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Assignments have been obtained for most of the '"H-NMR lines of melittin bound to fully deuterated dodecyl-
phosphocholine micelles by combined use of two-dimensional spin echo correlated spectroscopy and one-dimen-
sional NMR methods. Nuclear Overhauser enhancement measurements showed that the mobility of the entire
polypeptide chain is reduced by binding of melittin to the detergent micelle and that the amino-terminal and
carboxy-terminal halves of the primary structure constitute separate, compact domains within the conformation
of micelle-bound melittin. p?H titration experiments showed that the presence of positive charges on the four
amino groups of melittin had little influence on the conformation of the micelle-bound polypeptide. Titration of
tetrameric melittin with detergent provided evidence that melittin assumes similar conformations as a self-aggre-

gated tetramer and as a monomer bound to micelles.

Introduction

Melittin is a polypeptide of 26 amino acids which
constitutes about 50% of the dry weight of bee
venom. At sufficiently high concentrations, melittin
directly leads to lysis of native or model lipid mem-
branes [1-5]. At low concentrations melittin leads to
membrane lysis by activation of either the phospho-
lipase A, found in bee venom [5-8] or of endo-
genous phospholipase found in £. coli membranes
[6] and in a variety of types of cultured mammalian
cells [9]. Low concentrations of melittin have also
been found to affect membrane functions such as
mitochondrial respiration [3], adenylate cyclase
activity [10,11] and coupling in photosynthetic
membranes [12]. It has recently been suggested that

Abbreviation: SECSY, spin echo correlated spectroscopy
(two-dimensional).

melittin is an example of a class of toxocological
agents which subvert normal phospholipid turnover,
thereby inducing a prolonged hydrolysis of phospho-
lipids which eventually leads to dissolution of cell
membranes [9].

Since the available evidence suggests that melittin
exerts its physiological effects through interaction
with membrane lipids, we have been interested in
determining the structural basis of the melittin-lipid
interactions. In previous studies, we have used high
resolution 'H-NMR and various physico-chemical
methods to characterize conformational features of
melittin in three different states, i.e. monomeric
melittin in aqueous solution [13], tetrameric melittin
in aqueous solution {14] and monomeric melittin
bound to lipids [15,16]. These studies indicated that
although monomeric melittin in aqueous solution has
a flexible, extended conformation [13], melittin
assumed better defined conformations either upon
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self-aggregation to form a tetramer or upon binding
to various types of detergents or phospholipids [14—
16]. These studies also indicated that interaction of
melittin with detergents and phospholipids might be
regarded as ‘mixed micelle formation’, i.e. a lipid-
water interface provided by micelles or bilayers
appeared to be necessary to bind melittin to lipids,
but both the type of lipid aggregate, i.e. micelles or
bilayers, and the chemical nature of the interface
were found to have little influence on the conforma-
tion of lipid-bound melittin [15].

Since melittin forms a stoichiometrically well
defined complex with dodecylphosphocholine, i.e.
mixed micelles containing one polypeptide and
approx. 40 detergent molecules [15], and since a high
resolution 'H-NMR spectrum suitable for detailed
analysis is obtained for melittin bound to fully
deuterated micelles [16], we have used 'H-NMR to
further define the conformation of melittin bound to
deuterated dodecylphosphocholine micelles. This
paper describes the identification of numerous proton
resonances in micelle-bound melittin and a charac-
terization of global static and dynamic features of the
conformation of micelle-bound melittin. The reson-
ance assignments presented here provided a basis for
further studies of more detailed structural properties
of distinct segments of the melittin amino acid
sequence and for investigations of the location of
micelle-bound melittin relative to the micellar surface
[17] (to be published).

Materials and Methods

The synthesis of fully deuterated dodecylphospho-
choline [16] and the purification of melittin [13]
have been described previously. All experiments were
performed with the purified major component of
Apis mellifera melittin, i.e. the minor component
which is formylated at the a-amino group of Gly-1
had been removed. Previously described methods
[18] were used for preparation of samples for NMR
measurements. The composition of these samples is
described in the figure captions.

" TH-NMR spectra at 360 MHz were recorded on a
Bruker HX 360 spectrometer, Spin-decoupling dif-
ference spectra [19], truncated driven nuclear over-
hauser enhancement difference spectra [20,21] and
two-dimensional spin-echo correlated spectra [22]

were recorded as previously described. In some cases
the resolution of the 'H-NMR spectra was improved
by multiplying the free induction decays with a
phase-shifted sine bell [23,24]. Chemical shifts are
given in parts per million (ppm) relative to an inter-
nal reference of sodium 3-trimethylsilyl[2,2,3,3-*H,]-
propionate in aqueous solution at p?H 7.0 [25].
Values given for p?H are pH-meter readings uncor-
rected for isotope effects. lonization constants, pK,,
were determined by non-linear least-squares fits of
the experimental chemical shifts at varying pH values
to one-proton titration curves.

Results

In the first part the experiments used to identify
most of the "H-NMR resonances of melittin bound to
deuterated dodecylphosphocholine micelles are
described. The second part describes investigations in
which the resonance assignments have been used to
study global conformational features of micelle-
bound melittin.

Assignment of the 'H-NMR resonances of melittin,
bound to deuterated dodecylphosphocholine micelles

Although there are only 26 amino acid residues,
assignment of the 'H-NMR resonances of micelle-
bound melittin was complicated by the amino acid
composition of this polypeptide [27]

Gly-lle-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-

1 5 10
-Ala-Leu-lle-Ser-Trp-lle-Lys-Arg-Lys-Arg-Gln-GIn-NH, .
15 20 25

Thus, while proline, serine and tryptophan are pres-
ent only once in melittin, there are four leucine resi-
dues and three residues each of glycine, lysine and
isoleucine. Consequently, assignment of the 'H-NMR
resonances of micelle-bound melittin involved prob-
lems which are normally encountered only for con-
siderably larger polypeptide chains and use of a
variety of different NMR experiments was necessary.
These included two-dimensional spin echo corre-
lated spectroscopy (SECSY) {22,28,29], ‘null point
difference decoupling’ (see below), nuclear Over-
hauser enhancement difference spectroscopy [20,26],
decoupling in nuclear Overhauser enhancement dif-
ference spectra [20], detergent titration and p*H



titration. In addition to the resonance assignments,
these experiments also provided considerable
information on structural and dynamic features of
micelle-bound melittin, consideration of which is
deferred to the Discussion. Table I shows the reson-
ance assignments which have been obtained for
melittin bound to deuterated dodecylphosphocholine
micelles.

