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ABSTRACT: IsK (minK) protein, in concert with another channel protein KVLQT1, mediates a distinct,
slowly activating, voltage-gated potassium current across certain mammalian cell membranes. Site-directed
mutational studies have led to the proposal that the single transmembrane segment of IsK participates in
the pore of the potassium channel [Takumi, T. (198@ws Physiol. Sci.,8175-178]. We present
functional and structural studies of a short peptide (K27) with primary structurg!XKEEALYI-
LMVLGFFGFFTLGIMLSYI?"R-COOH, corresponding to the transmembrane segment of IsK (residues
42—68). When K27 was incorporated, at low concentrations, into phosphatidylethanolamine, black-lipid
membranes, single-channel activity was observed, with no strong ion selectivity. IR measurements reveal
the peptide has a predominantly helical conformation in the membrane. The atomic resolution structure
of the helix has been established by high-resolulidrNMR spectroscopy studies. These studies were
carried out in a solvent comprising 86% v/v 1,1,1,3,3,3-hexafluoro-isopropddéb v/v water, in which

the IR spectrum of the peptide was found to be very similar to that observed in the bilayer. The NMR
studies have established that residues3lare disordered, while residues-27 have ana-helical
conformation, the helix being looser near the termini and more stable in the central region of the molecule.
The length (2.6 nm) of the hydrophobic segment of the helix, residu&€3,7matches the span of the
hydrocarbon chains (2:& 0.25 nm) of fully hydrated bilayers of phosphatidylcholine lipid mixture from

egg yolk. The side chains on the helix surface are predominantly hydrophobic, consistent with a
transmembrane location of the helix. The ion-channeling activity is believed to stem from long-lived
aggregates of these helices. The aggregation is mediated hysttetacking of phenylalanine aromatic

rings of adjacent helices and favorable interactions of the opposing aliphatic-like side chains, such as
leucine and methionine, with the lipid chains of the bilayer. This mechanism is in keeping with site-
directed mutational studies which suggest that the transmembrane segment of IsK is an integral part of
the pore of the potassium channel and has a similar disposition to that in the peptide model system.

INTRODUCTION tion of action potentials: abnormality in the functioning of
IsK (or minK)! protein is found in the mammalian cell these chan!‘\els IS as§OC|§ted with arrhythmlc.beha\llbr (

membranes of the epithelia, the heart, the kidney, and the SK protein expression induces a slowly activating, volt-

uterus. In cardiac muscle cells, it is responsible, together 29€-gated potassium current across the outer membranes of

with many other voltage-gated ion channels, for the genera- X€nopus lagis oocytes g) or mammalian HEK 293 cells
(3, 4). Recent experiments have shown that this current is

T This research was supported by Grant GR/J31094 from the Besrc due to the association of IsK protein with another channel
Council. protein, KVLQT1 6, 6).

* The provisional entry name for K27 in the Protein Data Bank is inifi ;
BNL-2014. IsK has no significant homology to the primary structures

*To whom correspondence should be addressed. of other cloned potassium channeg, Comprising just 130
$ Present address: MRC Laboratory of Molecular Biology, Hills Rd, residues. This is in contrast to the Shaker channel family,
Cambridge, CB2 2QH, UK. which, like KVLQT1, possesses approximately 700 amino

1 Abbreviations: ¥max, Mmaximum absorption of FTIR amide | or II; ; ; _ -
BLM, black lipid membrane; CD, circular dichroism; DMPC, 1,2- acids 6, 7). IsK appears to have only a single-transmem

dimyristoyl-sn-glycerol-3-phosphocholine; DQFCOSY, double quantum Drane segment, which places the C and N termini of the
filter correlation spectroscopy; eggPC, phosphatidylcholine lipid mixture protein on the cytoplasmic and extracellular sides of the
from egg yolk; FMOC, fluorenylmethoxycarbonyl group; FTIR, Fourier - membrane. respectively. as suggested by hvdropathy analvsis
transform infrared; HEK, human embryonic kidney (cell line); HFIP, di ! Fd | ty, . 99 y ?’ K Ft) >’:h Y
1,1,1,3,3,3-hexafluoro-isopropanol; HR NMR, high-resolution proton ar_] Immunogola electron mlcrospopX/, (8) SK, together
nuclear magnetic resonance; K27, peptide modeled on the t_ransmemwnh a small number of other proteins such as phospholamban
brétme .Segmentt of IlngEprote:n, r%SIdUﬁS—&: rf\;llnlf. Pnlﬂzlnm;]al o (9), influenza virus M2 {0), and channel-inducing factor
potassium protein; , nuclear Overhauser effect; , phospha- ; ; ;
tidylethanolamine; PC, phosphatidylcholif®;, Ry, water and peptide (:!'1)’ are ex_amples of relatively short pOIprptldeS with
mole ratios, respectively, relative to lipid; TFA, trifluoroacetic acid; Single, putative transmembrane segments, which have been

TFE, 2,2,2-trifluoroethanol; TOCSY, total correlation spectroscopy. speculated to be involved in ion-channeling activity.
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Table 1: Summary of the Effects of Single-Residue Mutations in the Transmembrane Segment of IsK on the Functionality of the Potassium
Channet

effect of mutation on the functional

mutants of IsK properties of the potassium channel
M9(50)— L, T18(59)— V, 121(62)— L, R27(68)— Q reduce the current of Kions
F14(55)— T, F14(55)— A diminish channel blocking activity of Csby

enhancing its permeability

F14(55)— T and T18(50)— F (both mutations at the same time) restore wild-type ionic selectivity
L11(52)— |, M22(63)— L increase conductance
F14(55)— C, F17(58—C affect kinetics of voltage-gating
K1(42)— Q, E3(44)— Q, Y6(47)— F, 17(48)— L, G12(53)— C, no effect on the ion channel properties

G12(53)— A, F13(54)— C, F14(55)— L, G15(56)— C,
G15(56)— A, F16(57)— C, F17(58)— L, G20(61)— A,
S24(65)— A, Y25(66)— F

@ The numbers outside the parentheses show the position of the corresponding residues in the K27 peptide chain, while the numbers inside the
parentheses show the position of the corresponding residues in the IsK.

