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ABSTRACT: Inward rectifier potassium channels (Kir) play critical roles in cell physiology. Despite
representing the simplest tetrameric potassium channel structures, the pharmacology of this channel family
remains largely undeveloped. In this respect, tertiapin (TPN), a 21 amino acid peptide isolated from bee
venom, has been reported to inhibit Kirl.1 and Kir3.1/3.4 channels with high affinity by binding to the
M1—M2 linker region of these channels. The features of the peptitiannel interaction have been explored
electrophysiologically, and these studies have identified ways by which to alter the composition of the
peptide without affecting its biological activity. In the present study, the TPN derivative, TPN-Y1/K12/
Q13, has been synthesized and radiolabeled to high specific activity!%iithTPN-Y1/K12/Q13 and
mono-iodo-TPN-Y1/K12/Q13 {1]TPN-Y 1/K12/Q13) inhibit with high affinity rat but not human Kirl.1
channels stably expressed in HEK293 ceA$IJTPN-Y1/K12/Q13 binds in a saturable, time-dependent,

and reversible manner to HEK293 cells expressing rat Kirl.1, as well as to membranes derived from
these cells, and the pharmacology of the binding reaction is consistent with peptide binding to Kirl.1
channels. Studies using chimeric channels indicate that the differences in TPN sensitivity between rat and
human Kirl.1 channels are due to the presence of two nonconserved residues within-the NMiiker

region. When these results are taken together, they demonstraté2#jaPN-Y1/K12/Q13 represents

the first high specific activity radioligand for studying rat Kirl.1 channels and suggest its utility for
identifying other Kir channel modulators.

Potassium channels regulate many critical cellular func- consist of two transmembrane segments and a pore domain.
tions such as the electrical pattern of neurons, muscle Many residues in the N- and C-terminal regions of these
contraction, hormone and neurotransmitter release, electrolyteproteins are important for the regulation of channel activity,
movement, and cell proliferatioril). The large family of as well as for their trafficking and interaction with other
potassium channels contains, as a common structural featuresubunits. Inward rectification, defined as the capacity to carry
two transmembrane domains connected by a pore loop, themore current in the inward than in the outward direction, is
M1—M2 linker, where the potassium selectivity sequence due to the voltage-dependent block of the channel by
resides. Four of these subunits assemble to form a functionalintracellular cations such as Mgand polyamines4, 5).
tetrameric channel. Other structurally distinct domains can The molecular basis for inward rectification is well-
associate with the pore domain to yield channels that gateunderstood from functional studies as well as from the high-
in response to different stimuli. The high-resolution X-ray resolution X-ray structure of the bacterial homologue of
structure of potassium channels has provided detailedKirl.1 (6, 7).
information concerning the molecular mechanisms involved  The functional importance of inward rectifier potassium

in ion permeationZ, 3). _ channels is highlighted by the fact that mutations in the genes
Inward rectifier potassium channels (Kigre the prototype  oncoding these proteins result in neuronal degeneration

of @ minimum potassium channel structure in that they only (3 2 “cardiac arrhythmias (Kir2.1), defective renal salt

. absorption (Kirl.1), and defective insulin secretion from
* To whom correspondence should be addressed. Telephone: (732) . h . .
594-7564. Fax: (732) 594-3925. E-mail: maria_garcia@merck.com. Pancreatig cells (Kir6.2) @, 9). Despite the prominent role
# Department of lon Channels. _ that Kir channels play in cell physiology, the molecular
¢ These authors contributed equally to this work. pharmacology of these channels remains mostly undeveloped.
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1 Abbreviations: Kir, inward rectifier potassium channel; TFA, 1€ only high-affinity probe for some members of the Kir

trifluoroacetic acid; TPN, tertiapin;1f8]-TPN-Y1/K12/Q13, mono-  family is tertiapin (TPN), a 21 amino acid peptide isolated
iodotyrosine-TPN-Y1/K12/Q13q, equilibrium dissociation constant;  from bee venom X0). TPN blocks Kirl.1 and Kir3.1/3.4

Ki, equilibrium inhibition constantk;, association rate constari;, ; ; . indi ;
dissociation rate constant; MCDP, mast cell degranulating peptide; channels with high affinity by binding to residues present

ChTX, charybdotoxin; IbTX, iberiotoxin; MgTX, margatoxin; DTX,  In the external end of the ion-conduction pore of these
dendrotoxin; ShKStichodactyla helianthugeptide. channels through a reversible bimolecular reaction. Other
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Kir channels, such as Kir2.1, are insensitive to the peptide. prepared as describeti). All other reagents were obtained
The nuclear magnetic resonance (NMR) structure of TPN from commercial sources and were of the highest purity
indicates a backbone consisting of a C-termioahelix commercially available.

(residues 1219) and a more extended conformation atthe  gynthesis of TPN PeptideElongation of the peptide

N terminus, with both parts being held together by two pairs ¢hains were performed on an ABI peptide synthesizer using
of disulfide bonds. Methionine at position 13 can undergo g pplier-provided protocols. The peptidic materials were
air oxidation, causing a loss in the channel-blocking affinity cleaved from the resin with trifluoroacetic acid (TFA)

of the peptide, but glutamine substitution yields a stable and ¢onaining anisole and mercaptoethanol and then air-oxidized
fully functional peptide {1). In addition, the presence of i, 1004 NH,OAC solution at pH 8.28.5 overnight. Prepara-
histidine at position 12 causes the block of the channel to e purification of the crude products was performed on a
be pH-dependent, with deprotonation of the histidine residue \y/5ters Delta Prep 4000 system with a semipreparatige C
causing a large decrease in the binding energy of the peptideyygac reverse-phase column, in a watacetonitrile gradient
Sgbstitution of lysine at this position is tolerated and system of 8-60% buffer B in 60 min (buffer A was 0.5%
eliminates the pH dependence of the channel bld@. (  TFA in water, and buffer B was 0.5% TFA in acetonitrile).
Extended mutagenesis studies support the idea that TPNrhe chromatographically homogeneous, folded peptides were
binds to the outer vestibule of the Kir channel througtuits analyzed by electrospray mass spectrometry and reverse-
helix and that the extended N-terminal region projects out phase high-pressure liquid chromatography.s(®@ydac

of the vestibule into the extracellular medium3). These analytical column, a gradient of810% buffer B in 30 min

data suggest that the N terminus represents a favorable region ihe above-described solvent system, with a 1.5 mL/min
for incorporation of labels and development of a probe with ¢, rate).

