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Structure and Dynamics of Melittin in Lysomyristoyl Phosphatidylcholine
Micelles Determined by Nuclear Magnetic Resonance
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ABSTRACT Mixed micelles of the 26-residue, lytic peptide melittin (MLT) and 1-myristoyl-2-hydroxyl-sn-glycero-3-phos-
phocholine (MMPC) in aqueous solution at 250C were investigated by 130C- and 31P-NMR spectroscopy. 13Ca chemical shifts
of isotopically labeled synthetic MLT revealed that MLT in the micelle is predominantly a-helical and that the peptide
secondary structure is stable from pH 4 to pH 11. Although the helical transformation of MLT as determined from NMR is
evident at lipid:peptide molar ratios as low as 1:2, tryptophan fluorescence measurements demonstrate that well-defined
micellar complexes do not predominate until lipid:peptide ratios exceed 30:1. 31p linewidth measurements indicate that the
interaction between phosphate ions in solution and cationic groups on MLT is pH dependent, and that the phosphoryl group
of MMPC senses a constant charge, most likely +2, on MLT from pH 4 to pH 10. 13C-NMR relaxation data, analyzed using
the model-free formalism, show that the peptide backbone of MLT is partially, but not completely, immobilized in the mixed
micelles. Specifically, order parameters (S2) of Ca-H vectors averaged -0.7 and were somewhat larger for residues in the
N-terminal half of the molecule. The amino terminal glycine had essentially the same range of motion as the backbone
carbons. Likewise, order parameters for the trp side chain were similar to those found for the peptide Ca moieties, as was
verified by trp fluorescence anisotropy decay data. In contrast, the motion of the lysine side chains was less restricted, the
average S2 values for the CE-H vectors being 0.19, 0.30, and 0.44 for lys-7, 21, and 23, respectively, for MLT in the
mixed micelles. Values of the effective correlation time of the local motion Te were in the motional narrowing limit and usually
longer for side-chain atoms than for those in the backbone. The dynamics were independent of pH from pH 4 to pH 9, but
at pH 1 1 the correlation time for the rotational motion of the mixed micelles as a whole increased from 10 ns to 16 ns, and
S2 for the lys side chains increased. Overall it appears that the MLT helix lies near the surface of the micelle at low to neutral
pH, but at higher pH its orientation changes, accompanied by deeper penetration of the lys side chains into the micelle
interior. It is apparent, however, that the MLT-lipid interaction is not dependent on deprotonation of any of the titratable
cationic groups in the peptide in the pH 4-10 range, and that there is substantial backbone and side-chain mobility in
micelle-bound MLT.

INTRODUCTION

Despite extensive investigation, details of the location, ori-
entation, and precise mechanisms of interaction of lipid-
binding peptides with lipids remain unclear. A wide variety
of surface interacting and surface active peptides and signal
peptides have been investigated. One structural motif has
predominated, namely, the amphiphilic helix, with the view
that the side chains comprising the hydrophobic surface can
penetrate sufficiently into the fatty acyl chain region of the
lipid bilayer to stabilize the peptide-lipid complex through
van der Waal's interactions with the acyl chains. Such a
model carries with it clear implications regarding likely
constraints on side chain dynamics, an issue of no little
interest, particularly for membrane proteins whose function
is modulated by membrane flexibility. Yet, interestingly,
not much has been reported on the dynamics of peptides or
proteins in lipid-protein complexes, one obvious problem
being the overall size of the complex, which often limits the
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usefulness of techniques such as NMR because of the long
rotational correlation times of the complexes.

Peptide-lipid mixed micelles offer an admittedly imper-
fect, but still extremely useful, model system for study,
provided that the micelle is not too large and that one can
reasonably assume some commonality in mechanism of
interaction between the peptide and the micelle- or bilayer-
forming lipids. We have chosen to study the dynamics of the
surface active peptide melittin because, given the similarity
in conformation of micellar and phospholipid-bound melit-
tin (MLT), we believe that mixed micelles of MLT do
provide a good initial model for studying peptide dynamics
in peptide lipid complexes and provide at least a first
approximation of how the lipid may influence peptide dy-
namics.
MLT, the sequence of which is given in Fig. 1, is the

major component of bee venom. It has been extensively
studied, beginning with the work of Habermann and col-
leagues (Habermann and Jentsch, 1967; Habermann, 1972)
and Kreil and co-workers (Mackler and Kreil, 1977; Kreil et
al., 1980). In water, MLT undergoes a monomer-tetramer
aggregation (Faucon et al., 1979; Knoppel et al., 1979;
Talbot et al., 1979; Lauterwein et al., 1980; Brown et al.,
1980; Bello et al., 1982; Quay and Condie, 1983; Schwartz
and Beschiaschvili, 1988) at high pH, at high peptide con-

2223



Volume 70 May 1996

FIGURE 1 The melittin sequence and 13C labels used
in the various synthetic peptides. The residues with 13C
enrichment on either the a-carbon or side chain are
denoted by * in the sequence. The labeled positions in
the actual peptides synthesized, (i)-(v), are also shown.

(i) 13Ca-Gl
(ii) 13Ca-G3
(iii) 13Ca-G3
(iv)

(v)

13Ca-A4
13Ca-L13
13Ca-L9

13Ca-G12
13Ca-A15
13Ca-A15

13Ca-L16

13C£3-W19

13C81-Wl9 13Ce-K23
13CE-K21
13CE-K7
13C£_K213Ca-L6

centrations, and at high ionic strength (Wilcox and Eisen-
berg, 1992). However, at low to neutral pH and at concen-
trations ' 1 mM the peptide in aqueous solution is largely
a random-coil monomer. The structure of tetrameric MLT in
two crystal forms grown from aqueous solution with am-
monium sulfate and sodium formate (Anderson et al., 1980)
was determined to 2 A resolution from x-ray diffraction
analysis (Terwilliger and Eisenberg, 1982a,b). The structure
was predominantly a-helical with a bend near G12. In
methanolic solution, MLT was shown to be monomeric but
helical by NMR (Bazzo et al., 1988), similar to the helix
found in crystals (Terwilliger and Eisenberg, 1982a,b).
However, in methanol a difference does exist in a hinge
region between residues 11 and 12, which leads to a differ-
ent angle (- 160° in methanol versus -130' in the crystal)
between the two helical segments comprising residues 2-11
and 13-26, respectively. The structure of MLT bound to
perdeuterated dodecylphosphocholine (DPC) micelles was
also determined by 2D-NMR and distance geometry meth-
ods (Inagaki et al., 1989; Ikura et al., 1991). MLT was found
to be an a-helical rod with a kink of 135 ± 150 at residues
11 and 12, with the a-helical axes approximately parallel to
the lipid-water interface.
Even with the substantial effort directed at the nature of

MLT-membrane interactions (for reviews, see Bermheimer
and Rudy, 1986; Dempsey, 1990), how MLT causes mem-
brane lysis is still unclear, and there is no general agreement
on the nature of MLT-membrane interactions. As pointed
out by Dempsey (1990), there are two main reasons for this
continuing uncertainty. First, many of the biophysical tech-
niques used to study protein structures and interactions are
difficult to apply to membrane systems. Either MLT itself or
the membrane system has to be modified so that the tech-
nique may be applied. Second, because most of its charges
are concentrated at the C-terminus, MLT interacts with
different membranes in different ways. Although it is gen-
erally accepted that MLT is helical in lipid systems (Daw-
son et al., 1978; Drake and Hider, 1979; Terwilliger et al.,
1982; Vogel and Jiihnig, 1986; Vogel, 1987; Weaver et al.,
1992; Dempsey and Butler, 1992), its orientation remains
controversial (Brauner et al., 1987; Dempsey, 1990; John
and Jiihnig, 1991; Frey and Tamm, 1991).
The dynamics of lipid-bound MLT have not been thor-

oughly investigated. Most of the studies to date have fo-
cused on analysis of trp side-chain mobility, determined
from fluorescence anisotropy decay measurements and flu-

orescence lifetime distributions (Bismuto et al., 1993; Chat-
topadhyay and Rukmini, 1993; John and Jahnig, 1988;
Vogel and Rigler, 1987; Georghiou et al., 1982). Such data
have been interpreted mostly in terms of local motion of the
indole ring, but inferences have been drawn regarding the
overall rotational motion of the entire peptide, the most
common being that lipid-bound MLT is restricted in its
mobility. However, it is at best difficult and may be alto-
gether impossible to extract information relevant to peptide
chain dynamics from the fluorescence anisotropy decay of a
single amino acid side chain. Instead, Weaver et al. (1992)
carried out a 13C-NMR dynamics study on both the trp side
chain (CS1 position) and backbone Ca of G12 of lipid
micelle-bound MLT, making use of the Lipari and Szabo
(1982) "model-free" approach for interpretation of the data.
The motional parameters, Tm' the overall rotational correla-
tion time, and S2 and Te (respectively, the order parameter
and the effective correlation time of local motion) were
obtained for both sites on the peptide. The mobility of the
trp side chain was similar in the micelle and the tetramer,
and was more restricted than in the monomer. Although
there were insufficient data for Ca of G12 to derive mo-
tional parameters, there were indications that its motion was
more limited in the micelle. Clearly even these last men-
tioned studies were still very limited.

