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Abstract 

The hydropathy plot of the inwardly rectifying ROMKI K+ channel, which reveals two transmembrane and a pore 
region domains, also reveals areas of intermediate hydrophobicity in the N terminus (MO) and  in the  C terminus 
(post"2). Peptides that correspond to MO,  post"2, and a control peptide, pre-MO, were synthesized and characterized 
for their structure, affinity to phospholipid membranes, organizational state in membranes, and ability to self-assemble 
and coassemble in the membrane-bound state. CD spectroscopy revealed that both MO and post-M2 adopt highly 
a-helical  structures in 1% SDS and 40%  TWwater, whereas pre-MO is not a-helical in either 1% SDS or 40% 
TFEYwater. Binding experiments with NBD-labeled peptides demonstrated that both MO and post-M2, but not pre-MO, 
bind to zwitterionic phospholipid membranes with partition coefficients of 103-105 M". A surface localization for both 
post-M2 and MO was indicated by NBD shift, tryptophan quenching experiments with brominated phospholipids, and 
enzymatic cleavage. Resonance energy transfer measurements between fluorescently labeled pairs of donor (NBD)/ 
acceptor  (rhodamine) peptides revealed that MO and post-M2 can coassemble in their membrane-bound state, but cannot 
self-associate when membrane-bound. The results are in agreement with recent data indicating that amino  acids in the 
carboxy terminus of inwardly rectifying K+ channels have a major role in specifying the pore properties of the channels 
(Taglialatela M, Wible BA, Caporaso  R, Brown AM, 1994, Science 264:844847; Pessia M, Bond CT, Kavanaugh MP, 
Adelman JP, 1995, Neuron 14:1039-1045). The relevance of the results presented herein to the suggested model for the 
structure of the ROMKI channel and to general aspects of molecular recognition between membrane-bound polypep- 
tides are also discussed. 
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Inwardly rectifying K+ channels conduct  an inward K+ current at 
hyperpolarizing membrane potentials. These channels, because of 
their rectification properties, play an important role in regulating 
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6)-carboxytetramethylrhodamine succinimidyl ester; RP-HPLC, reverse- 
phase HPLC; SUV, small unilamellar vesicles; TFA, trifluoroacetic acid; 
TFE, trifluoroethanol. 

the resting membrane potential and electrical excitability of cells 
in a variety of tissues, including the brain and heart (Hille, 1992). 
The recent cDNA cloning in Xenopus oocytes of several inwardly 
rectifying Kf channels, namely ROMKI (Ho et al., 1993; Shuck 
et al., 1994), IRK1 (Kubo et al., 1993a; Koyama et al., 1994), 
GIRKVKGB  (Dascal  et al., 1993; Kubo et al., 1993b), HRWHIR 
(Makhina  et al., 1994; Perier et al., 1994), KATp (Ashford et al., 
1994), and BIRK (Bredt  et al., 1995), has enabled a look at the 
primary structure of these channels. Hydropathy plots have sug- 
gested only two potential transmembrane domains, M1  and M2, 
and a pore-forming region, H5, which is involved in ion conduc- 
tance (Fig. 9A)  (Ho et al., 1993). For voltage-dependent K+ chan- 
nels, six transmembrane segments (Sl-S6) have been postulated 
(Papazian et al., 1987).  The H5 domain is highly homologous 
between inwardly rectifying KC channels and voltage gated Kf 
channels. A small degree of similarity between MI  and S5 and 
between M2  and S6 also exists. Based on this homology, it was 
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suggested that inwardly rectifying channels are structurally anal- 
ogous to the inner core of the Shaker superfamily of K+ channels 
(Kubo  et al., 1993a; Bredt et al., 1995). However, hydropathy plots 
of the inwardly rectifying K+ channels reveal areas of intermedi- 
ate hydrophobicity in the extended C-terminal region (Taglialatela 
et al., 1994) and the shorter N-terminal region (Ho et al., 1993), 
which are reminiscent of the  degree of hydrophobicity of H5, a 
region that was believed initially to be extracellular (Catterall, 
1988). Based on experimental results, it has been suggested that, in 
inwardly rectifying channels, parts of the C terminus are likely to 
be in the membrane and that the C terminus makes a major con- 
tribution to the pore (Taglialatela et al., 1994; Pessia et al., 1995). 

A connection between inwardly rectifying K+ channels and 
voltage-gated K+ channels possibly exists. Deletion of trans- 
membrane domains S 1-S4 converts  a  depolarization-activated 
wild-type Kvl.1  K+ channel with outward rectification into a 
hyperpolarization-activated channel exhibiting inward rectifica- 
tion. Although the pore region of the deletion mutant is identical to 
that of the wild-type channel, the mutant channel is a nonselective 
cation channel and is characterized by an altered pharmacologic 
profile (Tytgat  et al., 1994; Van de Voorde & Tytgat, 1995). This 
phenotypical change, which is associated with the removal of the 
transmembrane domains S 1-S4, further suggests a structural sim- 
ilarity between inwardly rectifying K+ channels and the Shaker 
superfamily of ion channels. Interestingly, unlike mammalian in- 
wardly rectifying K+ channels, plant inwardly rectifying K+ chan- 
nels consist of six putative transmembrane domains, similar to 
animal voltage gated channels of the Shaker superfamily (Very 
et  al., 1994). 

