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The Structure and Organization of Synthetic Putative Membranous
Segments of ROMK1 Channel in Phospholipid Membranes

Iris Ben-Efraim and Yechiel Shai
Department of Membrane Research and Biophysics, Weizmann Institute of Science, Rehovot, 76100 iIsrael

ABSTRACT The hydropathy plot of ROMK1, an inwardly rectifying K* channel, suggests that the channel contains two
transmembrane domains (M1 and M2) and a linker between them with significant homology to the H5 pore region of
voltage-gated K* channels. To gain structural information on the pore region of the ROMK1 channel, we used a spectrofiuo-
rimetric approach and characterized the structure, the organization state, and the ability of the putative membranous domains
of the ROMK1 channel to self-assemble and coassemble within lipid membranes. Circular dichroism (CD) spectroscopy
revealed that M1 and M2 adopt high a-helical structures in egg phosphatidylcholine small unilamellar vesicles and 40%
trifluoroethanol (TFE)/water, whereas H5 is not a-helical in either egg phosphatidylcholine small unilamellar vesicles or 40%
TFE/water. Binding experiments with 4-fluoro-7-nitrobenz-2-oxa-1,3-diazole (NBD)-labeled peptide demonstrated that all of
the peptides bind to zwitterionic phospholipid membranes with partition coefficients on the order of 10° M~". Tryptophan
quenching experiments using brominated phospholipids revealed that M1 is dipped into the hydrophobic core of the
membrane. Resonance energy transfer (RET) measurements between fluorescently labeled pairs of donor (NBD)/acceptor
(rhodamine) peptides revealed that H5 and M2 can self-associate in their membrane-bound state, but M1 cannot. Moreover,
the membrane-associated nonhelical HS serving as a donor can coassemble with the a-helical M2 but not with M1, and M1
can coassemble with M2. No coassembly was observed between any of the segments and a membrane-embedded a-helical
control peptide, pardaxin. The results are discussed in terms of their relevance to the proposed topology of the ROMK1

channel, and to general aspects of molecular recognition between membrane-bound polypeptides.

INTRODUCTION

Potassium ion channels, found in various eukaryotic cells,
are functionally diverse and thus play an important role in a
broad spectrum of processes in excitable and nonexcitable
cells (Hille, 1992). These proteins form K*-selective chan-
nels that can be rapidly opened or closed by changes in
transmembrane potentials. During the past few years several
potassium channels belonging to the voltage-gated family
have been cloned. They include K* channels expressed by
the Shaker, Shab, and Shaw loci of Drosophila (Schwarz et
al., 1988; Butler et al., 1989), as well as their homologs
from rodent brain (Schwarz et al., 1986; Stilhmer et al.,
1989). These Shaker-type K* channels are characterized by
the presence of six putative membrane-spanning segments
(S1-S6), a putative voltage sensor (S4), and an S5-S6 linker
(H5) region. The functional channel has been shown to be
formed through tetrameric associations (MacKinnon, 1991)
in vitro as well as in vivo (Sheng et al., 1993; Wang et al.,
1993). Recently the cDNA cloning in Xenopus oocytes of
five inwardly rectifying potassium channels, namely
ROMKI1 (Ho et al., 1993), IRK1 (Kubo et al., 1993a),
GIRK1/KGB (Dascal et al., 1993; Kubo et al., 1993b), K 515
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(Ashford et al., 1994), and RACTKI1 (Suzuki et al., 1994),
has revealed the primary structure of these channels.
Inwardly rectifying K* channels are not gated by mem-
brane potential, but conduct an inward K* current at hy-
perpolarizing membrane potentials. Because of their recti-
fication properties, these channels play an important role in
regulating the resting membrane potential and electrical
excitability of cells in a variety of tissues, including brain
and heart (Hille, 1992). Interestingly, hydropathic analysis
of these inwardly rectifying channels predicts only two
potential transmembrane domains, namely M1 and M2.
Furthermore, significant similarity to the HS pore region of
voltage-gated K* channels (Miller, 1991) was found for a
segment between M1 and M2 (44% similarity for ROMK1;
Ho et al., 1993). Because of this similarity the HS regions of
ROMKI1, IRK1, GIRK1/KGB, and K,1p are believed to
form the ion pore and to give rise to K* selectivity and
cation blocking pharmacology (Kaback, 1992; Kubo et al.,
1993a,b; Ashford et al., 1994). Because some amino acid
residues of M1 and M2 are also identical to the correspond-
ing residues in S5 and S6, which are highly conserved
among voltage-gated K* channels, Kubo and colleagues
proposed that IRK1 channels are structurally analogous to
an inner core of the Shaker superfamily channels (Kubo et
al., 1993a). In this structure the lining of the channel pore is
formed by the HS, M1, and M2 regions, but the S1-S4
transmembrane domains that form an outer shell of the
Shaker-type channel structure are lacking. The possible
connection between these two classes of K* channels has
been investigated by deletion of the transmembrane do-
mains S1 to S4 of a delayed rectifier RCK1 (K v1.1) K*
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channel and relegation of the amino terminal domain to the
transmembrane region S5 (Tytgat et al., 1994). Functional
expression of the mutant channel revealed that the mutant
channel is activated upon hyperpolarization, showing a
strong inward rectification. This phenotypical change asso-
ciated with the removal of the transmembrane domains
S1-S4 suggests a structural link between inward rectifier
and Shaker superfamily ion channels (Tytgat et al., 1994).