In this paper we report the results of 13C- and 31P-NMR
spectral observations of the interactions of MLT with
1-myristoyl-2-hydroxyl-sn-glycero-3-phosphocholine (MMPC)
micelles, and we describe 13C-NMR relaxation studies of
both peptide backbone and side-chain dynamics at selected
sites of MMPC micelle-bound MLT and of MMPC itself.
We chose MMPC because of its basic similarity to the
diacylphosphatidylcholines in terms of the zwitterionic
headgroup and (albeit single) fatty acyl group (Bangham
and Dawson, 1959). Additionally, its critical micelle con-
centration (CMC) is very low (0.07 mM; Stafford et al.,
1989), and the micelles are apparently soluble to a concen-
tration of several millimoles per liter. We also assumed that
the structure of the MMPC-MLT mixed micelle does not
change over a wide pH range. For the measurements, we
labeled synthetic MLT with 13C at a-carbon positions and at
side-chain positions of several amino acids along the se-
quence, as shown in Fig. 1. This was done to enhance the
NMR signal intensity, to facilitate resonance assignments,
and, most importantly, to use these labels as probes for the
structure, orientation, and dynamics of micelle-bound MLT.
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Melittin Dynamics in MMPC Mixed Micelles

Control experiments were performed to obtain the 13C-
NMR chemical shifts of the enriched residues for MLT in
different environments. 13C-NMR relaxation parameters, T1
(the spin-lattice relaxation time), and the NOE (the steady-
state nuclear Overhauser effect) of micelle-bound MLT
were measured at pH values from 4 to 11 and analyzed with
the "model-free" approach (Lipari and Szabo, 1982). A
parallel investigation employing 31P NMR was conducted
on both MMPC micelles and MMPC-MLT mixed micelles.
The pH dependence of chemical shifts, linewidths, and
dynamics of the complexes provides insight into how pH
might influence MLT-lipid interactions. In addition, fluo-
rescence and quasi-elastic light scattering (QLS) were used
to characterize the samples and to corroborate some of the
dynamics measurements. The information gathered allowed
the following questions to be addressed: i) What are the
conformation and the orientation of the MLT molecule
when bound to an MMPC micelle? ii) How accessible to
solvent is MLT when bound to MMPC micelles? iii) Can
we define the dynamic behavior of micelle-bound MLT?

MATERIALS AND METHODS

Materials

13C-enriched amino acids were purchased from Cambridge Isotope Labo-
ratories (Woburn, MA). MLT labeled with 13C at several sites (see Fig. 1)
was prepared with an amidated C-terminus by solid-phase synthesis on
methylbenz-hydrilamine resin using tert-butyloxycarbonyl chemistries
with an Applied Biosystems (Foster City, CA) model 430 peptide synthe-
sizer or using fluorenylmethoxycarbonyl (fmoc) chemistries on 4-2'-4'-
dimethoxyphenyl-fmoc-aminomethylphenoxy resin with the Applied Bio-
systems 430 or 431 peptide synthesizer. The resultant peptides were
purified using high-pressure liquid chromatography. The synthesis was
done in the Peptide Core Facility of the Mayo Foundation (Rochester,
MN). MMPC (with 13C at natural abundance) was purchased from Avanti
Polar Lipids (Alabaster, AL) in powder form and used without further
purification. MMPC micelles were prepared by sonication of -10 ml of 1
g lipid suspension (equivalent to 214 mM) in D20 buffered with 50 mM
phosphate for 30 min at 25 ± 2°C.

NMR, fluorescence, and QLS measurements

NMR measurements were conducted at the Indiana University-Purdue
University Indianapolis (IUPUI) NMR Center. '3C-NMR signals were
detected directly at 75.4 MHz and 125.7 MHz on Varian Unity 300 and 500
FT spectrometers (Varian Associates, Palo Alto, CA). 31P-NMR signals
were detected directly at 202.3 MHz on the Unity 500 FT spectrometer.
The 10-mm broadband probes used with the Unity spectrometers were
obtained from Cryomagnet Systems (Indianapolis, IN). External dioxane
(67.37 ppm) served as a reference for the 13C spectra. Proton-decoupled
13C- and 31P-NMR spectra were obtained using broadband noise decou-
pling during signal acquisition. The standard inversion recovery pulse
sequence (Martin et al., 1980), (Or-T-1/2-Acq-td)n, was used for T1 mea-
surements of both 13C and 31P with more than 10 T values from 0.1 to 5
times the estimated Tl The delay time, td, was at least 6TI. Proton
decoupling during acquisition, and saturation of the proton magnetization
before inversion and during recovery of the '3C magnetization were ap-
plied to eliminate effects from cross-relaxation and dipolar-chemical shift
anisotropy (CSA) cross-correlation (Boyd et al., 1990). The influence of
dipolar cross-correlation in cases where the carbon in question had two or

three attached protons was minimized by deriving the T, values from
fitting the recovery data out to approximately 3T, to a three-parameter
single-exponential magnetization equation (Zhu et al., 1995a). A similar
procedure was followed for the carbons with a singly attached proton using
data out to 5T,. Steady-state '3C-'H NOE measurements were made by
collecting alternate scans of the '3C signals with and without enhancement
into different memory blocks. The NOE values were obtained from ratios
of the intensities or the areas of the enhanced and equilibrium signals.
Linewidths (full width at half-maximum intensity) of 13C- and 31P-NMR
signals were either directly measured or calculated through deconvolution
of the selected peak with a Lorentzian lineshape using Varian VNMR
software (version 4.1). All NMR measurements were made at a sample
temperature of 25.0 ± 0.5°C.

Steady-state fluorescence intensities and anisotropy measurements were
conducted with either a Perkin-Elmer MPF-66 (Norwalk, CT) or an SLM
8000 (Urbana, IL) fluorimeter with excitation at 300 nm and detection at
345 nm. Time-resolved anisotropy and fluorescence lifetime measurements
were made with a time-correlated photon counting instrument with exci-
tation at 300 nm and detection at 340 nm. Quasielastic light scattering
(QLS) measurements to determine the size of the micelles were made on a
Malvern 4700c light-scattering instrument employing an argon ion laser as
the excitation source. Included was an Autosizer 4700 controlled with
software supplied by Malvern. Data were collected at a 90° scattering angle
with a wavelength of 514.5 nm. All fluorescence and QLS measurements
were made on samples at temperatures of 20 ± 1°C.

Lipid titration experiments

For NMR, a MLT concentration of -1 mM with 50 mM phosphate buffer
in D20 was chosen to ensure that only monomeric MLT was present in
both the aqueous phase and presumably the lipid-binding phase at pH 4
(Lauterwein et al., 1980). Lipid titration of MLT was accomplished by
successive additions of aliquots of a concentrated MMPC solution (214
mM). After each addition of MMPC, the sample was briefly agitated on a
vertex mixer. The binding of MMPC lipid to each synthetic peptide (Fig.
1) was monitored by 13C NMR in the presence of 0, 0.5, 1, 1.5, 2, 4, 8, 20,
and 40 mM MMPC. The pH was kept at 4 in these experiments. Similar
control titrations were conducted in which the fluorescence emission and
steady-state anisotropy of W19 in MLT were determined versus lipid
concentration (20 AM MLT, 10mM 4-morpholinepropanesulfonic acid, 10
mm KCI at pH 7), with lipid:peptide molar ratios varying from 1:1 to
250:1. Note that in the fluorescence experiments, the MLT concentration
was -50 times less than that needed for NMR. Given the unavoidable and
certain sensitivity of the system to the concentrations of both the peptide
and the lipid, extrapolations from the fluorescence results to those from
NMR could be problematic. We show here, however, that there did not
seem to be a problem in these particular experiments.

In additional 13C- and 31P-NMR measurements, the pH of MMPC
micelle solutions and of solutions of micelle-bound MLT was adjusted
from 4 to 11 by successive additions of aliquots of 1 N NaOH solution.
Care was taken with the pH adjustments because of the sensitivity of
MMPC acyl esters to base-catalyzed hydrolysis and the possibility of acyl
chain or phosphocholine headgroup migration of MMPC (Fischgold and
Chain, 1934; Pluckthun and Dennis, 1982). 3'P-NMR data indicated that
there was less than 10% decomposition of MMPC during our experiments;
furthermore, the overall structure of the MMPC micelles was apparently
not affected by pH, as evidenced by the constancy of their 13C chemical
shifts. Finally, the pH of each sample was tested immediately before and
after a given NMR measurement; in all cases the final pH values deviated
by less than ±0.2 unit from their original values. Note that the pH values
given are direct meter readings without correction for isotope effects.

NMR relaxation data analysis

The 13C relaxation parameters T, and NOE depend upon the magnetic
dipolar interaction of the 13C nucleus with its attached proton(s) and upon
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the CSA of the 13C; they are given by (Abragam, 1961)

T1 = RDD + RCSA, (1)

and

4 'YC
RDD RcSA cc)NOB = 1+ 2PYH[6J(COEI + COC) - J(COH - C))

(2)
where

RDD = naC [J()H - )C) + 3J(C)c) + 6J(H + C)C)] (3)

RCSA = 3 I32J(tC), (4)

with

'YCYHh 3 ( ~2\1/2
ax = r3 and =28 C ' + 3 .1?CH 2/

wc and OH are the carbon and proton resonance frequencies, Yc and yH are
their respective gyromagnetic ratios; hi is Planck's constant over 2wi, rCH is
the carbon-proton distance, &zz is the largest magnitude principal element
of the 13C-CSA tensor (in ppm), n is the number of bonded protons, and q
is the CSA tensor asymmetry parameter.