Point mutations in the single-transmembrane domain of interface. The functional properties of K27 are assessed by
IsK alter the gating and selectivity of the ion channel (Table its ability to induce single channels in planar bilayers.
1) (12, 13. The selectivity changes strongly suggest that, However, to understand the structural basis for function, it
at least, a portion of IsK lines the pore of the channel. The is essential to characterize both the conformation and the
segment 4190 of Isk, which encompasses the transmem- aggregation behavior of the peptide in the membrane.
brane segment and which is essential for conductance, is als®Peptides incorporated into membranes are not readily
the most highly conserved part of the protein. In fact the amenable to detailed analysis of their secondary structure,
segments 4190 of IsK from human or rat are nearly 100% because X-ray crystallography and high-resolution (HR)
homologous, apart from two changes at positions 48:4sK  NMR spectroscopy can not easily be applied to membrane-
148 — ISKhumanV48) and 76 (IsKeH76 — ISKhumanN76). bound peptides. We have developed an indirect solution to
By contrast, the segments near the N and C termini of the this problem. First, FTIR spectroscopy is used to obtain the
protein have homologies of 57% and 64%, respectively. The signature of the secondary structure of the peptide in a lipid
fact that the segment 490 has been preserved virtually membrane containing low peptide concentrations, prepared
unaltered, while the rest of the protein has suffered extensivesimilarly to the ones used for the conductance studies.
changes, further suggests that this segment is essential fosecond, a solvent mixture is found in which the peptide
the functioning of the protein. Despite the wealth of adopts a similar conformation, as indicated by its IR
functional studies of IskK, little is known about its precise spectrum. Third!H NMR is used to establish the secondary
architecture or functionstructure relations. structure of the peptide in this solvent mixture. The

Apart from the functional studies of IsK in vivo, there conformation of the peptide revealed ty NMR in solution
have also been reports that functional channels can be formeds argued to be relevant to its conformation in the membrane.
by truncated forms of IsK alone in vitro. Two peptides, the In order for this assertion to be tenable, the extramembranous
shortest being 32 residues long, encompassing the transsegments of the peptide have been kept to a minimum,
membrane segment of IsK, have been studies previously, indespite the fact that the predominantly hydrophobic character
order to evaluate the functional role of the transmembrane of such a peptide made it insoluble in most solvents and
domain of IsK. The 32-residue peptide was modeled on created problems in its synthesis and purification.
residues 4372 (14), while a 63-residue peptide (‘truncated e \IR studies have established that residues are
IsK") was modeled on _re5|dues—;9 I|r_1ked to resudugs 41_ ., disordered, while residues427 have aro-helical confor-

94 (15). These peptides, when incorporated into lipid . 400 the helix being looser near the termini and more

bilayers, fprmed c.ond.uctmg chann.els. The main source of stable in the central region of the molecule. The length (2.6
structural information in these studies was CD spectroscopynm) of the hydrophobic segment of the helix, residue@3

on methanolic solutions of the peptides. The presence of :
57% and 31% helical conformations was estimated for an matches the span of 'the hydrocarbon cha!ns:(z(BZS ””.‘).
: . ) of fully hydrated bilayers of phosphatidylcholine lipid
11 uM solution of the 32-residue peptide and for a4 . ; : ;
X . . . mixture from egg yolk. The side chains on the helix surface
solution of the 63-residue peptide, respectively. . . : :
) ~are predominantly hydrophobic, consistent with a transmem-
In this paper, we present the results of more extensive prane |ocation of the helix. The ion-channeling activity is
structural and functional studies on a shorter peptide (K27), pejieved to stem from long-lived aggregates of these helices.
Whlch encompasses the transmembrane segment of IsK. There aggregation is mediated by ther stacking of phenyl-
primary structure of K27 is alanine aromatic rings of adjacent helices and by favorable
L ”7 interactions of the opposing aliphatic-like side chains, such
NH,-"KLEALYILMVLGFFGFFTLGIMLSYI “'R-COOH as leucine and methionine, with the lipid chains of the bilayer.
This mechanism is in keeping with site-directed mutational
It is the same as the segment of IsK which spans the lipid studies which suggest that the transmembrane segment of
hydrophobic core, plus a few polar residues on either side IsK is an integral part of the pore of the potassium channel
(residues 4268 of IsK). The polar residues are included and has a similar disposition to that in the model peptide
to anchor the termini of the peptide chain in the lipidater system.
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MATERIALS AND METHODS chamber, respectively, and currents were recorded at voltages
ranging from+60 to —60 mV.

Raw channel data were stored on magnetic tape using a
DAT recorder (DTR-1202, Bio-Logic, Grenoble). On play-
back, records were low-pass filtered at 50 Hz with an 8-pole
Bessel filter and digitized at 2 ms/point using a Labmaster
DMA and TL-1 interface with pClamp and Axotape software
(Axon Instruments Inc., Foster City, CA) and an IBM-
compatible computer (Elonex, UK).

Peptide Synthesis and PurityThe peptide K27 was
synthesized using FMOC procedures and purified as de-
scribed in ref 16. Amino acid sequence analysis (Department
of Biochemistry, University of Leeds) of the first six residues
from the N terminus indicated 90% purity in relation to
deletion peptides.

