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ABSTRACT:. A human opioid neuropeptide, Met-enkephalin (M-Enk: T@ly2-Gly3-Phe-Met®), having

no net charge binds to anionic phosphatidylserine (PS) in high preference to zwitterionic phosphatidylcholine
(PC). The binding mechanism in the PS and PC bilayers was studied on the basis of the inter- and
intramolecular interaction data obtained by natural-abund&aauclear magnetic resonance (NMR) of

the peptide. Prominent upfield changes of ti€ resonance were observed in the C-terminal residue
upon binding to PS, whereas no such marked change was observed upon binding to PC. The upfield
chemical shift changes with their characteristic carbon site dependence are ascribed to the electrostatic
binding between the peptide C-terminal £Cand the PS headgroup NH Despite the net negative
charge of the PS bilayer surface, M-Enk thus anchors the negatively charged C-terminus. In the N-terminal
residue, on the other hand, marked downfield chemical shift changes are observed upon binding to both
the PS and PC bilayers, the magnitude of the changes being much larger in the PS system. The downfield
changes with their characteristic carbon site dependence are ascribed to the electrostatic binding between
the peptide N-terminal N§t and the lipid headgroup negative charge(s) {C@ PQ,~ in PS, PQ in

PC). Perturbation on the signal half-widths due to membrane binding also indicates the preferential and
deeper binding of M-Enk on the PS membrane surface than on the PC membrane surface. Local charge
cancellation takes place efficiently between M-Enk termini and the PS headgroups and compensates for
the strong electrostatic hydration of the ionic groups. Distribution of the charged (positive and negative)
and uncharged sites in the headgroups along the bilayer normal is responsible for the marked difference
between PS and PC headgroups in controlling the binding state of the zwitterionic M-Enk.

Many of physiologically vital peptides bind from bulk lipid interactions, the mechanism of a notable binding
water to phospholipid membrane surface, in order to function phenomenon is discussed: membrane binding of M-Enk with
through harmonious and opposing contributions of various no net charge is largely enhanced by increasing content of
types of interactions, such as electrostatic and hydrophobic,the anionic PS in zwitterionic PC membran&sg&). While
at atomic resolutionl 2). With respect to neuropeptides, the conformation of enkephalin in various types of phos-
knowledge on such detailed peptielgpid interactions 8) pholipid membranes is being elucidated as the peptide
is essential to establish fundamental biochemistry on delicateinternal structure§—13), how the location and orientation
physiological roles of phospholipids in regulating equilibrium of the peptide are controlled on the membrane surface

and kinetics of the neuropeptigeeceptor binding4, 5). In remains unsolved.
this work, the b|nd|nzg state of a human opioid peptide, Met-  microscopic probing of the peptiddipid binding interac-
enkephalin, Ty#-Gly>Gly*-Phée-Met® (M-Enk) (6), in two tions on the membrane surface is important in revealing the

different model membranes composed of phosphatidylcholine mechanism of binding, which is expected to depend on the
(PCY or phosphatidylserine (PS) is investigated by means jisid headgroup specie§C NMR spectroscopy can provide
of natural-abundancéC nuclear magnetic resonance (NMR) - yajyable information on the binding interactions such as
spectroscopy. According to tHéC NMR data on peptide through the chemical shift®)) and broadeningTp) of the
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C-terminal Asp is the headgroup N(Ci" in the most LUV, SUV, and micelles is made on the binding interactions

superficial region of the PC membrane, nevertheless, at thewith M-Enk.