The spectral density, J(Q), following Lipari and Szabo (1982), is

STM (I-ST
J(w) = +w + (5)

where s2 is a generalized, motional model-free order parameter dependent
on the amplitude of the internal motion of the C-H vector (O c s2 c 1), and
T1= TM1 + T1 consists of ,e, an effective correlation time for the

internal motion, which has meaning when S2 < 1, and Tm, a correlation
time for the overall rotational motion of the molecule. When s2 = 1, the
C-H vector shows no internal motion, and generally as 52 -3 0, the motion
becomes freer. Only a single parameter (Tm) is used to characterize the
overall tumbling, because that motion is expected to be isotropic for
MMPC micelles, which are presumed to be nearly spherical. Values of Tm,
S2, and Te were found from 1IT1 and NOE measured at two frequencies by
least-squares fitting of the measured relaxation values to Eqs. 1-4, using
Eq. 5 for the spectral density. CSA parameters used in the analysis are
listed in Table 1.

TABLE I CSA parameters used for amino acids in the
analysis of dynamics

Nucleus XZ (ppm) I1
G-Ca* 20.2 0.916
A-Cat -19.3 0.415
L-Ca§ -19.3 0.415
K-CE5 -20.7 0.580
W-C811 78.3 0.932
W-CL-3l -115 0.639

*Haberkorn et al. (1981).
'Naito et al. (1981). Leucine was treated as the same as alanine.
*Calculated by using "typical" values for methylene compiled by Duncan
(1990).
'Separovic et al. (1991).

RESULTS AND DISCUSSION

13C-NMR and fluorescence spectral observations
of the MMPC-MLT complex

Lipid titration of MLT

Shown in Fig. 2 is the titration of the 13C chemical shifts of
1 mM MLT (peptide (iii) in Fig. 1 with 13C enrichment at
G3-a, L9-a, A15-a, and K21-E) with MMPC varied from 0
to 40 mM in 50 mM phosphate at pH 4. Resonance assign-
ments were based upon comparison of the spectra among
the various peptides, some of which contained only a single
13Ca-labeled residue; upon the fact that specific amino acid
residues have similar 13Ca chemical shifts in common en-
vironments; upon known differences in Ca, CE, and aro-
matic 13C chemical shifts (e.g., see Wishart et al., 1995);
and upon previous work in our laboratories (Buckley et al.,
1993; Kemple et al., 1994). From Fig. 1 it can be seen that
the resonance position of K21-CE remained nearly un-
changed in the course of the lipid titration, whereas sub-
stantial chemical shift changes and, at low lipid:MLT ratios,
two separate peaks were observed for the resonances of
G3-Ca, L13-Ca, and A15-Ca. Considerable line broaden-
ing occurred for all four nuclei, which, together with the
chemical shift changes, indicates the formation of lipid-
MLT complexes. No further chemical shift changes were
seen beyond lipid:peptide ratios of 4:1, and then only a
single resonance was observed for each of the four labeled
sites, suggesting that the micelle-bound MLT adopts pre-
dominantly one conformational state. The existence of two
peaks for G3-Ca, L13-Ca, and A15-Ca at lipid:MLT molar
ratios below 4:1 indicates that free, random-coil MLT and
lipid-interacting MLT were in slow exchange on the NMR
chemical shift time scale. The exchange rates in those
instances were estimated to be -200-425 s-1 from simu-
lations of the lineshapes. Studies of MLT with 13C enrich-
ment at other sites gave similar results; all of the measured
chemical shifts are given in Table 2. These a-carbon chem-
ical shifts are consistent with a mainly a-helical conforma-
tion of MLT in the presence of lipid (see below). The CE
chemical shifts of K7, K21, and K23; the Ca-GI chemical
shift; and the C61- and E3-W19 chemical shifts were less
affected by lipid interaction. Resonances from 13C at natural
abundance in the lipid itself were well resolved from those
of MLT.

Titration of the MLT trp steady-state anisotropy with
lipid is shown in Fig. 3. The "break" point in the plot at a
lipid:peptide molar ratio of about 30 and the stable signal at
higher ratios strongly support the notion of a stable mixed
micelle at ratios above 30. These results are consistent with
results we have reported earlier in less extensive measure-
ments (Weaver et al., 1992). The lower anisotropy values at
molar ratios below 30 probably derive from the existence of
at least two species of melittin, free and complexed, ex-
changing slowly on the fluorescence time scale. In such a
situation the measured steady-state anisotropy rssm = f1rl
+ f2r2, where r, and r2 refer to the anisotropy expected forIIF. Separovic, unpublished results.

2226 Biophysical Journal



Melittin Dynamics in MMPC Mixed Micelles

FIGURE 2 Proton-decoupled 13C-NMR
spectra for MMPC lipid titration of 1 mM
MLT (peptide (iii) in Fig. 1) in 50 mM phos-
phate buffer at pH 4 obtained at 125.7 MHz.
Chemical shifts are referenced to external di-
oxane at 67.37 ppm. The molar ratios of
MMPC lipid to MLT are 40:1, 4:1, 2:1, 3:2,
1:1, 1:2, and 0:1 from top to bottom. The
signals in the spectrum at the bottom are L9-
Ca, Al5-Ca, G3-Ca, and K21-Ce from left to

right. The peptide signals in the spectrum at
the top, which corresponds to an MMPC/MLT
ratio of 40: 1, are L9-Ca (56.24 ppm), A15-Ca
(53.00 ppm), G3-Ca (45.36 ppm), and
K21-Ce (39.83 ppm). The other signal is from
natural abundance '3C in the MMPC lipid.
The temperature of the sample was 25°C.

60
5II

55 50 45 40 ppm

the trp residue exclusively in each of the environments, and

fi and f2 are the intensity weighted fractions of the two.
Because the anisotropy of uncomplexed, monomeric MLT
is very low, the overall anisotropy must increase progres-

sively with the formation of the complex, as seen in Fig. 3.
Confirming results were found from the dependence of the

fluorescence spectra on the lipid:peptide ratio as well (not
shown).

There are substantial differences in sample conditions in
the NMR and fluorescence titrations. In fluorescence, the
lipid concentration is below the CMC (-70 ,uM, Stafford et
al., 1989) at the low lipid:peptide ratios, and it is likely that

TABLE 2 13C chemical shifts in ppm of melittin in different environments

Coil Helical MMPC-MLT complex
Nucleus pH 4 CD30D pH 4 pH 7 pH 9 pH 11

GI-Ca 41.06 41.84 41.30 41.70 43.86
G3-Ca 42.93 45.69 45.36 45.31 45.25 45.24
A4-Ca 50.34 53.97 52.87 52.82 52.82
L6-Ca 52.97 57.23* 56.14
L9-Ca 52.99 56.55 56.24 56.18 56.28 56.25
G12-Ca 43.00 44.49 44.53 44.52 44.59
L13-Ca 51.46 58.46* 57.62 57.62 57.62 57.71
A15-Ca 50.55 53.90 53.00 52.96 52.98 53.10
L16-Ca 53.48 57.60* 56.21 56.21 56.25 56.25

W19-C51 124.98 125.18 125.18 125.18 125.08
Wl9-CE3 118.84 118.64 118.61 118.61 118.62

K7-CE 39.88 39.96 39.99 40.02 40.36
K21-CE 39.90 39.95 39.83 39.75 39.82 40.54
K23-CE 39.80 39.79 39.74 39.78 40.64

No entry means that no measurement was performed. Chemical shifts were referenced to external dioxane at 67.37 ppm and were reproducible to ±0.05
ppm.
*From Buckley et al. (1993).

r . . . . . . . . . . . . . . . . s
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broad pH range. No changes in either chemical shift or
linewidth of any of the MMPC resonances were observed
between pH 4 and pH 11 in the absence of MLT. In the
presence of MLT, the 13C chemical shifts of the MMPC
were insensitive to changes in pH, apart from the appear-
ance of a few additional lower intensity signals at pH 11,
and the linewidths were unchanged. Our results are consis-
tent with the observation by Hauser et al. (1975) that the
packing density of phosphatidylcholine monolayers and bi-
layers is independent of pH over a wide range. The mea-
sured chemical shifts of 13C-labeled MLT (Table 2) were
the same at pH 4, 7, and 9 (except for the Ca of Gi; see
below), and only line-broadening consistent with formation
of the lipid-peptide complex was observed. At pH 11 (see

50 1 00 1 50 200 250 later) the MLT signals showed a substantial increase in

[MMPC]/[MLTJ linewidth.

FIGURE 3 Tryptophan steady-state anisotropy of MLT-MMPC com-

plexes at 20°C at excitation and emission wavelengths of 300 nm and 340
nm, respectively. The curve shown is only to aid visualization and does not
represent a fit of any theoretical expression to the data. Sample conditions
were 20 ,uM MLT, 10 mM 4-morpholinepropanesulfonic acid, 10mM KCI
at pH 7 with MMPC varied to obtain the lipid:peptide ratios shown.

a mixed micelle is formed that is dominated by peptide but
is responsible for only a fraction of the melittin, with much
of the melittin remaining free. As the lipid concentration
increases, the composition of the micelle changes until a

final form appears at lipid-to-peptide ratios in excess of
30:1. Because the NMR experiments are conducted at con-

centrations of MMPC that at the outset are greater than the
CMC, the path to a final form at high lipid-to-peptide ratios
might be different in the fluorescence and NMR experi-
ments (Fig. 2). Given these considerations and the observa-
tion from NMR that the chemical shifts of MLT remain
unchanged at lipid-to-peptide ratios above 4:1, the complex
formed at the lipid-to-peptide ratio of 40:1 was chosen for
the majority of the NMR measurements.
QLS at 20°C of 1.5 mM MMPC micelles in 50 mM phos-

phate at pH 7 revealed the diameter of the micelles to be -4.5
nm devoid of peptide and -5.5 nm in the presence of melittin
at a lipid-to-peptide ratio of about 40:1. The standard deviation
in these measurements was 0.5 nm, and the full widths at
half-maximum of the analyzed scattering curves were 1.4
nm. There was no evidence of significant heterodispersity in
size in the MLT-bound micelles. It seems likely that the
increment in size when peptide is present derives simply from
the addition of the peptide per se to the micelle rather than from
an increase in the number of lipid molecules in each micelle,
i.e., the "aggregation" number of the lipid in the micelle.
Similar sizes for MLT-DPC micelle complexes sizes were

reported by Lauterwein et al. (1979).