Here, synthetic peptides were utilized to gain information
on the secondary structure and the organization within the
membrane of the putative transmembrane domains of the
ROMKI1 K* channel. Three peptides corresponding to M1,
M2, and HS were synthesized, fluorescently labeled, and
structurally and functionally characterized. The secondary
structure of the segments was characterized using circular
dichroism (CD), and their ability to bind to phospholipid
vesicles was monitored with 7-nitrobenz-2-oxa-1,3-diazole-
4-yl (NBD)-labeled peptides. Tryptophan quenching exper-
iments using brominated phospholipids were done with the
tryptophan-containing M1. Fluorescence resonance energy
transfer (RET) experiments were then performed with do-
nor/acceptor-labeled segments to assess their ability to self-
assemble and to coassemble within the membrane. The data
reveal that: 1) all of the segments bind strongly to the
membrane; 2) M1 and M2 adopt highly a-helical structures,
whereas HS is not a-helical; 3) HS and M2 can self-
associate in their membrane-bound state but M1 cannot; 4)
membrane-associated HS can coassemble with M2 but not
with M1; and 5) M1 can coassemble with M2. No coassem-
bly was observed between any of the segments and a mem-
brane-embedded a-helical control peptide, pardaxin. The
results are discussed in terms of their relevance to the
proposed topology of the ROMKI1 channel, and to general
aspects of molecular recognition between membrane-bound

polypeptides.

EXPERIMENTAL PROCEDURES
Materials

Butyloxycarbonyl-(amino acid)-(phenylacetamido)methyl resins were pur-
chased from Applied Biosystems (Foster City, CA), and butyloxycarbonyl
(BOC) amino acids were obtained from Peninsula Laboratories (Belmont,
CA). Other reagents for peptide synthesis were obtained from Sigma. Egg
phosphatidylcholine (PC) was purchased from Lipid Products (South Nut-
field, England). Cholesterol (extra pure) purchased from Merck (Darm-
stadt, Germany) was recrystallized twice from ethanol. Brominated phos-
pholipids (BrPC) were purchased from Avanti Polar Lipids. 5- (and 6)-
Carboxytetramethylrhodamine succinimidyl ester (Rho-Su) was obtained
from Molecular Probes (Eugene, OR). NBD-F (4-fluoro-7-nitrobenz-2-
oxa-1,3-diazole) was obtained from Sigma. All other reagents were of
analytical grade. Buffers were prepared using double glass-distilled water.

Peptide synthesis, fluorescent labeling,
and purification

Peptides were synthesized by a solid-phase method on (phenylacet-
amido)methyl-amino acid resin (0.15 meq) (Merrifield et al., 1982), as
previously described (Shai et al., 1991). Double coupling was carried out
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with freshly prepared 1-hydroxybenzotriazole active esters of BOC amino
acids. The synthetic polypeptides were purified to a chromatographic
homogeneity of >98% by reverse-phase high-performance liquid chroma-
tography on an analytical C, Vydac column 4.6 mm X 250 mm (pore size
of 300 A). The column was eluted in 40 min using linear gradients of
acetonitrile in water in the presence of 0.1% trifluoroacetic acid (v/v). The
flow rate was 0.6 ml/min, and the gradients were 30-90% for M1 and
25-80% for M2 and HS. The peptides were subjected to amino acid
analysis to confirm their composition.

Labeling of the polypeptides’ N-terminus was achieved by labeling
resin-bound polypeptide in its fully protected form as follows. Resin-bound
peptide (30—-40 mg, i.e., 10-25 pmol) was treated with trifluoroacetic acid
(50% v/v in methylene chloride) to remove the BOC protecting group from
the N-terminal amino group of the attached peptide (Rapaport and Shai,
1991). The resin-bound peptides were then reacted with either 1) 5-7
equivalents of 5- (and 6)-carboxytetramethylrhodamine succinimidyl ester
(Rho-Su) in dimethyl formamide (DMF) containing 3% v/v triethylamine,
or 2) 5-7 equivalents of 4-fluoro-7-nitrobenz-2-oxa-1,3-diazole (NBD-F)
in DMF. These reactions led to the formation of resin-bound N1-Rho or
N'-NBD-peptides, respectively. After 24 h, the resins were washed thor-
oughly with DMF and then with methylene chloride. After the dinitrophe-
nyl and formyl protecting groups were removed from the histidine and
tryptophan residues, the peptides were cleaved from the resin with hydro-
gen fluoride. The cleaved peptides were precipitated with ether and puri-
fied by reverse-phase high-performance liquid chromatography as de-
scribed above.

Preparation of small unilamellar vesicles

Small unilamellar vesicles (SUVs) were used in the NBD shift and tryp-
tophan quenching experiments, as well as in the binding experiments and
CD measurements to decrease the light scattering effects. SUVs were
prepared from PC by sonication. Briefly, dry lipid and cholesterol were
dissolved in CHCl1;:MeOH (2:1 v/v) to yield mixtures that contained 10%
w/w of cholesterol (cholesterol was included to reduce the curvature of the
SUV vesicles; Lelkes, 1984). The solvents were evaporated under a stream
of nitrogen, and the lipids (at a concentration of 7.2 mg/ml) were resus-
pended in buffer (50 mM Na,SO,, 25 mM HEPES-SO,~?, pH 6.8) by
vortex mixing. The resulting lipid dispersion was sonicated (10-30 min) in
a bath-type sonicator (G1125SP1 sonicator; Laboratory Supplies Com-
pany, Hicksville, NY) until the turbidity had cleared. The lipid concentra-
tion of the solution was determined by phosphorus analysis (Bartlett,
1959). Vesicles were visualized after negative staining with uranyl acetate,
using a JEOL JEM 100B electron microscope (Japan Electron Optics
Laboratory Co., Tokyo, Japan). Vesicles were shown to be unilamellar,
with an average diameter of 20-40 nm (Papahadjopoulos and Miller,
1967; Rapaport and Shai, 1992).

Preparation of large unilamellar vesicles

LUVs were used in the resonance energy transfer experiments to increase
the distance between donor and acceptor molecules on two opposite sites
of a vesicle. LUV were prepared from phospholipids by extrusion (Hope et
al., 1985). Dry lipids were hydrated in buffer and dispersed by vortexing to
produce multilamellar vesicles. The lipid suspension was freeze-thawed 10
times and then extruded through polycarbonate membranes three times
with 0.4-um pore diameter membranes and then eight times with 0.1-um
pore diameter membranes (Poretics Corp., Livermore, CA). The size
distribution of the vesicles was determined by dynamic light scattering in
a Malvern 4700 submicron particle analyzer. The mean diameter was found
to be 113 nm. The lipid concentrations of the liposome suspensions were
determined by phosphorus analysis (Bartlett, 1959).