Peptide AcK27NHdiffers from K27 in that it has acylated
and amidated N and C termini, respectively. A resin,
con_taining a linker Which could be cleaveo_i to leave the Preparation of Samples for Spectroscopic Studies
amidated form of the residue at the C terminus, was used
for the synthesis of this peptide. Acylation of the N terminus 1. Peptide Solutions fofH NMR A solution of 4 mM
was carried out prior to cleavage of the peptide from the K27 in HFIP-d, (CR;),CDOD (K&K Greeff Ltd, Surrey)
resin, usingN-N'-dicyclohexyl carbodiimide (DCC) and was used for spectral assignments, and a solution of 1.5 mM
N-hydroxybenzotriazole (HOBT) dissolved in dimethyl- K27 in HFIP-d, (CF;),.CDOH was used for solving the
formamide (DMF) (7). The resin was subsequently washed structure of the peptide. Samples were contained in 5 mm
with excess DMF, to remove any residual DCC and HOBT o0.d. NMR tubes. The samples were frozen in liquid nitrogen,
reagents, and further treated in the same way as the othedegassed, and flame-sealed. HFIPwlas obtained by
peptides. mixing 5 mL of HFIP-@ with excess HO and by subsequent

Electrospray mass spectrometry (Department of Biochem- collection of the alcohol by distillation after several hours.
istry, University of Leeds and EPSRC Mass Spectrometry FTIR and*H and **F NMR showed the presence of 14%
Service, University of Wales, Swansea) confirmed the V/v H2O in the HFIP-d fraction; this NMR samples of K27
dominance of peptides with the correct mass numbers foris thus in a solvent whose composition (86% HFE4%

K27 (3157) and for AcK27Nhi(3197), respectively, in the ~ H20) corresponds to the FTIR and CD samples (see 2 and
high molecular weight regions of the mass spectf&. NMR 3 following).

and elemental analyses indicated the presence in the peptide 2. Peptide Solutions for CDSamples were prepared by
of residual TFA from the synthesis, at a mole ratio of about drying down aliquots of peptide solution in hexafluoro-
4 TFA/peptide; this TFA could not be removed by washing isopropanol (HFIP) under nitrogen/vacuum to a thin film,
with diethylether. followed by addition of a mixture of 86% v/v HFHP14%

In order to ensure consistency of results, all data presentedv/v water (which is the same solvent mixture as the one used
here were obtained using peptide freeze-dried from solution for obtaining the high-resolutiotH NMR data). The
in HFIP—H0 (1:100 v/v), which has been shown by FTIR solutions were mixed, placed in a bath sonicator for a few
to have ano-helical rather than an aggregatgdsheet seconds, and left to equilibrate for two days at room
structure. temperature, prior to data collection. The peptide concentra-

Conductance in Black Lipid MembranesBlack lipid tion was determined by amino acid analysis. Calculation
membranes (BLM) were formed from egg phosphatidyl- Of the fractional helicities was based on the observed mean
ethanolamine (PE)/decane at a concentration of 50 mg/mL.residue molar ellipticity at 222 nmig, 19.

All lipids were purchased from Lipid Products, Redhill, 3. Peptide Solutions for FTIRSolutions of peptide in a
Surrey, UK, and stored in sealed ampoules—&0 °C. wide range of solvents (for example in HFIP, TFE, 2-chloro-
Membranes were painted across a I@aperture partition-  ethanol, chloroform, dichloromethane, methanol, ethanol,
ing two solution-filled compartments. The electrolyte, 150 propanol, and water) were prepared by addition of an
mM KCI, was buffered with 10 mM HEPES, and adjusted appropriate volume of the solvent to preweighed amounts
to pH 7.3 with KOH. An IDB562 membrane admittance of freeze-dried peptide. After manual mixing, these samples
meter (IDB, Bangor) was connected to the compartments were left at ambient temperature overnight. If the peptide
via Ag/AgCl electrodes and agar bridges. Membrane thin- had not fully dissolved, the solution was further subjected
ning was monitored by measuring membrane capacitance to bath sonication for 20 min and heated at®@for 2 h in
Membrane conductance was measured by voltage-clampingga tightly closed glass tube, in order to fully solubilize the
the cis compartment relative to the trans compartment which peptide.

was held at virtual ground. Only stable bilayers with 4. Peptide-Lipid Bilayers for FTIR Peptide and egg
conductances<5 pS, and no intrinsic activity, were used. phosphatidylcholine (average molecular weight Z8(07)

Peptide ion channels were incorporated by vesicle fusion were codissolved in HFIFR,s = 0.01-0.02. The solvent
using osmotic gradients. Vacuum-dried mixtures of K27 and was removed by solvent evaporation under a nitrogen stream
egg phosphatidylcholine (PC) in HFIR;; = 0.0005-0.01, followed by vacuum for 10 h until a homogeneous, dry film
were hydrated with buffered 600 mM KCI to give a lipid was obtained. BD or H,O was then added to make samples
concentration of 5 mg/mL. After vortex mixing for a few of water-to-lipid mole ratioR.,, between 25 and 100. The
seconds, the suspension was sonicated (Branson 250 Sonifiegample tube was flame-sealed to avoid loss of water by
for 15 min at 4°C and under nitrogen. Vesicles were added evaporation. The viscous samples were mixed by repetitive
to the stirred cis compartment which was first perfused with centrifugation during equilibration at room temperature for
buffered 450 mM KCl solution. Recordings were made with up to 2 days. The integrity of the lipid was confirmed by
450 mM KCI, 10 mM HEPES (pH 7.3) in the cis chamber thin layer chromatography (TLC) on silica gel plates, using
and with 150 mM KCI, 10 mM HEPES (pH 7.3) in the trans 61% v/v chloroform, 35% v/v methanol, and 4% v/v AH
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as developing solvent.
spraying with the reagent molybdenum blue (Sigma). The
concentration of lipid was measured using the Bartlett lipid
phosphate assap().

CD Spectroscopy All CD measurements were obtained
with a Jasco J-715 spectropolarimeter, gssn1 mmflat
quartz cell. Spectra were recorded with 1 nm sampling
intervals, at a scan rate of 50 nm/min, over the wavelength
range 196-260 nm. The sensitivity was set at 50 mdeg with

Phospholipids were detected by

Aggeli et al.

1pA |_

800ms

WMWMJWL =-C

40mV

a response time of 1 s. Spectra were recorded over the

peptide concentration range 2:.80 uM (7.9—252.6ug/mL,

respectively). Each spectrum was an average of multiple

scans. Samples with peptide concentrations ojDor

TR

800ms 60mV

below were scanned 10 times, while more concentrated IpA [

peptide solutions were scanned 5 times.  Spectra were Solvenk,g e 1 single-channel conductance traces for K27 in PE/PC
subtracted and smoothed. The effect of temperature wasg| M. The salt (KCI) concentrations were 450 and 150 mM in the

investigated by data collection during cooling of the samples
from 40 °C down to 0°C at 5°C intervals. The samples
were allowed to equilibrate for 5 min at each temperature
prior to data collection. Spectra collected afée5 min or

a 10 min incubation period of the samples at each temper-

ature were found to be identical.