Influence ofpH on 13C-NMR spectra

Natural abundance 13C-NMR spectra of the MMPC mi-
celles indicated that the micelles were very stable over a

The conformation of MLT bound to MMPC micelles

Wishart et al. (1991) have published a summary of the
correspondence between 'H, 13C, and 15N NMR chemical
shifts and secondary structure in over 70 proteins. They
recognized that 13C chemical shifts correlate well with
secondary structure, particularly with helical regions, an

inference corroborated for 13C and 'H in MLT by Buckley
et al. (1993). Spera and Bax (1991) also reported a strong
correlation between Ca and C,B chemical shifts and the
backbone conformation in proteins of well-defined struc-
ture, and Reily et al. (1992) have demonstrated agreement
between changes in 13Ca chemical shifts and the magnitude
of the molar ellipticity at 220 nm of the circular dichroism
spectrum of the 14 amino-acid peptide bombesin in 2,2,2-
trifluoroethanol. Thus, the validity of the 13Ca chemical
shift as an indicator of peptide or protein secondary struc-
ture seems established, and its use as such has the advantage
of giving site-specific information.
Of the eight a-carbons ofMLT (excluding GI) examined

by 13C NMR in the MMPC-MLT micelles, three have
chemical shifts within 0.3 ppm of their values in methanol
(Table 2), where MLT is known to be nearly completely
a-helical (Buckley et al., 1993), whereas the chemical shifts
of the other five differ from their methanol values by at
most 1.4 ppm. All of the a-carbon resonances examined
shifted downfield substantially (including GI at pH 9) rel-
ative to their positions in random-coil MLT, with the largest
shift of over 6 ppm occurring for the L13-Ca. The chemical
shift values are consistent with those listed by Wishart et al.
(1991) for a-helical structures and thus strongly suggest
then that residues 1 to 16 of MLT are a-helical (apart from
a presumed kink at residues 11 and 12; Inagaki et al., 1989;
Ikura et al., 1991) in the MMPC micelle environment.
Furthermore, the stability of the measured a-carbon chem-
ical shifts from pH 4 to pH 11 (Table 2) indicates that the
a-helical conformation of residues 1-16 in the micelle-
bound MLT is preserved over this pH range. The predom-
inance of the helix is consistent with the 2D NMR results of
Ikura et al. (1991) for MLT in DPC mixed micelles, which

0.1

0.1

C')

Ct
cn

a1)
Ca

c)
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showed MLT to be nearly completely helical in those mi-
celles. No direct information on the conformation of resi-
dues beyond L16 was available from our experiments, be-
cause we did not have any a-carbon-labeled residue to
examine, and the 13CE chemical shifts of the lys residues
changed little on MLT binding to the micelles at pH 4, 7,
and 9 (see below) and in any event are independent of
peptide secondary structure. (In measurements on MLT in
aqueous solutions, the chemical shifts of the 13CE reso-
nances of K7, K21, and K23 were not affected by tetramer
formation (P. Buckley, private communication) and hence
were not dependent on MLT secondary structure.)
GI shows a large change in chemical shift between pH 7

and pH 9, which reflects the pKa of the MLT N-terminus. In
particular, Zhu et al. (1995b) have measured the pKa of the
a-amino group of GI of MLT for MLT bound to MMPC
micelles and free in solution and found the pKa to be 7.9 in
both cases, which is comparable to other reported values for
this residue in simple solutions of MLT (7.3 by Wilcox and
Eisenberg, 1992; 7.35 by Goto and Hagihara, 1992; 7.8 by
Lauterwein et al., 1980). The binding of MLT to the lipid
surface apparently does not influence protonation of the
N-terninus amino group, and MLT can bind when the
amino-terminus is either cationic (and thus is unable to
penetrate into the micellar interior) or neutral.
The MMPC titration of MLT (Fig. 2) shows that at a

lipid-to-MLT ratio of 4:1, residues 1-16 have reached their
final, nearly completely a-helical conformation, judging by the
disappearance of peaks corresponding to free, random-coil
MLT. However, signals representative of a-helical MLT are
clearly present, even at lipid-to-MLT ratios as low as 1:2. We
infer that mixed micelles of as yet undefined composition and
form exist at the lower lipid-to-peptide ratios, at least at the
concentrations of peptide and lysolipid used for the NMR
experiments. Given the structural response ofMLT to the lipid
at these low ratios, we propose that hydrophobic interactions
are of primary importance in driving the peptide's conforma-
tional changes, an inference consistent with that of de Kroon et
al. (1991) in their studies of the interaction of other amphiphilic
peptides with model membranes.
A question arises as to whether the a-helical MLT

formed in the pH 4 titration could be a tetramer triggered by
the MLT-lipid interaction. The available evidence does not
favor MLT forming a tetramer under these conditions: i)
MLT at 1 mM concentration is a monomer in water or even
in 50 mM phosphate at pH 4 (unpublished result); ii) it is
unlikely that the lipid headgroup could sufficiently counter-
act the positive charges on MLT to trigger tetramer forma-
tion, especially at low lipid-to-MLT ratios and low MLT
concentration; iii) MLT is a monomer when fully bound to
DPC micelles (Inagaki et al., 1989) and to the internal
surface of reversed sodium bis(2-ethyl-1-exyl)sulfosucci-
nate micelles (Bismuto et al., 1993).

13C chemical shifts of the MLT side chains (Table 2) are
potentially sensitive to relative solvent exposure in the
micellar bound state. An upfield change of -0.2 ppm was

the MMPC mixed micelle. These shifts are compatible with
partial partitioning of this part of the trp side chain into the
relatively less polar micellar acyl chain environment, which
could resemble bulk methanol in terms of dielectric permit-
tivity (Gierasch et al., 1982). On the other hand, an opposite,
downfield shift of 0.2 ppm was found for W19-C61 of MLT
in the micelle. This indicates that the immediate environ-
ment of the CS, differs from that of CE3, but the chemical
shift would also reflect hydrogen bonding of the indole
nitrogen with the MMPC headgroups (Chattopadhyay and
Rukmini, 1993). Small to negligible changes in chemical
shift were observed for the lys-CE resonances in the micellar
bound state at pH 4 relative to free MLT, indicating that the
polarity of the environment of the lys side chains is not
appreciably altered by lipid binding, i.e., that the lys side
chains remain exposed to solvent. Electron spin resonance

studies on MLT spin-labeled at the amino terminus and at
the lys E-amino moieties have shown the side chain of K7 to
be the most exposed to solvent, followed by those of K23
and K21 (Altenbach and Hubbell, 1988) in order. Admit-
tedly, spin labeling rendered these moieties non-ionic, but
even so there was no apparent influence on the extent of
interaction of the lysine side chains with water.

The orientation of MLT bound to MMPC micelles

Conflicting results have been reported about the orientation
of the MLT helix relative to the membrane plane (Vogel,
1987; Brauner et al., 1987; Stanislawski and Riiterjans,
1987; Altenbach and Hubbell, 1988). Recent work by Frey
and Tamm (1991) suggested that the orientation of MLT in
membranes depends on the degree of hydration of the model
membranes rather than on the technique used for its deter-
mination. They found that the MLT a-helix was preferen-
tially oriented parallel to the plane of the bilayer in a single
membrane sample but parallel to the phospholipid acyl
chains when the membranes were stacked in multi-bilayers.
Results consistent with that interpretation have been pro-

vided by Smith et al. (1994) on 13C-enriched peptide car-

bonyl groups of MLT incorporated into bilayers of the
diether lipid ditetradecylphosphatidylcholine aligned be-
tween stacked glass plates.

Although our data do not provide direct evidence for
orientation, there is indirect evidence that the peptide may

be largely on the surface. This inference derives from the
apparent invariance of the interaction of the lysyl amino
groups of MLT with solvent in lipid-free and micellar-
bound lipid MLT. The NC remains cationic at pH ' 9 (Zhu
et al., 1995b) and hence is unlikely to penetrate substantially
into the micelle interior. Obviously, with micelles we have
to be somewhat cautious with this supposition because of
the depth to which water might penetrate between the lyso-
lipid moieties, which could bias our inference. However, the
most practical conclusion is that the mixed micelle is sta-
bilized by van der Waal's interactions between the amino
acid side chains (especially those of leu and ile residues)

observed for the W19-E3 carbon ofMLT in methanol and in
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gests primarily an orientation along the surface. On the
other hand, the orientation of the first half of the molecule,
residues 1-12, from the N-terminus to the "hinge," might be
influenced substantially by the ionic state of the a-NH2 of
GI. Upon deprotonation GI might indeed penetrate more

substantially into the micelle interior, taking with it the
MLT tail.

