tion made in the study correlating the values ofRTln Ω
(referred there as∆∆G) with the distances between the
residues at the interface of a protein-protein (barnase-
barstar) complex of known structure. That study showed that
a value of RTln Ω greater than 1 kcal/mol generally
associates with one barnase residue and one barstar residue
less than 4 Å apart, the expected distance range between
the residues interacting directly with each other (61).

Furthermore, we also tested Q13 in TPNQ against F148
in ROMK1, which yielded aRTln Ω value of 1.5( 0.1 kcal/
mol. This finding shows that residue 13 in TPN is energeti-
cally coupled to residue148 in ROMK1, regardless of
whether a methionine or glutamine residue is present at
position 13. Thus, the glutamine mutation in TPN does not
appear to cause a significant change in the overall structure
of TPN.

According to the structural model of the bacterial KcsA
channel based on crystallographic studies, residue F148 in
the ROMK1 channel would be located at the base of the
external vestibule, just outside of the narrowest region of
the K+ pore (9). TPN consists of anR-helix formed by
residues 12-19 and a type-I reverse turn formed by residues
4-7 connected by a loop (65). M13 in TPN is located at
the N-terminal end of theR-helix. Thus, a coupling between
channel residue F148 and TPN residue M13 suggests that
theR-helix may form the interaction surface in TPN, which
would be different from that in scorpion toxins where the
interaction surface is formed primarily by theâ-strands
(43, 44, 49).

In summary, we reported, here, that oxidation of methion-
ine 13 in TPN hinders its binding to the targeted channels.
To circumvent this problem, we synthesized a TPN derivative
with a glutamine residue at position 13. The synthesized
TPNQ is stable and functionally resembles native TPN, and,
therefore, will be a very useful molecular probe for studying
the inward-rectifier K+ channels.
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