Whether parts of the ROMK1 channel adjacent to the pore re- 
gion are indeed involved in the formation of the hydrophobic core 
of this channel was tested by synthesizing segments from its N 
and C termini, labeling them with fluorescent probes, and inves- 
tigating their structures in hydrophobic environments, their affinity 
to phospholipid membranes, and their organization when in the 
membrane-bound state. We present evidence that the MO and 
post-M2 segments bind strongly to phospholipid membranes, and 
that they adopt highly a-helical structures in membrane mimetic 
environments, whereas pre-MO neither binds to the membrane 
nor adopts an a-helical structure. Furthermore, MO and post-M2 
cannot  self-associate, but can  coassemble in their membrane- 
bound state. The results are discussed with respect to the sug- 
gested model for the organization of the ROMKl channel and to 
general aspects of molecular  recognition between membrane- 
bound polypeptides. 

Results 

Peptides that correspond to regions of the C- and N-termini do- 
mains of ROMKl channel were synthesized, labeled fluorescently, 
and their structure, affinity to phospholipid membranes, and orga- 
nization in the membrane-bound state studied. MO, which corre- 
sponds to residues 58-80  of the N terminus, is composed of 23 
amino acids. Post"2, which corresponds to residues 198-223  of 
the C terminus, is composed of 26 amino acids. Another peptide, 
pre-MO, was synthesized to serve as a control and is composed of 
the 22 amino acids (residues 36-57) preceding MO. These three 
sequences were chosen according to the Kyte and Doolittle hy- 
dropathy plot of ROMKl  (Kyte & Doolittle, 1982; Ho et al., 1993) 
and contained short extensions of the termini. Previous studies 
have shown that extension or truncation by several amino  acids  at 
either  end of a membrane polypeptide does not significantly alter 
its structure and ability to bind to phospholipid membranes (Ben- 
Efraim et ai., 1993, 1994). Fluorescently labeled analogues of the 
three peptides were prepared by modifying their N-terminal amino 
acids selectively with a fluorescent probe, either NBD (to serve in 
the binding experiments and as an energy donor) or Rho (an energy 
acceptor). Post":! was also labeled with NBD at its C-terminal 
amino acid. NBD and rhodamine labeling of biologically active 
polypeptides (Pouny et al., 1992; Rapaport & Shai, 1992) and 
transmembrane segments of membrane proteins (Gazit & Shai, 
1993a, 1995) does not affect their function significantly. The se- 
quences of the peptides, their fluorescently labeled analogues, and 
their designations are given in Table 1, and their location within 
the sequence of the channel is shown in Figure 9A. 

CD spectroscopy 

The extent of the a-helical secondary structure of the peptides 
was estimated from their CD spectra, as measured in 40%  TFE 
(Fig. 1A) and in 1% SDS  (Fig.  IB). MO and post-M2 exhibited 
significant CD signals, whereas pre-MO did not. The mean resid- 
ual ellipticities at [0]22, for MO and post"2, were -23,233 and 
-17,704  deg.cm2/dmol in 40% TFE, and -20,109 and -17,782 
deg.cm2/dmol in 1% SDS, respectively. These values correspond 
to helicity values of 70% and 52% in 40% TFE  and  60% and 52% 
in 1 % SDS  (Wu  et al., 1981). Because the CD signal of  pre-MO 
was very low in both 40% TFE/water and in 1% SDS, it could not 
be attributed to any particular structure. In membrane peptides, the 
contributions of  N-  and C-termini blocking to a-helicity has been 

Table 1. Sequences and  designations of the peptides investigated 

No. Designation Modification Sequence 
~ 

Pre-MO 
NBD-pre-MO 
MO 
NBD-MO 
Rho-MO 
Post-M2 
NBD-post"2 
NBD-C-post"2 
Rho-post-M2 

X = H  X-HN-36S R Q R A R L V S K E G R C N I E F G N V D5'-COOH 
X = NBD 
X = H  X-HN-"A Q S R F I F F V D I W T T V L D L K W R Y Km-COOH 
X = NBD 
X-Rho 
X = H, Y = COOH X-HN-I9'A V I S K R G G K L C L L I R V A N L R K S L L I G223-co-Y 
X = NBD, Y = OH 
X-H, Y = NH(CH&NH-NBD 
X-Rho, Y = OH 
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Fig. 1. CD  spectra of ROMKl peptides.  Spectra  were taken at peptide 
concentrations of 1.5-2.0 X M. Symbols: MO (-); post-M2 (---); 
pre-MO (- - -). A: CD  of  peptides in 40% TFE. B: CD of peptides in 1% 
SDS. 

shown to be small in comparison to that observed in soluble pep- 
tides (Shai et al., 1990; Oren & Shai, 1996). 

Membrane localization of the segments 

Fluorescence measurements of NBD-labeled peptides 
Whether MO and post-M2 are localized in the membrane was 