CD spectroscopy

The CD spectra of the peptides were measured in 40% trifluoroethanol
(TFE) and with PC SUV using a Jasco J-500A spectropolarimeter that had
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been calibrated with (+)-10-camphorsulfonic acid. Films containing lipids
and peptides were prepared as follows: PC lipids were dissolved in chlo-
roform and peptides were dissolved in methanol. Both solutions were
subsequently mixed and the solvent was removed by a stream of nitrogen.
The dry film was hydrated with 1 ml of buffer (50 mM Na,SO, 25 mM
HEPES-SO; 2, pH 6.8) and SUV were prepared by sonication. The spectra
were scanned at 23°C in a capped quartz optical cell with a 0.5-mm path
length. Spectra were obtained at wavelengths of 250 to 200—-190 nm. Four
scans were performed at a scan rate of 20 nm/min, a sampling interval of
0.2 nm, and a peptide concentration ranging from 1.0 X 107> M to 1.6 X
10™° M in 40% TFE and 3.0 X 107* M in PC SUV (3 mM). The peptide
to lipid molar ratio was 1:100.

Fractional helicities (Greenfield and Fasman, 1969; Wu et al., 1981)
were calculated as follows:

o= (0L — [9](2)22)/[9];(2)(2),

where [6],,, is the experimentally observed mean residue ellipticity at 222
nm, and values for [8],, and [6],59, corresponding to 0% and 100% helix
content at 222 nm, were estimated to be 2000 and 30,000 deg-cm?/dmol,
respectively (Chen et al., 1974; Wu et al., 1981).

NBD fluorescence measurements

Peptides were incorporated into PC vesicles as follows. To a solution of PC
SUV (155 nmol of phospholipids containing 10% w/w of cholesterol and
dissolved in 20 pl of buffer [SO mM Na,SO,, 25 mM HEPES-SO;?, pH
6.8]) was added 1 ul dimethyl sulfoxide (DMSO) solution containing 0.04
nmol of a particular NBD-labeled peptide, namely M1, M2, or HS, thus
establishing a lipid/peptide ratio of 3875:1. Because the fluorescence of the
NBD moiety reached its maximum intensity at this lipid/peptide molar
ratio, it is assumed that all of the peptide was bound to the vesicles. After
a 2-min incubation, an emission spectrum of the NBD group was recorded
in three separate experiments using a Perkin-Elmer LS-50B spectroflu-
orometer, with the excitation set at 470 nm (5-nm slit).

Tryptophan quenching experiments

The environmentally sensitive tryptophan has been utilized previously in
combination with brominated phospholipids for the evaluation of peptide
localization in the membrane (Bolen and Holloway, 1990; De Kroon et al.,
1990; Gonzalez-Manas et al., 1992). M1, which contains two tryptophan
residues, was incorporated into PC vesicles as follows: 50% PC, 40%
BrPC, and 10% cholesterol (W/W) (310 nmol phospholipids) were dis-
solved in CHCl;:MeOH (2:1 v/v), and M1 peptide (0.5 nmol) was dis-
solved in methanol. The two solutions were mixed together, thus estab-
lishing a lipid/peptide ratio of 610:1, followed by the evaporation of the
solvents by a stream of nitrogen. The dry film was hydrated with 200 ul of
buffer (50 mM Na,SO,, 25 mM HEPES-SO; 2, pH 6.8), and SUV lipo-
somes were prepared by sonication. An emission spectrum of the trypto-
phan was recorded using a Perkin-Elmer LS-50B spectrofluorometer, with
the excitation set at 280 nm (5-nm slit), in three separate experiments,
Measurements were performed in a 1-cm path-length quartz cuvette in a
final reaction volume of 2 ml.

Binding experiments

The environmentally sensitive NBD fluorophore has been utilized previ-
ously for polarity and binding studies (Frey and Tamm, 1990; Rapaport and
Shai, 1991; Pouny et al.,, 1992; Ben-Efraim et al., 1993). The binding
experiments were conducted in two different ways. Briefly, either PC
SUVs were added successively to 0.1 uM NBD-labeled peptide at 24°C, or
alternatively, 0.04 nmol of NBD-labeled peptides (1 wl in DMSO) was
added to increasing concentrations of PC SUV (50 ul in buffer) in separate
Eppendorf tubes, followed by dilution of the solution to 400 ul. The later
method should minimize aggregation of peptides in solutions. The two
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methods gave similar results. Fluorescence intensities were measured in
five separate experiments as a function of the lipid/peptide molar ratio on
a Perkin-Elmer LS-50B spectrofluorometer. Excitation was set at 470 nm
using a 10-nm slit, and emission was set at 530 nm using a 5-nm slit. To
determine the extent of the lipids’ contribution to any given signal, the
readings observed when unlabeled peptides were titrated with lipid vesicles
were subtracted as background from the recorded fluorescence intensities.
The binding isotherms were analyzed as partition equilibria (Schwarz et al.,
1986, 1987; Rizzo et al., 1987; Beschiaschvili and Seelig, 1990; Rapaport
and Shai, 1991), using the following formula:

X’:= K:Cf,

where X}, is defined as the molar ratio of bound peptide per 60% of the total
lipid, assuming that the peptides were initially partitioned only over the
outer leaflet of the SUV as previously suggested (Beschiaschvili and
Seelig, 1990), K corresponds to the partition coefficient, and C; represents
the equilibrium concentration of free peptide in the solution. To calculate
X, F,, (the fluorescence signal obtained when all of the peptide is bound
to lipid) was extrapolated from a double reciprocal plot of F (total peptide
fluorescence) versus C; (total concentration of lipids) (Schwarz et al.,
1986). Knowing the fluorescence intensities of unbound peptide, F,, as
well as of bound peptide, F, the fraction of membrane bound peptide, f,
can be calculated using the formula

fo = (F = F)/(F. = Fo).

Having calculated the value of f;, it is then possible to calculate Cy, as
well as the extent of peptide binding, X. The curves resulting from plotting
Xp* versus free peptides, C;, are referred to as the conventional binding
isotherms.

