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ABSTRACT. Tertiapin-Q (TPN), a honey bee toxin derivative, inhibits inward-rectifiet Khannels by
binding to their external vestibule. In the present study we found thaiyTifiNbition of the channels is
profoundly affected by extracellular pH. This pH dependence mainly reflects titration of histidine residue
12 in TPN, by extracellular protons, since it largely vanishes when the histidine residue is replaced with
alanine. Not surprisingly, this alanine derivative of T¢PBinds to the channel with much lower affinity.
Quantitative thermodynamic cycle analysis shows that deprotonation of the histidine residue reduces the
TPNo—ROMKT1 binding energy by 1.6 kcal/mol. To eliminate pH sensitivity but retain high affinity, we
derivatized TPN by replacing histidine 12 with lysine. This derivativéenoted tertiapin-KQ (TPRb)—

not only is practically insensitive to extracellular pH but also binds to the channel with even higher affinity

than TPN, at extracellular pH 7.6.

Tertiapin (TPN), a 21 residue protein originally isolated
from honey bee venom, inhibits the cardiac GIRK1/4 and
the renal ROMK1 inward-rectifier K channels with nano-
molar affinity (1). However, in cardiac myocytes TPN
inhibition of the muscarinic receptor-controlled GIRK1/4
channels appears to be specifit; {or GIRK1/4 channels
see refs3 and 4). TPN interacts with the inward-rectifier

plasmid (Gibco-BRL) 8). The cRNA was synthesized using
T7 polymerase (Promega) from the cDNA linearized with
Nod.

Oocytes harvested frodenopus laeis frogs were di-
gested with collagenase (2 mg/mL) in a solution containing
NaCl, 82.5 mM, KClI, 2.5 mM, MgGl 1 mM, and HEPES,

5 mM (pH 7.6) and agitated on a platform shaker at 80 rpm

K* channels with one to one stoichiometry and inhibits the {5 90 min. The oocytes were then rinsed thoroughly with

channel by binding to its external vestibul.(

The C-terminal portion (histidine 12 to glycine 19) of TPN
adopts ano-helical structure, whereas its N-terminal half
acquires extended conformation6).(TPN binds to the
channel primarily through ite-helix (5). Methionine residue
13, located at the N-terminal end of tlhehelix, readily

and stored in a solution containing: gentamicing&s@mL,
NaCl, 96 mM, KCI, 2 mM, CaGl 1.8 mM, MgC}, 1 mM,

and HEPES, 5 mM (pH 7.6). Defolliculated oocytes were
selected at leas2 h after the collagenase digestion. To
express the ROMK1 channels, the coding RNA was injected
into oocytes. All injections were carried out at least 16 h

undergoes oxidation under ambient conditions, and the after the collagenase treatment. The injected oocytes were

oxidation significantly hinders the binding of TPN)( This

stored at 18C.

technical inconvenience of TPN can be circumvented by  ~pannel RecordingThe ROMK1 channels were studied

replacing methionine 13 with glutamine to yield a TPN
derivative called tertiapin-Q or TRN(7). TPNy though

using a two-electrode voltage clamp amplifier (Oocyte Clamp
OC-725C, Warner Instruments Corp.). The resistance of

nonoxidizable under ambient conditions binds to the Chan”elselectrodes filled wh 3 M KCl was 0.2-0.4 MQ. To elicit

with TPN-like affinity and selectivity.

In the present study we found that the binding of TN
to the channel is dramatically affected by extracellular pH

current through the channels, the oocyte membrane potential
was stepped te-80 mV and then te+-80 mV from a holding
potential of 0 mV. Background leak currents were obtained

and, therefore, investigated how extracellular protons affect by exposing oocytes to solutions containing «M TPNo.

TPNg binding. We have also produced a T&Nerivative
that not only is practically extracellular pH-insensitive but
also binds to the channel with even higher affinity at
extracellular pH 7.6.

MATERIALS AND METHODS

Synthesis of ROMK1 cRNA and Its Expression in Xenopus

Oocytes.The ROMK1 cDNA was cloned into a pPSPORT

T This study was supported by NSF Grant IBN-97-27436. Z.L. was
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*To whom correspondence should be addressed. E-mail: zhelu@

mail.med.upenn.edu.