which to study the interaction of TPN with Kir channels. L o L
In the present study, TPN-Y1/K12/Q13 has been prepared lodination of TPN-Y1/K12/Q1%or iodination Wlth elthe_r
Na[*?9] or Na[*?1], 2.5 ug of IODO-GEN was dissolved in

and radiolabeled to high specific activity wit. Both . X .
parent and mono-iodo-derivative peptides inhibit rat Kir1,1 20 4L of acetonem a 1 mLWheaton v-vial. The solution

channels with high affinity. Specific and saturable binding Was dried under argon to coat the walls of the vial with
of mono-iodo-TPN-Y1/K12/Q13 #S]TPN-Y1/K12/Q13) IODO-GEN (reaction vial). The reaction vial was rinsed

has been observed to cell-surface-expressed channels ifiVice with 200uL of NaPQ at pH 8.0, and 1L of NaPQ
HEK293 cells stably transfected with rat Kirl.1 and to &tPH 8.0 was added to the vial, followed by the addition of

membranes derived from these cells. High-affinity binding 20 #L 0f TPN-Y1/K12/Q13 solution (0.64 mg/mL in 100
of [125]TPN-Y1/K12/Q13 was not detected to human Kir1.1 MM NaPQ at pH 8-20) and 14.L of a solution containing
channels, consistent with the reduced sensitivity of these &ither 5 mCi of Naf*4] (2200 Ci/mmol) or 20ug/mL Na-

channels to TPN peptides. Chimeric channels of human andl ‘>l in 10 «M NaOH. After incubation at room temperature
rat Kirl.1-containing residues from the MM2 linker for 10 min, the sample was loaded onto a 300 A pore-size

regions provide insights into the molecular determinants of Cisreverse-phase HPLC column (Vydac, 04@5 cm) that
human Kirl.1 that are responsible for its reduced sensitivity "2d been equilibrated with 10 mM TFA. Elution was
to TPN. When these data are taken together, they indicate@chieved with a linear gradlent of 30% acetonitrile in 10
that [29]TPN-Y1/K12/Q13 represents a novel, useful probe MM TFA (0—35% at 2 min and 3590% at 30 or 40 min)

for studying Kirl.1 channels and for developing their at a flow rate of. 0.5 mL/min. Mqterial eluting from the
pharmacology. column was monitored by measuring the absorbance at 210

nm. Individual peaks were lyophilized dry and reconstituted
EXPERIMENTAL PROCEDURES

in 100 mM NacCl, 20 mM Tris-HCI at pH 7.4 and 0.1%
Materials. Restriction enzymes and the pCl-neo vector

bovine serum albumin. Aliquots were frozen in liquid N
were obtained from Promega. The pcDNAS/FRT/TOPO-TA and stored at-70 °C. After the iodination of the peptide
vector and all tissue culture media were from Invitrogen

with Na[*?1], chromatographically homogeneous peaks cor-
Corp. (Carlsbad, CA). Human and rat kidney cDNA and responding to the parent and its iodinated derivatives were
Advantage2 DNA polymerase were purchased from Clontech collected and analyzed by electrospray mass spectroscopy.
Biosciences (Palo Alto, CA). Quickchangell site-directed  Channel ConstructsKirl.1 cDNA was amplified by
mutagenesis kit was from Stratagene (La Jolla, CA). Dye polymerase chain reaction (PCR) using rat or human kidney
terminator sequence reactions were performed with the ABI Quickclone cDNA as a template. Sequence-specific oligo-

BigDye3.1 sequencing kit and analyzed with an ABI3100
genetic analyzer, both from Applied Biosystems (Foster City,
CA). HEK293 cell lines were from American Type Culture
Collection (Manassas, VA), and TsA-201 cells were a gift
of Dr. Robert DuBridge. The IODO-GEN reagent was from
Pierce, and N&pd] was from New England Nuclear Corp.
Apamin, mast cell degranulating peptide (MCDP), charyb-
dotoxin (ChTX), iberiotoxin (IbTX) Stichodactyla helianthus
peptide (ShK)go-dendrotoxin ¢-DTX), and 6-dendrotoxin
(6-DTX) were obtained from Peptides International; the

nucleotide primers (Table 1) to amplify the entire coding
region of Kirl.1 were designed on the basis of the published
nucleic acid sequence (rat Kirl.1 GenBank accession X72341
and human Kirl.1 GenBank accession NM_000220). The
PCR reactions were performed with Advantage2 DNA
polymerase with the following conditions: 1 min at 96

for 1 cycle and 15 s at 98C and 3 min at 68C for 35
cycles. A fragment of the expected size was amplified and
subsequently cloned into the pcDNA5/FRT/TOPO-TA vec-
tor. The identity of the cDNA insert was verified by

FUGENESG transfection reagent was from Roche; and the sequencing. For generation of stable cell lines, the insert was

protease inhibitor cocktail was from Sigma. Margatoxin
(MgTX), agitoxinl (AgTX1), and agitoxin2 (AgTX2) were

cloned as Mlul—Notl fragment into the pClneo expression
vector.
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Table 1: Oligonucleotide Primers for Cloning and Mutagenesis of Rat and Human Kirl.1

hKirl.1(A116D)-as GGAGTGTGATTGCAGAAGGATGGAATTC

hKirl.1(A116D)-s GAATTCCATCCTTCT@CAATCACACTCC

hKir1.1(L128M)-as CAGAAAAGCTGAGGTCA GCCATTAATATTCTC
hKirl.1(L128M)-s GAGAATATTAATGGCATGACCTCAGCTTTTCTG
hKirl.1(C148F)-as ACACTGTTCTGTCACAACCTGAATCCATATCC
hKirl.1(C148F)-s GGATATGGATTCAGGTTGTGACAGAACAGTGT
hKir1.1(H113Y,S115P,A116D,H118R)-as CACACAGGGAGTGATTGTCAGGAGGATAGAATTCCGGGAG
hKirl.1(H113Y,S115P,A116D,H118R)-s CTCCCGGAATTEBTCCTCCTGACAATCGCACTCCCTGTGTG
ratKirl.1-(Not))-as gcatgcggccdeTA CATCTGGGTGTCGTCCGTTTCATCAAC
ratKirl.1-Mlul)-s gcatacgcgttaaadd G GGCGCTTCGGAACGGAGTGTG

human Kirl.1-Not)-as gatgcggccdcTA CATTTTGGTGTCATCTGTTTCATTGAC

human Kirl.1(lul)-s tacacgcgttaaatd GAATGCTTCCAGTCGGAATGTGT

aThe -s suffix denotes a primer in the sense orientation, and the -as suffix denotes a primer in the antisense orientation. All oligonucleotide
primers are written in the'5— 3' direction.