Resonance energy transfer experiments

Peptides were incorporated into PC vesicles as follows. To solutions of PC
LUV (10:1 lipid/cholesterol molar ratio and 63 nmol of phospholipids in 40
pl of buffer) in separate Eppendorf tubes were added 1-2-ul DMSO
solutions containing 0.016 nmol of each of the NBD-labeled peptides,
namely M1, M2, and H5 (donor), 1) alone or 2) followed by the addition
of 0.016 nmol of rhodamine-labeled peptides (acceptor) or 3) followed by
the addition of 0.048 nmol of unlabeled M1, M2, and H5. The experiments
were repeated three to five times for each concentration, with the standard
deviation being ~3%. Before the acceptor molecules were added, the
vesicle solutions containing donor molecules were vortexed thoroughly.
After the addition of acceptor molecules, the mixtures were diluted to 0.4
ml with 50 mM Na,SO,, 25 mM HEPES-SO;2, pH 6.8. Fluorescence
spectra were obtained at room temperature in either a SLM-8000 spec-
trofluorometer or a Perkin-Elmer LS-50B spectrofluorometer, with the
excitation monochromator set at 460 nm and a 5-nm slit width. Measure-
ments were performed in a 0.4-cm path length quartz cuvette in a final
reaction volume of 0.4 ml. Although the excitation maximum for NBD is
470 nm, a lower wavelength was chosen to minimize the excitation of
tetramethylrhodamine (Harris et al., 1991).

The efficiency of energy transfer (E) was determined by calculating the
decrease in the quantum yield of the donor due to the addition of an
acceptor. E was obtained experimentally from the ratio of the fluorescence
intensities of the donor in the presence (/,,) and in the absence (I,) of the
acceptor at the emission wavelength of the donor, after correcting for
membrane light scattering and the contribution of the acceptor’s emission.
The percentage value of E is given by the following equation:

E = (1 - Ida/Id) X 100.

The correction for light scattering was made by subtracting the signal
obtained when unlabeled analogs were incorporated into vesicles contain-
ing the donor molecules. A correction for the contribution of the acceptor’s
emission was made by subtracting the signal produced by the acceptor-
labeled analog alone.
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RESULTS

The putative membranous segments of ROMKI1, namely
M1, HS, and M2, were synthesized and fluorescently la-
beled, and their structure and their abilities to form homo- or
heteroaggregates within the membrane were studied. M1 is
composed of 26 amino acids, comprising residues 82-107.
HS5 is a 17-mer polypeptide identical to residues 131-147 of
ROMKI1, and the third peptide, M2, is composed of 29
amino acids identical to residues 156-184 of ROMKI.
These sequences were chosen according to the Kyte and
Doolittle hydropathy plot of ROMKI1 potassium channel
(Kyte and Doolittle, 1982). M1 and M2 were extended at
their C-termini with positively charged amino acids (de-
rived from ROMKI1 original sequence) to increase their
solubilization and thus facilitate their HPLC purification
and binding experiments. Fluorescently labeled analogs
were prepared by selectively modifying the three peptides at
their N-terminal amino acids with either one of the follow-
ing fluorescent probes: NBD (to serve in the binding exper-
iments and as an energy donor) or Rho (an energy acceptor).
The sequences of the peptides, their fluorescently labeled
analogs, and their designations are given in Table 1.

CD spectroscopy

The extent of a-helical secondary structure of the peptides
was estimated from their CD spectra, as measured in 40%
TFE (Fig. 1 A) and PC SUV (Fig. 1 B). M1 and M2
exhibited significant CD signals, but HS did not. Their mean
residual ellipticities at ©,,, in 40% TFE were —28,650 and
—24,000 degcm?/dmol, which correspond to 88% and 73%
a-helical content for M1 and M2, respectively. Their mean
residual ellipticities at ©,,, in PC SUVs were —28,995 and
—27,455 degrcm?/dmol, which correspond to fractional he-
licity values of 90% and 85% for M1 and M2, respectively
(Wu et al., 1981). Because the CD signal of H5 was very

TABLE 1 Sequences and designations of the synthetic
putative membranous domains of the ROMK1 K* channel

No. Designation  Modification Sequence

1 Ml X =H X-HN-#2TVFITAFLGSWFLFGL
LWYVVAYVHK'”-COOH

2 NBD-MlI X = NBD

3 Rho-H5-MI X-Rho

4 H5 X=H X-HN-'3'AFLFSLETQVTIGYG
FR'¥-COOH

5 NBD-H5 X = NBD

6 Rho-H5 X-Rho

7 M2 X=H X-HN-'5®ATIFLLIFQSILGVIINSF
MCGAILAKISR '#-COOH

8 NBD-M2 X = NBD

9  Rho-M2 X = Rho

X-HN-GFFALIPKIISSPLFKTL
LSAVGSALSSSGGQE-COOH

10 Rho-pardaxin X = Rho
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FIGURE 1 CD spectra of ROMKI peptides. Spectra were taken at
peptide concentrations of 0.8-3.0 X 1075 M. — ~ -, MIl; —— M2;-+- ,
HS. (A) CD of peptides in 40% TFE. (B) CD of peptides in 3 mM PC SUV.

low both in 40% TFE/water and in PC SUVs, it could not be
attributed to any particular structure.