31PP-NMR observations of phosphate and MMPC
interactions with MLT

Chemical shifts and linewidths

Phosphate interacts strongly with MLT (Drake and Hider,
1979; Strom et al., 1980; Podo et al., 1982; Wilcox and
Eisenberg, 1992). The binding of cationic MLT to a zwit-
terionic MMPC micelle will almost inevitably lead to a

conformational change of the choline headgroup of the
lipid. Accordingly, it is possible that 31p chemical shifts and
linewidths of the phosphoryl group of the MMPC micelle
and of solvent (or bound) phosphate groups would be useful
probes of charge-charge interactions in the MLT-lysolipid
mixed micelle. 31P-NMR spectra were gathered over the pH
range of 4 to 11, and only two signals, one assigned to
MMPC and the other to free phosphate using their T,
values, were observed. For both the MMPC and the MMPC-
MLT micelles, the chemical shift of free phosphate was

strongly pH dependent, whereas the chemical shift of the
MMPC phosphoryl group was not. Because only a single
line whose position was independent of MLT concentration
was observed from the phosphate and the MMPC head-
group, no information on the interaction of MLT with either
was provided from their chemical shifts. However, their
linewidths were dependent on the presence of MLT, as

indicated in Table 3, where AvphOs mlt and AVmmpc- t, rep-

resenting the differences in the linewidths in the presence

and absence of MLT, are given. Note that there was little
change in these linewidths with pH without MLT, and
therefore the larger linewidths of the phosphate and MMPC
in the presence of MLT are reasonable indicators of the
interaction of both phosphate and the micelle headgroup
with MLT. The change in AvphoSnilt and Av,pc mlt with pH
suggests that these interactions are electrostatic in nature.

MLT-phosphate ion interaction

Podo et al. (1982) found that phosphate "binds" with MLT
in aqueous solution with a stoichiometry of 5-6 phosphate
ions (monovalent at pH 7.0) per MLT molecule. In a MLT-
MMPC mixed micelle the number of "binding sites" for
phosphate on MLT will likely be reduced by the interaction
of the cationic charges in MLT with the phosphoryl group

of the MMPC lipid. A complicated pH dependence for
MLT-phosphate interaction is then expected because i)
phosphate ions change from monovalent to divalent at pH
7.21 (Weast, 1983); and ii) the number of positive charges
(roughly equivalent to the number of phosphate "binding
sites") on MLT will be reduced from six to two as the pH
approaches 11. Even so, a clear picture of the MLT-phos-
phate interaction can be deduced from an analysis of the
linewidth data in Table 3. Our argument is as follows.
The interaction of phosphate with MLT involves both

anion "binding" and electrostatic screening. In principle, at
low pH, phosphate ions can interact with all six positively
charged sites on MLT despite the competition from the
phosphoryl group of MMPC. In particular, phosphate ions
have relatively high affinity for the guanidinium groups of
the arginine residues because of their ability to form a

quasi-ring structure linked through hydrogen bonding and
electrostatic interactions (Rifkind and Eichhorn, 1970;
Ichimura et al., 1978). The charge on the guanidinium group

is known to be stabilized by interactions with anions of
tetrahedral geometry such as CIO-, H2PO , HPO , and
SO4 (Ichimura et al., 1978). As shown in Fig. 4, AVphosmlt

is virtually unchanged from pH 4 to pH 7, implying that the
cation sites of MLT are fully exposed to phosphate. The
considerably reduced AVphos mlt at pH 8 most likely reflects
deprotonation of the N-terminus of MLT, which has a pKa
of 7.9 in MMPC micelles (Zhu et al., 1995b), and suggests
strongly that the N-terminus of MLT is one of the sites that
phosphate ions predominantly bind. The value of AvphOS t

is gradually reduced to 0.7 Hz at pH 11, apparently because
of the deprotonation of the three lysine side chains (Zhu et
al., 1995b). Thus, interaction of phosphate ions with at least
one of the lys side chains is indicated, but no information on
specificity is present.

TABLE 3 31P-NMR lineshape analysis of phosphate and of the phosphoryl groups of MMPC with and without MLT

Linewidth of phosphate (Hz) Linewidth of MMPC micelle (Hz)

pH With MLT Without MLT AVphos-mIt With MLT Without MLT AV> it

4 18.8 7.3 11.5 12.4 10.5 1.9
5 17.9 7.5 10.4 11.8 10.2 1.6
6 23.1 9.3 13.8 11.7 9.7 2.0
7 22.7 10.0 12.7 11.5 9.6 1.9
8 14.5 8.9 5.6 11.6 9.2 2.4
9 12.2 8.4 3.8 11.3 9.2 2.1
10 9.8 8.1 1.7 10.9 9.4 1.5
1 1 8.6 7.9 0.7 9.5 9.4 0

Linewidths are the full width at half-maximum intensity of the resonances. The standard error in their values is 0.2 Hz.

2230 Biophysical Journal



Melittin Dynamics in MMPC Mixed Micelles

FIGI

5 - measurements were made only on the three lys side chains,
to minimize the length of exposure of the samples to those

~* very basic conditions.
*v The overall correlation time, rTm, fit as a common param-

0 v eter within each data set including all of the available data,0- was found to be 10 ns with a standard error of 2 ns at pH 4,
7, and 9, and 16 ± 3 ns at pH 11. The values found for 1Tm
at pH 4, 7, and 9 agree well with those near 11 ns inferred

-r by Weaver et al. (1992). Furthermore, from the Stokes-
5 - Einstein-Debye relation and the QLS measurement of the

~* diameter of the micelles (5.5 nm with MLT and 4.5 nm
without), we calculate respective expected Tm values of 21.2

-* * * * * | ns and 11.6 ns at 25°C based on the viscosity of water. The
0 l calculated value of Tm for the mixed micelle is larger than

2 4 6 8 1 0 1 2 the experimental value of 10 ns. Because micelles are
loosely packed, flexible particles, this outcome is not unex-

pH pected. The differences may also reflect the inherent diffi-
culty in calculating Tm as well as in measuring micelle size

JRE 4 pH dependence of AVphosmit (-) and Av, ps n,xt (0). accurately.

MLT-MMPC headgroup interaction

The binding of MLT to MMPC micelles will likely induce a

conformational change of the lipid headgroup due to MLT's
positive charge, evidence for which is provided from deute-
rium NMR studies (Kuchinka and Seelig, 1989; Roux et al.,
1989; Dempsey et al., 1989; Beschiaschvili and Seelig, 1990).
The electrostatic contribution to the MLT-membrane in-

teraction has been investigated quantitatively (Schwarz and
Beschiaschvili, 1989; Kuchinka and Seelig, 1989; Beschi-
aschvili and Seelig, 1990; Stankowski and Schwarz, 1990).
The effective charge of MLT as sensed by the membrane
system near neutral pH was determined to be around +2,
instead of +5 or +6. The result was explained by postulat-
ing that only two of the charged groups of MLT interact
with the membrane, whereas the others remain in the aque-

ous phase, fully screened by counter-ions. Our linewidth
data are consistent with this hypothesis. The Av..pc_lt
values remain invariant until pH 11, as can be seen in Fig.
4, implying that a constant charge on MLT was sensed by
the MMPC micelle, whereas the AvphOsmlt shows a sharp
drop above 7, as noted earlier.

Relaxation measurements and motional
parameters of micelle-bound MLT

Overall correlation time

Having established MMPC micelle stability over a broad
pH range, and having satisfied ourselves that the MMPC-
MLT micelle is also stable and likely has MLT in a helical
conformation, we made 13C relaxation measurements to
determine peptide main-chain and side-chain dynamics.
13C-T1 and NOE values were measured for micelle-bound
MLT at 250C at both 75.4 and 125.7 MHz at pH 4, 7, 9, and
11. The data are shown in Table 4 and the results of their
analysis are summarized in Table 5. At pH 11, relaxation

Backbone dynamics of micelle-bound MLT

In general, similar order parameters were observed across

the length of the MLT helix (residues 1 through 16) in the
micelle-peptide complexes at pH 4, 7, and 9, as illustrated in
Table 5 and Fig. 6. The averages of the order parameters of
the Ca-H vectors are, respectively, 0.66, 0.70, and 0.69 at
pH 4, 7, and 9, which suggests that the bound MLT, al-
though somewhat constrained in the micelle, retains consid-
erable backbone mobility; the order parameters reported
here are small compared with those normally found in
proteins, except in particularly flexible regions (see for
example, Barbato et al., 1992; Mandel et al., 1995). On the
other hand, these S2 values are considerably larger than
those found for monomeric random-coil or even tetrameric
MLT (-0.4) and are comparable to values found for mo-

nomeric helical MLT in methanol (P. Buckley, manuscript
in preparation). There is no clear pH dependence of the
Ca-H order parameters. The differences in S2 and Te values
between pH 4, 7, and 9 for a given residue are mostly
explained by the uncertainties in the measured T1 and NOE
values (Table 4). The uncertainties (standard errors) listed in
Table 5 for S2 and Te were determined by fixing Tm once its
value was found from fits in which all of the parameters had
been allowed to vary; thus they reflect variations within a

set of data at a given pH. The standard errors in s2 and Te
were on the order of 20% and 5-50%, respectively, in the
fits in which Tm also varied.