FTIR SpectroscopySpectra were recorded using a Perkin-
Elmer 1760X FTIR spectrometer at 4 chresolution. The
samples were placed between gaFystals, separated by a
teflon spacer 56100 um thick, in a thermostated Specac
liquid cell, at 20°C. The solvent spectrum was removed

by spectral subtraction. Second derivative analysis of the

peptide amide | band was employed to identify the number

and positions of the individual bands. The spectral areas of
each of the bands were derived using home-written band-

fitting software: this involved fitting the experimental
bandshapes to mixed LorenziaGaussian bandshape func-
tions. The fractional areas of the component bands, assigne
to different types of secondary structure, were taken to

represent the proportion of the peptide chain in that structure

(21, 22.
H NMR SpectroscopyThe experiments were carried out
on a Varian Unity 500 MHz NMR spectrometer at Z5. A

soft-pulse presaturation was applied to suppress the solven

peak. The presaturation did not affect the intensity of the

amide proton signals, as the exchange between amide proton

and hydroxyl protons of the solvent is fairly slow. All the
two-dimensional NMR experiments were run in the phase-
sensitive mode by using the hypercomplex metha8d).(

Delays of 1.5 to 1.8 s were used between scans, while a 0.1

ms homospoil field was applied before the delay to reduce
rapid acquisition artifacts. Typically, two-dimensional spec-
tral data were collected with a size of 2K forand 512 {
increments in TOCSY and NOESY experimertd)( After
zero-filling and Fourier transformation, the final matrices
contained 2Kx 1K real points. The typical data set size
was 4K x 800 for DQFCOSY experiments and the trans-
formed size, 4Kx 2K points. Prior to two-dimensional
Fourier transformation, the time domain data were multiplied
by Gaussian window functions in both dimensions. NOESY
spectra were recorded with mixing times of 50, 100, 200,

and 300 ms. TOCSY spectra were recorded by using 50-

and 100 ms mixing times and a Waltz-16 mixing pulse
sequence. Double quantum filter COSY spectra were

collected using a 32-step phase-cycling sequence in orde

to minimize artifacts.

cis and trans compartments, respectively.

Molecular Modeling. Molecular modeling was carried out
using the restrained molecular dynamics Biosym DISCOVER
program, with the distance restraints derived from NOE cross
peaks in the NOESY spectra at mixing times of 50, 100,
200, and 300 ms. The intensities of the NOEs were classified
within three different levels: strong, medium, and weak. The
lower and upper distance bonds were 1.5 and 3.5 A for a
strong NOE peak; 2.0 and 4.0 A for a medium; and 2.5 and
5.0 A for a weak peak, respectively.

RESULTS AND THEIR INTERPRETATION

Single-Channel Conductancé&igure 1 shows representa-
tive traces for K27 in a PE BLM at holding potentials of
+40 and—60 mV. These traces are typically obtained after

qo/eptide incorporation in BLM by fusion of K27/eggPC

esicles containing very low peptide/lipid mole ratid,(
< 0.001)? Fluctuations in current due to the opening and
closing of individual channels are clearly seen. In contrast,
no channeling activity was observed in control experiments
with lipid-only vesicles. The favored conductance states of
he peptide channels were 1851.7 pS, 35.9+ 1.0 pS,

nd 45.4+ 1.6 pS (5 experiments). Linear |-V plots were
obtained with a three-fold concentration gradient across the
Thembrane. Voltage dependence of the channel properties
was not evident: for example, the open-state probability for
the channel shown in Figure 1 was 0.034a¢0 mV and
0.040 at—60 mV.

To demonstrate that the observed conductance arises
largely from K27 and is not dominated by the presence of
low concentrations of other peptide variants, we have
compared the observed behavior with that obtained with 31-
and 32-mer peptide variants. These peptides, being more
polar than K27, are easier to purify by HPLC. Mass
spectrometry has shown that they are indeed highly pure.
At corresponding mole ratios in lipid bilayers, both of these
peptides show the same channeling rate as K27, though the
amplitude, lifetimes, and ion selectivity of the channels are
different for the different peptides. This observation con-

2When K27/eggPC vesicles with significantly higher peptide
concentrations were used for peptide incorporation in BLM, channels
of much greater conductance (between 100 and 1500 pS) were observed.

TA full account of these observations will be presented in a separate

publication.
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| Amide 1
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i
§11656-1657cm’! C

Amide IT
1547cm’!

IR absorbance
IR absorbance

<
(=
T

1693 1663 1633
Wavenumber /cm’

Peak /cm”  Assignment Bandwidth /cm’  Fractional area of peak

L A, 1642 random coil 16 0.09
00E__ ‘ 00 - e
1700 1600 1300 1700 1600 1500 B, 1657 a-helix 18 0.75
Wavenumber/cm™’ Wavenumber/cm’'
C, 1674 TFA 16 0.16

Ficure 2: (a) IR amide I and Il bands for K27 in eggPC membranes
hydrated with HO. The contributions of FD and eggPC have been
subtracted from the spectrumR,; = 0.04, Ryy = 100. (b) b
Comparison of the FTIR spectra of pepticeggPC bilayers
hydrated with BO: top, AcK27NH, lipid membranesR,; = 0.04,

Ru1 = 35; middle, K27, lipid membrane&,, = 0.02,R,; = 50.
Similar spectra are obtained with lower peptide-to-lipid mole ratio
membranes. The bands at about 1730 and 1450 ane assigned

to the lipid carbonyl stretching and lipid acyl C;Hcissoring
vibrations respectively25). The bottom spectrum is K27 in 86%
viv HFIP—14% v/v KO solution, peptide concentratien5 mM.

1693 1663 1633

firms that the channeling activity presented in Figure 1 is Wavenumber /et

governed by K27.