Evidence for assignment of many of the resonance
of micelle-bound melittin was obtained from a two-
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dimensional spin echo correlated spectrum of 8-
107> M melittin in the presence of 0.36 M [*Hj4]-
dodecylphosphocholine at p?H 5.5 and 55°C. Fig. 1
shows the 0—5 ppm spectral region of the SECSY
spectrum, In this spectrum, if protons which give
rise to resonances at chemical shifts § 4 and &g in one-
dimensional NMR spectra have a scalar coupling, then
with § 4 <8p and A8 =8 — 84, cross peaks will be
observed at the positions (65, —A8/2) and (5,
A8/2) in the two-dimensional SECSY spectrum, i.e.
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Fig. 1. Contour plot of the spectral region from 0.5 to 4.5 ppm of a 360 MHz spin echo correlated (SECSY) ! H-NMR spectrum
of melittin bound to deuterated dodecylphosphocholine micelles. The spectrum was recorded with a solution of 8 - 1073 M melit-
tin and 0.36 M [2H34 |dodecylphosphocholine in 2H,0 at p2H 5.5 and 55°C. Prior to this experiment the labile protons had
been replaced with deuterium and the sample sealed under an N atmosphere. The chemical shift, 8, on the horizontal axis corre-
sponds to that in conventional, one-dimensional spectra. Aé on the vertical axis stands for the difference frequencies between
correlated nuclei. Cross peaks between J-coupled nuclei arc at +A8/2. Connectivities between the individual components of the
following spin systems are indicated: , Thr-l and Thr-II (10 and 11); ------ , Ala-I and Ala-Il (4 and 15); — - — - — , Val-l
and Val-Il (5 and 8).
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TABLE 1

RESONANCE ASSIGNMENTS FOR THE 360 MHz 'H-NMR SPECTRUM OF MELITTIN BOUND TO DODECYLPHOSPHO-
CHOLINE MICELLES

Measured for 8 - 10-3 M melittin and 0.36 M [2H;3g]dodecylphosphocholine at p2H 5.5 and 37°C a.

Residue b Chemical shifts (ppm) Coupling constants (Hz)
«CH BCH  Others 3Jag  Jother
Gly-1 4.04 Joo» 154
3.94
Gly-1(30r12) 4.032 Joas 16.2
3.738
Gly-I1 (3 0r 12) 4.205 Jaq 16.6
3.748
Ala-l1 (4 or 15) 4.195 1.561
Ala-I1 (4 or 15) 4.291 1.593
ThrI(10or 11) 4.031 4.284 ~CHj3,1.331
Thr-II (10 or 11) 4.025 4.352 »CH3,1.351 3.0
Val-1 (5 or 8) 3.706 2.33  yCH; 1.108, 0.980 9.8
Val-1I (5 or 8) 3.824 2.33  yCHj3 1.160, 1.004 8.8
Ile-2 € 4.024 197 yCH3 1.023 vCH 1.33,1.636CH; 0.980} 5.4
Ile-I (17 0r 20) € 3.692 2.07 ~yCH3 0.998 “yCH 1.25,1.75 8CH3 0.897 10.6
He-I1 (17 or 20) € 3.327 2.12  yCH3 0921 ~CH 1.27,2.24 §CH3 0.947 7.5
Ser-18 4.206 4.04
4.09
Trp-19 4.254 3.40 ring C2H 7.372 Jpg, 13.6
3.72 C4H 7.560 10.1
C5H 6.851
C6H 7.028
C7H 7.490
Lys-1(7, 21 or 23) 3.927 145 +CH0.60 §CH, 1.35 ¢CH 2.560, 2.742 Jyy» 124 J e, 12.3
_ 145 0.90
Lys-I1 (7,21 or 23) d §CH, 1.75 €CH; 2.93
Lys-H1(7,21 or23)d 4.147 2.00 8CH, 1.75 ¢CH, 2.978
2.00
Leu-1(6,9,13 or 16) d 4.264 1.70 yCH 1.958CH; 0.857, 0.893
1.70
Leu-l1 (6, 9, 13 or 16) d 4.380 2.00 yCH 1.896CH3 0.9100.970
1.75
Leu-11I (6, 9, 13 or 16) d yCH 1.78 8CH3 1.041,0.937
Leu-IV (6,9, 13 or 16) d 3.862 1.95 yCH 1.87 6CH3 1.016, 0.965
1.95
Pro-14 d 1268 243
L 2.14)
Arg-1 (22 or 24) 4.087 1.94 yCH 1.60, 1.80 5CH, 3.22
1.80
Arg-11 (22 or 24) 4.076 1.96 yCH 1.68,1.78 6CH, 3.114
1.80
Glin-1 and 11 (25 and 26) © 4.19 2.05 ~CH, 243
2.15

4 The SECSY spectrum was run at 55°C, all the other experiments at 37°C. The only residues for which appreciable changes in
chemical shift between 37 and 55°C were detected were lie-11 and Lys-1. Both of these residucs are spatially near to the indole
ring of Trp-19 (Figs. 9, 10) and the chemical shifts are therefore particularly sensitive to small conformational changes.

Roman numerals are used for resonances which have not been individually assigned. They denote corresponding residues in the
spectra of monomeric melittin (13) and of the tetrameric melittin (14). The numbers refer to positions in the amino acid
sequence.



the cross peaks lie on a line which makes a 135° angle
with the A8 =0 axis [22,28,29]. As has been
described previously [29], the different types of
amino acid spin systems show patterns in SECSY
spectra which, in favourable cases, allow the type of
amino acid to be directly identified. For example, in
Fig. 1 the connectivities are shown for the aCH and
BCH; resonances of two alanines, the «CH, SCH and
vCH; resonances of two threonines and the «CH,
BCH and v, ,CHj; resonances of two valines.