examined. The NBD probe was used to facilitate determination of 
the environment of the peptides' termini in the 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 experiments (Baidin & Huang, 1990; Rapa- 
port & Shai, 1991; Pouny et al., 1992). Fluorescence emission 
spectra of the three NBD-labeled ROMK1 peptides were measured 
in aqueous  solutions  and in the presence of PC vesicles. In buffer, 
all three NBD-labeled segments exhibited fluorescence emission 
maxima around 550 nm (Fig. 2), which agrees with emission wave- 
length maxima reported previously for NBD derivatives in hydro- 
philic environments  (Rajarathnam  et al., 1989; Rapaport & Shai, 
1991; Pouny et al., 1992; Gazit & Shai, 1993b). However, in the 
presence of PC vesicles at pH 6.8, blue shifts were exhibited in the 
fluorescence emission maxima of NBD-labeled MO, A,,, = 525 -C 
1 nm, and post-M2, A,,, = 527 2 2 nm, which were concomitant 
with increases in their fluorescence intensities (Fig. 2). Post-M2 
labeled at its C terminus exhibited the same  blue shift as the N 
terminus labeled post-M2  and therefore is not shown in Figure 2. 
With the addition of vesicles to pre-MO, it did not exhibit a blue 
shift or an increase in its quantum yield. Thus, it was concluded 
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Fig. 2. Fluorescence emission spectra of 0.1 pM NBD-labeled  molecules. 
Spectra  were  determined  in the presence of 460 pM PC vesicles in buffer 
composed of 50 mM HEPES-S04*-, pH 6.8. The excitation wavelength 
was set at 470 nm.  Emission was scanned from 50@600 nm.  Symbols: 
MO in buffer (. . . .); MO with liposomes (-); post-M2 in buffer (- . . - .  '); 
post-M2 with liposomes (- - -); pre-MO in buffer and with liposomes 
(- ' - .). 

that pre-MO does not interact with the membrane. Similar magni- 
tudes of blue shifts are observed when surface-active NBD-labeled 
peptides interact with phospholipid membranes (Frey & Tamm, 
1990; Rapaport & Shai, 199 1 ; Pouny et al., 1992) and are consis- 
tent with the NBD probe being located near the surface of the 
membrane (Rajarathnam et al., 1989). However, we cannot rule 
out the possibility that the environment of the NBD moiety was 
also affected by the intermolecular organization of the membrane- 
bound peptide. In these experiments, the lipidpeptide molar ratio 
was consistently maintained at an elevated level (3875: l), so that 
the spectral contribution of free peptide would be negligible. 

Tryptophan quenching with brominated phospholipids 
A tryptophan residue in the natural sequence of a protein or 

peptide can serve as an intrinsic probe for  the localization of the 
peptide within the membrane. MO contains two tryptophans, one in 
the middle of the peptide and the other close to the C terminus. The 
greatest quenching of tryptophan fluorescence was observed with 
6,7-BrPC  and to a lesser degree with 9,IO-BrPC (Fig. 3). Quench- 
ing of fluorescence was not observed with 1 1 ,I2-BrPC, which 
indicated that the peptide was surface localized. 

Enzymatic digestion of membrane-bound peptides 
The susceptibility of membrane-bound MO and post-M2 to pro- 

teolytic digestion by proteinase K was investigated using PC SUV 
vesicles. At the lipidpeptide molar ratios tested, almost all the 
peptides are bound to the vesicles, as revealed from the binding 
isotherms. Figure 4 shows the maximal fluorescence intensity of 
the peptides as they are added to the vesicles. This increase sig- 
nifies binding of the peptides to the vesicles. Addition of protein- 
ase K to the vesicle-bound peptides caused a decrease in the maximal 
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Fig. 3. Fluorescence emission spectra of 0.25 pM MO. Spectra were de- 
termined in the presence of 184 pM BrPC or PC vesicles in buffer com- 
posed of 50 mM HEPES-S04*-, pH 6.8. The excitation wavelength was set 
at 280 nm. Emission was scanned from 320-420 nm. Symbols: MO in the 
presence of 11.12-BrPC (-); 9,lO-BrPC (---); 6.7-BrPC (. . .). For the 
sake of clarity, MO with PC vesicles was not included in the figure because 
it overlaps with 1 1,I2-BrPC. 

fluorescence intensity. As seen from the figure, the addition of 
digested peptides to PC SUV had only a slight effect on the flu- 
orescence intensity. The levels of the fluorescence intensities in the 
later case were similar to the fluorescence obtained by the addition 
of proteinase K to the bound peptides. Similar results were ob- 
tained with post-M2 labeled at  either its N- or C-terminal amino 
acids. These results indicate that the peptides are not deeply buried 
within the hydrophobic environment of the vesicles, in contrast, 
for  example, to transmembrane domains derived from &endotoxin 
(Gazit & Shai, 1993a) or the Shaker K+ channel (Peled-Zehavi 
et al., 1996). which, in the presence of vesicles, were not cleaved 
by proteinase K. 

Binding experiments 

The affinity of the segments toward phospholipid membranes was 
determined by binding experiments (see Materials and methods). 
The resulting increases in the fluorescence intensities of the NBD- 
labeled peptides were plotted as  a function of the 1ipid:peptide 
molar ratios (see Figs. 5A and 6A for NBD-MO and NBD-post- 
M2, respectively). Binding isotherms were analyzed as partition 
equilibria as described in Materials and methods. The curve that 
results from plotting X,* versus free peptide, C', is referred to as the 
conventional binding isotherm. The binding isotherms obtained for 
NBD-MO and NBD-post-M2 are presented in Figures 5B and 6B, 
respectively. The surface partition coefficient of each peptide, 
Kp, was estimated by extrapolating the initial slope of its binding 
curve to a zero C, value. The estimated surface partition coeffi- 
cients, K,*, of the NBD-labeled peptides are 1.3 X lo5 M" and 
6 X I O 3  M" for NBD-MO and NBD-post-M2, respectively, and 
the calculated free energies of binding (AGhinding) (Reynolds  et al., 
1974) are 9.4 and 7.6 Kcal/mol for NBD-MO and NBD-post-M2, 
respectively. The values obtained are high and are typical of sur- 
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Fig. 4. Digestion of  NBD-MO (A) and NBD-post-M2 (B) in the presence 
of vesicles by proteinase K. NBD-labeled peptides (0.1 pM, label 2), PC 
SUV (184 pM, label l), and proteinase K (10 pM solution of 0.25 mg/mL, 
label 3) were mixed in the following order. A: Digestion of  NBD-MO. 
-: first vesicles ( I ) ,  then peptide (2). and finally enzyme (3). - - - -: 
first vesicles (l), then peptide (2) premixed with the enzyme (3),  and then 
the two of them together added to the vesicles. B: Digestion of NBD- 
post-M2 as described in Figure 6A. 

face active peptides (Rizzo et al., 1987; Stankowski & Schwarz, 
1990; Rapaport & Shai, 1991; Thiaudiere et al., 1991; Pouny et al., 
1992). 