The background current insensitive to T& Whose ampli-
tude is comparable to that in oocytes uninjected with cRNA,
does not inwardly rectify. The bath solution containetl K
(ClI~ + OH"), 100 mM, Cad}, 0.3 mM, MgC}, 1 mM, and
HEPES, 10 mM (at specified pH adjusted with KOH). The
concentrations of all TPN derivatives were calculated by
converting the absorbance of the solution at 280 nm using
the extinction coefficient 6.1 mM cm™ (1). All TPN
derivatives used in the experiments were synthetic (see
below).

Synthesis, Mass Determination, and Purification of Ter-
tiapin Derivatives. TPN derivatives were synthesized using
a Rainin/Protein Technologies Symphony multipeptide syn-
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Ficure 1: ROMKI currents at various extracellular pH values.
(A) ROMK1 current traces at three values of extracellular pH,
elicited by the voltage protocol shown. The leak current trace was
obtained in the presence »fl M TPNg. The dotted lines identify
the zero current level. (B) Currents normalized to that at pH 10
(mean+ SEM, n = 5) are plotted against the corresponding
extracellular pH.

thesizer, and their mass was confirmed on a VG analytical
MALDI-TOF spectrometer (Keck Biopolymer Facility, Yale
University). All synthetic TPN derivatives have a C-terminal
amide group. Each synthetic peptide was dissolved in a
solution containing 1 mM DTT and 10 mM Tris (pH 8.0).
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)lj.

RESULTS

Effect of Extracellular pH on the ROMK1 Currefigure
1A shows macroscopic current traces of the ROMK1
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Ficure 2: Inhibition of ROMK1 channels by TP§at various
extracellular pH values. (AC) Current traces of ROMK1 channels

at extracellular pH 6, 8, or 10 in the absence and presence o TPN
at the concentrations indicated. Voltage protocol was as in Figure
1. (D) The fraction of unblocked currents (meanSEM, n = 5)

at each pH is plotted as a function of TRNoncentration. The
curves superimposed on the data points are fits of the equation
I/lo = Kg/(Kq + [TPNg]). The Ky values determined from the fits
are summarized in Figure 6A.

increasing pH. The fraction of unblocked current as a
function of TPN, concentration at the three pH values is
shown in Figure 2D. The fitted curves, which assume that
one TPN, molecule inhibits one channel, yield equilibrium
dissociation constant&g) for the TPN,—ROMK1 complex

at the three pH values tested. Raising the pH from 6 to 10
increased thé&y value by about 40-fold. (For a plot dfy
versus pH see Figure 6A.)

Effects of Mutations in TP§Non the Titration of the
TPNo—ROMK1 Interaction by Extracellular ProtondVe
wondered whether the effect of extracellular pH on TPN
binding reflects proton titration of the histidine (residue 12)
in TPNg, whose unperturbedqa value should be near neutral
pH. Alanine substitution for histidine 12 causes the largest
reduction in binding energy of the TRNROMK1 complex
among all substitutions for non-cysteine residuBs see
Figure 6B for TPN structure model). To test our idea, we
examined how replacing histidine with nontitratable alanine
affects the proton titration of TRMNbinding. Figure 3A-C
shows ROMK1 current traces at three values of extracellular
pH, in the absence or presence of a TRMth an alanine
mutation at residue t2denoted tertiapin-AQ (TPAY). At
pH 6 and 8, 30 nM TPR, inhibited about half of the
ROMKZ1 current, while a slightly higher concentration (100

channels at three representative extracellular pH values,nM) was required at pH 10. Figure 3D plots the fraction of

elicited by the voltage protocol shown. The mean channel unblocked current at each of the three pH values as a function

currents are plotted against pH in Figure 1B; all current of TPNag concentration. The curves superimposed on the

values are normalized to that for pH 10. The channel current data are fits of an equation which assumes that one PN

increased only slightly with increasing pH, consistent with molecule inhibits one channel. THg of TPNa is practically

a previous observation in a related channel, IREL ( the same for pH 6 and 8 and is only about 3-fold higher
Titration of TPN, Binding to ROMK1 Channels by even at pH 10. These findings support the idea that the