Melittin contains a total of 22 methy! groups from
2 alanines, 2 threonines, 2 valines, 3 isoleucines and
4 leucines. The region of the SECSY spectrum shown
in Fig. 2 contains cross peaks corresponding to the 18
methyl groups of valine, leucine and isoleucine. Even
though there are 16 methyl resonances which
strongly overlap between 0.86 and 1.04 ppm in the
one-dimensional spectrum, individual cross peaks
corresponding to almost all of these methyl groups
could be observed in the SECSY spectrum. The cross
peaks for the § CH; resonances of two leucines, which
were overlapped at 6§ =097, A§=-046 (Fig.2),
were the only exception. However, because some of
the BCH and yCH, resonances of isoleucine and the
vCH resonances of leucine also had overlapping
chemical shifts (Table I), unambiguous assignments
from the SECSY spectrum alone could be obtained
only for seven of the 14 methyl groups of the
leucines and isoleucines. Assignments of the other
seven methyls were further based on the one-dimen-
sional null point difference decoupling experiments as
described in the following.

In order to detect decoupled multiplets in
crowded one-dimensional 'H-NMR spectra of pro-
teins, it is wusually necessary to use difference
decoupling, i.e. to obtain the difference between
spectra recorded with and without decoupling [19,
21]. Here, we have used a modification of the differ-
ence decoupling experiment, i.e. ‘null point differ-
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Fig. 2. Expanded plot of the region § = 0.65 to 1.30 ppm and
48 =0 to —0.8 ppm in the SECSY spectrum of Fig. 1. This
region contains cross peaks from the 18 methyl groups of the
two valines, three isoleucines and four leucines of melittin.
The assignments of the cross peaks are indicated by the one-
letter code for the amino acid type and by a Greek letter for
the position of the methyl group in the amino acid side
chain. Note that there are two cross peaks for each §CH3 of
isoleucine, manifesting the connectivities with the two non-
equivalent y-methylene protons.

ence decoupling’. Difference spectra were obtained
by subtracting a spectrum recorded with irradiation
at frequency wg +n - Aw from a spectrum recorded
with irradiation at frequency wp +n - Aw, where
both frequencies were in crowded spectral regions. A
series of difference spectra were recorded for n=

€ The yCH, and 6 CH3 resonances of fle-2 and Ile-1 have not been assigned to the individual residues. The assignment of the Ile-11
yCH, and 6 CH3 resonances is based on the observations that in Overhauser effect measurements with short preirradiation times,
the «CH, BCH and 4CH at 2.24 ppm were found to be spatially close to one another and to the C4H of the indole ring of

Trp-19.

Resonances which must correspond to five «CH-BCH, fragments of two lysines, four leucines and Pro-14 were observed but not

assigned to amino acid types.

¢ The resonances of glutamines 25 and 26 were overlapped. The chemical shifts for both residues are within £0.02 ppm of the

values given in the table.



0,1,2..... , i.e. in each successive difference spec-
trum both decoupling frequencies were shifted by the
same amount so that the difference between the two
decoupling frequencies, wa — wpg, was held constant.
When [wa — wgl is small, the appearance in the dif-
ference spectrum of spurious peaks from Bloch-
Siegert effects [30], is minimized and when Acw is
small, the chemical shift of the irradiated resonance
can be determined fairly accurately (see below). The
actual values chosen for w4 — wp and Aw depended
on the purpose of the experiment. For example, we
first screened the spectral region from 2.4 to 1.2 ppm
using Aw = w, — wp and wa — wg = 0.1 ppm, and
then used smaller values of wy —wp and Aw <
|wa —wpgl to determine more accurate chemical
shifts for the valines, leucines and isoleucines.

A series of null point difference decoupling experi-
ments which were used to identify the «CH, SCH and
vCH; resonances of one of the isoleucines is shown in
Fig. 3. Fig. 3B shows that subtraction of a spectrum
with wg=2.12 ppm from a spectrum with wy =
2.16 ppm gives a difference spectrum in which a
methyl doublet at 0.92 ppm is decoupled to a singlet,
with the singlet showing a negative intensity. In the
difference spectra shown in Fig. 3C and 3D, both
decoupling frequencies have been shifted by 1 - Aw =
—0.02 and —0.04 ppm, respectively. In Fig. 3C, the
intensity at 0.92 ppm is essentially nulled whereas in
Fig. 3D the decoupled methyl singlet at 0.92 ppm
shows a positive intensity. The spectra shown in
Fig. 3 indicate that the methyl doublet at 0.92 ppm is
more strongly decoupled at 2.12 ppm than at 2.16
ppm (Fig. 3B) or at 2.08 ppm (Fig. 3D), but is
approximately equally decoupled at 2.14 and 2.10
ppm (Fig. 3C). From these experiments it is apparent
that the methyl doublet at 0.92 ppm is coupled to a
resonance at 2,12 +0.01 ppm. The observation in
Fig. 3 that a single methyl doublet was decoupled by
irradiation at 2,12 ppm indicates that this methyl
doublet probably corresponds to an isoleucine yCH,
group, i.e. the BCH resonance has been irradiated. The
decoupling frequencies were in a crowded spectral
region in these experiments (Fig. 3A) and a number
of other resonances were also decoupled (Fig. 3B—
3D). However, in the spectral region expected to con-
tain the oCH resonances, i.e. 3.0—4.5 ppm, only the
doublet resonance at 3.33 ppm shows the same
dependence of the intensity on »n-Aw as the
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Fig. 3. Null point difference decoupling experiment used to
assign the oCH (a), BCH and yCHj (o) resonances of lle-II
(17 or 20). The same sample described in the caption to
Fig. 1 was used at 37°C. (A) 0.5-4.5 ppm spectral region of
the 360 MHz 'H-NMR spectrum of melittin bound to deuter-
ated dodecylphosphocholine micelles. (B) to (D) Spin-
decoupling difference spectra [19] obtained by subtracting a
free induction decay recorded with irradiation at 6 from a
free induction decay recorded with irradiation at 6 5. The
chemical shifts corresponding to the irradiation frequencies
were: (B) 84,8p=2.16,2.12 ppm; (C) 64,65 =2.14,2.10
ppm and (D) 6, 63 =2.12, 2.08 ppm. The arrows in (A)
show chemical shifts of 2.16 and 2.08 ppm, i.e. they bound
the region where double resonance irradiation was applied.
In (B) to (D), the region near the trradiation frequencies has
been omitted.