Preparation of Cells Stably Expressing Rat and Human  ?9-TPN-Y1/K12/Q13 BindingFor binding to cells, 96-
Kirl.1. Rat or human Kirl.1 pCineo expression plasmids well poly-p-lysine-coated plates were seeded at a density of
were transfected into HEK293 cells with FUGENES®. A stable 75 000 cells per well and cells were allowed to attach for
pool of HEK293 cells expressing rat or human Kirl.1 was approximately 18 h at 37C. [*?9]-TPN-Y1/K12/Q13 was
prepared by neomycin selection (76@/mL). Stable pools  added to wells, and incubation took place under normal
were analyzed for functional expression of Kirl.1 using a growth conditions. For saturation experiments, cells were
membrane potential, fluorescence resonance energy-transferincubated with increasing concentrations Bf[-TPN-Y1/
based assay as describdd)( Individual stable cell lines  K12/Q13 fa 8 h and quadruplicate samples were averaged
were generated by limited dilution under continuous selection for each experimental point. Competition binding experi-
with neomycin (50Q:g/mL). Cell lines were selected on the ments were carried out in the absence or presence of an
basis of the signal intensity in the functional fluorescent increasing concentration of test peptide. To determine the
assay. kinetics of ligand association, cells were incubated with]f

Pore Mutant Constructs of Human Kirl.8ite-directed TPN-Y1/K12/Q13 for different periods of time. Dissociation
mutagenesis was performed with the Quickchangell kit. The kinetics were initiated either by the addition of 100 nM TPN-
oligonucleotides used for mutagenesis are listed in Table 1.Y1/K12/Q13 or by washing the wells 4 times with media
Starting with a plasmid carrying the human Kirl.1wt cDNA, and incubating for different periods of time. Nonspecific
the primer pair hKirl.1(H113Y, S115P, A116D, H118R)-s binding was defined as binding in the presence of 100 nM
and -as was used to introduce changes at the indicatedTPN-Y1/K12/Q13. At the end of the incubation, cells were
positions. This mutant Kirl.1 cDNA was used to create washed twice with 20QL of Dulbecco’s phosphate-buffered
hKirl.1-mutl, -mut2, and -mut5. In addition, the primer pair saline to separate bound from free ligand, and radioactivity
hKirl.1(C148F)-s and -as was used to generate hKirl.1-mut3associated with cells was determined using @ounter.
from hKirl.1wt cDNA, which subsequently served as a basis Unless otherwise stated, the interaction BfI[-TPN-Y1/
to construct hKirl.1-mut4 and -mut8. To generate hKirl.1- K12/Q13 with membranes was determined in a medium
mut6 and -mut7, hKirl.1wt cDNA and appropriate primer consisting of either 50 or 100 mM KCI, with 20 mM Tris-
pairs were used. For all mutants, the entire insert was HCl at pH 7.4 and 0.1% bovine serum albumin. Incubations
sequenced to exclude secondary amino acid changes. Thevere carried out at room temperature, for at iéaé in a
pore sequence for these mutants is depicted in Figure 5. total volume of 2 mL (50 mM KCI) or 1 mL (100 mM KCI).

Transfection of TsA-201 Cells and Membrane Preparation. For saturation experiments, membranes were incubated with
Procedures for handling TsA-201 cells and their transfection increasing concentrations dffi]-TPN-Y1/K12/Q13. Com-
with FUGENE6 have been previously describd®)( For petition experiments were carried out with]-TPN-Y1/
the preparation of membrane vesicles, cells were pelletedK12/Q13 in the absence or presence of an increasing
and homogenized in 250 mM sucrose and 25 mM Hepes- concentration of the test compound. To determine the kinetics
NaOH at pH 7.4, supplemented withul/mL of protease of ligand association, membranes in 50 mM KCI were
inhibitor cocktail. Homogenates were centrifuged at 00 incubated with 4]-TPN-Y1/K12/Q13 for different periods
for 10 min, and the supernatant was collected by centrifuga- of time. Dissociation kinetics were initiated either by the
tion at 100009 for 45 min. The pellet was resuspended in addition of 1 nM TPN-Y1/K12/Q13 or by 50-fold dilution
homogenization buffer, layered on top of a discontinuous and incubating for different periods of time at room tem-
20—40% sucrose gradient, and centrifuged at 10000 perature. Nonspecific binding was defined as binding in the
1 h. Material at the 40% sucrose interface was collected, presence of £10 nM TPN-Y1/K12/Q13. The separation of
diluted with 200 mM NaCl and 20 mM Hepes-NaOH at pH bound from free ligand was achieved by diluting samples
7.4, and subjected to centrifugation at 10098& 45 min. with 4 mL of ice-cold buffer, consisting of 100 mM NacCl,
Membrane pellets were resuspended in 100 mM NaCl and20 mM Tris-HCl at pH 7.4, and 0.1% bovine serum albumin,
20 mM Tris-HCl at pH 7.4, and aliquots were quickly frozen and filtering through GF/C glass-fiber filters presoaked in
in liquid N, and stored at-80 °C. For electrophysiological  0.5% polyethylenimine. Filters were rinsed twice with 4 mL
recordings, 35 mm polystyrene Petri dishes containing 3  of ice-cold buffer. Data from saturation, competition, and
3 mm polyb-lysine-coated glass chips were seeded 24 h afterligand dissociation experiments were analyzed as described
transfection. (17, 18). The association rate constakt, was determined
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by employing both the pseudo-first-order rate equakios residues for covalent incorporation of iodine and to develop
kobd[LR]¢/([L][LR] max) Or the second-order rate equatian a probe that could be radiolabeled to high specific activity
= [1/([L] — [LR]max][([L] — [LR]I)/([LR]max — [LRIY], for use in radioligand-binding studies, tyrosine was substi-
where [LRL is the concentration of the complex at equilib- tuted at position 1 in TPN-K12/Q13. TPN-Y1/K12/Q13 was
rium, [L] is the concentration of ligand, [LRlxis the total synthesized by solid-phase synthesis, folded, and purified.
receptor concentratiom,ps is the slope of the pseudo-first- The properties of TPN-Y1/K12/Q13 were evaluated in
order plot, In([LRY([LR]e — [LR]:)) versus time, and [LR] electrophysiological recordings of rat Kirl.1 channels stably
is the receptorligand complex at one given time poiht expressed in HEK293 cells. Because Kirl.1 channels are
[**™]-TPN-Y1/K12/Q13 was determined to exhibit cata- open at all membrane potentials, nonselective leak currents
strophic decay after comparing the behavior of the radiola- cannot be easily subtracted. Therefore, whole-cell currents
beled peptide that had undergone five half-life decays with were recorded in 10 and 60 mM*Kat the start of an
the newly radiolabeled peptide in saturation binding studies. experiment, and the shift in the reversal potential was used
Electrophysiological Recording3he block of Kirl.1 by to assess the quality of the recording and the contribution of
TPN analogues was examined by whole-cell voltage clamp nonselective leak currents (Figure 1A). Voltage ramps from
(19) using an EPC-9 amplifier and Pulse software (HEKA —100 to +100 mV were then used to examine Kirl.1
Electronics, Lamprecht, Germany). Experiments were per- currents under control conditions and in the presence of
formed at room temperature. Electrodes were fire-polished increasing concentrations of TPN-Y1/K12/Q13 (Figure 1B).
to resistances of-24 MQ. Voltage errors were minimized The average current amplitude at voltages betwe&0
by series resistance compensation, and the capacitanceand—98 mV was used to monitor the time-dependent block
artifact was canceled using the built-in circuitry of EPC-9. of Kirl.1 by TPN-Y1/K12/Q13 (Figure 1C). The average
Data were acquired at 10 kHz and filtered at 2.9 kHz. The (n = 4) fractional current blocked was best-fit by the Hill
bath solution consisted of 100 mM NaCl, 60 mM KCI, 2.7 equation with an 1g of 1.02 nM and a Hill coefficient of
mM CaCl, 0.5 mM MgCL, and 5 mM Na-HEPES at pH 1.7 (Figure 1D). Average l§& and Hill coefficient values
7.4. To assess the quality of the recording and the contribu-from the individual fits were 1.1% 0.22 nM and 1.3t 0.3
tion of Kirl.1 to the current at negative holding potentials, (n = 4), respectively. Similar to previously published data
a second bath solution containing a low concentrationof K (12), TPN-K12/Q13 was found to be a potent blocker of rat
(150 mM NacCl, 10 mM KClI, 2.7 mM CaGJ 0.5 mM MgCl, Kirl.1 channels, blocking the inward current with ansdC
and 5 mM Na-HEPES at pH 7.4) was used at the beginning of 0.60+ 0.10 nM and Hill coefficient of 0.6% 0.06 =
of each recording and the shift in the current reversal between3; data not shown). The difference insf3salues between
the bath solutions containing 60 and 10 mM" Kvas TPN-Y1/K12/Q13 and TPN-K12/Q13 was not significapt (
examined. The calculated shift in reversal potential fora K = 0.11). These data are consistent with the idea that the
selective current under these conditions was 45 mV, and aN-terminal extended region of the peptide does not make
shift of at least 40 mV was considered acceptable. The intimate contact with the channel and therefore represents a
internal (pipet) solution contained 130 mM KCI, 5 mM NaCl, place for tolerated substitutions.
2 mM MgCl,, 5 mM EGTA, 0.2 mM MgATP, and 5 mM Chemical Modification of TPN-Y1/K12/Q13 by lodination.
Na-HEPES at pH 7.4. Kirl.1 currents were measured by To obtain a high specific activity ligand for Kir1.1 channels,
applying 100 ms voltage ramps from100 to+100 mV at TPN-Y1/K12/Q13 was reacted with N&fl], under the
10 s intervals and averaging the current evoked at membraneconditions described in the Experimental Procedures and
potentials betweer-100 and—98 mV. For TPN-Y1/K12/ resulting products were separated byg Ceverse-phase
Q13, 1G5 (1.16+ 0.22 nM) and Hill coefficient (1.4 0.2) chromatography (Figure 2A). One reaction product was
values were also determined during voltage steps160 identified as the mono-iodo adduct of TPN-Y1/K12/Q13 on
mV. These values are not significantly different from those the basis of specific activity corresponding to the maximum
determined using voltage ramps. To avoit &cumulation, theoretical value for incorporation of one iodine per peptide
cells were held at-30 mV throughout the experiment. Data molecule. This peptidel{d]-TPN-Y1/K12/Q13, elutes from