substantial expense of the strong electrostatic hydration of

the CQ~ groups. Thé*C NMR method is suitable to clarify =~ EXPERIMENTAL PROCEDURES

differences between the anionic PS and the zwitter- , _ _ b 13

ionic PC membranes in the site-specific binding interactions _Materials.Met-enkephalin (M-Enk: TyrGly=Gly*-Phe-

with M-Enk. Met®) was obtained from the Peptide Institute (Minoh, Japan).
Does the N-terminal Nkt of M-Enk bind to the negatively ~ 99 Yolk phosphatidylcholine (egg yolk PC) and 1-palmitoyl-

charged site C® or PO~ in the anionic PS headgroup, as 2 °leoylsnglycero-3-phospha-serine (POPS) used to pre-

can be intuitively expected from the effect of the net minus Pare vesicles were from NOF (Tokyo, Japan) and Avanti

charge of PS at neutral pH7,(8, 14-17)? Does the (Ala}baster, AL)_, respectively. Egg yolk PC was u_seq for PC

N-terminal NH;* bind to the negatively charged site PO as in the 'preV|ous'study on the membrane binding of a

on the other hand, in the zwitterionic PC with no net charge? N€Uropeptide achatin-BJ. The PC and PS membranes are

Regarding the electrostatic binding of the C-terminabGO in the I|qU|d-cr¥staII|ne state_ z_it the investigated temperature

it is of particular interest to elucidate whether the binding of 30.0 i 0.'1 G the_ transition 'Femperatureobetween ELS

with the NH;* in the PS headgroup takes place or not; recall 9€! and liquid-crystalline phases is a5 to—7 °C for egg

the result from the molecular dynamics simulation on the yolk PC 29) and at 14°C for POPS §0). 1-Palmitoylsr

PS (dipalmitoylphosphatidylserine) membrane which showed 9Y¢ero-3-phosphocholine (lysoPC) and 1-palmitsgglyc-
that the NH* possessing a charge sign opposite to the net €ro-3-phospha-serine (lysoPS) used for the preparation of

charge of the headgroup is buried under the negatively Micelles were from Sigma (St. Louis, MO). The anionic
charged groups CO and PQ~ (18). POPS and lysoPS were monosodium salts, and the zwitter-

When we analyze the binding interactions according to ionic egg yolk PC, lysoPC, and M-Enk were in the free form,

13C NMR data, it should be noted that the perturbation on to _a\_/_oid _deionizati(_)n Of_ the peptide and lipids du_e to the
the 3C signals of the peptide upon membrane binding reflects _aC|d|f|cat|0n or basification of the samples when dissolved
in general both the intermolecular (interactions with lipid In water. Solvent heayy water ¢D: 99.90% D) was from

and water molecules) and intramolecular (conformational) EUriso-top (Saint Aubin, France).

effects. However, we can look into the inter- and intramo- ~ The mixture of M-Enk and the PC membrane (PIQJV,
lecular effects by varying the extent of the intermolecular —SUV, or—micelles) in DO was prepared at concentrations
effects on the’*C resonance by, for example, varying the ©0f 2 and 20 mM for the peptide and lipid, respectively. The
surface curvature of the membrane system. This analyticalmixture of M-Enk and the PS membrane (ASJV, —SUV,
scheme is accessible according to the previous findings onor —micelles) in DO was at 5 and 50 mM for the peptide
the enkephalin conformation on the membrane surface; and lipid, respectively. Stronger binding of M-Enk to PS than
enkephalin folds the short backbone irrespective of the type to PC results in much broadéiC NMR signals of M-Enk

of PC and PS membranes [micelles, bicelles, small uni- on the PS system. Thus the concentrations are increased for