decoupled methyl singlet at 0.92 ppm. Thus, the
decoupled singlet resonance at 3.33 ppm is negative
in Fig. 3B, nulled in Fig. 3C and positive in Fig. 3D.
Resonances at 3.33, 2.12 and 0.92 ppm have there-
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Fig. 4. Null point difference decoupling experiment used to
assign the yCH and 8 ,CHj resonances of Leu-II and Leu-
IV. The same sample described in the caption to Fig. 1 was
used at 37°C, (A) 0.8—1.2 ppm spectral region of the 360
MHz 'H-NMR spectrum of melittin bound to deuterated
dodecylphosphocholine micelles. (B) to (D) Spin-decoupling
difference spectra [19] obtained by subtracting a free induc-
tion decay recorded with irradiation at g from a free induc-
tion decay recorded with irradiation at & 5. The chemical
shifts corresponding to the irradiation frequencies were: (B)
5a,63=191, 187 ppm; (C) 55, 6 =1.90, 1.86 ppm; (D)
8A,83=1.89,1.85 ppm. The brackets in (B) and (D) denote
the resonances assigned to the 8 ,2CH3 groups of Leu-1V and
Leu-II, respectively. Decoupling of the 81,2CH3 resonances
of Leu-l, for which yCH is at 1.95 ppm (Table I), was also
apparent and the corresponding resonances are denoted by
the bracket in (C).

fore been assigned to aCH, SCH and yCH;, respec-
tively, of an isoleucine.

Fig. 4 shows the experiments which were used to
identify the yCH and &, ,CH; resonances of leucines
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I and IV. These assignments were particularly
demanding since one §CHj group from each of the
two leucines had almost identical chemical shifts and
since the yCH resonances of these two residues were
separated by only 0.02 ppm (Table I). Because of the
close similarity of the two yCH chemical shifts, a
small value of Aw=-0.01 ppm was used in the
experiments of Fig. 4. Two methyl doublets which
decouple to singlets at 0.970 and 0.910 ppm have
positive singlet intensities in Figs. 4C and 4D but are
nulled when the irradiation frequencies are at 1.91
and 1.87 ppm (Fig. 4B). Resonances at 1.89, 0.970
and 0.910 ppm were therefore assigned to the yCH
and &, ,CH; groups, respectively, of Leu-I1. Similarly,
two methyl doublets which decouple to singlets at
1.016 and 0.965 ppm have negative singlet intensities
in Figs. 4B and 4C but are essentially nulled when the
two irradiation frequencies are at 1.89 and 1.85 (Fig.
4D). Resonances at 1.87, 1.016 and 0.965 ppm were
therefore assigned to the yCH and §, ,CHj; groups,
respectively, of Leu-1V (Table I). A useful feature of
null point difference decoupling for these assignments
was that by placing the two decoupling frequencies
symmetrically to higher and lower field from a
leucine yCH resonance, the methyl doublets which
were decoupled by irradiation of this resonance could
be nulled, thereby permitting unperturbed observa-
tion of other decoupled resonances. As mentioned
earlier, the cross peaks of Leu-l and Leu-IV in the
SECSY spectrum were partially overlapped at § =
0.97, Aé = —0.46 (Fig. 2) so that the definite assign-
ments could only be obtained by the experiments of
Fig. 4. Similarly, all of the methyl resonances of
micelle-bound melittin could be assigned to amino
acid types.

In the SECSY spectrum of micelle-bound melittin
(Fig. 1), a number of cross peaks were observed
between resonances in the 3.5-4.5 ppm spectral
region. An expansion of this region of the SECSY
spectrum is shown in Fig. 5. From the amino acid
composition of melittin, the region of the SECSY
spectrum shown in Fig. 5 would be expected to con-
tain resonances from the ABX spin systems of «CH
and SCH, of Ser-18 and Trp-19, A,, AB or AX spin
systems from glycines 1, 3 and 12, the AM portion of
the AMX; spin systems of threonines 10 and 11 and
possibly resonances from §CH, of Pro-14. One ABX
spin system with resonances at 3.40, 3.70 and 4.25
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Fig. 5. Expanded plot of the region 6 = 3.2 to 4.4 ppm and
A8 =-0.6 to +0.6 ppm in the SECSY spectrum of Fig. 1.
The connectivities between the individual components of the
following spin systems are shown: - - -- - - , «CH-BCH, of Trp-
19, - - — - — , Gly-I and Gly-II (3 and 12); , Gly-1.

Fig. 6. 360 MHz 'H-NMR experiments showing the AX spin
systems of the three glycine residues in melittin. The same
sample described in the caption to Fig. 1 was used at 37°C.
The solid arrows denote the frequencies at which preirradia-
tion for 0.4 s prior to data acquisition was used to build up
nuclear Overhauser effects. The open arrows denote the fre-
quencies used for decoupling during data acquisition. (A)
3.5-4.5 ppm spectral region of the *H-NMR spectrum of
melittin bound to deuterated dodecylphosphocholine micel-
les. (B)—(F) Truncated driven nuclear Overhauser enhance-
ment difference spectra obtained with preirradiation at: (B)
3.74 ppm, the «CH resonances of both Gly-I (3.74 ppm) and
Gly-II (3.75 ppm) were preirradiated; (C) 3.74 ppm, with
decoupling at 3.74 ppm, i.e. the «CH resonances of Gly-I and
Gly-II were both preirradiated and decoupled; (D) 4.21 ppm,
an aCH of Gly-II was preirradiated. (E) 4.04 ppm, the «CH
resonances of both Gly-1 and Gly-I were preirradiated; (F)
3.92 ppm, an «CH resonance of Gly-1 was preirradiated. (G)
The spin-decoupling difference spectrum [19] obtained by
subtraction of a free induction decay recorded with
decoupling at 3.87 ppm from a free induction decay recorded
with decoupling at 3.92 ppm. The Gly-1 oCH resonance at
4.04 ppm is partially decoupled. To avoid non-selective irra-
diation of the Gly-2 «CH resonance at 4.04 ppm, the Gly-1
aCH resonance at 3.94 was preirradiated slightly off-reso-
nance in (I) and decoupled slightly off-resonance in (G). In
traces D and E resonances of Ser-18 are denoted by e (see
text).