are presented as meanstandard error of the mean. reverse-phase chromatography well-separated from native
RESULTS peptide and another peptide characterized as the di-iodo
U derivative of TPN-Y1/K12/Q13. To further confirm the

Synthesis and Biological Aetty of TPN-Y1/K12/Q13A identity of these peptides, TPN-Y1/K12/Q13 was iodinated
large body of experimental evidence suggests that TPNunder identical conditions with N&1] and the resulting
inhibits Kirl.1 and Kir3.1/3.4 channels by binding in a 1:1 peptides were characterized by electrospray mass spectros-
stoichiometry to residues located in the M2 linker and copy. The injection of 1@L of the HPLC peak correspond-
physically occluding the ion-conduction pathways). The ing to unmodified TPN-Y1/K12/Q13 reveals the presence
a helix at the C-terminal region of TPN appears to be of triply (846.1") and quadruply (63443) charged ions that
involved in close interactions with specific channel residues, reconstruct to yield a molecular weight of 2535.3 Da.
whereas the N-terminal half acquires a more extended Injection of the HPLC peak corresponding to mono-iodinated
conformation and is predicted to face the extracellular TPN-Y1/K12/Q13 reveals the presence of triply (888)0
medium. A double TPN mutant, TPN-K12/Q13, has been and quadruply (6664) charged ions that reconstruct to yield
reported to retain similar biological activity as the parent a molecular weight of 2661 Da.
peptide but lacks two properties of TPN: (1) pH dependence The biological activity of }2]-TPN-Y1/K12/Q13 was
of the block because of the presence of histidine at position determined in electrophysiological recordings of rat Kirl.1
12 and (2) the lack of stability because of the oxidation of channels. The mono-iodinated peptide inhibits rat Kirl.1
methionine 1312). Because TPN-K12/Q13 does not contain channels with 16 values of 3.454+ 0.69 nM and Hill
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Ficure 1: Inhibition of rat Kirl.1 channels by TPN-Y1/K12/Q13. Rat Kirl.1 channels stably expressed in HEK293 cells were examined
by whole-cell voltage-clamp experiments as described under the Experimental Procedures. (A) Voltage ramp&qfeoi-100 mV in
1s)in 10 and 60 mM external’Kwere used to assess the quality of the whole-cell recording. (B) Voltage ramps-{ft6tto+100 mV
in 0.1 s) in 60 mM external Kin the control and in the presence of 1, 3, 10, and 30 nM TPN-Y1/K12/Q13. (C) Inward current at voltages
between—100 and—98 mV, determined during 0.1 s voltage ramps, as a function of time in the control and in the presence of indicated
concentrations of TPN-Y1/K12/Q13. (D) Average fraction blocked is plotted versus the TPN-Y1/K12/Q13 concentration. The data are
presented as the average fraction blocked in four separate experiments, and error bars represent the standard error of the mean. The solid
line is a fit of the Hill equation to the average data with an appareg ¢€1.02 nM and a slope of 1.7.

coefficient of 1.2+ 0.2 (0 = 4) (Figure 2B). Although the  the [}24]-TPN-Y1/K12/Q13 concentration. As expected, the
difference in IGo values between'{1]-TPN-Y1/K12/Q13 nonspecific binding component varied linearly with tF&I]-

and TPN-Y1/K12/Q13 is significantp(= 0.02), the data  TPN-Y1/K12/Q13 concentration. The equilibrium dissocia-
suggest that the iodination reaction did not markedly affect tion constantKy, calculated from these experiments was 0.57

the biological activity of TPN-Y1/K12/Q13. 4+ 0.06 nM; Hill coefficients were 1.04t 0.11; and the
Binding of [?3]-TPN-Y1/K12/Q13 to Cell-Surface- maximum density of cell-surface channeB., equaled
Expressed Rat Kirl.1 Channelgo determine whethet§]- 95 900+ 7300 channels/celh(= 3). TheKq value calculated