lamellar vesicles (SUV), or large unilamellar vesicles (LUV)] the PS system at the fixed lipid/peptide molar ratio to
in a common way of Separating the hydroph|||c and determine the chemical shift values with a low noise level.
hydrophobic moieties in the pept|de StrUCtLﬁe'ﬂ.Z), while Here a difference in the blndlng equilibrium due to the
it takes a random coil conformation in bulk watdiO( 19, concentration modification within the same order of mag-
20). In this work, the binding state of the folded M-Enk on nitude was approximately neglected, and differences in the
the membrane surface is discussed on the basis of thebinding state between the PC and the PS membranes are
binding-interaction data extracted in thH€ NMR. discussed. At the concentrations examined, the effect of
Large unilamellar vesicles, LUV, are one of the widely intermolecular peptidepeptide interactions on the binding
adopted models for biological membranes to conduct phys- State is negligible due to the large molar ratio of the lipid to
icochemical studies, especially because of the absence ofhe bound peptide on the order of’t@0°. The LUV were
surface-curvature effect8,(21, 22). In studying the binding ~ Prepared by the extrusion method, and the SUV were
mechanism of a pept|de on the membrane Surface, it is prepared by the sonication method as described elsewhere
considered to be important to use such a membrane systent3: 31). The diameters of the vesicles and micelles prepared
with a negligible curvature, as the peptidlid interactions ~ were~100 nm for the LUV ~50 nm for the SUV, and-5
near the watermembrane interface are likely to be sensitive M for the micelles. The mixture of the peptide and
both to the degree of lipid packing and to the accompanying membrane (LUV, SUV, or micelles) was made by dissolving
change in the degree of hydration. Indeed, it is known that the solid peptide in the membrane dispersion. As a reference
the curvature effect is substantial on the dynamics of smaller State in examining the binding from bulk water, M-Enk in
lipid assemblies such as the SUV (diameter&0 nm) and D,O was prepared at the concentration of 2 mM.
micelles (diameter of-5 nm). In general, the large structural 13C NMR Measurementslatural-abundanc€C NMR was
fluctuations and extensive hydration to the acyl chains due measured for (1) the mixture of M-Enk and the membrane
to the curved surface have been utilized in probing signals and (2) M-Enk in aqueous solution on a JEOL (Tokyo,
of transmembrane peptides and proteins in solution-stateJapan) 600 MHz spectrometer (JNM-ECA600 model with a
NMR (1, 23). As for superficially binding peptides, in  superconducting magnet of 14.10 T) operating at i@
contrast, a more careful account of the hydration effect is frequency of 151 MHz. The spectrometer was equipped with
necessary, as the binding is always accompanied by releasa probe for the sample tube of 10 mm o.d. The data points
of water molecules from hydrated peptid® 24, 25) and of 32768 were sampled over the spectral range of 250 ppm
lipids (26—28). Here, a systematic comparison among the for the digital resolution of 0.0076 ppm (1.2 Hz). 25600
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Ficure 1: Natural-abundancEC NMR spectra of (a) M-Enk (2 mM) and PC (20 mM)UV and (b) M-Enk (5 mM) and PS (50 mM)

LUV recorded on a JNM-ECA 600 MHz spectrometer (JEOL) operating'&E drequency of 151 MHz. Signals with an asterisk are from
M-Enk assigned as shown. 8560230000 scane of free induction decay (FID) signals were acquired for the PC and PS systems, respectively,
with a probe for a 10 mm o.d. sample tube. 230000 scans for the PS system, correspordihday accumulation, were carried out to

gain signal-to-noise ratios large enough to determine chemical shifts of the broad peptide signals within the uncertainty of the digital

frequency resolution. FID signals were processed with the exponential apodization function at the broadening factor of 5.0 Hz.

230000 scans of free induction decay (FID) signals were 23000@ at 30°C for 2 h for the PC-LUV and 32000@ at

acquired. The maximum number of scans (230000) corre-

sponding ¢ a 7 day accumulation was for the mixture of
M-Enk and the PSLUV. The strong binding of M-Enk to
the surface of the PSLUV with no significant curvature

30 °C for 4 h for the PSLUV.