Fluorescence measurements of
NBD-labeled peptides

The NBD moiety can facilitate determination of the envi-
ronment of the N-termini of various polypeptides in their
membrane-bound state, because its fluorescence intensity is
sensitive to the dielectric constant of its surroundings. This
probe has already been used in polarity and binding exper-
iments (Kenner and Aboderin, 1971; Frey and Tamm, 1990;
Baidin and Huang, 1990; Rapaport and Shai, 1991; Pouny et
al., 1992). The fluorescence emission spectra of the three
NBD-labeled ROMK1 peptides were measured either in
aqueous solutions or in the presence of PC vesicles. All
three NBD-labeled segments exhibited fluorescence emis-
sion maxima around 550 nm in buffer (Table 2), which
agrees with previously reported emission wavelength max-
ima for NBD derivatives in hydrophilic environments (Ra-
jarathnam et al., 1989; Rapaport and Shai, 1991; Pouny et
al., 1992; Gazit and Shai, 1993). However, in solutions of
PC vesicles at pH 6.8, the fluorescence emission maxima of
NBD-M1, NBD-M2, and NBD-H5 exhibited blue shifts
concomitant with increases in their fluorescence intensities
(Table 2). The shift was significantly higher for NBD-MI
(Amax = 523 = 1 nm) than for NBD-M2 (A, = 533 * 2)
and NBD-H5 (A,,,, = 533 = 1 nm). Similar results were
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TABLE 2 Emission maxima, the calculated partition coefficients, and free energies of binding of the segments to PC SUVs

—AGbinding

Apmax (M) K*, M™") (kcal/mot)

Peptide designation Buffer PC vesicles PC vesicles PC vesicles
NBD-M1 549 + 1 523+ 1 0.8 (£0.2) X 10° (5)* 9.1
NBD-M2 549 + | 5332 6.0 (£0.5) X 10° (4) 10.3
NBD-HS5 549 + 1 5331 7.3 (£0.8) X 10° (5) 104
NBD-aminoethanol 546 = 1 546 + 1 Not bound —

*No. of experiments.

observed with PC LUVs (data not shown). Similar magni-
tudes of blue shifts are observed when surface-active NBD-
labeled peptides interact with lipid membranes (Frey and
Tamm, 1990; Rapaport and Shai, 1991; Pouny et al., 1992),
and are consistent with the NBD probe being located within
(in the case of NBD-M1) or on the surface of (in the case of
NBD-M2 and NBD-HS) the membrane (Rajarathnam et al.,
1989). However, we cannot rule out the possibility that the
environment of the NBD moiety is also affected by the
intermolecular organization of the membrane-bound pep-
tide. As will be shown in the RET experiments, both M2
and HS5 are self-assembled in the membrane, whereas M1 is
not. Furthermore, it should be noted that the NBD probe is
localized on the N-termini of the peptides, and therefore
surface localization of the probe reflects the localization of
a particular termini. It does not necessarily reflect the en-
vironment of the center of the peptide, which might be
dipped within the lipid core of the membrane. In these
experiments, the lipid/peptide molar ratio was consistently
maintained at an elevated level (3875:1), so that the spectral
contribution of free peptide would be negligible.

Tryptophan quenching experiments

A tryptophan residue in the natural sequence of a protein or
a peptide can serve as an intrinsic probe for the localization
of the peptide within the membrane. M1 contains two tryp-
tophans in the middle of the peptide. When M1 was incor-
porated into brominated phospholipids, the greatest quench-
ing of tryptophan fluorescence was observed with 11,12
BrPC (1-palmitoyl-2-stearoyl (11-12) dibromo-sn-glyc-
ero-3 phosphocoline) and to a lesser degree with 9,10 BrPC
(1-palmitoyl-2-stearoyl (9—-10) dibromo-sn-glycero-3 phos-
phocoline) (Fig. 2). No significant quenching of fluores-
cence was observed with 6,7 BrPC (1-palmitoyl-2-stearoyl
(6-7) dibromo-sn-glycero-3 phosphocoline), indicating that
the center of the peptide is dipped into the hydrophobic core
of the membrane.

Binding experiments

To determine the affinity of the segments for phospholipid
membranes, binding experiments were performed as de-
scribed in the Experimental Procedures. The resulting in-
creases in the fluorescence intensities of the NBD-labeled

peptides were plotted as a function of the lipid/peptide
molar ratios (see Figs. 3 A, 4 A, and 5 A for NBD-M1,
NBD-M2, and NDB-HS, respectively). Binding isotherms
were analyzed as partition equilibria as described in the
Experimental Procedures. The curves resulting from plot-
ting X7 versus free peptide, Cy, are referred to as the
conventional binding isotherms and are presented in Figs. 3
B, 4 B, and 5 B for NBD-M1, NBD-M2, and NDB-HS,
respectively. The surface partition coefficient of each pep-
tide, K3, was estimated by extrapolating the initial slope of
its binding curve to a zero C; value. The estimated surface
partition coefficients (K}) and the calculated free energies
of binding (AGy,nding) (Reynolds et al., 1974) of the NBD
labeled peptides are listed in Table 2. The values obtained
are high and are typical of K ;',‘ and (AGy;nging) Of surface
active peptides (Stankowski and Schwarz, 1990; Thiaudiere
et al., 1991; Rizzo et al., 1987; Rapaport and Shai, 1991;
Pouny and Shai, 1992). It should be noted that the high
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FIGURE 2 Fluorescence emission spectra of 0.25 uM M1. Spectra were
determined in the presence of 155 uM PC or BrPC vesicles in buffer
composed of 50 mM HEPES-SO;~, pH 6.8. The excitation wavelength
was set at 280 nm. Emission was scanned from 300-400 nm. M1 in the
presence of: PC vesicles ( ); 6,7 BrPC (-); 9,10 BrPC (- - ~); 11,12
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FIGURE 3 Increases in the fluorescence of NBD-M1 upon titration with
PC vesicles (A), and the resulting binding isotherm (8). NBD-M1 (0.1 M)
was titrated with PC SUV with excitation set at 470 nm, and emission was
recorded at 530 nm. The experiment was performed at room temperature in
50 mM Na,SO,, 25 mM HEPES-SO; 2, pH 6.8. The binding isotherm was
derived from A by plotting X § (molar ratio of bound peptide per 60% lipid)
versus C; (equilibrium concentration of free peptide in the solution).

quantum yield of the NBD fluorescence in phospholipid
membranes facilitates the use of low concentrations of
NBD-labeled peptides and thus reduces the aggregation of
peptides in solution. However, we cannot rule out the pos-
sibility that some aggregation of the peptides occurs in
solutions. It should be emphasized also that the purpose of
the binding experiments was to determine the lipid/peptide
molar ratios at which most of the peptides bind to the
membranes. These ratios were then used in the resonance
energy transfer experiments to ensure correct calculation of
the percentage of energy transfer.