TPN-Y1/K12/Q13 can be used to characterize rat Kirl.1 from equilibrium binding studies was in close agreement with
channels, HEK293 cells stably expressing the channel werethe IG5, value for the channel block determined in electro-
incubated with radiolabeled peptide in the absence or physiological recordings. In agreement with the lower
presence of an excess of unlabeled TPN-Y1/K12/Q13. sensitivity of human Kirl.1 to TPN peptides (see below),
Specific binding of }234]-TPN-Y1/K12/Q13 to cell-surface-  binding of [[?3]-TPN-Y1/K12/Q13 was not observed to
expressed channels was observed in these cells, and asBlEK293 cells stably transfected with this channel.
expected, binding was cell-concentration-dependent (data not The kinetics of }?9]-TPN-Y1/K12/Q13 binding have been
shown). Specific binding of f4]-TPN-Y1/K12/Q13 was not  measured to determine whether peptide association occurs
observed to HEK293 that do not express rat Kirl.1 channelsthrough a simple bimolecular reaction. The data presented
(data not shown). Incubation dffi]-TPN-Y1/K12/Q13 with in Figure 3B illustrate that incubation of 0.07 or 0.5 n¥f{]-
HEK?293 cells for up to 2 days at 37T did not alter the TPN-Y1/K12/Q13 with HEK293 cells expressing rat Kirl.1
binding characteristics of the peptide to cells expressing ratresulted in a time-dependent association of the peptide with
Kirl.1 channels, suggesting thaty]-TPN-Y1/K12/Q13 is cell-surface-expressed channels that reached equilibrium at
stable in the cell incubation media. To further characterize ~5 h. The nonspecific binding component is time-indepen-
the binding reaction, polp-lysine-coated 96-wells plates dent and has been subtracted from the experimental data. A
were seeded with-75 000 cells and incubated with increas- semi-logarithmic transformation of the data (inset of Figure
ing concentrations of'f3]-TPN-Y1/K12/Q13 until equilib- 3B) yielded linear dependences, as expected for pseudo-first-
rium was achieved, in the absence or presence of 100 nMorder reactions, and the slopes of the lines dievalues
TPN-Y1/K12/Q13 (Figure 3A). Specific binding displayed of 0.76x 102 and 2.12x 102 min™%, respectively. Average

a good signal-to-noise ratio and was a saturable function of koysvalues calculated from these experiments are .16 2
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>

other peptidesy)-DTX and Lg2, that have been reported to
BE be weak inhibitors of rat Kir1.120, 21) inhibited the binding
reaction by 12 and 33% at 1 andu®/1 (6-DTX), respec-
L 65 tively, and 18% at 1M (Lg2), whereas.-DTX had no effect
up to 1 uM (Figure 3D). In addition, several peptide
inhibitors of potassium channels that do not block rat Kirl.1
" o° (20), such as ChTX, IbTX, MgTX, AgTX1, AgTX2, and
ShK, had no effect on the binding reaction when tested at
: : : 45 concentrations up to &M (data not shown). These data,
35 40 taken together, suggest thaty]-TPN-Y1/K12/Q13 repre-
Time (min) sents a useful tool with which to investigate cell-surface-
expressed rat Kirl.1 channels.
Binding of [?4]-TPN-Y1/K12/Q13 to Membranes De&d
— from HEK293 Cells Expressing Rat Kirl.1 Channdlse
interaction of [?4]-TPN-Y1/K12/Q13 with rat Kirl.1 chan-
nels was also characterized using purified membranes
prepared from HEK293 cells stably expressing rat Kirl.1.
Unlike binding to intact cells where cell integrity is critical,
0.2+ membranes provide a system where experimental conditions,
(Y SE— — such as ionic composition, pH, and temperature, can be easily
0 5 10 15 20 25 30 35 manipulated to enhance the strength of the peptatannel
"Z7I-TPN-Y1/K12/Q13 (nM) interaction. Figure 4A presents data from experiments in
FiGURE 2: lodination of TPN-Y1/K12/Q13. (A) HPLC separation ~ which the binding of 124]-TPN-Y1/K12/Q13 to rat Kirl.1
of iodinated derivatives. TPN-Y1-K12/Q13 was subjected to HEK membranes was determined in the presence of different
iodination using the IODO-GEN method as described under the ~qncentrations of KCI in the incubation medium. In the

Experimental Procedures. The reaction mixture was loaded onto a e

HPLC Cg reverse-phase column equilibrated with 10 mM TFA, absence of KCl, S'peCIfIC binding OFPI]'TPN'Y:L_/K:LZ/QIS

and elution was achieved with a linear gradient of 30% acetonitrile Was very low but increased as the concentration of KCl was
in 10 mM TFA (0-35% at 2 min and 3590% at 30 min) at a raised to 3156 mM and then decreased to become
flow rate of 0.5 mL/min. Material eluting from the column was ndetectable at concentrations above 250 mM KCI. Specific

monitored by measuring the absorbance at 210 nm. Peaks A, B,j: i 2517 _
and C correspond to unmodified TPN-Y1/K12/Q13, mono-iodoty- binding of [*4]-TPN-Y1/K12/Q13 was not detected under

rosine-TPN-Y1/K12/Q13, and di-iodo-tyrosine-TPN-Y1/K12/Q13, @ny conditions to membranes prepared from HEK293 cells
respectively. (B) Inhibition of rat Kirl.1 by$1]-TPN-Y1/K12/ that do not express rat Kirl.1 channels. The dependence on

Q13 as determined by whole-cell electrophysiology. Data are potassium for high-affinity binding has been observed with
oy e oo o e o hglner pepide nhbiors of potassium channd ¢2 23
solid line is a fit of the HpiII equation to the average data with an ?a.nd th'.s e_ffect most_hkely reflects_ t_he occupancy O.f potas-
apparent IG of 3.11 nM and a slope of 1.0. sium-binding sites in the selectivity filter conferring an
appropriate architecture to the outer vestibule of the channel
+ 0.34x 102 min~! (n = 3) and 1.94x 102 4+ 0.25 x (24), because it cannot be mimicked by nonpermeant ions
102 min~* (n = 2) for incubations at 0.07 and 0.5 nNf{]- such as sodium (data not shown). On the other hand, the
TPN-Y1/K12/Q, respectively. The association rate constant, inhibitory effect of potassium observed at higher concentra-
ki, calculated as described under the Experimental Proce-tions is most likely due to an ionic strength effect on binding
dures, was 3.1x 10’ + 0.7 x 10’ M~ min~! (n = 5). because it also occurs in the presence of increasing concen-
Dissociation of cell-bound'3]-TPN-Y1/K12/Q13, initiated trations of NaCl (data not shown).
either by ligand dilution or by the addition of excess TPN-  Binding of [\*4]-TPN-Y1/K12/Q13 was further character-
Y1/K12/Q13, followed a monoexponential decay witha ized at two different concentrations of KCI, 50 and 100 mM.
of 72 min, corresponding tk-; of 8.7 x 10~2 min~* (Figure When membranes were incubated with increasing concentra-
3C). Average values from individual experiments gkug tions of [?9]-TPN-Y1/K12/Q13 until equilibrium was
0f9.2x 1078+ 1.2 x 103 min~* (n = 3). TheK, calculated achieved, peptide association occurred in a concentration-
from these rate constants was 0.31 nM, a value that is similardependent fashion under both experimental conditions (Fig-
to that determined under equilibrium binding conditions.  ure 4B). Specific binding off3]-TPN-Y1/K12/Q13 to rat
Binding of [*?9]-TPN-Y1/K12/Q13 to HEK293 cells  Kirl.1 HEK membranes was saturable and could be fitted
expressing rat Kirl.1 was inhibited in a concentration- to a single-site model with K4 of 1.01+ 0.09 pM, a Hill
dependent manner by increasing concentrations of TPN-Q13 coefficient of 1.03, and 8max 0f 0.75 pmol/mg of protein
TPN-K12/Q13, or TPN-Y1/K12/Q13 (Figure 3CK; values, (n = 3) for the 50 mM KCI experimental condition and a
determined as described under the Experimental Proceduresy of 8.85+ 0.39 pM, a Hill coefficient of 0.97, and Bmax
are presented in Table 2 and display the expected rank ordeof 1.1 pmol/mg of proteinr{ = 3) for experiments carried
of potency for the interaction with the Kirl.1 channel. Other out in 100 mM KCI.
bee venom peptides that block Kir3.1/3.4 channels with low  The kinetics of [?1]-TPN-Y1/K12/Q13 binding to mem-
affinity (Kq > 1 uM), such as apamin and MCDRQ), had branes in the presence of 50 mM KCI have been measured.
little (47% inhibition for MCDP, Figure 3D) or no effect  Figure 4C illustrates that incubation of 0.6 p®&9]-TPN-
(apamin, data not shown) off{]-TPN-Y1-K12/Q13 binding Y1/K12/Q13 with rat Kirl.1 HEK membranes is a time-
to rat Kirl.1, when tested at concentrations up tdVl. Two dependent process that reaches equilibrium-Bh. The