At a given pH, order parameters for residues G12, L13,
A15, and L16 were smaller than those of G3, A4, L6, and
L9. This is shown in Fig. 5, where the average values of s2
at pH 4, 7, and 9 for each residue (except L6, for which
there are data only at pH 4) are shown along with their
standard deviations. Apparently micelle-bound MLT is
more flexible from G12 onward, at least through L16. This
correlation was not seen for MLT as a monomeric random
coil, as a monomeric helix in methanol, or as a tetramer (P.

N
I
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TABLE 4 R Ion mesurement of the MMPC micelle-
bound MLT at different pH values

125.7 MHz 75.4 MHz

Nucleus T1 (s) NOE T, (s) NOE

pH 4

0.38(1)
0.44 (2)
0.78 (6)
0.87 (1)
0.86 (1)
0.50 (1)
1.02 (3)
1.05 (8)
1.08 (2)

1.55 (3) 0.21 (1)
1.34(2) 0.22(1)
1.40(6) 0.39(1)
1.42 (2) 0.46 (1)
1.33(6) 0.47(1)
1.34(2) 0.33(1)
1.35 (3) 0.57 (2)
1.38 (5) 0.52 (2)
1.36(3) 0.52(1)

0.78(2) 1.20(5) 0.43(1)
0.59 (4) 1.40 (5) 0.38 (3)

0.42(1) 2.39(1) 0.32(1)
0.32(1) 2.12(9) 0.25(1)
0.33 (2) 2.04 (8) 0.20 (1)

pH 7

0.38 (2)
0.43(1)
0.81 (1)
0.88 (7)
0.47 (2)
1.07 (8)
1.04(6)
1.06(5)

0.68 (2)
0.52 (4)

0.42(1)
0.33(1)
0.31 (2)

1.5 (1) 0.19 (1)
1.36(5) 0.22(1)
1.37(2) 0.42(1)
1.38(3) 0.44(2)
1.3 (1) 0.26(2)
1.36 (7) 0.59 (2)
1.44(5) 0.55(4)
1.37 (3) 0.46 (2)

1.18(5) 0.45(3)
1.37(5) 0.38(1)

2.37(0) 0.33(1)
2.19(3) 0.25(1)
2.05(6) 0.20(1)

pH 9

0.37 (3)
0.41 (2)
0.79 (2)
0.88 (1)
0.44 (1)
1.11 (5)
1.03 (5)
0.94 (5)

0.58 (2)
0.57 (4)

0.43 (1)
0.32 (0)
0.31 (1)

1.51 (1) 0.26 (2)
1.31 (5) 0.21 (1)
1.39 (5) 0.46 (1)
1.36 (5) 0.36 (2)
1.44 (3) 0.27 (1)
1.31 (5) 0.53 (4)
1.43 (3) 0.53 (3)
1.35 (1) 0.50 (2)

1.21 (4) 0.45 (3)
1.39 (4) 0.37 (3)

2.38 (1) 0.33 (0)
2.14 (7) 0.23 (0)
1.98 (4) 0.21 (0)

pH 11

TABLE 5 The motional parameters for the backbone and
side chain of MMPC micelle-bound MLT at different pH
values

pH4 pH7

T_ = 10 ± 2ns x2= 0.013 T_ = 10 ± 2ns 2 = 0.01I
Nucleus S2 T.r (ps) 92 T; (ps)

1.6 (1) Gl-Ca 0.69 (2) 73 ± 6 0.82 (4)
1.47 (3) G3-Ca 0.74 (2) 41 ± 5 0.77 (3)
1.58 (7) A4-Ca 0.78 (2) 82 ± 11 0.79 (1)
1.40 (8) L6-Ca 0.71 (1) 39 ± 1
1.31 (4) L9-Ca 0.74 (2) 30 ± 2 0.75 (3)
1.28 (4) G12-Ca 0.54 (2) 15 ± 1 0.66 (3)
1.5 (1) L13-Ca 0.57 (2) 24 ± 2 0.54 (2)
1.44(3) A15-Ca 0.62 (2) 23 ± 3 0.59 (3)
1.53 (4) L16-Ca 0.60(1) 25 ± 1 0.68 (3)

94 ± 21
38 ± 4
53 ± 3

39 ± 7
24 ± 4
23 ± 2
23 ± 3
25 ± 4

1.54 (1) W19-CE3 0.63 (1) 30 ± 2 0.69 (2) 23 ± 3
1.6 (1) Wi9-Cs, 0.73 (4) 99 ± 20 0.81 (2) 120 ± 19

2.3 (2) K7-Ce 0.19(1) 59±2
2.08 (5) K21-Ce 0.28 (3) 83 ± 3

K23-Ce 0.47 (3) 99 ± 8

pH 9

1.44(7)_
1.34(3) r_ = 10 2ns v =0.01
1.40(2) Nucleus T 2 Te (ps)
1.38 (3) GI-Ca 0.61 (3) 49 ± 7
1.40 (4) G3-Ca 0.82 (3) 46 ± 6
1.53(1) A4-Ca 0.71(2) 50±3
1.43 (5) L9-Ca 0.86 (3) 73 ± 7
1*4 (5) G12-Ca 0.62(2) 32±3

1.32 (3) L13-Ca 0.62 (3) 19 ± 3
1.41(4) A15-Ca 0.60(2) 28 ± 3

L16-Ca 0.64(2) 34±3

0.21 (1) 56 ± 1
0.28(2) 81±3
0.47 (3) 106 ± 9

pH 11

5 T = 16 +3ns Xi =0.013
S2 T" (ps)

2.27(1)
2.3 (2) W19-Ce3 0.70 (2) 33 t 3
2.07 (5) Wi9-CB, 0.84 (3) 118 ± 35

K7-Ce 0.21 (1) 56 ± 2 0.38 (3) 87 ± 5
K21-Ce 0.32 (3) 89 ± 45 0.49 (4) 135 ± 14
K23-Ce 0.47 (3) 101 ± 7 0.64(2) 226 ± 19

Blank entries occur where no measurements were made. The carbon-proton
distance was taken to be 0.109 nm in all cases. The uncertainties in S2, the
magnitudes of which are denoted by the numbers in parentheses for the last
digit shown, and in T; are standard errors derived from the data fitting
based upon the experimental uncertainties in Table 4. The x2 value listed
is the sum of the squares of the fractional deviations of the calculated data
from the experimental data normalized by the number of measurements.

Buckley, manuscript in preparation). The added flexibility
that we notice beginning at G12 is obviously not due solely
to the inherently greater flexibility expected at gly residues;
G3, which is closer to an end of the peptide and which might
be expected to be more mobile than a gly residue more
"interior" (such as G12), actually has a higher order param-

K72-Ce 0.35 (2) 2.09 (5) 0.22 (1) 2.1 (1) eter. One obvious explanation from structural analysis of

K23-Ce 0.29 (0) 2.06 (6) 0.19 (1) 2.0 (1) MLT is the absence of a hydrogen bond between T1O and
P14,. whrlich coul be responsil e for thze greater mobility of

Data shown here represent the average of at least two measurements, and co be reponsbl for thesgreater mobilitytof
the numbers in parentheses denote the magnitude of the deviation in the this segment of the peptide. Another possibility iS that the

last digit shown. The temperature was 25 ± 0.5°C. The chemical shifts are segment from G12 onward (although we report only on
listed in Table 2. G12-L16) might be less stabilized in the micelle relative to

GI-Ca
G3-Ca
A4-Ca
L6-Ca
L9-Ca
G12-Ca
L13-Ca
A15-Ca
L16-Ca

W19-CE3
Wi9-Cs,

K7-Ce
K21-Ce
K23-Ce

GI-Ca
G3-Ca
A4-Ca
L9-Ca
G12-Ca
L13-Ca
A15-Ca
L16-Ca

W19-Ce3
Wi9-C8s

K7-Ce
K21-Ce
K23-CE

Gl-Ca
G3-Ca
A4-Ca
L9-Ca
G12-Ca
L13-Ca
A15-Ca
L16-Ca

W19-Ce3
Wi9-Cs,

K7-Ce
K21-Ce
K23-Ce

- -- 1-1 - . . 1-1 - -- I., - . I.,
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the N-terminal portion and thus be less constrained by the
lipid. This inference is consonant with the strongly cationic
nature of the MLT carboxy-terminus.
By applying specific models of motion we can derive an

estimate of the range of the angular excursions of the
backbone C-H vectors, which would be consistent with the
measured order parameters. For example, if they undergo
restricted diffusion or a flag-waving motion (London and
Avitabile, 1978; Kemple et al., 1994) about either the N-Ca
bond or the Ca-carbonyl bond, an order parameter of -0.7
yields an angular deviation of ±400. Other models give
similar results. Thus, even with the errors inherent in the
measurements, the data strongly support the notion of a
peptide backbone that is restricted in the mixed micelle, but
nonetheless retains considerable mobility.

So far we have deduced features of mobility mainly from
order parameters, but information on the nature of the
internal motions is also available from Te values, which
describe the apparent time scale of the motions. For the
backbone Ca-H vectors the Te values were small (<90 ps)
and in the NMR motional narrowing regime. The difference
in Te for the same type of residue could be explained in
terms of different segmental motions experienced by resi-
dues at different positions along the peptide chain; for
example, at pH 7, Te is in the order G3 > G12, A4 > A15,
L9 > L13 L16. The larger Te values occur for those
residues that have larger order parameters.