Extracellular Protons.Figure 2A-C shows current traces extracelluar pH titration of TP§ binding is largely due to

of the ROMK1 channels without and with TRNat three a titration of histidine 12 in TPyl

extracellular pH values. The concentration of TPNeded Our finding implies that the positive charge in the side

to reduce the current by half increased significantly with chain of residue 12 is critical for high-affinity binding of
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Ficure 5: Kinetics of ROMK1 channel inhibition by TPNand
TPN«o. (A, C) Time courses of current changes upon washing in
extracellular pH values. (AC) ROMKL1 current traces at extra-  gng washing out 1 nM TPand TP, respectively. The starting
cellular pH 6, 8, or 10 in the absence and presence of ;5RiY time of washing in and washing out is indicated by a down arrow
the concentrations indicated. (D) The fraction of unblocked currents gnq an up arrow, respectively. The smooth curves superimposed
(meand SEM,n = 5) at each pH is plotted as a function of TRN o the data points are single-exponential fits. (B, D) The reciprocals
concentration. The curves superimposed on the data points are fitHf time constants (meatt SEM, n = 5) for washing in (o,

of the equation/lo = Ky/(Kq + [TPNag]). TheKq values determined  ¢josed circles) as well as washing outrgk/ closed squares) are
from the fits are summarized in Figure 6A. plotted as a function of TPjand TPNo concentration, respec-
tively. The lines superimposed on the data are fits of the equations

Ficure 3: Inhibition of ROMK1 channels by TPA at various

A B Cc 1/ton = kor[TPNg] + Kot @and 1o = Kogr. The fits yield thatk,, =
7.74 @0.52) x 10° M~ s71 [mean &SEM), n = 5] andkys =
oH 6 oHE oH 10 ?OglMeE?l*?) x 1072 i L for TPNg and thati;o.t—1 8.19 @0.30) x
L S— s tandkyr = 1.35 @0.48) x 1072 s1 for TPNko.
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of unblocked current at each pH is plotted against the
concentration of TPR,. The curves are fits of an equation
which assumes that one TRH molecule inhibits one

channel. Like that of TPN,, theKq of TPN«q is practically

the same at pH 6 and 8 and is only about 3-fold larger even
at pH 10, although it&q value is about 300-fold lower than
that of TPNg.

Effect of Lysine Mutation at Residue 12 on the Kinetics
of the TPN\—ROMKT1 InteractionFigure 5A shows the time
course of current inhibition upon addition, and then removal,
of 1 nM TPN, at pH 7.6 (at which most of the previous
. toxin studies were performed). The smooth curves super-
10° imposed on the data points are single-exponential fits. The
reciprocals of time constants for washing in and washing
out of TPN, (1/tin and 1t,,y), determined as shown in Figure
extracellular pH values. (AC) ROMKL current traces at extra-  9A, are plotted in Figure 5B against T@Moncentration.
cellular pH 6, 8, or 10 in the absence and presence ofhRat The value of 1, depends linearly on the concentration of
the concentrations indicated. (D) _The fraction of unbl_ocked currents TPNg whereas M, is concentration independent, as ex-
(meant SEM,n = 5) at each pH is plotted as a function of TRN Jected for a one to one binding stoichiometry betweeng PN
concentration. The curves superimposed on the data points are fit
of the equation/lo = K¢/(Kg + [TPNkg]). The Ky values determined and ROMK,:L From the slope of the ,pIOt ofrj/versus TPN
from the fits are summarized in Figure 6A. concentration and 14y, we determined the rate constants

of TPNg binding and unbindingkG, andkyg) as 7.74x 10
TPNg to ROMKL1. To test this, we replaced the histidine M~ s and 8.31x 1072 s%, respectively.
residue with another basic residue, lysine, which has a much For comparison, we also examined the kinetics of channel
higher Ka. Figure 4A-C shows ROMKT1 current traces in  inhibition by TPN«. Figure 5C shows the time course of
the absence and presence of TRMth a lysine mutation at  current inhibition upon addition, and then removal, of 1 nM
residue 12-denoted tertiapin-KQ (TPRY). At pH 6 and 8, TPN«o. The smooth curves superimposed on the data points
as little as 100 pM TP, inhibits about half of the current,  are single-exponential fits. The values otid/and 1oy,
and a 3-fold higher concentration (300 pM) was required at determined from the fits as shown in Figure 5C, are plotted
pH 10, as was the case for TR\ In Figure 4D the fraction in Figure 5D against the concentration of T&NLike those