The shape of a binding isotherm of a peptide can provide
information on the organization of the peptide within the
membrane (Schwarz et al., 1987). The binding isotherms of
NBD-M1 and NBD-HS with the vesicles are straight lines,
indicating noncooperativity in the binding process, whereas
the binding isotherm of NBD-M2 reflects cooperativity of
the binding process (Schwarz et al., 1987).
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FIGURE 4 Increases in the fluorescence of NBD-M2 upon increasing
lipid/peptide molar ratio of PC vesicles (A), and the resulting binding
isotherm (B). As in Fig. 3, except that in this case NBD-M2 (0.04 nmol)
was added to increasing concentrations of PC SUV in separate Eppendorf
tubes.

Energy transfer studies

The curvature of a binding isotherm may indicate whether a
particular peptide can form cooperatively large aggregates.
To evaluate whether self-association or formation of het-
eroaggregates between M1, M2, and HS can occur within
membranes at low peptide/lipid molar ratios, RET measure-
ments were performed as described previously (Pouny et al.,
1992). For this purpose, the segments were selectively la-
beled at their N-terminal amino acid, with either NBD (an
energy donor) or Rho (an energy acceptor) (Table 1). RET
measurements were performed as described in the Experi-
mental Procedures. Examples of typical profiles of the en-
ergy transfer from NBD-HS to Rho-HS, in the presence of
PC LUV, are depicted in Fig. 6 A; those showing the energy
transfer from NBD-H5 to Rho-M2 in the presence of PC
phospholipid vesicles are depicted in Fig. 6 B; and those
showing the energy transfer from NBD-HS to Rho-M1 are
depicted in Fig. 6 C. Addition of the various acceptors (final
concentration of 0.04 uM or 0.12 uM) to the various donors
(final concentration of 0.04 uM) in the presence of PC
phospholipid vesicles (156 uM) quenched the donor’s emis-
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FIGURE 5 Increases in the fluorescence of NBD-HS upon increasing
lipid/peptide molar ratio of PC vesicles (A), and the resuiting binding
isotherm (B). See legend to Fig. 3.

sion and increased the acceptor’s emission, which is con-
sistent with energy transfer. The energy transfer was calcu-
lated and plotted versus the acceptor/lipid molar ratio (Fig.
7). The lipid/peptide molar ratios in these experiments were
kept high (3900:1 and 1300:1) 1) to ensure that practically
all of the peptides were in their membrane-bound state and
2) to ensure a low surface density of donors and acceptors,
which would reduce energy transfer between unassociated
peptide monomers. Adding the acceptor peptide only after
the donor peptide was already bound to the membrane
prevented any association of the peptides in solution. To
confirm that the observed energy transfer was due to aggre-
gation, the transfer efficiencies observed for M1, M2, and
H5 were compared with those expected for randomly dis-
tributed membrane-bound donors and acceptors (Fig. 7).
The random distribution was calculated as described earlier
(Fung and Stryer, 1978), and assuming that 51 A is the R,
value for the NBD/Rho donor/acceptor pair (Gazit and Shai,
1993). In addition, based on previous calculations made by
Tank et al. (1982) and Vaz et al. (1981), the following
calculations were made. The diffusion coefficients of phos-
pholipids in fluid bilayers are approximately 1.1 X 10~® to
3 X 1072 cm%/s (Tank et al., 1982; Vaz et al., 1981). For the
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FIGURE 6 Fluorescence energy transfer dependence on Rho-peptide
(acceptor) concentrations using PC LUV vesicles. The spectrum of
NBD-HS (0.04 uM), the donor peptide, was determined in the absence
( ) or presence (— —-) of 0.012 uM Rho-labeled acceptor peptide. Each
spectrum was recorded in the presence of PC vesicles (156 uM) in 50 mM
Na,SO0,, 25 mM HEPES-SO; 2, at pH 6.8. The excitation wavelength was
set at 460 nm. (A) In the presence of Rho-HS; (B) in the presence of
Rho-M2; (C) in the presence of Rho-M1. The spectra of Rho-labeled
peptides in the presence of vesicles and unlabeled HS were subtracted from
all of the corresponding spectra.

excited-state lifetime of the donor NBD, 7, = 7.4 X 10™% s
(Chattopadhyay and Mukhrjee, 1993). The mean distance
diffused, r, during the lifetime of the donor, which is given
in the equation

r = [4D7,]"?,

is approximately 1.8 A to 3 A, which is small compared
with the mean distance between the donor and acceptor
(225-390 A). Thus it appears that the monitored RET is due
to aggregation and not to random distribution. Fig. 7 illus-
trates the existence or the lack of energy transfer between
the various peptides, namely M1, H5, M2, and pardaxin,
which served as an unrelated a-helical peptide inserted into
the membrane (Rapaport and Shai, 1991, 1992). The energy
transfer observed with the H5/H5, H5/M2, M2/M2, and
M1/M2 donor/acceptor pairs was higher than the value
expected for a random distribution and was independent of
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FIGURE 7 Theoretically and experimentally derived percentage of en-
ergy transfer. The percentage of energy transfer was calculated as de-
scribed in the Experimental Procedures and was plotted versus the molar
ratio between the bound acceptor and the lipids. The amounts of lipid-
bound acceptor (Rho-peptides), C,, at various acceptor concentrations
were calculated from the binding isotherms as described previously (Pouny
et al., 1992). @, NBD-M1/Rho-HS5; A, NBD-H5/Rho-M2; B, NBD-HS/
Rho-HS5; O, NBD-M2/Rho-H5; [J, NBD-M2/Rho-M1; A, NBD-M2/Rho-
M2; H, NBD-M2/Rho-pardaxin; ©, NBD-H5/Rho-M1; — ~ -, random
distribution of the monomers (Fung and Stryer, 1978), assuming a R, of 51
A. The percentages of RET obtained with NBD-M1/Rho-pardaxin and
NBD-H5/Rho-pardaxin pairs fall on the random distribution curve and are
not shown to prevent clustering.