ppm is readily apparent in Fig. 5. Specific assignment
of this spin system to Trp-19 is described below. As
was demonstrated previously [29], SECSY spectra
provide a powerful method for identifying glycine
resonances in the crowded oCH region of protein 'H-
NMR spectra. Indeed, for micelle-bound melittin two
AX spin systems with coupling constants J > 15 Hz,
which is characteristic for glycine, were observed at
4.03 and 3.74 ppm, and at 4.21 and 3.75 ppm. Addi-
tional cross peaks at 4.04 and 3.94 ppm appeared to
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correspond to the third glycine (Fig. 5). These glycine
assignments have also been obtained by nuclear Over-
hauser enhancement difference spectroscopy (Fig. 6).
Preirradiation at 3.74 ppm led to observation of
doublet resonances at 4.03 and 4.21 ppm (Fig. 6B)

with coupling constants of 16.2 and 16.6 Hz, respec-

tively, With preirradiation at 3.74 ppm and
decoupling during acquisition at the same frequency,
the doublets at 4.03 and 4.21 ppm were both
decoupled to singlets (Fig. 6C). Similarly, preirradia-
tion at 4.21 ppm gave a doublet at 3.75 ppm with a
coupling constant of 16.6 Hz (Fig. 6D) and preirra-
diation of 4.04 ppm gave a doublet at 3.74 ppm with
a coupling constant of 16.2 Hz (Fig. 6E). Fig. 6E con-
tains a further doublet at 3.94 ppm with a coupling
constant of 15.4 Hz. Preirradiation at this resonance
position gave an Overhauser effect for a doublet at
4.04 ppm (Fig. 6F), which was assigned to a glycine
AX spin system by the difference decoupling experi-
ment of Fig. 6G.

Three resonances at 4.21, 4.09 and 4.04 ppm have
been assigned to the «CH and gCH, hydrogens, res-
pectively, of Ser-18, which is the only ABX spin sys-
tem in melittin other than Trp-19. In Fig. 6D, pre-
irradiation at 4.21 ppm gave Overhauser effects at
4.09 and 4.04 ppm. Furthermore, preirradiation at
4.04 ppm gave a strong triplet resonance at 4.21 ppm
in the Overhauser effect difference spectrum (Fig.
6E) and difference decoupling experiments showed

that a triplet resonance at 4.21 ppm was coupled to .

resonances at 4.09 and 4.04 ppm.

Identification of the resonances from the peri-
pheral hydrogens of the side chains of lysine, arginine
and glutamine as well as specific assignments for
Gly-1, Ile-2 and Trp-19 were obtained by titration of
tetrameric melittin with dodecylphosphocholine and
by pH titration of micelle-bound melittin. Fig. 7
shows the changes in chemical shift observed for
selected resonances of 4 - 107> M melittin in 0.05 M
phosphate buffer at pH 7.0 and 37°C as a function
of the dodecylphosphocholine/melittin ratio. Under
these conditions melittin forms a tetrameric aggre-
gate in the absence of detergent [14] whereas a com-
plex consisting of a single melittin molecule bound to
a dodecylphosphocholine micelle is formed at high
dodecylphosphocholine/melittin ratios [15]. The
resonances shown in Fig. 7 could either be directly
observed in the "H-NMR spectrum, or were identified
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at the various detergent ratios by difference decoupling
experiments. Since continuous changes in chemical
shift were observed as a function of the detergent/
polypeptide ratio and since we have previously given
resonance assignments for tetrameric melittin [14],
corresponding resonances in the spectra of micelle-
bound melittin could be identified from the titration
curves in Fig. 7. Most importantly, the titration
curves obtained for aCH and yCHj; of Ile-2 and one
BCH of Trp-19 (Fig. 7) allowed individual assignments
of the resonances of these residues to be made in
micelle-bound melittin (Table I).

For all the resonances shown in Fig. 7, the chemi-
cal shifts of micelle-bound melittin could also be mea-
sured over the entire p*H range from p*H 3.0 to p*H
11.5. The vast majority of the resonances showed at
most very slight changes in chemical shift. In this
case, it is safe to assume that those resonances which
showed major changes in chemical shifts as a function
of p*H must arise from hydrogen atoms which are
near, in the covalent structure, to titratable groups.
Fig. 8 shows the p*H titration curves for all those
resonances which showed changes in chemical shift
>0.05 ppm between p*H 3.0 and p?H 11.5. Above
p*H 8.0, two doublet resonances from one of the
three glycine residues titrated to chemical shift posi-
tions where they could be directly observed in the
'"H-NMR spectrum. When experiments of the type
shown in Fig. 6 were repeated at p?H 9.5, it was
found that the resonances of only one of the three
glycine residues showed large changes in chemical
shift between p”H 5.5 and p*H 9.5. Since an upfield
shift of approx. 0.5 ppm and an apparent pK, of 7.7
(Fig. 8) were appropriate for titration of the a-amino
group of an N-terminal glycine [31], the resonances
at 3.94 and 4.04 ppm at p°H 5.5 were assigned to
Gly-1. In the same p?H range, the aCH resonance
assigned to Ile-2 shifted 0.1 ppm to higher field with
an apparent pK, of 7.7 (Fig. 8), whereas the chemical
shifts of the other two isoleucine residues were vir-
tually constant. Since the change in chemical shift
and the apparent pK, are typical for the second resi-
due of a polypeptide chain [31], the p®H titration
data provided further evidence for the assignment of
Ile-2. The only other resonances for which appreci-
able changes in chemical shift were detected between
p?H 7 and p’H 9 were the oCH and SCH resonances
of Val-1, which shifted 0.03 ppm to higher field, and
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Fig. 7. For selected resonances of melittin (see text), plots are shown of the chemical shift observed as a function of the dodecyl-
phosphocholine/melittin ratio. A 4 - 1073 M solution of melittin in 0.05 M phosphate buffer at p2H 7.0 and 37°C was used. Un-
der these conditions and in the absence of detergent, melittin is tetrameric [14]. For detergent/polypeptide ratios greater than
approx. 40 : 1 [15], melittin is bound to the dodecylphosphocholine micelles as a monomer.

0.04 ppm to lower field, respectively. At higher p*H,
the eCH, resonances of Lys-Il and Lys-lI shifted
0.34 and 0.38 ppm to high field with apparent pK,
values of 10.0 and 10.1, respectively. For Lys-I, only
part of the titration curves could be observed for the
one-proton €CH resonances as well as for the one-
proton yCH resonance near 0.6 ppm (see below). An

apparent pK, of 9.9 +0.1 was estimated from this
data. The only other resonance for which an appreci-
able change in chemical shift was detected between
p’H 9.0 and p®H 11.5 was the «CH of Ile-II, which
shifted 0.04 ppm to lower field.