N-terminus and side-chain dynamics

Compared with the highly flexible N-terminus of MLT in
monomeric random coil and tetrameric a-helical confor-
mations, which have order parameters of -0.2 (P. Buck-
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FIGURE 5 Histogram of the average of the order parameters for back-
bone Ca-H vectors of micelle-bound MLT at pH 4, 7, and 9. The standard
deviations of the averages are indicated by the length of the solid lines at
the top of each column.

ley, manuscript in preparation), the N-terminus mobility
of MLT is more restricted in the mixed micelles (S2 =
0.6-0.8). At pH 4 and 7 the restriction imposed on the
internal motion of the MLT N-terminus most likely re-
sults from a general restriction in motion of the GI to Ti 1
portion of the MLT helix (see above) and from the
electrostatic interaction between the phosphoryl moiety
of the lipid headgroup and the cationic amino terminus.
At pH 9 it seems likely that the deprotonated amino
terminus might penetrate into the micelle, as noted ear-
lier. However, any additional restriction on the backbone
motion due to such penetration was not apparent in the
order parameter values found for G1.
The motions available to the C-H vectors of the trp indole

moiety are mainly rotations about the Xi and X2 dihedral
angles. Two 13C labels were incorporated into the W19
indole ring, one at the 81 and the other at the E3 position, so
that the indole motions could be characterized by two vec-
tors with different orientations. As seen in Table 5, the order
parameters of these two vectors are similar to those of the
backbone Ca-H vectors, showing that the motion of the trp
side chain is limited in the peptide-lipid mixed micelle,
consistent with reports from fluorescence data (Bismuto et
al., 1993; Chattopadhyay and Rukmini, 1993; John and
Jahnig, 1988; Vogel and Rigler, 1987; Georghiou et al.,
1982). (Weaver et al. (1992) reported a smaller order pa-
rameter for CS1-WI9 in micelle-bound MLT (-0.5). The
reason for this apparent disagreement with the order param-
eter found here is that they made T1 and NOE measurements
at only one frequency. As a result, they were forced to make
approximations in the data analysis that led to the choice of
a different solution for 52 and Te.) Based on the orientations
of the C61-H and Ce3-H vectors within the indole, the
former vector should be more sensitive to rotation about the
f3--y bond and the latter to rotation about the a-f3 bond.
Because S2 is larger for the C61-H vector than for the CE3-H
vector, it becomes clear that the motion cannot be accounted
for solely by rotation about the j3--y bond. Similar results
were found for the trp residues in thioredoxin (Kemple et
al., 1994). Although the internal motion of the trp moiety is
complex, some notion of its angular extent can be achieved,
nonetheless, from the Kinosita model, in which the vector is
assumed to move within a cone of half-angle a (Kinosita et
al., 1977). Our data yield fairly small values of a for a side
chain; namely, 300 s a ' 400.

Helical wheel projections of MLT indicate that the trp
residue should be on the hydrophobic face of the am-
phiphilic a-helix and therefore would be oriented toward
the micelle interior, although the ring dimensions are
such that relatively deep penetration is unlikely. Evi-
dence in support of this model has been provided in the
structure study of MLT bound to perdeuterated DPC
micelles by Inagaki et al. (1989), where slow exchange of
the trp amide proton with solvent was observed, and from
fluorescence emission spectral blue shifts, which attend
MLT-lipid interactions (Georghiou et al., 1982). This
disposition of the side chain should in fact restrict its
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motion in the lipid. Furthermore, some restriction in the
motion might be attributable to hydrogen bonding be-
tween the indole ring of the trp and interfacial water
molecules or neighboring lipid carbonyls, as suggested
by Chattopadhyay and Rukmini (1993).

Fig. 6 shows the pH dependence of the order parameters
for the lys side chains of MLT bound to MMPC micelles at
pH 4, 7, 9, and 11. The order parameters are in the order
S2(K7) < S2(K21) < S2(K23), irrespective of pH. Using the
same model as applied to the backbone above, we find
angular ranges of ± 100°, ±700, and ± 550, corresponding
to order parameters 0.20 (K7), 0.30 (K21), and 0.47 (K23),
respectively. This difference in motional behavior among
the lys side chains can probably be accounted for by differ-
ent environments for each lysine side chain and by the
effects of electrostatic interactions. Stanislawski and Ruter-
jans (1987) investigated the insertion of MLT, labeled with
13C-methyl groups on the E-amino side chains of K7, K21,
and K23, into bilayers. Such modification changes the cat-
ionic character of the amino groups by transforming the
primary amine into a secondary amine and by adding mo-
lecular bulk, the latter possibly affecting molecular packing.
Nonetheless, their results are consistent with ours. In par-
ticular, they found that the side chain of K7 seemed to be
more flexible than those of K21 and K23. Inagaki et al.
(1989) showed that for MLT bound to DPC micelles, K7 is
fully exposed to solvent, whereas both K21 and K23 are
nominally on the hydrophobic side of the MLT helix and are
therefore expected to be oriented at least partially toward
the micelle interior. Our observation that the side chain of
K7 is the least restricted in motion and that of K23 the most
correlates well with this ordering of solvent exposure. Sim-
ilarly, Terwilliger et al. (1982) proposed an orientation of

MLT in a phosphatidylcholine bilayer such that the side
chain of K23 would be mostly buried in the bilayer, but with
the end of its aliphatic chain (the C-NH2 moiety) recurved to
lie adjacent to the headgroups of the phospholipid; K21 was
proposed to be at the bilayer-water interface. These authors
assumed always, however, that the a-NH2 of G1 was un-
charged. Overall this model is supported by the data we
have presented, particularly the order parameters, except
that at both pH 4 and pH 7 all of the amino groups are
cationic and none is therefore likely to penetrate into the
interior of the micelle.

In general, larger Te values were observed for the lys and
trp side chains, and the N-terminus, than for the backbone,
apart from isolated exceptions (Table 5). It is interesting that
these observations were made for two side chains that are
presumed to be much differently disposed in the lipid, lys
being exposed to solvent and trp not. The results for the
apparent mobility of the lysyl side chains are thus somewhat
counterintuitive and raise two obvious questions. First, are
the Te values reliable? Second, if they are at least reasonably
reliable, what do they mean and can we rationalize longer Te
values for inherently flexible solvent exposed side chains
than for the peptide main chain? Correlation times for the
local motion are infrequently discussed, probably because
of the difficulty of validating their accuracy and hence their
reliability. It is for this reason that, where possible, we have
compared values from NMR and fluorescence anisotropy
decay data (Kemple et al., 1994, and see below). Neverthe-
less, in this study the consistent pattern in the Te values for
the lysyl side chains is encouraging. The motions of the
ultimate carbon atom in the lysine side chain are unavoid-
ably sensitive to the hydration of the cationic nitrogen, to
packing around the aliphatic portion of the side chain,

FIGURE 6 pH dependence of the order
parameters of the lysine side-chain CE-H
vectors of micelle-bound MLT for K7 *,
for K21 *, and for K23 A.
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somewhat to the dynamics of the lipid headgroups through
electrostatic interactions, and to the viscosity of the solvent.
For these reasons the longer Te values observed for the
lys-CE positions compared with the backbone positions
seem sensible a priori.
However, there are other important considerations. The

recovery of Te values on the order of 100 ps in no way
negates the existence of even faster motions. In the Lipari
and Szabo formalism T, is a weighted average of a
collection of correlation times describing the internal
motion in the entire side chain; thus Te would tend to be
dominated by the longer times in the set. A correlation of
S2 and Te values within the trp and lys side chains similar
to that seen in the backbone also was apparent, that is,
larger Te values were associated with larger S2. For trp in
particular, S2 and Te were substantially greater for the
C51-H vector than for the CE3-H vector. (It is pertinent
that the differences between 'Te values for the two differ-
ent isotopically enriched trp residues generally did not
appear in MLT monomer or tetramer dynamics (P. Buck-
ley, manuscript in preparation).) This follows because T,
(E3) > T1 (81) and NOE(61) > NOE(E3). In a simple
model of internal motion defined by only a single corre-
lation time, one would expect identical Te values for two
different vectors in the indole ring, provided the ring
itself was effectively rigid. It is highly feasible, however,
that different vectors in the indole moiety could have
different Tre values when complicated motions involving
the XI and X2 dihedral angles are occurring, because the
weighting factors relating Te to the actual internal corre-
lation times present should be different for different
vectors, depending on the specific motions. In this case,
the C61-H vector is more sensitive to slower internal
motions than is the CE3-H vector. Given the degrees of
freedom in the lysyl side chains, an even more compli-
cated picture is likely.

Importantly, from time-resolved anisotropy measure-
ments of W19 in a sample consisting of 70 p,M MLT, 2.8
mM MMPC micelles in 50 mM phosphate at pH 7 in H20
at 20°C, we found Tm = 7.0 ns, S2 = 0.68, T, = 77 ps, and
ro = 0.24, with standard errors on the order of 10%, where
r. is the initial anisotropy. s2 and Te agree reasonably well
with the NMR results for trp, and Tm from fluorescence is
just beyond the lower limit derived from the NMR data.
(Even though solvent conditions were not the same for the
fluorescence and NMR measurements, the viscosity of the
solutions is similar, the lower temperature in the fluores-
cence measurements being compensated for by the use of
D20 in NMR.) We have observed such differences in Tm
values previously Kemple et al. (1994), and their origins
remain to be determined.

