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Abstract Melittin is a cytolytic peptide whose biological
activity is lost upon binding to a six-residue peptide,
Ac-IVIFDC-NH,, with which it forms a highly insoluble
complex. As a result, the structural analysis of the inter-
action between the two peptides is difficult. Solid-state
NMR spectroscopy was used to study the interaction
between melittin and the peptide inhibitor. Location of
the binding site in the melittin-inhibitor complex was de-
termined using lanthanide ions, which quench NMR
resonances from molecular sites that are in close prox-
imity to the unique ion binding site. Our results indicated
that the inhibitor binding site in melittin is near Leul3,
Leul6 and Ile17, but not near Leu6 or Val8. On the basis
of these data we propose that the inhibitor binds to me-
littin in the vicinity of Alal5 to Trpl9 and prevents in-
sertion of melittin into cell membranes by disrupting the
helical structure. Supporting evidence for this model was
produced by determining the distance, using rotational
resonance NMR, between the [1-'*C] of Leul3 in melittin
and the [3-'*C] of Phe4 in the inhibitor.

Keywords Intermolecular distance - Inhibitor -
Lanthanide ions - Melittin - Rotational resonance NMR

Introduction

Melittin is an o-helical amphipathic peptide of 26 resi-
dues derived from the venom of the honey bee that lyses
cell membranes (for a review, see Dempsey 1990). The
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amino acid sequence of melittin is GIGAVLKVLTTG
LPALISWIKRKRQQ-CONH,. Using combinatorial
chemistry, a six-residue peptide, Ac-IVIFDC-NH,, has
been found to be an active inhibitor of melittin hemol-
ysis (Blondelle and Houghten 1991; Blondelle et al.
1993). Hydrophobic interactions between the peptide
and melittin are suggested as a mechanism of inhibition,
preventing melittin interacting with the membrane
(Hewish et al. 1996). A number of hexapeptides and a
pentapeptide based on the structure of Ac-IVIFDC-
NH, have been synthesized and their ability to inhibit
melittin-induced hemolysis was tested using several
spectroscopic techniques (Werkmeister et al. 1993;
Rivett et al. 1999). The results of this earlier study in-
dicated that the inhibitors were binding to melittin in the
region of the tryptophan residue at position 19 and near
the proline region of melittin. The sequence that inhib-
ited melittin hemolysis activity was clarified by activity
tests which demonstrated that the tripeptide IFD is
essential for inhibition (Rivett et al. 1999).

However, the details of the interaction of melittin and
its inhibitor are unknown. Structural studies of a me-
littin-inhibitor complex can provide not only an under-
standing of the mechanism of melittin inhibition but also
general peptide-peptide interactions. Since the melittin-
inhibitor complex is highly insoluble, difficulties arise in
structural determination by techniques such as multi-
dimensional solution NMR and X-ray crystallography.
The nature of the melittin-inhibitor complex has been
studied in our recent work by circular dichroism (CD),
solution NMR and solid-state (SS) NMR techniques
(Lam et al. 2000), in which we showed that the binding
of melittin to inhibitor caused a reduction in the degree
of ao-helical structure of melittin. An overall structural
model of the melittin-inhibitor complex is required be-
fore rational selection of site-specific labelled analogues
of melittin and the inhibitor can be made for the purpose
of intra- and intermolecular distance measurements. In
this work, SS-NMR and lanthanide ions were used to
ascertain binding sites and determine which points of the
peptides to specifically label.
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The location of membrane components relative to the
membrane surface has been examined in dim-
yristoylphosphatidylcholine (DMPC) bilayers using a
combination of Dy** ions and high-resolution '*C CP
MAS NMR (for a review, see Henry and Sykes 1994;
also Villalain 1996; Grobner et al. 1999), a method based
on site-resolved observation of the nuclear s]?in—relax-
ation-enhancement effect. The binding of Dy’ " to the
bilayer surface permits observation of the quenching of
resonances that are in close proximity to the polar in-
terface or at the membrane surface. An indication of the
binding sites of the melittin-inhibitor complex was found
using Dy* " ions and similar techniques to Grobner et al.
(1999), but in our case the location of melittin is relative
to the inhibitor surface rather than the membrane sur-
face. Rotational resonance (RR) NMR (Peersen et al.
1995) techniques were then used to measure intra- and
intermolecular distances between labelled sites in the
melittin-inhibitor complex.