RESULTS AND DISCUSSION

Distinctions between the zwitterionic PC and the anionic

requires the long accumulation to determine the peptide PS membranes in microscopic sitgite binding interactions

chemical shifts at high signal-to-noise ratios. The PS vesicles

were confirmed by'H NMR analysis to be stable for the
duration of the measurement. TR&E chemical shifts )

relative to the DSS (sodium 2,2-dimethyl-2-silapentane-5-

with the zwitterionic M-Enk are investigated by means of
the natural-abundanééC NMR spectroscopy. Well-resolved

NMR from all of the carbon sites in the peptide structure
makes it possible to gain a schematic insight into the

sulfonate) methyl carbons were obtained by referring to the membrane-binding phenomenon.

absorption frequency of the solvent deuteron monitored as

the lock signal. The assignment8€ signals of M-Enk was
made according to the previous repdg);
Ultracentrifugation ExperimentsThe fraction of bound

M-Enk to the LUV was estimated by the ultracentrifugation
experiment as described elsewhe8e The method enables

PS Binding in High Preference to PC Bindinthe spectra
observed for the mixtures of M-Enk (a) with the PCUV
and (b) with the PSLUV are shown in Figure 1. M-Enk
gives the °C signals (marked by an asterisk with the
assignment) as an average for membrane-bound and free
states due to rapid exchange in the NMR time scale. The

us to separate the membrane-bound peptides in the topmembrane-binding effects on the half-widths and on the

fraction as pellets from the free peptides dissolving in the
bottom fraction of RO. The experiment was carried out on
a Beckman (Fullerton, CA) TL-100 instrument equipped with
a rotor TLA-100.2 model. Centrifuging conditions were

chemical shifts of the peptide signals are more drastic in the
PS system than in the PC system. The measured changes in
the half-widths and chemical shifts upon membrane binding
are carbon site dependent. Details are discussed below.
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Table 1. Observed*C Chemical Shifts) (ppm) of Met-Enkephalin in Bulk Water, in the Mixture with PCUV, and in the Mixture with
PS-LUV?2

PC PS
amino acid in bulk in mixture with Ad induced by in mixture with Ad induced by
residue carbon site  water (obsd) PC—-LUV (obsd) membrane binding PS-LUV (obsd) membrane binding
Tyrt a-C 57.35 57.37 +0.02 57.56 +0.21
o-CO 172.96 173.14 +0.18 —b -
p-C 38.77 38.85 +0.08 —b -
ring-C(1) 128.32 128.36 +0.04 129.07 +0.75
ring-C(2,6) 133.54 133.52 —0.02 13351 —-0.03
ring-C(3,5) 118.59 118.58 —0.01 118.54 —0.05
ring-C(4) 157.89 157.90 +0.01 158.03 +0.14
Gly? o-C 45.20 45.20 0.00 45.23 +0.03
o-CO 173.83 173.82 —0.01 173.88 +0.05
Gly® o-C 44.90 4491 +0.01 45.06 +0.16
o-CO 173.50 173.50 0.00 173.53 +0.03
Phe o-C 57.61 57.62 +0.01 57.74 +0.13
a-CO 174.81 174.78 —0.03 —be -
p-C 39.63 39.63 0.00 39.70 +0.07
ring-C(1) 139.21 139.22 +0.01 139.22 +0.01
ring-C(2,6) 131.95 131.95 0.00 132.03 +0.08
ring-C(3,5) 131.44 131.43 —0.01 131.38 —0.06
ring-C(4) 129.84 129.82 —0.02 129.69 —0.15
Met> o-C 57.15 57.13 —0.02 56.80 —0.35
o-COy 180.42 180.39 —0.03 179.93 —0.49
p-C 33.98 33.99 +0.01 33.81 -0.17
y-C 32.23 32.24 +0.01 32.37 +0.14
e-C 16.84 16.85 +0.01 16.95 +0.11

@ The chemical shift chang&d (ppm) due to the binding from bulk water to the membrane surface has been measured for all of the carbon sites.
Free induction decay (FID) signals were accumulated until it was confirmed that the signal-to-noise ratios were gained enough to analyze the
chemical shift) within the uncertainty due to digital frequency resolution on the order of mppm. Met-enkephalin (M-EnkG$#Gly3-Phé-

Met®) and the PC membrane (PCUV, —SUV, or —micelles) in O were prepared at the concentrations of 2 and 20 mM for the peptide and
lipid, respectively. M-Enk and the PS membraneR8V, —SUV, or —micelles) in O were prepared at 5 and 50 mM for the peptide and lipid,
respectively. M-Enk in BO was prepared at 2 mM.Value not determined because of a signal broaderiiW@lue not determined because of an
overlap with the lipid signal.