Peptide Structure in eggPC Bilayerd he IR spectra of A, 1640 random coil 28 0.14
K27/eggPC biIayers with low peptide concentrati®y (= B, 1655 ahelix 30 0.66
0.01), prepared using the same procedure as for the conduc-
tance measurements, are shown in Figure 2. The position C. 1677 TFA 26 021
and line width of the components of the amide | and Il Ficure 3: Comparison of the band-fitted amide | bands of (a) K27

absorption bands are diagnostic of the type and dynamicsin €99PC membrane®y(, = 0.02,Rp,0 = 50) and (b) of K27 in
the membrane-like organic solvent 86% v/v HFIP4% v/v H0,

of th.e peptide SeC(.)ndNary structuﬁi(za. The position O.f which was used for the HRH NMR studies. Bands at 1674 cth
maximum absorptionyma Of the amide | band of K27 in membrane) and at 1677 ci(solution) were assigned to TFA
eggPC bilayers hydrated with,8 is at 1657 cm?, while residual from the synthesis. The intensities and positions of these
Vmax Of the amide Il band is at 1547 crh(Figure 2a). These  bands were also compared with control TFA solutions to ensure
features are typical of peptide in anhelical conformation. that they were properly assigned to TFA.
The amide | and Il bands of K27 in eggPC bilayers hydrated
with D,O are shown in Figure 2b (middle trace). It can be
seen that thémax of both amide | and amide Il are the same |  FT|R Studies.The self-assembly behavior of K27 in
for peptide-lipid bilayers hydrated with either{D or O. 5 wide range of organic solvents, particularly in alcohols
Other membrane proteins which are known to consist 3ng halogenated alcohols, has been investigated, in order to
predominantly of transmembranehelices, including the  fing an appropriate solvent for tHél NMR studies. It is
bacterial photosynthetic reaction center frRfmodobacterium  assential that this solvent should favor the peptide secondary
sphaeroidesrhodopsin £5), and plant photosynthetic reac-  structure found in eggPC bilayers. The FTIR amide | and
tion center £6), also have their maximum IR absorption at || hands of 1 mM K27 solutions in various solvents are
similar wavenumbers (16571656 cn1?). The amide | shown in Figure 4. The conformation of K27 is seen to be
component bands of K27 in eggPC, together with a table yery sensitive to the solvent. For example, K27 in methanol
showing their assignments to particular types of secondary hasg-sheet conformation (maximum IR absorption at 1625
structure, are shown in Figure 3a. K27 in eggPC bilayers ¢m-1 bandwidth of the major band at a half height of-15
adopts about a 90% helical conformation. Identical results 20 le) which induces ge|ation of the solution. In contrast,
were obtained with K27eggPC bilayers hydrated with a in solvents such as HFIP or TFE, a helical conformation or
solution of NaCl in RO (NaCl/K27 mol ratio: 2/1),  a mixture of helices and random coil conformations are
demonstrating that the salt, which is present in the conduc- obtained (maximum IR absorption at 1655 ¢rbandwidth
tance studies, does not affect the peptide secondary structuresf the major band at a half height of 285 cntl). An

The similarity of the spectra of K27 (Figure 2b, middle) extensive account and analysis of our observations on the
and AcK27NH (Figure 2b, top) in eggPC bilayers shows effects of polarity and hydrogen bonding ability of the solvent
that the conformation of K27 in eggPC bilayers is similar on the conformation and solubility of peptides related to K27
whether its N and C termini are charged or derivatized iS presented elsewherg?, 28.
(uncharged). This is important as such charges are not The conformational propensities of K27 in organic solvents
present in the native protein. were also found to be dependent on the peptide concentration

Peak /cm”  Assignment Bandwidth /cm’  Fractional area of peak

Peptide Structure in Organic Sants
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Ficure 4: FTIR amide | and Il bands of 1 mM K27 solutions in ] . 0 0
various organic solvents. FiIGURe 5: CD spectra of M K27 in 86% HFIP-14% water at

0 °C (— ——) and 40°C (—). Insert: CD mean residue molar
ellipticity at 222 nm of a .uM K27 solution in 86% HFIP-14%

in solution. For example, a conformational transition from \ater piotted against temperature.

a predominantly helical state (max IR amide I: 1655 ¢ém

to a predominantly antiparall@-sheet state (max IR amide ATPase 84) and peptides derived from bacteriorhodopsin
I: 1625 cn1?, and weak component at 1696 chtharac- (35) have been successfully studied in chlorofermethanol
teristic of antiparallep sheet) is achieved by increasing the and chloroform-methanot-LiClO, solutions, respectively.
K27 concentration in 2-chloroethanol from 1 mM (corre- However, K27 aggregates into extensfi«sheet structures
sponding to a fluid solution) (Figure 4) to 3 mM (corre- in these solvents2{, 2§. We have found a mixture of
sponding to a transparent solid-like gel). In contrast, K27 HFIP—H,0 (86% v/v HFIP-14% v/v HO) to be the most
solutions in HFIP with peptide concentrations at least in the appropriate solvent fofH NMR studies. The FTIR amide
range 0.510 mM have produced similar IR spectra, |band of K27 is narrower in this mixed solvent than in pure
irrespective of concentration, characterized by a broad amideHFIP, which indicates that the presence of water diminishes
| band (Figure 4). The broadness of these spectra reflects ahe destabilizing effect of HFIP on the peptide secondary
degree of instability of the secondary structure and an structure. A comparison of the FTIR amide | and Il bands
equilibrium between helical and random coil conformations in the membrane and in the HFHM,O mixture is shown

in HFIP. in Figure 2b (middle and lower traces), while the principal
In order to diminish the disordering effect of HFIP on the components of the amide | band are compared in Figure 3.
peptide secondary structure, mixtures of HFIP{CHwere 2. Circular Dichroism Far-UV CD study of K27