Identification of the resonances from the peri-
pheral hydrogen atoms of the side chains of lysine,
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Fig. 8. For selected resonances of micelle-bound melittin,
plots are shown of the chemical shift observed as a function
of p?H. Chemical shifts were obtained at the various p?H
values for all the resonances shown in Fig. 7, however, Fig. 8
includes only those resonances which showed changes in
chemical shift of more than 0.05 ppm between p2H 3.0 and
p?H 11.5. The solid curves were obtained by fitting the
experimental points to one-proton titration curves. Titration
curves are shown for: o, «CH of Ile-2; 2, oCH of Gly-1; o,
e¢CH, of Lys-II (7, 21 or 23); &, eCH, of Lys-I (7, 21 or
23); a4, two non-<quivalent ¢CH’s and o, yCH of Lys-I (7, 21
or 23). (For the assignment of the yCH resonance of Lys-,
sce Fig. 9).

arginine and glutamine from the detergent titration
and p*H titration experiments allowed further reson-
ances of these residues to be identified from the
SECSY spectrum. For the glutamine residues, the
entire spin systems could be observed in the SECSY
spectrum. These assignments were also obtained by
difference decoupling and nuclear Overhauser effect
difference experiments. The chemical shifts of the
8CH, resonances of the lysines and the yCH, reson-
ances of the arginines were identified from the
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SECSY spectrum. For Lys-I and the two arginines,
the complete spin systems could then be identified.

Fig. 9 shows the experiments used to assign the
resonances of Lys-I (Table I). In the 'H-NMR spec-
trum of micelle-bound melittin, a high field one-pro-
ton resonance was observed at 0.60 ppm. Preirradia-
tion of this resonance gave strong Overhauser effects
at 0.90, 1.35 and 1.47 ppm and somewhat weaker
Overhauser effects at an «CH triplet resonance at
3.93 ppm and at both eCH resonances of Lys-I at
2.74 and 2.56 ppm (Fig. 9B). Decoupling experi-
ments showed that the one-proton resonance at 0.60
ppm was coupled to resonances at 0.90 ppm (Fig.
9D), 1.35 ppm (Fig. 9E) and 1.47 ppm (Fig. 9F).
Furthermore, the aCH resonance at 3.93 ppm was
decoupled by irradiation at 1.47 ppm (Fig. 9F) and
the Lys-I eCH resonances at 2.74 and 2.56 ppm were
decoupled at 1.35 ppm (Fig. 9E). From the SECSY
experiment both SCH resonances were at 1.47 ppm
and both §CH resonances of Lys-I at 1.35 ppm.

Similar experiments were used to assign the spin
systems of the two arginines. For example, preirradia-
tion of the Arg-I 6CH, resonance at 3.12 ppm gave
strong Overhauser effects for the yCH resonances at
1.78 and 1.68 ppm as well as for resonances at 1.96,
1.80 ppm and 4.08 ppm. Decoupling in nuclear Over-
hauser effect difference spectra then showed that the
aCH resonance at 4.08 ppm was coupled to reson-
ances at 1.96 and 1.80 ppm. Coupled resonances at
these frequencies were also observed in the SECSY
spectrum and in difference decoupling experiments.
The resonance assignments for Arg-I shown in Table I
were obtained from these experiments and analogous
experiments were used to assign the resonances of
Arg-1l.

Global features of the conformation of micelle-bound
melittin by nuclear Overhauser enhancement studies
For polypeptide chains bound to deuterated lipid
micelles, highly selective "H-'"H Overhauser effects are
obtained even with preirradiation times of several
seconds [32,33]. As we have described in detail else-
where [32,33], this characteristic of the Overhauser
effects observed for micelle-bound polypeptide chains
can be used to determine global structural features.
This requires that a sufficient number of resonance
assignments are available and that sizeable negative
Overhauser effects are observed for most of the poly-
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Fig. 9. Experiments used to assign the spin system of Lys-I. The same sample described in the caption to Fig. 1 was used at 37°C.
(A) 360 MHz 'H-NMR spectrum of melittin bound to deuterated dodecylphosphocholine micelles, (B) Truncated driven nuclear
Overhauser enhancement difference spectrum obtained by preirradiation for 0.4 s of one of the LysI yCH resonances at 0.60
ppm arrow. Overhauser effects are observed for the following resonances of Lys-I: aCH, 3.93 ppm; 8CH,, 1.47 ppm; vCH, 0.90
ppm; 8CH,, 1.35 ppm and ¢CH, 2.56 ppm and 2.74 ppm. (C) to (F) Expanded plots of the spectral regions 0.50--0.70 ppm,
2.50-2.80 ppm and 3.88-3.98 ppm showing the effects of decoupling irradiation on selected resonances of Lys-I (note that in
contrast to most other double irradiation experiments shown, these are not differcnce spectra). (C) No decoupling. (D) Decoupling
irradiation at the ¥CH resonance at 0.90 ppm, the yCH resonance at 0.60 ppm is decoupled. (E) Decoupling irradiation at the
8CH, resonance at 1.35 ppm, the yCH at 0.60 ppm and both ¢CH resonances at 2.56 and 2.74 ppm are decoupled. (F) Decoupling
irradiation at the BCH, resonance at 1.47 ppm, the yCH resonance at 0.60 ppm and the aCH resonance at 3.93 ppm are decoupled.




peptide chain. In the case of micelle-bound melittin,
extensive resonance assignments are now available.
Furthermore, in the course of the experiments used
to obtain the assignments in Table I and in additional
Overhauser effect measurements (to be published),
negative Overhauser effects have been observed for all
the identified spin systems, i.e. for all residues except
Pro-14.

Fig. 10 shows that with preirradiation times of 4 s,
highly selective Overhauser effects are observed for
melittin bound to deuterated dodecylphosphocholine
micelles. For example, preirradiation of the C4H
resonance of the indole ring of Trp-19 gave Over-
hauser effects at only a small proportion of the melit-
tin resonances (Fig. 10B). Many of the resonances in
Fig. 10B could be assigned directly from the observed
chemical shifts, while other resonances have been
assigned by decoupling in Overhauser enhancement
difference spectra [20]. A majority of the resonances
corresponded to Ile-II (17 or 20), Lys-1 (7, 21 or 23),
Leu-1V (6,9, 13 or 16) and Trp-19. Many of the same
resonances were observed when the indole C2H reson-
ance was preirradiated (Fig. 10C). Of particular
interest in this experiment was that weak Overhauser
effects were observed at the §CH, resonances of both
Arg-I and Arg-II (22 and 24) as well as for the eCH,
resonances of Lys-1 and Lys-II, i.e. two of the lysines
7, 21 and 23 (insert in Fig. 10C). A completely dif-
ferent set of resonances were observed in the Over-
hauser effect difference spectrum when the overlap-
ping BCH resonances of Val-I and Val-II (5§ and 8)
were preirradiated for 4 s (Fig. 10D). In addition to
the other resonances of the two valines, Overhauser
effects were observed for methyl resonances of Ala-II
(4 or 15), ThrI (10 or 11), Leu-I and Leu-11 (6, 9, 13
or 16) as well as for the «CH of Ile-2.