8
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FiGure 4: Inhibition of ROMK1 channels by TPR at various
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Ficure 6: (A) Equilibrium dissociation constants of TPN deriva-
tives at various extracellular pHs. Th& values (meant SEM,;

n = 5) of TPNy (closed circles), TPN, (closed squares), and
TPN«q (closed diamonds), determined as shown in Figure§,2
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Ficure 7: Thermodynamic cycle analysis of energetic coupling
between histidine 12 in TRNand extracellular protons. (A)
Thermodynamic cycleéKgs at the four corners of the thermodynamic
cycle box are those of TRNat pH 10 (upper left), TPN at test

are plotted against extracellular pH. (B) Ribbon representation of pH T (upper right), TPNg at pH 10 (lower left), and TPN, at
p g p p

the NMR structure model of TPNB), where the positions of the
eight C-terminal non-cysteine residues are indicated.

of TPNo, the value of 1#, of TPN«q varies linearly with
the concentration of TP while that of 1., is concentra-
tion independent. The determined valueskgfand k. for
TPNkg are 8.19x 10° Mt st and 1.35x 1072 s},
respectively. Thus, the increased affinity of T&Nor
ROMKT1 due to the lysine mutation results almost entirely
from a decrease in the dissociation rate of the complex.

DISCUSSION

Tertiapin-Q inhibits ROMK1 by binding to the channel’s
external vestibule. The affinity of TRNfor ROMKL1 is
significantly reduced at high extracellular pH. This extra-
cellular proton titration of the TPH-ROMK1 interaction
is mainly mediated by histidine 12 in TRNsince the

test pH T (lower right), where pH 10 is the reference for other
pHs. Xup and X w are the ratios of the horizontally adjacefg
values, while Yg and Ygr are the ratios of the vertically adjacent
Kq values. The ratio of ¥/X w (or Y e/YRy) is defined af2. (B)
Closed circles represeit values for TP versus TPNg at various
extracellular pHs, whereas closed squares are those fokd PN
versus TPNg. The curve superimposed on the closed circles is a
fit of the equationQ = (Qmax — RLmin)/(1 + 10PHPKa) + Qi
where Qn,n is one which is identified by the horizontal line. The
fit yields pK; = 6.8 andQax = 13.8. Since for both of the cases
the Q value is unity at pH 10, for clarity the two symbols were
separated horizontally.

Since the two interacting elements of interest are histidine
12 in TPN, and extracellular protons, the two variables of

the thermodynamic cycle are (1) the nature of residue 12
(e.g., histidine versus alanine) and (2) extracellular pH.
Therefore, the dissociation constaritg)(at the four corners

of the thermodynamic cycle box (Figure 7A) are those of

observed extracellular pH dependence is largely eliminated TPNo at pH 10 (upper left), TPhlat test pH T (upper right),

when histidine is replaced by a non-pH-titratable residue.
As shown in Figure 6A, th&y of TPNg increases X 40-
fold) from 0.25 nM at pH 6 to 11 nM at pH 10. By
comparison, th&y values of the mutants TR and TPNg
(which differ by over 100-fold) vary only 3-fold in the same
pH range. The observed effect of extracellular pH on §PN
binding must therefore result mainly from a titration of
histidine 12 in TPN and also, to a much lesser extent, from
the titration of additional sites (channel or toxin) between
pH 8 and 10. It should be noted that the ROMK1 channel

TPNag at pH 10 (lower left), and TP, at test pH T (lower
right), where pH 10 is the reference pHypXand X w are

the ratios of the (upper and lower) horizontally adjadent
values, while Yr and Ygr are the ratios of the (left and right)
vertically adjacenty values. The ratio ¥p/X,w (or ratio