Signal Broadening Due to Membrane Bindingignal binding in the LUV, broadening was not significant in the
broadening in response to the transfer from bulk water to case of PC-binding in the LUV; the largest increase in the
the membrane surface provides information on molecular 3C signal half-width is only+4 Hz at the ring-C(1) in the
dynamics of the membrane-binding phenomenon; note thatN-terminal Ty residue. According to the above results, it
the NMR line broadening depends in general both on the is evident that binding of M-Enk having no net charge is
site-specific slowdown of motion at atomic sites observed stronger at the anionic PS than at the zwitterionic PC. In
and on the overall rate of exchange between the membranejprevious reports, it was shown that the binding of enkephalin
bound state and the free state in bulk water. Here, by was enhanced by increasing the content of PS in the PC
examining the carbon site dependence of the signal broadenmembrane, a result from tRéC spin-lattice relaxation time
ing, an attempt is made to look into the carbon site dependent(T;) of the a-carbon enriched in the Glyor Gly® residue
slowdown of molecular motion. Among the carbons in (7) and a result from the transferred nuclear Overhauser effect
M-Enk, signals at the:-CO andj-C sites which are within ~ (TrNOE) inH NMR monitoring the peptide conformational
or close to the backbone in the N-terminal Tyvere not change in response to the membrane bindiBy The
detected in the mixture with PS.UV. This extreme case conclusion here of the stronger binding to PS than to PC is
of line broadening indicates marked slowdown of motion at further supported by the ultracentrifugation experiment. The
the peptide N-terminus due to strong interaction with the fractions of the bound M-Enk, which is in rapid exchange
PS membrane. with the free state in bulk water as observed by the peptide

As seen in the spectrum region of120—-160 ppm in 13C NMR, was estimated to be15% on the PSLUV and

Figure 1b, substantial broadening of M-Enk signals takes less than a few percent on the PCUV.

place at the aromatic carbons in the Tgind Phéresidues Chemical Shift Change®flext let us examine the site
upon binding to PS in the LUV. As much as44 Hz was site binding interactions between M-Enk and phospholipids
observed at the ring-C(4) in Phet-35 Hz at the ring-C(1) on the membrane surface, based on the static information
in Tyrl, and +33 Hz at the ring-C(4) in Tyt Notable provided by thé=C chemical shifts. Since the conformation
broadening at the aromatic ring carbons in the* Byrd Phé of enkephalin on the membrane surface is common to the
side chains indicates anchoring of these hydrophobic ringsPC and the PS membranes, i.e., with a folded backbone to
on the surface of the PS membrane. The anchoring wassegregate the hydrophilic and hydrophobic moieties in the
confirmed in the correspondingH NMR spectrum; the  short sequence8f12), we can ascribe differences in the
ring-H signals with the fine structures merge due to broaden- *3C chemical shift changes of M-Enk between PC binding
ing and shift upfield upon binding to the PS membrane (see and PS binding to different intermolecular binding interac-
Figure S1 in Supporting Information). In contrast to the PS- tions.
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Ficure 2: Observed3C chemical shift changeAd in M-Enk upon PC binding or PS binding in the LUV (top), SUV (middle), and
micelles (bottom). Footnotesa, value not determined because of line broadeningalue not determined because of an overlap with the
lipid signal; c, signals could not be unambiguously assigned.