Materials and methods

Peptide synthesis

The peptides were synthesized by solid phase techniques (Merrifield
1963; Stewart and Young 1984) using Rink amide resin for the
inhibitors and TGR resin for melittin. Rink resin and TGR resin
(Rink-modified TentaGel) (Stewart and Young 1984; Novabio-
chem 1999) were purchased from Auspep (Melbourne, Australia)
and used without further purification. Details of '*C amino acids
and peptide synthesis procedure are given in Lam et al. (2000). The
monomeric form of the inhibitor was synthesized using the Fmoc-
Cys(acetamidomethyl) (ACM) derivative; since it is stable to tri-
fluoroacetic acid (TFA), ACM is not removed during cleavage.
Once the last amino acid was coupled, a final deprotection step was
carried out prior to cleavage of the peptide from the resin. In the
case of the inhibitor, the N-terminus was acetylated following re-
moval of the terminal Fmoc protecting group. The peptides were
characterized by HPLC, mass spectrometry and solution NMR.

Sample preparation
Inhibitor-Dy**

To inhibitor (40 mg) dissolved in TFA (1 mL), 40 uL of Dy** in
aqueous solution (3.77 mg per 10 mL) was added, mixed and dried
under N, gas.

Melittin-(inhibitor-Dy* ")

Inhibitor with equimolar Dy** (4.3 mg, ~0.4 mmol) was added to
melittin (15 mg, ~0.4 mmol) and both dissolved in TFA (1 mL).
Diethyl ether (6 mL) was added and a precipitate formed. Fol-
lowing centrifugation (30 min) using a bench Eppendorf centrifuge
5410 (Eppendorf-Netheler-Hinz, Hamburg, Germany), the super-
natant was removed. The pellet was washed several times with
diethyl ether and then lyophilized to obtain a dry powder.

NMR spectroscopy
SS-NMR spectroscopy was carried out using a Varian Inova 300

NMR spectrometer (Varian, Palo Alto, Calif., USA) operating at
75.45 MHz for 13C and a Doty magic angle spinning (MAS) probe

(Doty Scientific, Columbia, S.C., USA) using a 5 mm rotor. '*C
spectra were acquired using cross-polarization (CP) MAS (Andrew
1981) with a "H /2 pulse of 3.6 ps, a contact time of 3 ms, a recycle
delay of 2's, a sweep width of 30 kHz and 8000 transients, and
processed with a line broadening of 50 Hz. CP is used to enhance
the '*C signal by polarization transfer from protons to carbon
(Pines et al. 1972; Homans 1992) and MAS to reduce the dipolar
coupling and chemical shift anisotropy to obtain a well-resolved
carbon spectrum.

Distance measurements

RR experiments were carried out by selectively inverting the '3C-
labelled carbonyl resonances of melittin using a soft 7 pulse and
observing the subsequent exchange of magnetization between la-
belled resonances ([1-'>CJLeul3 melittin, [3-'*CJPhe4 inhibitor)
while performing MAS at a spin rate satisfying the condition
Av=nv,, where Av is the frequency separation between two labelled
resonances, 7 is an integer and v, is the sample spinning speed (for a
review, see Peersen and Smith 1993). A range of mixing times, 7., is
employed to follow the magnetization transfer. As t,, is increased,
greater magnetization transfer between the two labelled carbons
occurs, and the signal intensity of each resonance decreases.
Analysis requires that spectra from samples containing native
(natural abundance) peptides under identical conditions be sub-
tracted to remove the background signal. Differences in peak in-
tensity </I.—S.>, normalized to 1 at zero mixing time, are then
plotted against 7, to generate a magnetization exchange curve
(Peersen and Smith 1993; Peersen et al. 1995). Chemical shifts were
referenced to hexamethylbenzene (HMB).

Molecular modelling

Molecular modelling was used to interpret the NMR data obtained
from a lyophilized powder of melittin-inhibitor complex. In an
analogous fashion to our previous work (Lam et al. 2001), the
structure of melittin in the melittin-inhibitor complex was modelled
using DYANA (Giintert et al. 1997). Briefly, the crystal structure
of melittin (Terwilliger and Eisenberg 1982) was used to derive a set
of constraints to restrict the overall melittin conformation to a fold
similar to that of the curved helix found in the crystal and solution
structures. Additional constraints were included from measure-
ments made using RR of distances around the Prol4 residue in
melittin when bound to the inhibitor, e.g. [1-C]Leul3-[2-C]Leul6,
[1-C]Leul3-[2-C]Alal5 and [2-C]Leul3-[1-C]Alal5, which showed
no RR signal, were set to a lower distance limit of 6.5 A. A relative
weighting of 10 was used for the RR distances in the DYANA
constraints to bias the final structures towards these values. Fifty
structures were determined as described in Lam et al. (2001) and
the best 20 analysed using MOLMOL (Koradi et al. 1996).