The shape of a binding isotherm of a peptide can provide in- 
formation on the organization of the peptide within the membrane 
(Schwarz et al., 1987). The binding isotherms of both NBD-MO 
and NBD-post-M2 with the vesicles are straight lines, indicating 
noncooperativity in the binding process. 

Fluorescence  energy  transfer  studies 

The curvature of a binding isotherm may indicate whether a par- 
ticular peptide can form large aggregates cooperatively. Whether 
MO and post-M2 can self-associate or form heteroaggregates with 
each other within membranes at low peptidenipid molar ratios was 
evaluated by RET measurements as described previously (Pouny 
et al., 1992). For this purpose, the  segments were labeled selec- 
tively at their N-terminal amino acid, with either NBD (an energy 
donor) or Rho (an energy acceptor) (Table 1) .  In the presence of 
PC phospholipid vesicles (156 pM). addition of the various ac- 
ceptors (final concentration of 0.04-0.12 pM) to the various do- 
nors (final concentration of 0.04 pM) quenched the donor's emission 
and increased the acceptor's emission, which is consistent with 
energy transfer (Fig.  7).  The energy transfer was calculated and 
plotted versus the acceptorllipid molar ratio (Fig. 8). In these ex- 
periments, the lipidpeptide molar ratios were kept high (3,900:l- 
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Fig. 5. Increases in  the fluorescence of NBD-MO  upon  titration  with  PC 
vesicles (A), and  the resulting binding isotherm (B). NBD-MO (0.1 pM) 
was titrated  with PC SUV with  the excitation set at 470 nm  and  the 
emission recorded  at 530 nm. The experiment was performed at room 
temperature  in 50 mM Na2S04, 25 mM  HEPES-SOd-',  pH 6.8. The bind- 
ing  isotherm was derived from A by plotting X,* (molar ratio of bound 
peptide per 60% lipid) versus Cf(equilihrium concentration of free peptide 
in  the solution). 

1,300: 1) (1)  to ensure that most of the peptides would be 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. Because the acceptor peptide was 
added only after the donor peptide was already bound to the mem- 
brane, any association in solution of the peptides was prevented. In 
order to confirm that the observed energy transfer was due to the 
peptides' association, the energy transfer efficiencies observed for 
MO and post":! were compared with those expected for randomly 
distributed membrane-bound donors and acceptors (Fig. 8). The 
random distribution was calculated as described by Fung and Stryer 
(1978) and assumed that 51 A is the Ro value for the NBDRho 
donor/acceptor pair (Gazit & Shai, 1993b). Figure 8 illustrates the 
existence or the lack of energy transfer between the various pep- 
tides in their membrane-bound state. The energy transfer observed 
with the MO/post-M2 donor/acceptor pair was higher than that 
calculated for  a random distribution and was independent of which 
peptide served as  a  donor or as an acceptor. Reversal of the donor 
and the acceptor yielded similar values of RET  (Fig. 8). A  change 
in the emission spectrum was not observed when an equal amount 
of unlabeled acceptor was added instead of the rhodamine-labeled 
acceptor (data not shown).  This suggested that the peptides were 
associated, rather than randomly distributed, throughout the mem- 
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Fig. 6. Increases  in  the fluorescence of NBD-post-M2 with  increasing lipid 
peptide molar  ratio of PC vesicles (A), and  the resulting binding isotherm 
(B). See experimental details in  Figure 5. 

brane. With MONO or post-M2/post-M2 pairs, a slight decrease in 
the emission spectrum of the NBD group (at 530 nm) was obtained 
independent of whether unlabeled or Rho-labeled MO or Rho- 
labeled post-M2 served as acceptors (Fig. 7). In the later case, an 
increase in the emission spectrum at 580 nm was not observed, 
which implies that neither MO nor post-M2 are self-associated in 
their membrane-bound state. 

Discussion 

During the last two years, several inwardly rectifying Kf channels 
have been cloned, their nucleotide sequences determined, and from 
them the primary amino acid sequences deduced. However, the 
topology and organization of ROMKI and other inwardly rectify- 
ing channels is still unknown. Such information is important for 
elucidating the relationship between the structure and function of 
these channels. Hydropathy plots facilitate determination of the 
presence of transmembrane segments in integral membrane pro- 
teins. The topologies of many membrane proteins have been pre- 
dicted on the basis of hydropathy plots (reviewed in Sansom & 
Ken; 1995). However, interpretation of hydropathy plots is not 
unambiguous (Guy & Hucho, 1987). and models based on hydrop- 
athy plots alone require further study, e.g., nAChR (Ortells & Lunt, 
1994), voltage-gated potassium channels (Catterall, 1988), gluta- 
mate receptor (Wo & Oswald, 1995), and cyclic nucleotide gated 
channels (Henn  et  al., 1995). In the present study, the structure in 
hydrophobic environments, affinity to phospholipid membranes, 
and organization within phospholipid membranes of fragments de- 
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Fig. 7. Fluorescence  energy  transfer  dependence on Rho-peptide  (ac- 
ceptors)  concentration  using PC LUV. The  spectrum  of  NBD-post-M2 
(0.04 pM), the  donor  peptide,  was  determined in the absence (-) and 
presence (- - -) of 0.04 pM of Rho-labeled  acceptor  peptide.  Each  spec- 
trum was  recorded in the  presence  of  PC  vesicles (156 pM)  in 50 mM 
Na*S04,25 mM HEPES-S04'-,  at pH 6.8. The  excitation  wavelength  was 
set at 460 nm. A: In the  presence  of  Rho-post-M2. B: In the  presence  of 
Rho-MO. The  spectra  of  Rho-labeled  peptides in the  presence  of  vesicles 
and  unlabeled MO were  subtracted  from  all  the  corresponding  spectra. 