)
]
>

o
oo
1

o
~

L

ve)

% B

Arbitrary Units (210 nm)

o
1

vy}
=
it
N
o
w
S

o
<

Fraction Blocked
o
[o>]




Binding of TPN to Rat Kirl.1 Channels Biochemistry, Vol. 45, No. 33, 2006.0135

A B
g ~
) o °
E 60+ Q\c, 1 o ® °
S o] <100
o 5
5 ]
o 40+ m
a [s2]
o e
g % 9 501
S 20 <
< S
T . >
> 1 z . 5b( 1o)b
p4 ime (min
& 0 T T T T T T T T 1 l; O - T T 1
3 0 2 4 6 8 ¢ 0 200 400
T ['251-TPN-Y1K12Q13] (nM) Time (min)
T C T D
g g a
Q 100 Q100 A A
< < o
=) hel
S 5
& 3 °©
© 504 2 50 A
g g
g S
.g_ Sgn <
3 >
E 0- T T T % 0- r T T T T T 1
= 0 100 200 R b 9 7 5
8 8 Log [peptide] (M)

Time (min)

Ficure 3: Binding of [[24]-TPN-Y1/K12/Q13 to HEK293 cells expressing rat Kirl.1 channels. (A) Saturation studies. HEK293 cells
stably transfected with rat Kirl.1 were seeded in 96-well mslysine-coated plates, at a density of 75 000 cells/well and incubated with
increasing concentrations ffi]-TPN-Y1/K12/Q13 fa 8 h at 37°C. The separation of bound from free ligand was carried out as indicated
under the Experimental Procedures. Total bindi®y, fionspecific binding determined in the presence of 100 nM TPN-Y1/K12/@).3 (

and specific binding4), defined as the difference between the total and nonspecific binding, are presented. Specific binding was a saturable
function of the [?4]-TPN-Y1/K12/Q13 concentration and displayedaof 0.55 nM, Hill coefficient of 1.07, an@nax 0f 91 700 binding
sites/cell. (B) Association kinetics. Cells were incubated with 0.07 aiqr 0.5 nM @) [*24]-TPN-Y1/K12/Q13 for indicated amounts

of time at 37°C. Nonspecific binding determined in the presence of 100 nM TPN-Y1/K12/Q13 was time-invariant and has been subtracted
from the experimental points. (Inset) Semi-logarithmic representation of the pseudo-first-order association reactiorB;qwinerB;
represent ligand bound at equilibrium and titneespectively, yieldey,s= 0.76 x 1072 min~! (O) and 2.12x 10-2 min~* (@), corresponding

to k; of 2.4 x 107 and 3.3x 10° M~! min~1, respectively. (C) Dissociation kinetics. After incubation with 0.07 FRHEFTPN-Y1/K12/

Q13, wells were rinsed and cells were incubated with growth media with or without 100 nM TPN-Y1/K12/Q13 for different periods of
time at 37°C. [*24]-TPN-Y1/K12/Q13 dissociation followed monoexponential kinetics, indicative of a first-order reactiorkwithf 8.7

x 1073 min~% (D) Pharmacology. Cells were incubated with 0.07 nH[-TPN-Y1/K12/Q13 in the presence or absence of increasing
concentrations of TPN-Q13(, TPN-K12/Q13 #), TPN-Y1/K12/Q13 ¢), MCDP (#), a-DTX (2), 6-DTX (O), and Lg2 ), for 6 h at

37 °C. The inhibition of binding was assessed relative to an untreated control. Specific binding data were fit to a single-site inhibition
model, yielding 1G, values of 0.77 nMHM), 0.90 nM ), and 7.6 nM 4).

decay with a;/, of ~30 min, corresponding tk—; of 2.3 x

Table 2: Binding of }?9]-TPN-Y1/K12/Q13 to HEK293 Cells ' L
102 min~! (Figure 4D). TheKq calculated from these rate

Stably Expressing Rat Kirl.1 or Membranes Derived from These

Cellg constants was 0.74 pM, a value that is similar to that
membranes (pM) determined under equilibrium binding conditions.
peptide cells (nM) 50 mM 100 mM The pharmacology of'f3]-TPN-Y1/K12/Q13 binding to
[]-TPN-YL/K12/Q13 0.57+0.06 1.01+0.12 8.43+ 0.65 rat Kirl.1 HEK membranes was investigated using different
TPN-Q13 6.50+ 0.90 11.05+1.07 138+ 40 potassium channel modulators. TPN-Q13, TPN-K12/Q13,
TPN-K12/Q13 0.54£0.09 0.77£0.21  20+9 and TPN-Y1/K12/Q13 inhibited binding offl]-TPN-Y1/
TPN-Y1/K12/Q13 0.80-0.06 1.65£0.34 20+6 K12/Q13 (Figure 4E), andK; values for inhibition are

presented in Table 2. TPN peptides are about 10-fold more
potent when incubations are carried out in 50 versus 100
mM KCI. Under the latter conditions, MCDB;DTX, Lg2,

and ShK inhibit [?9]-TPN-Y1/K12/Q13 binding withK;
values of 16, 45, 810, and 254 nM, respectively. Other
peptides, such as apamin, ChTX, IbTX, MgTX, adTX
nonspecific binding component is time-independent and hashad no effect on'f3]-TPN-Y1/K12/Q13 binding when tested
been subtracted from the experimental data. A semi- at concentrations of up to 16A.000 nM. Binding of [24]-
logarithmic transformation of the data according to the TPN-Y1/K12/Q13 was also sensitive to Ba@K; = 0.26
second-order rate reaction (inset of Figure 4C) yielded a mM). These data, taken together, indicate th&]fTPN-

aKq values were determined from saturation experiments with
increasing concentrations of?§i]-TPN-Y1/K12/Q13. Other values
represent inhibition constants, values, determined from competition
experiments with'P3]-TPN-Y 1/K12/Q13 and increasing concentrations
of unlabeled peptide. Values represent the mea8D of at least three
independent determinations.