also tried, but it was found that such mixtures do not favor conformation in the 86% HFHP14% HO mixture was
the conformation of the membrane-bound state of the peptidecarried out over a wide range of peptide concentrations from
(data not shown). This was demonstrated by the presence2.5 up to 80uM K27. Signals diagnostic ofx-helical
of a distinct IR band centered at 1610 cdnfusually assigned  conformation were observed in all spectra, with characteristic
to another type of extended structu®)], whose intensity minima of mean residue molar ellipticity at 208/222 nm and
increased by increasing the volume fraction of CH in a positive maximum at 194 nm. The magnitude of the mean
the mixed solvent. Such a band is absent from IR spectraresidue molar ellipticity at 222 nm (indicative of the
obtained with peptidelipid membranes. fractional helicity in solution) was found to be independent
The second criterion for the selection of the appropriate of peptide concentration: 0]z22,m = —25 000 £+ 5000
solvent for the'H NMR studies is that it should be a “good degcn?-dmol~l. The error margins were calculated from
solvent” for the peptide, in order to obtain reasonably narrow the uncertainty in the quantitative analysis of the peptide
line widths and adequate signal sensitivity. This is not a concentration in the solution.
trivial requirement, because the amphiphilic character of the  The effect of temperature on the stabilities of the helices
K27 peptide (i.e., a long apolar segment between two shortin 5, 15, and 44M K27 solutions was also compared. Figure
polar ones) makes it prone to self-aggregation in most 5 (insert) shows the decrease of the mean residue molar
solvents. A number of membrane peptides, which are moreellipticity at 222 nm as a function of temperature for a 5
polar than K27 or contain special helix-stabilizing amino acid «M K27 solution. Straight lines with similar slopes (within
residues, have previously been found to be sufficiently +10%) were also obtained with 15 and 4! K27 solutions.
soluble in methanol for NMR studies. For example, NMR The fraction of peptide in helical conformation is estimated
studies of several transmembrane ion channel formingto be 80% for both the 5 and the 44/ samples at OC,
peptides such as alamethicBOJ, 6-haemolysin 81), melittin while it falls to 70% at 25°C and to 60% at 40C.
(32, and a peptide based on the putative S2 membrane 3. 'H NMR and Molecular Modeling Although the line
spanning segment of the €achannel of skeletal muscle widths of the'H resonances of K27 in the HFRH,0O
(33) have all been carried out in methanol solutions. The mixture are significantly broader than for a water-soluble
highly hydrophobic ¢ subunit of the,fportion of the kF, peptide of similar size, it is still possible to follow the
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F1 (ppm) (ty) region of K27 in solution at 28C. The cross peaks arise from

through-space <5.4 A) connectivities. The distance between
FIGURE 6: (&) TOCSY spectrum of the NHpftC*H and aliphatic particular protons can be deduced by the intensity of their NOE
region (i). The cross peaks arise from direct and relayed through- crosspeaks. (b) Summary of NOEs classified into strong, medium,
bond connectivities. (b) NOESY spectrum of the Np)-{iH (t:) and weak, as indicated by the thickness of the lines. For interpreta-
region. tion of these results, see the Results sectioid (NMR and
molecular modeling”).

connectivity along the entire molecule with the combination
of TOCSY and NOESY spectra24). Examples of the  NH(i + 3) NOEs between residues-119 shows that this
TOCSY and NOESY spectra are shown in Figure 6a,b and part of K27 has a more rigid helical conformation (Figure
Figure 7a. A full list of the assignments is given in the 7b).
Supporting Information section. The spectra are consistent The starting structure for the molecular modeling was a
with the amino acid composition of K27 peptide. standard right-handed helix of residues 327 with a
NOEs involving the NH, €H, and GH provided the basis ~ random coil structure for the first two residues. Initially,
for a qualitative interpretation of the secondary structure. the structure was energy-minimized for 100 steps using the
Since the first two residues do not have any NOE connectiv- Steepest descents. A set of structures was collected at 5 ps
ity with other residues, they must be structurally very flexible intervals during a molecular dynamics run of 40 ps at 300
or disordered in the solution. The appearance of the stretches<. and final energy minimization on these structures was
of NH(i))—NH(i + 1) NOEs and the presence oftdi)— performed (Figure 8a).
NH(i + 3) and GH(i)—NH(i + 3) NOEs indicate that there
is a helical structure from residue 3 to residue 27. However, DISCUSSION
there are clear deviations in the NOE pattern from that of a
standard helical structure. In a standard helical structure, Secondary Structure of K27 in Lipid Bilayer®revious
NOEs between NH(i) and NHf 1) would be very strong  studies have established that K27 in eggPC or DMPC
and NOEs betweenEi(i) and NH(i + 3) would be more bilayers, prepared by dialysis of a solution of peptide/lipid
intense than that of @(i)—NH(i + 1). The presence of in 2-chloroethanol, has a highly aggregated transmembrane
the medium strength NH@®NH( + 1) NOEs and mostly  j3-sheet structurel@, 3. By contrast, we show here that
weak CH(i))—NH(i + 3) NOEs between residues-20 and K27 in eggPC bilayers with low peptide concentration
residues 2627 of the K27 indicates the presence of some (typically R,y < 0.01), prepared by evaporation of K27/
dynamic variability, suggesting that the helical conformations eggPC solution in HFIP and subsequent hydration of the dry
of these regions are less rigid than a standard helix. Thepeptide/lipid film, adopts almost exclusively a helical
presence of strong NHHNH(i + 1) and medium €H(i)— conformation. This procedure of membrane reconstitution
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a b ¢ state of the peptide monitored by the conductance measure-
ments is the helical one observed by FTIR.
High-Resolution Secondary Structure of K27 in Solution
T8 The FTIR data alone demonstrate the prevalence of the
N2 helical conformation of K27 in lipid bilayers. It is well-
known though that small variations in the stability of
G1s transmembrane, pore-lining helices can affect or determine
Ll L19 their channeling mechanism. For example, there are rigid
membrane-spanning helices or kinked ones (i.e., with some
17 Gl12 flexibility in the middle of the transmembrane segment). Thus
the use of high-resolution NMR enables us to get detailed
F3 0 F16 information on the conformation of the transmembrane
segment of IsK, which is necessary in order to rationalize
its functional properties.
, . A mixture of 86% v/v HFIP-14% v/v H,O was selected
Ficu : - 9 9 . . .
U ,_'fz%é pmgﬂuiggwi’;dlrs]tsriléf]ttulrlé(gf) gﬁ;é?;?oi{;gévo?;?:eﬁtide for '1H NMR conformational studies of the peptide, on the

backbones of four calculated structures of K27. Each structure wasPasis of the ability of this solvent medium to stabilize a
obtained at different intervals during the 40 ps molecular dynamics conformation similar to its membrane-bound state, as judged
run of the peptide. Molecular dynamics modeling was performed py FTIR. Mixtures of HFIP-H,O have previously been used
with the Biosym Discover program, taking into consideration the {5 mimic a membrane-like environment for NMR structural