rived from  the  N and C termini of ROMKl  K+ channel were 
stcdied. It has been demonstrated that the polypeptide fragments of 
several membrane proteins behave as independent folding domains 
and that such fragments of proteins can be functionally recom- 
bined in vitro and in vivo (Huang et al., 1986; Popot et al., 1987; 
Stuhmer et al., 1989; Bibi & Kaback, 1990; Kahn & Engelman, 
1992; Maggio et al., 1993; Zen et al., 1994; Ridge et al., 1995). 

Localization of MO and post-M2 in their membrane-bound state 
was evaluated by three methods. Based on NBD shift (Fig. 2), 
tryptophan quenching with brominated phospholipids (Fig.  3), and 
enzymatic cleavage  (Fig. 4), it was demonstrated that both MO and 
post-M2 have high affinity for phospholipid membranes and at 
membrane surfaces, rather than comprising part of the soluble 
domains of the channel or being localized in a transmembrane 
orientation. MO was studied by a shift in the maximum emission 
wavelength of an NBD probe located at its N terminus and two 
tryptophan residues, one in the middle of the peptide and the other 
near the C terminus. All three markers showed surface localization. 
MO contains two tryptophan residues in two different locations. 
Because the greatest quenching was achieved with 6.7-BrPC and 
no quenching was achieved with 1 1,12-BrPC of phospholipid- 
associated MO, both tryptophans on average are surface localized. 
Such general assumptions have been made for other proteins that 
contain more than one tryptophan (Gonzalez-Manas et al., 1992; 
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Fig. 8. Theoretically  and  experimentally derived percentage of energy  trans- 
fer.  The  percentage of energy transfer was calculated  as  described in Ma- 
terials  and  methods, and was plotted  versus  the  molar  ratio  between  the 
bound-acceptor and the  lipids.  The  amounts  of  lipid-bound  acceptor (Rho- 
peptides), Cb, at  various  acceptor  concentrations  were  calculated  from the 
binding isotherms  as  described  previously  (Pouny  et al.,  1992).  Symbols: 

Rho-post"2; 0, NBD-MO/Rho-MO; ----. random  distribution of the 
monomers  (Fung & Stryer, 1978). assuming an Ro of 51 A. 

M, NBD-post-M2/Rho-MO; 0, NBD-MO/Rho-post-M2; 0, NBD-post-M2/ 

Rodionova et al., 1995). A shift in the maximum wavelength of an 
NBD probe located at either the N or C terminus of phospholipid- 
associated post-M2 also indicated a surface localization of the 
peptide. Enzymatic cleavage experiments were in agreement with 
this conclusion, because the topology of many membrane proteins 
has been demonstrated by proteinase K treatment (Gerbl-Rieger 
et al., 1992; Kerppola & Ames, 1992; Muller et al., 1993; Lin & 
Addison, 1994). These results are in agreement with the hydrop- 
athy plots that indicated intermediate hydrophobicity of the corre- 
sponding regions in ROMK1 and, therefore, predict that these 
regions will not be membrane spanning (Taglialatela et al., 1994). 

Determination of the secondary structure of MO and post-M2 
revealed that both consist of predominantly a-helices when in a 
membrane mimetic environment (40% TFE, 1% SDS; Fig. 1). 
Under similar conditions, the structure of  pre-MO could not be 
interpreted because the peptide did not yield any significant CD 
signal. The structural and topologic data reported herein for MO 
and post-M2 may facilitate in the modeling of the structure of the 
core region of the ROMKl channel. In support of this, recent 
studies have shown a correlation between the structure and orga- 
nization of synthetic peptides and those of their parent molecules. 
Such studies were performed with both soluble (Jaenicke, 1991; 
Kippen et al., 1994)  and membrane proteins (Kaback, 1992; Kahn 
& Engelman, 1992; Lemmon et al., 1992; Lomize et al., 1992; 
Pervushin & Arseniev, 1992; Adair & Engelman, 1994). Other re- 
cent studies showed that various synthetic segments from bacte- 
riorhodopsin (Barsukov et al., 1992), the pore region of &endotoxin 
(Gazit & Shai, 1993a), and Bacillus thuringiensis var. israelensis 
cytolytic toxin (CytA) (Gazit & Shai, 1993b; Li et al., 1996) also 
adopt conformations similar to those of their corresponding seg- 
ments within the intact proteins, as determined by X-ray data. 