linear dependence, and the slope of this line gkiesf 3.1
x 10 M~ min~L. Dissociation of boundf3]-TPN-Y1/
K12/Q13, initiated either by ligand dilution or by the addition
of excess TPN-Y1/K12/Q13, followed a monoexponential

Y1/K12/Q13 binding to rat Kirl.1 HEK membranes occurs
to receptor sites that represent Kirl.1 channels and suggest
that the peptide channel interaction could serve as a basis
for developing the molecular pharmacology of this channel.
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FicURE 4: Binding of [?4]-TPN-Y1/K12/Q13 to membranes prepared from HEK293 cells expressing rat Kirl.1. (A) Potassium dependence.
Membranes prepared from HEK293 cells stably expressing rat Kirl.1 were incubated with 2!ZIpWMRN-Y1/K12/Q13 in the presence

of increasing concentrations of KClf6é h atroom temperature. Nonspecific binding was determined in the presence of 10 nM TPN-Y1/
K12/Q13. The separation of bound from free ligand was achieved as indicated under the Experimental Procedures. (B) Saturation studies.
HEK-rKirl.1 membranes were incubated with increasing concentratiod8#fTPN-Y1/K12/Q13 in either 50 or 100 mM KCI fo6 h at

room temperature. Total bindin®j, nonspecific binding defined in the presence of 10 nM TPN-Y1/K12/Ql)3 énd specific binding

(a), defined as the difference between total and nonspecific binding, are presented. Data are fit to a single class of bindingkites with
values of 0.99 pM (50 mM KCI) and 9.04 pM (100 mM KClI), respectively, &dx of 1.1 pmol/mg of protein. (C) Association kinetics.
HEK-rKirl.1 membranes in 50 mM KCI were incubated with 0.6 pMA]-TPN-Y1/K12/Q13 for indicated amounts of time at room
temperature. Nonspecific binding determined in the presence of 1 nM TPN-Y 1/K12/Q13 was time-invariant and has been subtracted from
the experimental points. (Inset) Semi-logarithmic representation of the second-order association reactiong \ighére total ligand
concentration, Ris the total receptor concentration, and RL is the receftgand complex at a given timie An association rate constant,

ki, of 3.1 x 10'°M~1 min~! was determined. (D) Dissociation kinetics. After incubation with 0.6 pM]FTPN-Y1/K12/Q13, dissociation

of bound ligand was initiated by the addition of 1 nM TPN-Y1/K12/QE33]-TPN-Y1/K12/Q13 dissociation followed monoexponential
kinetics, indicative of a first-order reaction wikh; of 2.3 x 1072 min~1. (E) Pharmacology. HEK-rKirl1.1 membranes in 100 mM KCI and

20 mM Tris-HCI at pH 7.4 were incubated with 5.4 pMq]-TPN-Y1/K12/Q13 in the absence or presence of increasing concentrations

of TPN-K12/Q13 ®), TPN-Y1/K12/Q13 ), TPN-Q13 @), MCDP (®), 6-dendrotoxin ©), ShK (), or BaCl (2). Specific binding data

are fit to a single-site inhibition model, yielding 4&values of 0.019 nMH), 0.027 nM €), 0.2 nM (a), 15.7 nM @), 53.9 nM ©), 296

nM (O), and 0.41 mM 4), respectively.

Inhibition of Human Kirl.1 Channels by TPN-Y1/K12/ specific residues of the human Kirl.1 MM2 linker were
Q13. During the evaluation of TPN peptides, it was noted exchanged for the equivalent amino acid found in the rat
that the human Kirl.1 channel was much less sensitive tochannel (Figure 5A). These constructs were initially analyzed
inhibition by the peptides. A concentration of 300 nM TPN- in [**3]-TPN-Y1/K12/Q13-binding experiments to both cells
Y1/K12/Q13 only blocks 53t 3% (n = 4) of human Kirl.1 and membrane preparations, followed by electrophysiological
(Figure 5D), whereas similar levels of inhibition of rat Kirl.1 recordings, after transient transfection into TsA-201 cells.
channels were observed atl nM TPN-Y1/K12/Q13. All Substitution of the six nonconserved residues in the human
lines of evidence suggest that the M2 linker region of Kirl.1 M1—M2 linker conferred the rat Kirl.1 phenotype
the channel is solely responsible for the high-affinity with regard to {24]-TPN-Y1/K12/Q13 binding, strongly
interaction of TPN with the channel. A comparison of rat supporting the notion that the MIM2 linker is the only
and human sequences in the M#2 linker indicate the channel determinant for high-affinity TPN interaction with
presence of different amino acids at six positions. Mutagen- the channel. In addition, a single substitution in human
esis studies have provided evidence that some of theseKirl.1l, Phe at Cys148, yields a channel witlb—13-fold
residues play a critical role in the interaction of TPN with lower affinity for [*23]-TPN-Y1/K12/Q13 than rat Kirl.1,
rat Kirl.1 (13), suggesting that reduced sensitivity of the and the double substitution, Asp116/Phel48, cannot be
human channel to the peptide resides within the nature of distinguished in its binding properties from rat Kirl.1. In
the M1—-M2 linker. In an attempt to understand the molecular membranes, binding of'{d]-TPN-Y1/K12/Q13 was not
basis for the reduced sensitivity of human Kirl.1 to TPN, a detected to constructs that did not contain the Phel48
number of chimeric molecules were prepared, in which substitution, although the presence of the protein was always



Binding of TPN to Rat Kirl.1 Channels Biochemistry, Vol. 45, No. 33, 2006.0137

A
M1 M1-M2 linker M2
o p— Cells Membranes
R [ = =R (nM) (M)
R BB I N
w (3] o [+ (-] [+
Rat Y P D R M F 1.1+04 1.9+04
Human,, H S A H L [¢] ND ND
Human,,, Y P D R M F 0.8+0.3 2.8+24
Human,,, Y P D R F 2.2+0.6 3.1+0.1
Human_,,, F 56+24 24.6+1.5
Human, ., D F 1.3+£0.5 1.8+0.8
Human g Y P D R M ND ND
Human. M ND ND
Human,,, D 13.2+3.2 ND
Humang,.q M F 28+1.2 ND
1.0
| ]
0.8
e}
Q
S
ks 0.6 $
m
c
S 0.4 -
=
[&]
202
0 — T T T 1
0.1 1 10 100 1000

[TPN-Y1/K12/Q13] (nM)

Ficure 5: Inhibition of hKirl.1 by TPN. (A) Schematic representation of rat and human Kirl.1 in theNBLlinker region of the channel

showing the six residues that are not conserved between the two species. Numbering refers to rat Kirl.1. Different constructs were prepared
in the human Kirl.1 channel background as indicated. Bindind8f{TPN-Y1/K12/Q13 to TsA-201 cells transiently transfected with
different Kirl.1 constructs or to membranes prepared from these cells was carried out as described under the Experimental Procedures.
Specific binding data relative to those of an untreated control were fit to a single-site inhibition model yielding the indigateduks.