Y e/YRrr) is defined a2 (10). The natural logarithm of2
represents the difference in protonation-related free energy
change (in RT units) between the TRNROMK1 complex

with histidine and the TPROMK1 complex with alanine

at position 12. Since alanine substitution eliminates the

itself is somewhat sensitive to extracellular protons, as shownProtonation site (shaving, as it were, the imidazole ring off
by the small current enhancement as the pH is raised fromthe histidine side chain), the variation in the value @f

8 to 10 (Figure 1). Therefore, the small rise in kg of
TPNg and its derivatives, observed in that extracellular pH
range, may reflect titration of (a) site(s) in the channel itself.

reflects only the extent of protonation of the histidine side
chain, despite the fact that the alanine mutation affects the
TPNo—ROMKT1 interaction also by other mechanisms un-

To remove this small background pH dependence of the "élated to the protonation, as discussed below.

TPNo—ROMKT1 interaction and isolate the energetic com-
ponent solely related to the titration of the histidine residue
from our analysis of the behavior of the histidine residue
proper, we used thermodynamic cycle analydi8—12).

In Figure 7B, Q values (closed circles), which were
computed using the meafy values shown in Figure 6A,
are plotted against the corresponding values of extracellular
pH. The value ofQ increased by 12-fold when pH was
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Ficure 8: Minimal model for how protonation of histidine 12
affects TPN binding to the channel. In the model, TRay exist
in one of two statesHTPNy or TPN,, depending on whether
histidine 12 is protonatediTPNg and TPN, bind to the channel
(Ch) with equilibrium dissociation constart&y andKy , respec-
tively.
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lowered from 10 to 6. A fit of the data with an equation
described in Figure 7B yields &pfor the titrated group of
6.8—well within the range expected for theKp of an
unperturbed histidine side chain. The maxinfal value
estimated from the fit is 13.8. Thus, protonation of histidine
12 increases the binding energy by 1.6 kcal/mol. As a control
we tested TPR, in place of TPN, against TPMNo. Since

an alanine residue is nontitratable and a lysine residkg (p

Biochemistry, Vol. 40, No. 12, 20013605

Since the K, of histidine 12 is 6.8, the residue should be
largely protonated at pH 6 and practically fully deprotonated
at pH 10. At low pH, the&q value for TPNg is very similar
to that for TP, , which suggests that TR energetically
resembles protonated TBNFigure 6A). Certainly, TPy
has some experimentally beneficial features: (1) its binding
to the channel is practically insensitive to extracellular pH,
and (2) its affinity for the channel is even higher at the
commonly used pH 7.6 (0.18 versus 1.26 nM), which is
almost entirely due to a slower off-rate. On the other hand,
TPNxo is quite different from deprotonated TBNsince the
Kgqvalue for TPN is still 10-fold smaller than that for TPy
even at pH 10 where histidine 12 should practically be fully
deprotonated. Therefore, although the positive charge in the
side chain of the histidine residue is critical for the high-
affinity binding of TPN; to the channel, other properties of
the side chain also influence the TRNROMK1 interaction.
This phenomenon is not surprising since the toxin histidine
residue appears to interact intimately with the chanBgl (
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Q value of TPNg against TPNg is expected to be near
unity throughout the entire pH rang&@). This is indeed
what we observe (Figure 7B, square symbols).

The scheme in Figure 8 represents a minimal model for
how protonation affects TRPHbinding to the channel. In the
model, TPN, may exist in one of two state$TPNg or TPNy,
depending on whether histidine 1{p= 6.8) is protonated.
The binding of "TPNg or TPN; to the channel (Ch) is
characterized by the equilibrium dissociation constéits
andKy . According to the scheme, the observed equilibrium
dissociation constant of TRt a given pH Ka—obd IS given

by

1
Ka-obs = 9 1-—0 @)
HKd Ka
where
1
= 2
1+ 1P Pk @

which argues that th&y_ops for TPNg would indeed vary
sigmoidally with pH were it not for the additional background
pH effect.
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