whether each of the segments served as a donor or as an
acceptor. It should be pointed out that the percentage of
RET observed reflects a reduction in the emission fluores-
cence intesity of the NBD probe as a result of the addition
of the acceptor molecules. The random distribution curve
was calculated from the decrease in the fluorescence inten-
sity of randomely distributed, and not associated, NBD-
labeled molecules due to the addition of nonassociated
rhodamine-labled molecules (Fung and Stryer, 1978). How-
ever, Fig. 8 reveals that M2 and H5 are already in an
aggregation state before the addition of the acceptors (which
should also be self-associated at the range of concentrations
used in the RET studies). Therefore, the fluorescence of the
NBD moeity in the latter case is lower than the value
expected if aggregation did not occur. This lower value of
the fluorescence causes reduction in the percentage of RET
in the case of M2 and HS as compared to the random
distribution curve, and the actual RET should be higher than
the experimentally derived values. This suggests that the
peptides are associated rather than randomly distributed
throughout the membrane. However, with the H5/M1 pair
significant energy transfer was observed only when M1 was
added first to the vesicle solution either as a donor or as an
acceptor. When HS was added first to the vesicles followed
by the addition of M1, the energy transfer resembled that of
random distribution (Fig. 7). Random distribution was also
observed with the M1/M1 pair. With all the other peptides
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FIGURE 8 Degree of fluorescence intensity as a function of peptide
concentration. Fluorescence intensity was plotted versus the molar ratio
between the bound NBD-peptide and the lipids. B, NBD-M1; A, NBD-HS5;
@, NBD-M2.

no change in the emission spectrum was observed when an
equal amount of unlabeled acceptor was added instead of
the rhodamine-labeled acceptor (data not shown). In control
experiments no energy transfer was observed when Rho-
pardaxin served as an acceptor to all of the NBD-labeled
segments.

The aggregational state of the peptides in the
membrane determined by using
NBD fluorescence

To further verify the findings in the RET studies that H5 and
M2 are self-associated in their membrane-bound state, their
NBD-labeled versions were used. The fluorescence intensi-
ties of the NBD-labeled peptides were measured as a func-
tion of their concentration in PC LUV. The NBD-labeled
peptides were incorporated into the vesicles using the same
procedure described in the RET experiments. If a particular
peptide is not aggregated in membranes, the dose-response
curve of its fluorescence intensity should be linear. A de-
viation from linearity indicates that the peptide is aggre-
gated. The dose-response curves of the fluorescence inten-
sities of the three peptides are shown in Fig. 8. The results
reveal that the curves of H5 and M2, but not of M1, deviate
from linearity, which agrees with the results obtained in the
RET studies, that both H5 and M2 are self-assembled in the
membrane, and that M1 is not assembled in the membrane
under the same conditions.

DISCUSSION

The assembly of potassium channels is predicted to occur
via two steps: first, the folding of the subunit into the correct
conformation, followed by the assembly of subunits into
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multimeric ion channels (Shen et al., 1993). Increasing
evidence is emerging on specific recognition and interaction
sites that participate in the oligomerization of ion channels.
Such sites have been shown to exist in several cases: in the
intracellular domains of potassium ion channels (Li et al.,
1992; Shen et al., 1993; Babila et al., 1994), in the acetyl-
choline receptor a subunit (Yu and Hall, 1994), in the
extracellular domains of the acetylcholine receptor subunits
(Gu et al,, 1991; Yu and Hall, 1991; Sumikawa, 1992;
Verrall and Hall, 1992; Chavez et al., 1992), and in the
glycine receptor (Kuhse et al., 1993). Subunit interactions
sites have also been proposed to exist within the hydropho-
bic core region of the potassium channel (McCormack et al.,
1990; Li et al., 1992). Thus the S1 segment of the potassium
channel Kv2.1 has been shown to play a critical role in
channel assembly (Babila et al., 1994), as does the M1
segment in the acetylcholine receptor (Yu and Hall, 1994).
The transmembrane domains of several other integral mem-
brane proteins have also been implicated in subunit inter-
action. Examples are glycophorin A (Lemmon et al., 1992;
Bormann et al.,, 1989), bacteriorodopsin (Kahn and En-
gelman, 1992), the T-cell receptor complex (Bonifacino et
al., 1990a,b; Manolios et al., 1990), the lactose permease of
Escherichia coli (Lynch and Koshland, 1991), the tyrosine
kinase receptor family (Sternberg and Gullick, 1990), and
the phage M13 coat protein (Deber et al., 1993). Unfortu-
nately, because of the paucity of x-ray diffraction data,
high-resolution structures of ion channels as well as of most
membrane proteins remain unknown.

In the present study we investigated the structure, in a
hydrophobic environment, and the organization within
phospholipid membranes of the three putative membranous
segments of the ROMKI1 channel, namely M1, M2, and H5.
Membrane localization of these segments has been pre-
dicted previously using hydropathy plots (Ho et al., 1993).

The structure of the segments

Secondary structure determination revealed that both M1
and M2 are predominantly a-helices when in a hydrophobic
environment (40% TFE) and phospholipid membranes (Fig.
1). The structure of HS, however, could not be interpreted
because the peptide did not yield any significant CD signal.
The HS region of the Shaker K* channel, which is homol-
ogous to H5 of the ROMKI1 channel but contains a signif-
icant number of amino acids that are not identical, exhibits
a low o-helical structure in 1% sodium dodecyl sulfate
(Peled and Shai, 1994). Because of the high light scattering
in the region of 190—200 nm, this region was omitted from
the spectrum. The structural data of M1, M2, and H5
reported herein may aid in the modeling of the structure of
the core region of the ROMKI1 channel. In support of this,
recent studies have shown a correlation between the struc-
ture and the organization of synthetic peptides and those of
their parent molecules. Such studies were performed for
both soluble (Jaenicke, 1991; Kippen et al., 1994; Dyson et
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al., 1992) and membrane proteins (Kahn and Engelman,
1992; Lemmon and Engelman, 1992; Lomize et al., 1992;
Pervushin and Arseniev, 1992; Kaback, 1992; Adair and
Engelman, 1994). Other examples come from recent studies
showing that various synthetic segments from bacteriorho-
dopsin (Barsukov et al., 1992), the pore region of é-endo-
toxin (Gazit and Shai, 1993), and Bacillus thuringiensis var.
israelensis cytolytic toxin (CytA) (Gazit and Shai, 1993; Li
et al., 1996) adopt conformations similar to those of their
corresponding segments within the intact protein, as deter-
mined by x-ray data.