We further demonstrated that MO and post":! are capable of 
coassembling when bound to phospholipid membranes. RET stud- 
ies revealed that membrane-bound MO and post-M2 do not self- 
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associate, hut rather coassemhle (Figs. 7, 8 ) .  For example, a high 
energy transfer (-3Oq) was already detected with NRD-post-MY 
Rho-MO pairs at a peptidenipid molar ratio of 1:S.OOo [after  cor- 
rection for hound acceptor using binding isotherms. as has heen 
descrihed previously (Pouny et al., IY)?)]. I f  a random distribution 
of thew peptides had occurred, an energy transfer of - Y +  would 
have heen expected (Fig. 8 ) .  Funhermore. based on previous cal- 
culations (Tank et 31.. 1982; Vaz et al., 1981). the following cal- 
culations were made. The diffusion coefficients of phospholipids 
in fluid bilayers are approximately 1 . 1  X I O  -"-3 X I O  cm-'/s 
(Tank et al., 1982: Vw et al., 19x1). For the excited state lifetime 
of the donor NRD. I = 7.4 X 10 "' s (Chattopadhyay R: Mukhrjee. 
1993). the mean distance diffused during the lifetime of the donor, 
r. derived from the equation: 

r = [~DT,,]"?. 

is approximately 1.8-3 A. which is small compared with the mean 
distance hetween the donor and acceptor in  our  case ( 2 5 3 4 0  K). 
Thus. the monitored RET  appears to he due to association. and not 
to random distrihution. Recause hoth MO and especially post-M2 
are positively charged, i t  might he argued that they cannot self- 
associate due to their net positive charge. However. positively 
charged membrane-seeking peptides. such as dermaseptin R. can 
self-;lssemble in membranes (Strahilevitz et al., 1994). Therefore, 
the lack of self-aggregation in M0 and post-M? could not he due 
solely to charge repulsion. Such recognition, leading to coassem- 
hly hetween memhranous sequences. has heen demonstrated in 
other memhrane proteins. such as glycophorin A (Lemmon et a!.. 
1993. bacteriorhodopsin (Kahn R: Engelman. 1992). the lactose 
permease of E.rc.lreric.ltio coli (Sahin-Toth et al.. 1992). helix I and 
helix I I  of R. rhringiensis var. isroelensis (Galit R: Shai. 199%).  
and ion channels  (Peled R: Shai. 1993; Bahila et al.. 1994; Ren- 
Efraim et al.. 1994: Papazian et al., 1995; Planells-Cases et al., 
1995: Pouny 8: Shai. 1095: Peled-7xhavi et al.. 1996). These and 
other  examples  (reviewed in  Lemmon R: Engelman, 1992; Shai. 
1995) suggest that transmembrane segments in other proteins also 
can contrihute to the specific recognition and assemhly. 

In summary, it was demonstrated that. in a membrane-hound 
state. synthetic peptides corresponding 10 the N and C termini of 
the inwardly rectifying ROMK I .  are membrane-hound. surface- 
localized. and preferentially coassembled segments, rather than 
randomly distrihuted. Therefore. we propose that certain domains 
from the N and C termini are  capahle of interacting with mem- 
branes and with each other. and that this interaction might con- 
tribute to the organization and stahilization of the protein in the 
membrane that culminates in the formation of a functional K '  
channel (Fig. 9R). These  findings  are also in agreement with ex- 
perimental evidence in which exchange of the C terminus altered 
pore propenies, which suggested that, in inwardly rectifying chan- 
nels, pans of the C terminus are likely to he in the memhrane and 
that the C terminus seems to make a major contrihution to the pore 
(Taglialatela et al.. 1994; Pessia et al.. 1995). 

Materials and methods 

Moreric1l.T 

'ROC-(amino-acid)-Pam resins were purchased from Applied Rio- 
systems (Foster City. California) and R O C  amino  acids were oh- 
tained from Peninsula Lahoratories (Relmont.  California). Other 

A H I  
/ \  

L- 

Fig. 9. Schematic  rcprcwntation  illu.;tntinp  the proposed tapolopy of the 
R O M K I  channel as prcdicred hy Kyle and Dnnlittlc (1981) hydrnpathy 
plot 01) and h w d  on  the  rcwlls  ohlaincd In the  prcwnt study fnl. 

reagents for peptide synthesis were obtained from Sigma. PC was 
purchased from Lipid Products (South Nutfield, UK) .  Cholesterol 
(extra  pure), purchased from Merck (Darmstadt,  Germany). was 
recrystallized twice from ethanol. BrPCs were purchased from 
Avanti Polar-Lipids, Inc. Rho-Su was ohtained from Molecular 
Prohes (Eugene.  Oregon).  NRD-F was obtained from Sigma. All 
other reagents were of analytical grade. Buffers were prepared 
using douhle glass-distilled water. 

 method.^ 

Peptide .rynt/resis, ~~torescmr-/ohe/ing. and prtrificotion 
Peptide synthesis was done using a solid phase method on Pam- 

amino acid resin (0.15 meq) (Merrifield et al.. 1982). as descrihed 
previously (Shai et al.. 1 0 9 0 ) .  Douhle coupling was conducted 
with freshly prepared HORT active esters of R O C  amino acids. 
The synthetic polypeptides were purified to a chromatographic 
homogeneity of >OX? hy  RP-HP1-C on an analytical Clx Vytlac 
column 4.6 mm X 250 mm (300-14 pore size).  The column was 
eluted in 40 min using linear gradients of acetonitrik in water in 
the presence of O.lch trifluoroacetic acid (TFA) (v/v). The flow 
rate was 0.6 mllmin and the gradients were: IO-8O%r for post"? 
and MO. and 5 4 %  for pre-MO. The peptides were subjected to 
amino acid analysis to confirm their composition. 