Table 1 lists thé3C chemical shift changea) of M-Enk the peptide C-terminak-CO,~ and the positively charged
induced by the binding to the PQ.UV or PS-LUV. group in PS, i.e., headgroup NH The observed relative
Compare theAo values illustrated as bar graphs on the top magnitude of the upfield shiftao in the C-terminusg-CO,~
panel of Figure 2. PS binding induces much a larger chemical (—0.49 ppm)> o-C (—0.35 ppm)> g-C (—0.17 ppm), is
shift change Ad) than PC binding does at most of the peptide congruent with the relative magnitude reported on the
carbon sites; note the different axis scale. The layér protonation of the C-terminal GO in the pH titration,
values indicate highly preferred PS binding to PC binding o-CO;~ (—3.0 ppm)> a-C (—2.6 ppm)> -C (—1.2 ppm)
as observed in the signal broadening. The following trends (33, 34). The smaller shiftsAé upon PS binding than the
are notable in the PS binding: (1) marked upfield shit8 ( ones upon pH titration are because of the membrane-bound
< 0) in the C-terminal Métat thea-C, 5-C, anda-CO,~ fraction of M-Enk at~15% compared to the full protonation
carbons and (2) downfield shifta$ > 0) in the N-terminal (100%) in the titration. Thus it is considered that the
Tyr! at the ring-C(1) carbon. In contrast, in the PC binding electrostatic association between the C-terminalCénd
marked shifts are only the downfield shiftAd > 0) in the the headgroup N is in contact to result in charge
N-terminal Ty#. neutralization. When those neutralized amino and carboxyl

The upfield shiftsAd in the PS binding are ascribed as groups separate thereafter with a less attractive potential, they
follows to the electrostatic association (salt bridge) between are likely to regain charges solvated by water molecules that
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Ficure 3: (a) Plots oft3C chemical shift changesd of M-Enk in residues oth
PC binding in the LUV, SUV, and micelles. (BYC chemical shift changesd of M-Enk upon PC binding in the LUV, SUV, and micelles.

Axis scales in the graphs for the SUV and micelle systems are expanded by a factor of 3.2 and 6.8, respectively, to adjust for comparison
of the Ao values in GIy-Gly3-Phé-Met® to those for the LUV system. Footnote;, value not determined because of an overlap with the

lipid signal.

are abundant in the headgroup region of the membi25)e (  Prominent downfield shiftsAé in the N-terminus are
The headgroup N§t locates below the headgroup €Gnd observed both upon PC binding and upon PS binding. The
PQ,~ on the PS membrane surfads), so that the magnitude  observation is ascribed to the electrostatic association with
of the upfield shiftsA¢ in the C-terminus may in part be the headgroup negative charge(s) (P® PC, CQ~ and/
ascribed to accompanying dehydration; dehydration causesor PQ,” in PS); release of a proton in the NHinduces
upfield changes in théH and*C chemical shifts §, 36— downfield shifts at carbons in the vicinity of the functional
40). Upon binding to the PELUV, in contrast, no prominent  group @3, 34, 41, 42). The A¢ values in the N-terminus
upfield shiftAd in the C-terminus was observed. The absence upon PC binding exhibit the relative magnitugleCO (+0.18

of such shiftsAd points out a shallow penetration of the ppm) > S-C (+0.08 ppm)> o-C (+0.02 ppm), which is
C-terminal CQ~ on the PC membrane surface without congruent with the relative magnitude reported on deproto-
significant dehydration3, 24). The electrostatic binding site  nation of the N-terminal N in pH titration,a-CO (+6.9

is most likely to be around the headgroup N@# in PC ppm) > $-C (+3.1 ppm)> a-C (+1.0 ppm) 83, 34). The
which locates at the most superficial region of the membrane. smaller changeAd observed for the PC binding by a factor
Note that the electrostatic association of the C-terminal CO of a few percent are due to the membrane-bound fraction at
with the PC headgroup N(GHit does not induce the a few percent. Upon PS binding, such quantitative informa-
characteristic upfield shifts as observed in the PS systemtion was not available because of the extreme signal
because of the aprotic nature of the positive group. Thus, broadening; however, the electrostatic association between
M-Enk anchors the C-terminus on the PS membrane surfacethe N-terminal NH" and the negative charge(s) in the anionic