The structure of the melittin-inhibitor complex was also mod-
elled using DYANA by incorporating the intermolecular distance
found by RR between Phe4 of the inhibitor and Leul3 of melittin.
Additional constraints derived from the signal decays observed in
the Dy** SS-NMR analysis were also incorporated. Again, 50
structures were calculated using DYANA and the best 20 analysed.

Results and discussion

In order to locate the inhibitor binding sites in melittin,
lanthanide ions were first bound to the inhibitor and the
effect on the NMR spectra of labelled melittin examined.
From the decrease in signal intensity of the labelled
resonances in the presence of Dy>", appropriate resi-
dues were selected in melittin and the inhibitor for
measurement of intermolecular distances by RR tech-
niques.



Inhibitor-Dy**

Ac-IVIFDC-NH, is highly hydrophobic, with the single
charged COO™ group on the aspartic acid being the most
likely binding site for Dy** ions. The decay of signal in-
tensities with titration of Dy* " ions for the various carbon
sites in the peptide correlates to the distance from the
bound cation. Addition of Dy’* lanthanide ions
(04 mM) to the inhibitor resulted in a gradual loss of
spectral intensity of Phe ring and backbone '*C NMR
resonances, with small chemical shift changes (Fig. la—c).
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Fig. 1. '*C CP MAS NMR spectra of melittin and inhibitor at
room temperature using 6000 Hz spinning speed, 3 ms contact
time, 1 s recycle delay and 4096 transients: a inhibitor alone, b
inhibitor with 1 mM D;fClg (0.6 umol), ¢ inhibitor with 4 mM
DyCl; (2.5 pmol), d [1-"*C]Ile17 melittin alone and e [1-'*C]lle17
melittin with 1 mM DyCl; (0.5 pmol). Asterisks indicate MAS
sidebands
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This suggests that paramagnetic relaxation effect contri-
butions to T, are larger than the chemical shift contribu-
tion, as observed for studies of lanthanide effects on small
sonicated vesicles (Hauser et al. 1975) and bicelles (Pros-
ser et al. 1998). An intensity decrease was observed for the
aromatic ring of Phe (119 ppm), whereas no significant
change in signal intensities was observed at the carbonyl
and C,, Cz and C, resonances of the inhibitor, suggesting
that the lanthanide ion is bound to the side chain of an
adjacent residue. No significant quenching of isoleucine
resonances or the CHjs resonance of Val2 was observed.
This indicates that the binding site of the lanthanide ion is
most likely the COO™ group of the aspartic acid, Asp5.

Melittin-Dy? "

[1-13C] specifically labelled melittin analogues (Ile2,
Ala4, Val5, Leu6, Val8, Leu9, Leul3, Alal5s, Ilel7 and
11e20) complexed with Dy’" showed no significant
changes in signal intensity for labelled C-13 residues
compared to melittin alone. For example, '*C CP MAS
spectra of [1-"*C]lle17 melittin with and without Dy’ "
are shown in Fig. 1d and Fig. le. The similarity of the
spectra suggests that the Dy’ " was not bound to the
melittin and is most likely related to the absence of po-
tential binding sites (Asp or Glu) in the peptide se-
quence. Combined with our data showing that Dy’ "
bound to the inhibitor only at Asp5, this allowed us to
further explore the binding sites within the highly in-
soluble melittin-inhibitor complex.

Melittin-inhibitor complex

13C CP MAS experiments were carried out using spe-
cifically labelled [I-*C]Leu6-['N]Val8  melittin,
[1-C]Leul3-[2-"*C]Leul6 melittin and [1-'3C]llel7
melittin with inhibitor in a 2:3 mole ratio. No significant
signal intensity changes in [1-'*C]Leu6 and ['°N]Val8
were observed as the concentration of the added Dy**
solution increased from 0 to 4 mM, although a change
in chemical shift was observed from 169 to 166.6 ppm
for [1-'3C]Leu6. This suggested that this labelled site in
melittin was not close to Asp5 of the inhibitor.