NOE distance constraints. (b) Ribbon representation of the backbone_, . ; : : .
of one of the low-energy gt?uctures 0pr27. (c) Helical wheel of Studies of the antibacterial transmembrane peptide, cecropin

the segment Leull-Met22 of K27. Boxes around labels indicate A (40). Another similar mixture consisting of TFEH,0
residues whose replacement with other residues changes thehas also been used as a membrane-mimetic medium for the
functionality of Isk. The absence of boxes around labels indicates NMR structural study of the S4 segment from the*Na
residues whose replacement with other residues does not Chang%hannel protein4d).

the functionality of IsK (Table 1). Th rr nding si hain .
of residues Gly2 and G(leabotral tr)1e Is?(cporo?esi‘rec}age g[hsédlliapi(ij 2(:; The NMR results for K27 show that the whole peptide
chains. chain, apart from residues—B, folds into a helix whose
stability varies along the molecule (Figure 8b). In particular,

has recently been used in a study of the dependence of thehe helical conformation of the segments1® and 26-27
peptide conformation on its concentration in the membrane is not a rigid one and averaging of several conformations
(37). on the NMR timescale is likely to occur. The middle of the

Clearly, the conformation of K27 in a lipid bilayer is molecule, that is, segment 419, which encompasses the
dependent on the methods of peptide incorporation. In four phenylalanines of the primary structure, has a rigid
particular, we propose that the increasing polarity of the helical conformation. Itis interesting to note that the NMR-
medium, which changes from 2-chloroethanol to water during derived structure of K27 is significantly different from the
dialysis, induces self-aggregation of the predominantly apolar results obtained with secondary structure prediction software
peptide molecules prior to or during their incorporation into [the software combines the results of a collection of general
the bilayers. In this way, aggregat8dtructures end up in  standard and published prediction programs based on the
the bilayer. We have observed similar behavior with the conformational propensities of proteins in watd@)]. In
M26 peptide, which corresponds to a transmembrane seg-particular, it was predicted that the only potentially helical
ment of Torpedo acetylcholine recept88). Incorporation region is between residue 1 and residue 10, while the NMR
of M26 in eggPC bilayers by dialysis of a peptide/lipid results showed that this segment has in fact a less-stable
solution in 2-chloroethanol resulted also in peptide self- helical conformation than segment-119. This difference
aggregation and formation @f structures with a maximum  between experiment and prediction reveals that different
absorbance of the FTIR amide | band at about 1622'cm  environments can have important effects on the peptide self-
Nonetheless, M2is known to adopt a helical conformation assembly.
in its functional state in the membrane, where it lines the Peptides which self-assemble into bundles of helices in
transmembrane ion channel pore of the acetylcholine receptorsolution have previously been shown to exhibit a decrease
as shown by the cryoelectron microscopy studies of Unwin, in their fractional helicities as peptide concentration is
1995 38). Thus, we conclude that, while there are known reduced43). In contrast, monomeric helical peptides have
examples of proteins, such as porir9)( which adopt been found to have the same fractional helicity over a wide
[-sheet structure in their functional state in the membrane, range of peptide concentratior®j. Our CD spectroscopic
the 3 structures of highly apolar peptides, such as K27 in studies have established that, for K27 in 86% v/iv HFIP
lipid membranes prepared by dialysis, are unlikely to be 14% v/v HO, the fractional helicity as well as the temper-
biologically relevant, but rather artifacts of the preparation ature stability of the helices is the same over a wide range
procedure. of peptide concentrations (280 uM). This strongly

In the present study, both the single-channel conductancesuggests that K27 helices in 86% v/iv HHP4% viv HO
measurements and the peptide structural studies by FTIRare in a predominantly monomeric state.
spectroscopy were carried out using K27/eggPC bilayers The NMR experiments have shown that 93% of the
prepared in a similar way (see Materials and Methods) which peptide chain adopts a helical conformation (taking into
preserves the helical conformation of the peptide. This leads account both stable and loose helical segments) in 86% v/v
us to conclude that the secondary structure of the functionalHFIP—14% v/v HO. This compares favorably with the