while it does not on the PC membrane surface. PS headgroup is very likely to take place, if it does in the
As the zwitterionic counterpart of the C-terminal £0n zwitterionic PC as quantitatively disclosed above.
M-Enk, the binding location of the N-terminal NHon the Binding Interactions in SUV and Micellelset us scrutinize

surface of the PC and the PS membranes is examinedfinally how the site-site binding interactions revealed above
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Ficure 4. Models of M-Enk binding on the surfaces of the PC and the PS membranes according® MR data on peptidelipid
interactions. For lipids, the colors represent atomic elements as follows: light blue (H), gray (C), blue (N), red (O), and yellowish green
(P). For M-Enk, the colors are used to denote the types of chemical groups: blg® (Mtd (CQ), white (backbone), and gray (hydrophobic

side chains). A thick black line shows a track of the backbongfaurn (9). On the headgroup structures of PC and PS in membrdgs (

we can find contrastive charge alignmentsl(— —1 — 0) for PC and {2 — +1 — 0) for PS from the surface to the hydrophobic core.

The folded conformation in M-Enkoj separates the cluster of hydrophobic TT¥#hée, and Met side chains from the hydrophilic N-terminal

NHs*, C-terminal CQ~, and the two Gly residues.

by adopting the LUV membrane are sensitive or not to the interactions in a nonsystematic manner. It can thus be
membrane-surface curvature. A curvature increase may altededuced that the conserved carbon site dependens@ of
the binding interactions significantly through the enhanced in the residues GRGly3-Ph&-Met® stems from the con-
degrees of hydration and of structural fluctuations of the served intramolecular (conformational) effect on the chemical
membrane lipids. The diameter of the lipid particles is varied shifts upon binding. The absence of perturbation on the
from the LUV (~100 nm) to the micelles~5 nm). chemical shifts in those residues except by the conformational
Prominent downfield shiftdd (>0) of the3C signals in effect indicates exposure of this structural moiety?aB}y3-
the N-terminal Tyt were observed upon binding to the PC ~ Phe-Met® from the binding interface with the PC membrane.
LUV, whereas as shown in Figure 2 no such prominent shift Actually, the membrane-bound enkephalin is known to take
A6 was observed upon binding to the PSUV or —mi- a compact folded conformation independent of the membrane
celles. Binding to the PC, forming SUV or micelles, induces type, such as micelles, bicelles, and vesicles as referred to
the shiftsAd in the N-terminal Tyt only in comparable  above. If we adjust for comparison the magnitude scale for
magnitude with the shiftdo in the other residues. Such a the A¢d values in residues GiyGly3-Phe-Met® due to the
drastic difference in the binding effect on M-Enk chemical conformational effect (Figure 3b), it is confirmed that the
shift values between the LUV and the smaller lipid particles intermolecular binding interactions at the N-terminal Tyr
is obvious for the PS binding as well. Prominence of the are drastically dependent on the membrane type. The
downfield shiftsAo in the N-terminal Tyt and of the upfield conclusion of the exposure of the residues other than the
shifts in the C-terminal Métobserved upon binding to PS  N-terminal Ty® on the PC membrane surface is in agreement
in the LUV is absent for PS in the SUV or micelles. The with a UV resonance Raman study adopting the SUV, which
lost prominence of the shiftdd in the N- and C-terminal  provided information on the locations of the two aromatic
residues tells that the role of peptidipid electrostatic rings; the Tyt ring is inserted into the membrane, while the
associations becomes less notable in stabilizing the bindingPhée ring is either exposed to the aqueous phase or in the
state compared to the roles played in the other part of thepolar headgroup regionlq). Similar observations of the
peptide structure. This is probably due to the presence ofdifferent binding depth between the Tyand Phérings have
stronger hydration and larger structural fluctuations becausebeen reported recently in the case of leucine-enkephalin as

of the highly curved membrane surface. well (13). Here the'3C NMR results show that M-Enk
We note that in the PC systems the carbon site dependenceahallowly binds to the PEmembrane surface only by
of Ad in residues other than the N-terminal Tyice., Gly?- inserting the N-terminal Tyr i.e., the other residues are