The N terminus of the resin-bund polypeptide was laheled in 
its fully protected form as follows: resin-hound peptide (3040 mg, 
i.e., 1 0 - 3  pmol) was treated with  TFA (5O"r v/v in methylene 
chloride) to remove the ROC-protecting group from the N-terminal 
amino  group of the attached peptide (Rapapon R: Shai, 1 9 9 1  1. The 
resin-hound peptides were then reacted with either ( I  ) 5-7 equiv- 
alents of Rho-Su in DMF containing 3% v/v triethylamine or ( 2 )  
5-7 equivalents of NRD-F in DMF. These reactions led to the 
formation of resin-hound N'-Rho  or N ' - N R D  peptides, respec- 
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tively. After 24 h,  the resins were washed thoroughly with DMF 
and then with methylene chloride. After the formyl-protecting group 
was removed from the tryptophan residues, the peptides were cleaved 
from the resin with HF. The cleaved peptides were precipitated 
with ether and purified by RP-HPLC as described above. Labeling 
of post-M2 at its C terminus was performed as described previously 
(Rapaport & Shai, 1991). Briefly, resin-bound post":! (15 mg 
resin) was treated with 150 p L  of ethylene diamine in DMF (1:l 
(v/v)) for 48  h, resulting in transamidation of the C-terminal car- 
boxylate group of the glycine residue located at the C terminus of 
the peptide. By this procedure, a post-M2 analogue was obtained 
in which all the protecting groups remained attached, but whose 
C-terminal residue was modified by an amino groups. This pro- 
tected peptide was extracted from the resin by washing with DMF, 
and then precipitated with dry ether. The protected peptide was 
then reacted with NBD-F (2 equivalents) in DMF for 5  h, and 
finally subjected to HF cleavage and purified by RP-HPLC as 
described above. Peptide concentrations were determined by amino 
acid analysis and fluorescence emission. 

Preparation of SUV 

SUV were prepared from PC by sonication. SUV were used in 
the NBD shift experiments, tryptophan quenching, binding exper- 
iments, and CD spectroscopy to decrease light scattering effects. 
Briefly, dry lipid and cholesterol were dissolved in CHC13:MeOH 
(2: 1 v/v) to yield mixtures that contained 10% w/w  of cholesterol. 
Cholesterol was included to reduce the curvature of the S U V  (Lelkes, 
1984). The solvents were evaporated under a stream of nitrogen 
and the lipids (at a concentration of 7.2 mg/mL) were resuspended 
in buffer (50 mM Na2S04, 25 mM HEPES-S04-2, pH 6.8) by 
vortex mixing. The resulting lipid dispersion was sonicated (10- 
30 min) in a bath-type sonicator (G1125SP1 Sonicator, Laboratory 
Supplies Company Inc., New York) until the turbidity had cleared. 
The lipid concentration of the solution was determined by phos- 
phorus analysis (Bartlett, 1959). Vesicles were visualized after 
negative staining with uranyl acetate, using a  JEOL JEM IOOB 
electron microscope (Japan Electron Optics Laboratory Co., To- 
kyo, Japan). Vesicles were shown to be unilamellar, with an aver- 
age diameter of 2 W O  nm (Papahadjopoulos & Miller, 1967; 
Rapaport & Shai, 1992). Brominated liposomes, prepared by mix- 
ing together PC  and BrPC and cholesterol, were dissolved in 
CHC13:MeOH (2:1, v/v) to yield mixtures that contained 65% PC, 
25% BrPC, and 10% cholesterol (w/w). 

Preparation of LUV 

LUV were used in the resonance energy transfer experiments in 
order to increase the distance between donor and acceptor mol- 
ecules on two opposite sites of a vesicle, and were prepared from 
phospholipids by extrusion (Hope  et al., 1985). Dry lipids were 
hydrated in buffer and dispersed by vortexing to produce multi- 
lamellar vesicles. The lipid suspension was frozen-thawed ten times 
and then extruded through polycarbonate membranes three times, 
with 0.4-pm pores, and then eight times with 0.1-pm pores (Poret- 
ics Corp., Livermore, California). The  size distribution of the ves- 
icles 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% TFE  and 

1% SDS in PBS buffer using a Jasco J-500A spectropolarimeter 
that had been calibrated with (+)-10-camphorsulfonic acid. 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 from 
250 to 200-190  nm. Four scans were performed at  a scan rate of 
20 nm/min, with a sampling interval of 0.2 nm and a peptide 
concentration of  15-20 pM. 

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

where is the experimentally observed mean residue ellipticity 
at 222 nm, and values for and [@]:E, corresponding to 0% 
and 100% helix content at 222 nm, were estimated to be 2,000 and 
30,000 deg.cm2/dmol, respectively (Chen et al., 1974; Wu et al., 
1981). 

NBD fluorescence measurements 
NBD-labeled peptides (0.04 nmol) were added to 0.4 mL of 

buffer (50 mM Na2S04, 25  mM HEPES-S04-2, pH 6.8) contain- 
ing 20 p L  (155 nmol) of  PC-SUV, thus establishing a lipid/peptide 
ratio of 3,875:l. Because the fluorescence of the NBD moiety 
reached its maximum intensity at this lipid/peptide molar ratio, it 
is assumed that all the peptide was bound to the vesicles. After a 
2-min incubation, an emission spectrum of the NBD group was 
recorded using a Perkin-Elmer LS-SOB spectrofluorometer, with 
the excitation set at 470 nm (5-nm slit), in three separate experi- 
ments. 