N-terminus

C-terminus
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FTIR results which suggested a fractional helicity of 84% Following insertion of channels from the vesicles into the
for the peptide in this solvent mixture. The broad FTIR membrane, channel activity is seen to be reasonably constant
component bands also suggest an overall loose helicalwith time. Since the peptide concentration is far higher in
structure for the peptide, in agreement with the NMR results. the vesicles than in the BLM (the surface area ratio of the
CD studies at a peptide concentration of @@, which is bilayer in BLM to that in vesicles is greater than®),0it
lower than the one used in the NMR studies (ca. 1.5 mM), follows that, once formed, channel assemblies are stable.
suggest the presence of 70% helical conformers. The Otherwise channel activity would be expected to decline with
differences of fractional helicities obtained from the different time as peptides diffused away from the channeling ag-
spectroscopic techniques [93% (NMR), 84% (FTIR), and gregates into the bulk of BLM. These channels must be
70% (CD)] reflect differences in averaging, stemming from bundles ofa-helices.
the different intrinsic timescales associated with the different The FTIR amide | band of the peptide in 86% HHP
techniques. 14% HO is broader than the corresponding bands in the
Structure and Function of K27 Channels in Lipid Bilayers lipid bilayer. This indicates that the lipid membrane
FTIR has shown that 90% of the peptide has a helical stabilizes thex-helix more effectively than the solvent. This
conformation in the membrane, while 10% is in a random could be due to the enhancement of the stability of the helix
coil conformation. This is to be compared with 93% of in the bilayer environment, and also due to its presence in
helical conformation and 7% of random coil found by NMR. the relatively long-lived channeling aggregates. The ag-
Thus, to a first approximation, it seems reasonable to take gregation of peptides in the bilayer can be contrasted with
the NMR-derived conformation as a representation of the their behavior in 86% v/v HFIP14% viv HO, where
actual structure of K27 in the bilayer, and it reveals that K27 peptides are in their monomeric state. The fact that the
has an irregular conformation between residue 1 and residuehelices are not amphiphilic in the classical sense, that is,
3, while it adopts a helical conformation for residues23, they do not possess opposing polar and apolar sides, raises
the helix being looser near the termini than in the middle of the interesting question as to the nature of the attractive forces
the molecule. The side chains on the helix surface are which lead to aggregation in the bilayer. Viewing the K27
predominantly hydrophobic, with polar residues mainly near helical model from the top (Figure 8c) reveals an interesting
the termini. property of this structure, namely that all phenylalanine side
The length of the K27 helixeixs-27 and the length of  chains are clustered on one side of the helix, with leucine,
the hydrophobic segment of the hélliyiixa—26 (i-€., excluding methionine, and glycine side-chains on the opposite side.
the charged residues at positions 3 and 27) were estimatedndeed, it is well-known that interactions between aromatic
to be 36 and 33 A, respectively, assuming that the separationresidues can contribute to the stabilization of the tertiary
between adjacent residues along the long axis ofithelix structure of proteins4@, 50. Thus, it is quite possible that
is 1.5 A @5). Itis clear that the length of the helix in K27  z-7 stacking of the aromatic rings of adjacent helices is a
(36 A) matches the thickness (382.5 A) of eggPC bilayers ~ major contributor to their aggregation. Furthermore, this
at excess hydratiod6). K27 has three charged groups near arrangement places the aliphatic-like side chains on the
the N terminus and two charged groups near the C terminus.opposite side of the helix (such as leucines), in contact with
A transmembrane location of the K27 helix would allow the the aliphatic lipid chains, which is also energetically favor-
charged groups near the peptide termini to interact favorably able. Thus, the pore of the K27 channel has a predominantly
with the polar lipid headgroups and water, while the rest of hydrophobic character (lined by phenylalanines, isoleucines,
the peptide molecule, which is predominantly hydrophobic, and the single polar residue threonine 18) (Figure 8c), as
would be embedded in the lipid hydrocarbon core. opposed to the familiar model of a transmembrane polar pore
If the peptide was outside the membrane, it would be formed in the middle of a bundle of amphiphilic helicéd {
exposed to water and consequently it would adgpisheet 52). The presence of hydrophobic residues, in particular
conformation 27). That the K27 helices have a transmem- aromatics, in other ion channels has been proposed by other
brane location is also supported by the observation that theworkers §3, 54.
maximum absorbance of the FTIR amide | band of K27 in  The attractive forces between helix dipoles will favor an
bilayers hydrated with kD or D,O is at the same wave- antiparallel arrangement of heliceS5. The net positive
number, that is, at 1657 crh If substantial NH= ND charge near the N terminus will also help stabilize this
exchange had taken place at the helical peptide backbone, &tructure, though the effect is not expected to be too
shift of the amide | maximum to a lower wavenumber by significant, because it resides in the random coil segment
5—-10 cnt! would have been observed for peptide in which is solvated by water.
membranes hydrated with,D (47). K27 also preserves a Implications of the Behaor of K27 for the Structure and
strong amide Il band, even after 48 h, in bilayers hydrated Function of IsK The conductance values of K27 channels
with D,O. This is an unusually long time for helices exposed are of the same order of magnitude as those reported by Ben-
to D;O, which suggests that the helix is not exposed to water Efraim et al. for a 32-merld) and a 63-mer15) peptide
and must span the lipid hydrophobic core. ATR IR on based on the IsK transmembrane domain. Recent experi-
oriented peptide/lipid bilayers has demonstrated that the ments have shown that IsK coexpresses with other channel
helices have a transmembrane orientation (Boden, N. et al.,proteins (KVLQT1 and HERG) to elicit functional channel
unpublished data). activity (56). The single-channel properties of the HERG-
The single-channel activity observed when K27 was IsK heteromeric assemblies were not different from those
incorporated into PE BLM, at low peptide concentrations, of HERG alone, whereas the single-channel characteristics
is as shown in Figure 1. The unitary current steps betweenof IsK-KVLQT1 have not yet been determined. Estimates
open and closed states are characteristic of ion chart®ls ( of single-channel conductance for ISK/KVLQT1, derived by
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fluctuation analysis, are of the order of fS7. mediately precedes the transmembrane segment does indeed

In contrast to the 32-merlfl), with K27 we could not have an irregular conformation, it could explain the lack of
detect any pronounced voltage dependence of channeinvolvement of the side chains in this region with ion
activity. In the 32-mer, there is an additional Ser at the N transport. By contrast, several single-residue substitutions
terminus and a Ser-Lys-Lys-Leu extension at the C terminus. in the segment immediately following the transmembrane
Thus, the additional residues, probably the positively chargedsegment result in altered ion currents, which indicates that
lysines, are likely to confer the voltage dependence on thethis segment plays an important role in the functionality of
resulting channel. Unlike IsK, neither K27 nor the 32-mer the protein. Thus, we believe that studies similar to the one
peptide is particularly ion-selective, which suggests that the presented here in organic solvents or in surfactant micelles,
selectivity filter lies outside the transmembrane segment. Thisfor peptides including in their primary structures the segments
may be supported by the fact that point mutations of of IsK which precede and follow the transmembrane seg-
phenylalanine 55, which lies in the middle of the putative ment, will help throw further light on the ion-channeling
membrane-spanning segment of IsK, yielded channels whichmechanism of IsK in vivo.
were still highly Kt selective 13).
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