The organization of the segments
within membranes

We demonstrated that synthetic peptides corresponding to
putative membranous domains of the ROMKI1 channel can
self-assemble or coassemble within phospholipid mem-
branes. RET studies reveal that membrane-bound HS and
M2 are self-associated, but that M1 is not (Fig. 7). More-
over, coassembly between HS and M2 or M1 and M2
appears to be independent of whether the segments serve as
donors or acceptors. Interestingly, however, in the case of
the H5 and M1 pair, RET is observed only when M1 was
added first to the vesicles. A possible interpretation of this
finding is as follows. M1, serving as a donor, is randomly
distributed in its membrane-bound state (Fig. 7). HS, which
is added in the next stage, meets a predominantly mono-
meric form of M1 and is able to associate with these
monomers. This may be a situation in which the channel is
still not assembled, and therefore- a single subunit that
contains only one of each segment is stabilized by the
intramembrane domain interactions. However, when HS
serves as a donor and is added first to the vesicle suspen-
sion, a large fraction of it is probably self-associated when
bound to the membrane (Fig. 7). Indeed, Fig. 8 demon-
strates that even at a concentration as low as 0.04 uM
(peptide:lipid molar ratio of 0.00024) both HS and M2 are
already aggregated, whereas M1 is not. Therefore, the ex-
perimental values of RET obtained when M2 and HS5 are
used are lower than the real values that would be obtained
if the donor peptides were not aggregated at the tested
concentration (see details in the Results section). Using
lower concentrations of peptides to avoid self-quenching
was not possible because the fluorescence intensities were
too low. M1, which is added in the next stage, meets a
predominantly multimeric form of HS and is not able to
associate with it. This may represent a situation in which the
functional channel is formed by the assembly of four sub-
units (similar to what has been suggested for the Shaker K*
channel; MacKinnon, 1991) and in which the HS segments
of the four subunits are present as a bundle in the lumen of
the channel. In that case only M2 could recognize this
bundle of HS. The relatively hydrophilic environment of the
N-terminus of M2 (A, = 533 = 2, Table 2) may indicate
that when the bundle of the M2 segments is formed, the
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N-termini of the segments are either exposed to the surface
of the membrane or buried in the hydrophilic environment
formed in the interior of the bundle.

The self-association of the H5 and M2 segments and the
ability of the segments to form heteroaggregates in their
membrane-bound state appear to be at least partially spe-
cific, because neither one of the segments associates with
membrane-bound pardaxin (which also adopts an a-helical
structure and is membrane embedded; Rapaport and Shai,
1991) (Fig. 7). These findings suggest that M2 and HS5 form
the inner part of the pore and that M1 participates in the
formation of the outer ring of a-helices. In support of this,
recent findings demonstrated that a single mutation within
the M2 transmembrane segment of ROMKI1 and IRK1
affects the strength of rectification (Lu and MacKinnon,
1994; Wible et al., 1994) and the voltage gating (Wible et
al.,, 1994) of these channels, therefore suggesting that the
side chain of the mutated amino acid within M2 is in contact
with the aqueous pore (Lu and MacKinnon, 1994). Because
M2 is uncharged, its self-assembly is probably mediated
mostly through the hydrophobic residues, as in the phage
M13 coat protein (Deber et al., 1993) and in contrast, for
example, to charge attraction in the transmembrane domain
of the T-cell receptor complex (Bonifacino et al., 1990a,b;
Manolios et al.,, 1990). Charge interactions were also re-
cently found between the S4 and S3 of the Shaker K*
channel, both in the intact channel (Papazian et al., 1995;
Planells-Cases et al., 1995) and between the synthetic pep-
tides (Peled-Zehavi et al., 1996).

There is strong evidence that the interactions between the
peptides studied herein occur within the membrane milieu.
NBD shift experiments (Table 2) as well as tryptophan
quenching experiments (Fig. 3) indicated that M1 is inserted
into the membrane. Enzymatic cleavage experiments of
these peptides (data not shown) indicated that they are not
cleaved from the membrane by proteinase K, in spite of the
relatively small NBD shift of M2 and H5. In addition, the
interaction of M2 with M1 in their membrane-bound state
did not affect the fluorescence of the NBD probe attached to
the inserted M1, suggesting that the interaction is within the
hydrophobic core of the membrane. The equilibrium con-
stants for the aggregation between the different pairs of
peptides cannot be derived based on the RET studies, be-
cause their calculation requires knowledge of the amount of
assembled heteroaggregates, their exact stoichiometry, as
well as the aggregational state of each one of the peptides,
parameters that are not known and cannot be simply derived
from the RET results. This is partially because, as discussed
in the section of the RET studies, the experimental percent-
ages of energy transfer observed (Fig. 7) were lower than
the values that should be obtained if the donors and the
acceptors were not aggregated in the membrane. Therefore,
even in the case of a homogeneous system containing only
H5 or M2, these values cannot be used to estimate the
amount of associated peptides. However, recent studies on
the reversible aggregation in pore formation by the cytolytic
peptide pardaxin, based on the estimation of the size of the
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aggregates required to cause ion leakage from vesicles,
yielded an association constant for pardaxin molecules on
the order of 10° to 10* M™! (Rapaport et al., 1996). Because
pardaxin assembles in membrane at concentrations similar
to those reported herein for the ROMKI1 segments, it is
reasonable to assume that the association constants for these
peptides are also on the same order of magnitude.

Very recently Taglialatela and colleagues found that the
carboxy terminus of IRK1 appears to have a major role in
specifying some of the pore properties of IRK1, such as
inward rectification and single-channel conductance, but
not selectivity (Taglialatela et al., 1994). Thus it is possible
that the pore may also be made up of other segments of the
protein. Experiments are being conducted to evaluate the
existence, in the C-termini of IRK1 and ROMKI, of other
segments that interact with the membrane and with the
pore-forming region.
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