In evaluating the structural implications of these
observations, it is important to note the distribution
of amino acid residues in the melittin primary struc-
ture. The experiments shown in Figs. 10B and 10C
show that presaturation of the C2H and C4H reso-
nances from the indole ring of Trp-19 led to Over-
hauser effects at both of arginines 22 and 24 and for
one of isoleucines 17 or 20, but that no Overhauser
effects were detected for Ile-2, the valines (5 and 8),
threonines (10 and 11) and glycines (1, 3 and 12),
which are all located in the amino-terminal half of the
amino acid sequence. Conversely, preirradiation of
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the BCH resonances of valines 5 and 8 (Fig. 10D) gave
Overhauser effects for Ile-2 and one of threonines 10
and 11, but no Overhauser effects were detected for
the resonances of Ser-18, Trp-19, isoleucines 17 and
20, arginines 22 and 24 or glutamines 25 and 26, all
of which are located in the carboxy-terminal half of
the amino acid sequence. Thus, the experiments in
Fig. 10 indicate that Overhauser effects are observed
amongst the group of residues located in the amino-
terminal half of the primary structure and amongst
the group of residues located in the carboxy-terminal
half of the primary structure, but no Overhauser
effects were detected between the two different
groups of residues.

As has been discussed in detail elsewhere, when
sizeable negative intra-residue Overhauser effects are
observed for most of the polypeptide chain, then the
detection of groups of residues which show intra-
group but not inter-group Overhauser effects in mea-
surements with long preirradiation times provides evi-
dence for separate domains in the conformation of
polypeptide chains bound to deuterated micelles [32,
33]. Thus, the amino-terminal and carboxy-terminal
halves of the primary structure must constitute sepa-
rate domains in the conformation adopted by melit-
tin bound to dodecylphosphocholine micelles.
Furthermore, although the alanines, lysines and
leucines are located in both halves of the melittin
amino acid sequence, the Overhauser effects observed
for these residues would be consistent with separate
domains for the amino-terminal and carboxy-terminal
halves of micelle-bound melittin and suggest individual
assignments for these residues. Thus, resonances from
lysines I and II were associated with the carboxy-
terminal group of residues (Fig. 10B and C) suggest-
ing these lysines correspond to Lys-21 and Lys-23.
Leu-IV was also associated with the carboxy-terminal
group of residues (Fig. 10B and C) suggesting it corre-
sponds to Leu-16, although Leu-13 cannot be entirely
excluded. On the other hand, Ala-Il and leucines I
and IT were associated with the N-terminal group of
residues suggesting that these correspond to Ala-4 and
leucines 6 and 9.

Discussion

The experiments described in this paper have
allowed identification of a major proportion of the
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'"H-NMR lines of melittin bound to deuterated dode-
cylphosphocholine micelles. 96 resonances corre-
sponding to 150 of the 179 non-labile hydrogen
atoms in melittin have been assigned to amino acid
types (Table I). This includes identification of the
complete spin systems for 17 of the 26 amino acid
residues and of all the resonances of Ile-2 and Ile-I
(17 or 20). A further 12 resonances corresponding to
15 hydrogen atoms have been identified as corre-
sponding to the aCH-3CH, fragments for five of the
seven residues of lysine, leucine or proline (Table I).
In view of the large number of assignments obtained,
the experiments described in this paper provide a
solid basis for investigation of structural features of
micelle-bound melittin. In the following, considera-
tion is given to the global structural and dynamic fea-
tures of micelle-bound melittin revealed by the pres-
ent experiments.

'H-"H Overhauser effect measurements provide a
powerful method for detecting groups of hydrogen
atoms which are separated by through-space distances
of approx. 2.0 to 5.0 A in molecular structures [21,
34,35]. They further manifest the rotational mobility
of the observed molecular species, i.e. negative 'H-'H
nuclear Overhauser enhancements are only observed
when rotation relative to the external magnetic field
of the vector joining the preirradiated and the ob-
served hydrogen atoms is slow compared to the
nuclear Larmor frequency, i.e. 360 MHz in the pres-
ent experiments [34—36]. While positive 'H-'H Over-

hauser effects were observed for monomeric melittin -

in aqueous solution [16], sizeable negative nuclear
Overhauser effects were observed for all the identified
spin systems of melittin bound to dodecylphospho-
choline micelles, i.e. for all residues except Pro-14.
This indicates that for the entire amino acid sequence
of melittin, binding of the polypeptide to the micelle
results in reduced mobility; the rotational motions of
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individual segments of the polypeptide chain may
even be restricted to rotation of the micellar complex
as a whole. Independent of the 'H-'H Overhauser
effects, the vicinal spin-spin coupling constants 3Jo43
(Table I) provided additional, direct evidence for
limited rotational mobility about the C%Cf bond
[29,39] in individual amino acid residues, i.e. Thr-II
(10 or 11), Val-I (5 or 8), Ile-2, Ile-I (17 or 20) and
Trp-19. In globular proteins of the size of the melit-
tin-dodecylphosphocholine complex, i.e. approx. 18
kdaltons [15], slow rotational motions lead to spin
diffusion by cross relaxation within the closely
packed spatial array of hydrogen atoms [36,37].
Thus, in nuclear Overhauser effect spectra recorded
with preirradiation times of approX. 1s or more,
negative Overhauser effects can be observed for most
of the hydrogen atoms in the protein [36-38]. In
contrast, for micelle-bound melittin and for other
polypeptide chains bound to deuterated micellar
detergents [32,33], selective negative Overhauser
effects were observed even with preirradiation times
of several seconds. This indicates that the hydrogen
atoms of micelle-bound melittin are not all included
in a single, closely packed spatial array, i.e. micelle-
bound melittin does not adopt a compact, globular
structure.