Gly3-Pheé-Met, is highly conserved for the membranes with exposed to the environment abundant in water molecules.
the different surface curvature; th&d values in those

residues increase in parallel with increasing surface curvaturecoNCLUSIO'\lS
(see Figure 3a). How then can the carbon site dependence By means of natural-abundant¥ NMR spectroscopy,

of Ad be conserved upon drastic changes in the degrees ofenkephalir-phospholipid binding interactions on the surface

hydration and motional fluctuations of lipids with increasing of zwitterionic PC and anionic PS membranes are studied.
curvature? As presented above on the electrostatic interacBinding interactions could be sensitively monitored when a
tions between the peptide termini and the lipid headgroups, membrane system with negligible surface curvature like the
the curvature increase alters the intermolecular peptige LUV was adopted. The binding state of the folded M-Enk
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on the surfaces of the PC and the PS membranes can bé¢o PS large unilamellar vesicles. This material is available
modeled as in Figure 4 according to the NMR information. free of charge via the Internet at http://pubs.acs.org.

On the PS membrane surface, the charged (both positive

and negative) and uncharged groups in M-Enk and PS fit in NOTE ADDED AFTER ASAP PUBLICATION

one another to allow efficient electrostatic and hydrophobic
interactions; the peptide N-terminal NHis attracted by the
PS headgroup CO and/or PQ", the C-terminal CQ is

attracted by the headgroup Nt and the hydrophobic side
chains are anchored to the uncharged region below the ionic

This paper was published ASAP 12/01/06. There was a
production error in the last paragraph of the Results and
Discussion section. The corrected version was published
. ASAP 12/07/06.

headgroups. The charge cancellation between M-Enk andReFERENCES

lipids stabilizes the binding state by compensating for the
electrostatic hydration free energy of the ionic groups in the
free peptide §, 24, 25) and lipid headgroup26—28). The >
anchoring of hydrophobic side chains cooperatively assists

the strong binding. Such a hydrophobic effect is subordinate 3.

in the present case of enkephalin binding according to the
location of the hydrophobic side chains around the polar
groups just below the strongly associating peptide terminal
and lipid headgroup ions.

On the PC membrane surface, the effective peptiihed
binding interactions are obviously less than those on the PS
membrane surface. The N-terminal BtHs attracted by the
headgroup P, and the hydrophobic T¥in the N-terminus

is inserted to the uncharged region. The other residues Gly ~ 6-

Gly3-Phé-Met® are exposed from the binding interface with
the membrane. If we force the hydrophobic side chains to

be anchored as in the PS membrane with the N-terminal 7.

NHs" bound at the negatively charged PCand the Tyt
residue bound in the uncharged region, it is obvious that the
binding state becomes less stabilized; the destabilizing effect g
arises from the burial of the strongly hydrated C-terminal
CO, into the uncharged region even under the repulsive
negative layer due to the RO

As a result of the effective peptiedipid binding interac- 9
tions due to the harmonious distributions of charged and
uncharged groups along the bilayer normal, M-Enk binds
deeper and stronger on the PS membrane surface than on
the PC membrane surface. The importance of such electro-

static site-site binding interactions is emphasized as a 11.

controlling factor of the binding location and orientation of
M-Enk; note the smaller lateral area per lipid molecule in
the PS than in the PC membrane3)( In diverse lipid
environments in nerve cells, a similar role played by the local
charge distributions on the membrane surface along the
bilayer normal is proposed to be significant in regulating
the binding of neuropeptides, besides roles of the charge
distributions in the surface plane particularly where micro-
domains like rafts44) are present.
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