Dynamics of the micelles

From first principles it seems inevitable in a mixed micelle
that whereas the lipid would affect peptide mobility, the

understanding of intrinsic lipid mobility, we also measured
the 13C relaxation parameters from natural abundance 13C
NMR of the MMPC itself in micellar form (40 mM MMPC,
50 mM phosphate at pH 7 and 25°C; data not shown).
Individual signals from the glycerol backbone, from the
choline group, and from the first three carbons at the top of
the acyl chain and the last three at the bottom were resolved,
whereas the eight methylene carbons near the center of the
acyl chain gave only a single signal. In general, going from
the omega end of the acyl chain, the order parameters
increased from -0.01 to -0.2, which is similar to results
found in other micellar systems (Soderman et al., 1985).
The largest order parameters were found for the glycerol
backbone (-0.5) and the smallest overall for the terminal
methyls on the choline group and the acyl chain (-0.01).
This result is in keeping with the highly fluid lipidic core. In
mixed micelles with MLT at a lipid-to-peptide ratio of 40:1,
the order parameters increased for the two aliphatic carbons
near the top of the acyl chain to -0.3 (carbons 12 and 13
counting from the omega end), and the glycerol backbone
order parameters showed a slight increase. Note that these
represent average effects of the MLT, because clearly not
every lipid molecule interacts directly with MLT. The Tm

values, 14 ± 2 ns both with and without MLT, were

somewhat larger than Tm found from the MLT relaxation
measurements but agreed within the experimental uncer-

tainties. These results show that even though the binding of
MLT did not yield detectable changes in lipid 13C chemical
shifts (described earlier), effects were manifested in changes
in lipid dynamics. The clearer influence of MLT binding on

the lipid headgroup was expected, as were the (albeit small)
changes seen in acyl chain dynamics.

pH 11 results

At pH 11 there were indications that the MLT-micelle
interactions were altered, even though the MLT Ca
chemical shifts remained consistent, with a mainly heli-
cal conformation of residues 1-16 (Table 2). In particu-
lar, deeper penetration of MLT into the interior of the
micelle, changes in the orientation of the MLT helix
relative to the acyl chains, and/or changes in the mixed
micelles themselves appear to occur at pH 11, as sug-

gested by i) the observation of generally broader 13C-
NMR lines from MLT at pH 11 relative to pH 4; e.g.,

G3a: 66.7 Hz vs. 40.9 Hz; Al5a: 58.9 Hz vs. 36.2 Hz;
L13a: 64.0 Hz vs. 26.7 Hz; K23E: 48.3 Hz vs. 22.0 Hz;
ii) the disappearance of interaction of MLT with the
MMPC headgroups (see below); iii) an increase in Tm

(Table 5); and iv) increased restriction of the local mo-

tion of the lys side chains (Table 5 and Fig. 6). A change
in orientation at pH 11 could be explained by the elimi-
nation of positive charges on the side chains of K7, K21,
and K23, which all have pKa values in the micelle com-

plexes of around 10.5 (Zhu et al., 1995b). (The changes
in the chemical shifts of the 13CE resonances of the three

reverse should be true as well. Accordingly, to gain a better
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deprotonation of their E-amino groups and not to confor-
mational effects.) Thus, at pH 11 only two positive
charges would remain on MLT, namely those of R22 and
R24 near the C-terminus, allowing the uncharged seg-

ment comprising residues 1 to 21 (or part thereof) to
penetrate more deeply into the hydrophobic core of the
micelle. Thereafter, conformational exchange and the
slower overall tumbling rate could account for the 13C-
NMR line broadening.
An intriguing observation is that at pH 11 the interaction

between MLT and the MMPC headgroup was not detected
in the 31P experiments (V,&v,P t

-*- 0, Table 3, Fig. 5),

even though the arg side chains are still positively charged.
It has been pointed out that the two arg residues contribute
little to the total interfacial charge of MLT when MLT binds
with membranes (Stankowski and Schwarz, 1990; de Kroon
et al., 1991). The interpretation given by Stankowski and
Schwarz is that the arg side chains either are positioned
farther from the membrane-water interface than the lys side
chains, or they are tightly associated with counter-ions.
However, the former is inconsistent with the situation en-

countered in detergent micelles, as pointed out by
Stankowski and Schwarz (1990), where the various charged
groups of MLT are found at approximately equal distances
from the interface (Brown et al., 1982). As noted above, the
interaction of phosphate with a guanidinium group is pro-

moted by the formation of a ring structure, so it is feasible
that phosphate bound to MLT would hinder the interaction
of the phosphoryl group of MMPC with the arg guani-
dinium groups. There is yet a third possible explanation,
namely, that the guanidinium cations and the phosphoryl
moieties of the lysolipid cannot orient properly for optimal
interaction. In any event, the lack of a detectable interaction
of MLT with the MMPC headgroups at pH 11 is not
inconsistent with the constant charge of MLT sensed by the
MMPC micelle at lower pH.

CONCLUSIONS

The following conclusions are evident from this work.
1. MLT becomes predominantly a-helical upon binding

to MMPC micelles. The helical transformation is clear, even
at low lipid-to-peptide ratios (1:2), and is probably initiated
by hydrophobic interactions. The precise form of the mixed
micelle is very likely dependent on the lipid-to-peptide
ratio; stable, well-defined micelles are formed only at molar
ratios of .30:1. Under all conditions the exchange between
free and bound MLT is slow. At lipid-to-peptide ratios
below 4:1 the exchange rate was found to lie in the range of
200-425 s-1.

2. The MLT a-helix (at least involving residues 1-16) in
the MLT-MMPC mixed micelle is stable in the pH range 4
to 11. Hexacationic MLT as well as dicationic MLT (at pH
I 1) bind in a stable fashion to MMPC, implying that neither
the a-amino nor the C-amino moieties (of lys) must be

3. 31P-NMR linewidth analysis indicates that phosphate
ions "bind" to MLT in the complexes predominantly at the
N-terminus, at one or more of the three lysine side chains,
and at the two arginine side chains.

4. The cutionic groups ofMLT in the micelle are exposed
to solvent from pH 4 to pH 7; the extent decreases gradually
from pH 7 to pH 11. This reduction is probably effected by
deprotonation of the NH2 groups of the amino terminus and
the lysine side chains at high pH. Such changes in the total
cationic charge and its distribution probably promote a
change in position and orientation of the MLT helix in the
micelle.

5. A constant positive charge on the peptide is sensed by
the MMPC headgroup up to pH 10 but is reduced to nearly
zero at pH 11. This implies that the charges on the two
arginine side chains do not significantly contribute to the
interaction ofMLT with the MMPC headgroups, consistent
with published work (e.g., Stankowski and Schwarz, 1990).

6. The backbone and side chains of MLT in the mixed
micelle are partially, but certainly not completely, immobi-
lized. Order parameters are -0.5-0.8 for the backbone
a-carbons, -0.6-0.8 for the trp side chain, and -0.2-0.5
for the lys side chains, and they showed no obvious depen-
dence on pH in the range 4 to 9.

7. The amino-terminal gly residue, which rotates nearly
freely in monomeric MLT, is restricted in mobility in the
mixed micelle, its amplitude of motion becoming essen-
tially equivalent to that of the backbone Ca-H moieties. In
other words, lipid binding eliminates "end effects" on MLT
mobility. The partial immobilization of GI may depend on
both electrostatic interactions, because the immobilization
is evident at pH 4, where the residue is charged, and on
packing of lipid molecules around the residue, because the
order parameter for GI is nearly the same at pH 9, where it
is not charged.

8. The motion of a-carbons in the N-terminal part (resi-
dues 3-9) of MLT is more rigidly constrained than that of
a-carbons in the C-terminal part (13-16). This is reasonable
because the hydrophobic residues in the N-terminal half of
MLT provide better anchoring into the lipid milieu and
because there are competing electrostatic interactions be-
tween the cationic C-terminal end of MLT and the zwitte-
rionic phosphatidylcholine moieties.

9. The motion of the indole moiety of W19 is fairly re-
stricted, consistent with a location amid the fatty acyl moieties
in the mixed micelle. The side chains of K7 and K21 are highly
mobile in the mixed micelle; the side chain of K23 is likewise
quite mobile, although somewhat less so than K7 and K21, and
is not immobilized at any pH. This implies that the amino
group of lys-23 in charged or uncharged form is not buried in
the hydrophobic core of the micelle, although it is possible that
the aliphatic portion of the side chain could be looped to
interact partially with the acyl chains.

10. Generally Te values seem to fall into two groups. The
large majority of the backbone a-carbons have Te values
< 50 ps, whereas side-chain Te values lie between 50 and
120 ps at pH values 4-9. As noted, the lysyl side chains are
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charged and solvated in the MLT-MMPC mixed micelle (at
pH < 10); only the indole of W19 is apparently partially
buried in the micellar "interior." The relatively longer cor-
relation time for the trp side chain probably derives from
collective indole-lipid acyl chain motions promoted by van
der Waal's interactions.

11. At pH 11, Tm is larger than at pH 4 (16 ns versus 10
ns), and the order parameters of the lys residues were also
markedly larger, the latter indicating that the then uncharged
lysine residues are more likely to penetrate into the lipid.

12. Although lipid packing (both headgroup and acyl chain)
is substantially greater in lipid bilayers formed from fully
acylated phospholipids than in micelles comprising lysophos-
pholipids, we believe the nature of interaction with MLT will
be essentially the same for both lipid systems. It seems likely
a priori that the tightness of the binding and the amplitudes and
rate of backbone and side-chain dynamics for bound MLT will
depend on the thermotropic phase of the lipid bilayer being
studied and on the net charge in the bilayer.
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