Further structural information from the selective
'H-'H Overhauser effects in micelle-bound melittin
can be obtained on the basis of the resonance assign-
ments in Table 1. Firstly, negative Overhauser effects
between hydrogen atoms located in the same amino
acid were observed throughout the molecule, showing
that the individual amino acid residues were immobil-
ized. Secondly, the absence of Overhauser effects
between the two groups of resonances assigned to
residues in the N-terminal segment 1—12 and in the
C-terminal segment 16—26 shows that these two seg-
ments are separated by a distance of 5 A or more

Fig. 10. 'H-NMR experiments used to obtain information about the overall spatial structure of micelle-bound melittin (see text).
The same sample described in the caption to Fig. 1 was used at 37°C. (A) 360 MHz !-H-NMR spectrum of melittin bound to
deuterated dodecylphosphocholine micelles. (B) to (D): Truncated, driven nuclear Overhauser enhancement difference spectra ob-
tained by preirradiation of sclected resonances of micelle-bound melittin for 4 s prior to data acquisition. The preirradiated reso-
nances (arrow) were: (B) C4H of the indole ring of Trp-19; (C) C2H of the indole ring of Trp-19; (D) CH of Val-5 and Val-8.
Assignments of the resonances for which Overhauser effects were observed are indicated by the one-letter code for the amino acid
type and a number of Roman numeral for the spin system (Table I). For the spectral region containing the 8CH, resonances of
arginines 22 and 24 and the ¢CH, resonances of lysines 7, 21 and 23, the inserts in (C) and (D) show a 3-fold vertical expansion
obtained after applying a 2-Hz line broadening to the free induction decay.
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[18,32,33]. Finally, within both the amino-terminal
region and the carboxy-terminal region, numerous
negative interresidue Overhauser effects were ob-
served (e.g. Fig. 10) indicating the two segments have
relatively compact conformations. Overall this data
therefore indicates that within the spatial structure of
micelle-bound melittin, the N-terminal and C-terminal
segments of the polypeptide chain form two com-
pact, but spatially separated domains.

Although the Overhauser effect measurements
indicated that the entire amino acid sequence of
micelle-bound melittin is immobilized on a time scale
of nanoseconds, two observations indicate that some
portions of melittin may be further immobilized.
Thus, the inequivalence in the '"H-NMR spectrum of
the two aCH resonances of Gly-1 and of the two eCH
and two yCH resonances of Lys-I is a striking feature.

A possible explanation would be that for these
residues rotation about the respective single bonds is
siow on a millisecond time scale. It is attractive to
consider that such immobilization might result from
interaction of the respective positively charged amino
groups with the phosphate groups of the dodecyl-
phosphocholine molecules. However, the available
evidence makes this an unlikely explanation. Firstly,
the p?H titration experiment (Fig. 8) indicated that
the a-amino. group of Gly-1 and the e-amino groups
of lysines 7, 21 and 23 all showed titration behaviour
which was characteristic of an extended polypeptide
in aqueous solution. Furthermore, the aCH reso-
nances of Gly-1 and the ¢CH lines of Lys-I remained
inequivalent when the respective amino groups were
deprotonated (Fig. 8). That the non-equivalence of
the LysI €CH resonances is not primarily due to
interaction with lipid phosphate groups is further sup-
ported by the observations that these hydrogens also
gave inequivalent resonances in the 'H-NMR spectra
obtained for tetrameric melittin in aqueous solution
[14] and for melittin bound to non-ionic detergents
[15]. It may also be noted that since most of the
resonances of micelle-bound melittin showed virtually
no change in chemical shift between p*H 3.0 and p*H
11.5, the presence of positive charges on the amino
groups appears to have little or no influence on the
conformation of micelle-bound melittin and not to be
essential for binding of melittin to lipids.

In previous studies we have observed that tetra-
meric melittin and lipid-bound melittin gave similar

circular dichroism spectra [15]. Although some dif-
ferences in the 'H-NMR spectra were observed
between micelle-bound melittin and tetrameric melit-
tin, only small variations of the chemical shifts were
observed for melittin bound to various types of lipids
or for tetrameric melittin under various solution con-
ditions [14,15]. In contrast, markedly different CD
spectra and 'H chemical shifts prevailed for mono-
meric melittin in aqueous solution [13]. With the
data in Table I, a more detailed comparison of tetra-
meric and micelle-bound melittin is now provided by
the detergent titration curves shown in Fig. 7. For
resonances from numerous residues distributed
throughout the primary structure, most of the reso-
nances of tetrameric melittin showed only slight
changes in chemical shift upon going to micelle-
bound melittin. Little or no change in chemical shift
was observed for many of the side chain resonances
and for all of the aCH resonances except those of
Ile-I and Ile-II. Of those residues which showed the
largest changes in chemical shift, i.e. Ile-2, Ile-II (17
or 20), Lys-I (7, 21 or 23) and Arg-Il (22 or 24), all
except Arg-II have been shown to experience appreci-
able ring current shifts from the indole ring of Trp-19
either in tetrameric [14] or micelle-bound melittin.
The chemical shifts of these residues are therefore
particularly sensitive to even small changes of con-
formation or of intermolecular contacts upon dis-
sociation of the melittin tetramers. Overall, these ob-
servations indicate that for most hydrogen atoms in
both tetrameric and micelle-bound melittin, the
deviations of the chemical shifts from random coil
values [39,40] are primarily determined by intra-
molecular interactions rather than intermolecular
interactions with neighbouring melittin or lipid mole-
cules, respectively. The spectral similarities then sug-
gest that melittin adopts closely related conforma-
tions in the tetrameric form and when bound to
micelles. The comparison of these two forms of melit-
tin provides a particularly interesting illustration for
the use of conformational studies of polypeptide
chains in deuterated lipid systems [15—18,41].

The conclusions reached here thus indicate that
structural explanation of the dynamic features as well
as of the amphiphatic properties of the three-dimen-
sional structure of melittin suggested by the modes
of self-association or of interaction with lipids and
detergents [14,15] will have to await detailed eluci-



dation of the conformations in the N-terminal and
C-terminal domains. Work on micelle-bound melittin,
using the resonance assignments of Table[ and an
extensive set of selective 'H-'H Overhauser effects as
input for a distance-geometry algorithm [18], is cur-
rently in progress. In view of the apparent similarity
of the molecular conformations for tetrameric and
micelle-bound melittin, relevant structural data might
also come from single crystal X-ray studies of aggre-
gated melittin {42].
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