ND = specific binding of 24]-TPN-Y1/K12/Q13 was not detected for the indicated construct. Values represent thedmsandard

deviation (SD) of two or more independent determinations. (B) Inhibition of hKirl.1 mutants by TPN-Y1/K12/Q13. TsA-201 cells transiently
transfected with the hKirl.1 mutants A116l)(and C148F @) were analyzed by whole-cell voltage-clamp electrophysiology, as shown

in Figure 1 for rat Kirl.1 channels. Data are presented as the average fraction blacked)(and the solid lines are fits of the Hill

equation to the average data with apparen Nalues of 5.7 and 44 nM and slopes of 1.2 and 1.0 for C148F and A116D channels,
respectively. Data for the block of wild-type huma#)(and rat Kirl.1 {J) data are shown for a comparison.

confirmed in Western blots using commercially available taken together, suggest that the much lower sensitivity of
Kirl.1 polyclonal antibodies (Chemicon, 1:2000; Alomone, human Kirl.1 to TPN peptides is due to the presence of
1:2500). Specific immunostaining of three polypeptides was Alal1l6 and Cys148 in the MiM2 linker region of the
consistently observed after heterologous expression of humarchannel.

Kirl.1. Upon SDS-PAGE in 7% polyacrylamide Tris-

acetate gels, these polypeptides display apparent moleculaDISCUSSION

weights of 38, 41, and 54 kDa. The 38 and 41 kDa o

polypeptides are likely to represent immature and glycosy- The resuIFs pre§gnted in this study concern the develop-
lated human Kirl.1, respectively, whereas the 54 kDa Ment of a high-affinity probe, TPN-Y1/K12/Q13, for char-
polypeptide could be related to the mono-ubiquitinated form acterizing rat Kirl.1 channels and its use to determine the
of rat Kirl.1 that has been shown to be present in rat kidney molecula_r features respc_)n5|ble for d_|m|n|shed sensitivity of
(25). In electrophysiological recordings, substitution of Phe humanKirl.1 to the peptide. The radiolabeled peptitiél]{

at Cys148 yields a channel with an affinity for TPN-Y1- TPN—Yl_/KlZ/Ql3, represents a novel and quantitative tool
K12/Q13 only 5-fold lower than that of rat Kirl.1 (= with whl_ch to s_tudy mechanisms that control cell—sqr_fac_e
5.7 versus 1.1 nM) (Figure 5B). Thus, Cys148 appears to €xpression of Kirl.1 channels and could also haye utility in
be responsible for a 50-fold loss in TPN affinity of human developing the molecular pharmacology of this channel
Kirl.1. In agreement with the binding experiments, Ala11e family.

also appears to contribute to the binding energy of TPN, Although Kir channels play fundamental roles in cell
because the substitution of Asp at this position enhances thephysiology and their structural features are well-understood,
TPN affinity of the human channel7-fold. These data, the molecular pharmacology of this family of channels
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remains undeveloped. The finding that TPN, a small peptide growth media condition¥y for binding to cells is 0.56 nM,
isolated from bee venom, interacts with high affinity with but when using membranes, in the presence of 50 mM
Kirl.1 and Kir3.1/3.4 channels provided the basis for potassium chloridel{4 values of~1 pM were determined.
establishing assays with which to search for other Kir This phenomenon has been previously observed when
modulators 10). TPN is not a very stable peptide because studying the interaction of other pore-blocking peptides with
its methionine residue at position 13 can undergo air potassium channeld, 29), and some of the differences in
oxidation, resulting in the loss of biological activity. Glutamine affinity are likely to reflect the ionic strength effect on TPN
substitution at this position leads to a stable and biologically binding. In addition, the occupancy of potassium-binding
active peptideX1). In addition, lysine substitution at histidine  sites in the conduction por@4) or structural changes in the
12 removes the pH dependence of the block seen with theouter vestibule of the channel could be different between
parent peptide1?2). Mechanistic and mutagenesis studies cells and membranes and also contribute to the observed
strongly suggest that TPN binds in a 1:1 stoichiometry to differences in potency.

the outer vestibule of the channel through ¢hbelix region, A new finding resulting from this study concerns the
comprised of residues 3219 (13). Because its extended opservation that human Kirl.1 is300-fold less sensitive
N-terminal region does not participate in channel interaction tg inhibition by TPN peptides than rat Kirl.1. A comparison
and appears to project into the extracellular media, it provides of the M1—M2 linker amino acid sequences between rat and
a physical location for the incorporation of probes with which  hyman Kir1.1 indicates the presence of six nonidentical
to label the peptide. residues. Some of these residues were found to have
A convenient way to label peptides consists of the covalent significant effects on rat Kirl.1 sensitivity to TPN when
incorporation of#4 into either tyrosine or histidine residues, mutated to alanine. With the use of chimeras and site-directed
but because TPN-K12/Q13 does not possess either residuemutagenesis, it has been possible to confer TPN sensitivity
TPN-Y1/K12/Q13 was prepared as a precursor for high to human Kirl.1 by substituting two residues in the M1
specific activity iodination. Both TPN-Y1/K12/Q13 and M2 linker, Ala116 and Cys148, with the corresponding ones
[*#1]-TPN-Y1/K12/Q13 display biological activities similar  of rat Kir1.1. These results are consistent with the proposed
to parent peptides as predicted from the lack of contribution mechanism of interaction of TPN with rat Kir1.13).
of the N terminus to the channel block. Specific, saturable, hoaffin ; o . ;
and reversible binding oF{5I]-TPN-Y1/K12/Q13 occurs to [12'5|n]§|9|2|1\|m3?//|<i;/gq3? mhn;tsy’bhégz sppreeggfe%cg\::;y gﬁg&?‘et,o
cell-surface-expressed rat Kirl.1 channels, as well as 10y 4 15 rat Kirl.1 channels heterologously expressed in
membranes prepared from cells expressing these channels. g 593 cells and to membranes derived from these cells.
Having a probe that provides a direct and quantitative gjnqing to intact cells allows for an easy and quantitative
measure of those channels present at the cell surface W'”way of determining cell-surface-expressed channels. The

facilitate studies aimed at understanding mechanisms tharinteraction of [25]-TPN-Y1/K12/Q13 with Kirl.1 channels
control Kirl.1 cell-surface expression. Because of the high could be used as an assay for developing. the molecular

open prpbabilit_y of Kirl.1 channels, the regulatipn of channel pharmacology of this family of potassium channels.
activity is predicted to occur through changes in the number

of functional channels at the cell surface. Mechanisms such ockNOWLEDGMENT

as ubiquitination or phosphorylation of Kirl.1 by the tyrosine
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