Tryptophan quenching experiments 
The environmentally sensitive tryptophan has been used previ- 

ously in combination with brominated phospholipids for the eval- 
uation of peptide localization in the membrane (Bolen & Holloway, 
1990; De Kroon et al., 1990; Gonzalez-Manas et al., 1992). BrPC 
employed as quenchers of tryptophan fluorescence are suitable for 
probing the membrane insertion of peptides because they act over 
a very short distance and do not drastically perturb the membrane. 
MO (0.5 nmol), which contains two tryptophan residues, was added 
to 2 mL of buffer (50 mM Na2S04, 25 mM HEPES-S04-2, pH 
6.8) containing 40 p L  (310 nmol) of  PC-SUV, thus establishing a 
lipidpeptide ratio of 620: 1. After a 2-min incubation, an emission 
spectrum of the tryptophan was recorded using a Perkin-Elmer 
LS-SOB 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. 

Enzymatic digestion of membrane-bound peptides 
NBD-MO or NBD-post-M2 (0.1pM each) were added to PC 

SUV (387 pM) in buffer (50 mM Na2S04, 25  mM HEPES-S04'-, 
pH 6.8), followed by the addition of a 10-pL of proteinase K 
solution (0.25 mg/mL).  Fluorescence intensities as  a function 
of time were obtained before and after the addition of the en- 
zyme. In these experiments, the peptidellipid molar ratio was kept 
high (3,870:l) to ensure that most of the peptide is bound to the 
membrane. In control experiments, NBD-MO and NBD-post-M2 
(0.1 pM) were mixed with the enzyme prior to the addition of the 
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PC SUV to the solution. Fluorescence spectra were obtained at 
room temperature in a Perkin Elmer LS-SOB spectrofluorometer, 
with the excitation set at  470 nm, using 5-nm slit, and with the 
emission set at 530 nm, using a IO-nm slit. Measurements were 
performed in a 0.4-cm path-length glass cuvette in a  final reaction 
volume of 0.4 mL. 

Binding experiments 
Binding experiments were performed by using the environmen- 

tally sensitive NBD fluorophore as a probe for binding to the 
membrane, as was done previously (Frey & Tamm, 1990; Rapa- 
port & Shai, 1991). Briefly, PC  SUV were added successively to 
0.1 pM of NBD-labeled MO or post-M2 at 24 "C. Fluorescence 
intensities were measured as a function of the lipidpeptide molar 
ratio on  a Perkin-Elmer LS-SOB spectrofluorometer, with the ex- 
citation set at  470 nm, using a 5-nm slit, and the emission set at 
530 nm, using a IO-nm slit, in five separate experiments. To de- 
termine the extent of the lipids' contribution to any given signal, 
the readings taken when unlabeled peptides were titrated with lipid 
vesicles were subtracted as background from the recorded fluores- 
cence intensities. The binding isotherms were analyzed as partition 
equilibria (Schwarz et al., 1986; Rizzo et al., 1987; Beschiaschvili 
& Seelig, 1990; Rapaport & Shai, 1991), using the following for- 
mula: 

Xi = KiC' 

where X,* is defined as the molar ratio of bound peptide per 60% 
of the total lipid, assuming that the peptides were initially parti- 
tioned only over the outer leaflet of the SUV, as suggested pre- 
viously (Beschiaschvili & Seelig, 1990); K i  corresponds to the 
partition coefficient; and C, represents the equilibrium concentra- 
tion of free peptide in the solution. To calculate x,, F, (the fluo- 
rescence signal obtained when all the peptide is bound to lipid) 
was extrapolated from a  double reciprocal plot of F (total peptide 
fluorescence) versus CL (total concentration of lipids) (Schwarz 
et al., 1986). From the fluorescence intensities of unbound peptide, 
Fo, and bound peptide, F, the fraction of membrane-bound peptide, 
fb, could be calculated using the formula: 

From the calculated value of fb, it is then possible to calculate 
C', as well as the extent of peptide binding, X,*. The curves that 
result from plotting X,* 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 so- 

lutions of PC LUV (1O:l  lipid/cholesterol weight ratio and 63 
nmoles of phospholipids in 40 pL of buffer) in separate Eppendorf 
tubes were added DMSO solutions containing 0.016 nmol  of each 
of the NBD-labeled peptides, MO and post-M2 (donor), (1) alone 
or (2) followed by the addition of 0.016 and 0.048 nmol of 
rhodamine-labeled MO and post-M2 (acceptor). The experiments 
were repeated three to five times at each concentration, with the 
standard deviation being -3%. Prior to the addition of the acceptor 
molecules, the vesicle solutions containing donor molecules were 
vortexed thoroughly. After addition of acceptor molecules, the mix- 
tures were diluted to 0.4  mL with 50 mM Na2S04, 25 mM HEPES- 
S04-2,  pH 6.8. Fluorescence  spectra  were  obtained  at room 

temperature with either a SLM-8000 spectrofluorometer or a Perkin- 
Elmer LS-SOB spectrofluorometer, with the excitation monochro- 
mator set at 460 nm and a 5-nm slit width. Measurements 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 in order to minimize the 
excitation of tetramethylrhodamine (Harris et al., 1991). 

The efficiency of energy transfer ( E )  was determined by calcu- 
lating 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 
( Ida )  and in the absence ( Id)  of the acceptor at the emission wave- 
length 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 - Id,/&) x 100. 

The correction for light scattering was made by subtracting the 
signal obtained when unlabeled peptides were incorporated into 
vesicles containing the donor molecules. A correction for the con- 
tribution of the acceptor's emission was made by subtracting the 
signal produced by the acceptor-labeled analogue alone. 
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