A significant change in relative intensity was observed
in [1-"*C]Leul3-[2-">C]Leul6 (Fig. 2) and [I-">C]Ile17
with inhibitor Dy®*. The relative intensity decay with
4 mM Dy* " for the label of Leul3, Leul6 and Ilel7 was
~50%, ~40% and ~20%, respectively. This result sug-
gests that Leul3 of melittin is closer to Asp5 of the in-
hibitor than Ilel7.

The above results support the model of Hewish et al.
(1996) that the strongly hydrophobic inhibitor is ex-
pected to interact with the hydrophobic side of the
amphiphilic melittin helix. Tryptophan or another aro-
matic at position 19 is known to be crucial for the lytic
activity of melittin (Habermann and Kowallek 1970;
Blondelle and Houghten 1991; Blondelle et al. 1993) and
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it was proposed that the inhibitor masks this residue.
Hewish et al. (1996) also suggest that the inhibitor lies
adjacent to the hydrophobic area of melittin defined by
the residues Val8, Leu9, Leul3, Leul6 and Ile20.
However, our results suggest that Asp5 of the inhibitor
was not near Val8, but rather closer to Leul3, Leul6
and Ilel7.

The decay in signal intensity allows us to assess the
proximity of the lanthanide ion. The decay in intensity
of a labelled site gives an indication of the distance (with
a r® distance dependence) to the Dy’ " binding site. A
correlation between the relative distance within the me-
littin-inhibitor complex and the decay of relevant in-
tensities was inferred. From the Dy’ " studies of the
melittin-inhibitor complex, labelled sites were chosen in
both the melittin and inhibitor for intermolecular dis-
tance measurements by RR.

Intermolecular distance measurements

The intermolecular distance measurements of the me-
littin-inhibitor complex were carried out using powder
samgples of [1-'3C]Leul3-[2-"*C]Leul6 melittin and
[3-""C]Phe4 1nh1b1tor The freqzuency in Hz between the
chem1ca1 shift of the [2-"°C]Leul6 melittin and
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Fig. 2. a >C CP MAS NMR spectrum of labelled [1-'*C]Leul3-
[2-13C]Leul6 melittin-inhibitor complex, and with increasing
concentrations of DyCl; solution: b 1 mM (0.5 pmol), ¢ 2 mM
(1 pmol) and d 4 mM (2 umol). Asterisks indicate MAS sidebands

[3-1°C]Phe4 inhibitor were close (~2000 Hz) and a stable
spinning speed, which is essential for the RR condition
(Peersen and Smith 1993; Peersen et al. 1995), was dif-
ficult to sustain. The intermolecular distance between
[1-'3C]Leul3 melittin and [3 -13C]Phe4 inhibitor was de-
termined to be 3.8+0.2 A by RR (dipolar coupling of
140 Hz) (Flg 3). From this result and the Percentage
decrease in signal intensity with Dy* " of [2-'*C]Leuls6,
[1-3C]Leul3 and [1- ]3C]Ilel7 it appears thdt the inter-
molecular distance of [2-'>C]Leul6 i is closer than 3.8 A
and [1-'*C]lle17 is greater than 3.8 A. The intramolec-
ular distances [1-3C]Leul3-[2-1*C]Leul6 and
[1-C]Leul3-[2-"*C]Alal5 in melittin with inhibitor
were > 6.5 A (Lam et al. 2000). The distance change and
CD results (Lam et al. 2000) indicated a loss of a-
helicity, possibly caused by strong binding between the
inhibitor sidechain of Phe4 to the backbone of melittin
around Prol4.

Molecular modelling of melittin-inhibitor complex

Molecular modelling was undertaken in order to inter-
pret the observed intra- and intermolecular RR distances
in the melittin-inhibitor complex. Modelling also allowed
comparison of possible structural changes between
melittin alone and when complexed to the inhibitor. The
experimental intramolecular distances measured by RR
for [1-"*C]Leul3-[2-"*C]Leul6 and [1-"*C]Leul3-
[2-1*C]Alal5 melittin complexed with inhibitor were in
excess of 6.5 A, indicating a change in structure of the
melittin (Lam et al. 2001). The melittin [1-'*C]Leul3 to
inhibitor [3-13C]Phe4 distance was found, by RR, to be
3.8 A. Decay eﬁects (Grobner et al. 1999) observed for
the melittin [1-'*C]Leul3, [2-]3C]Leu16 and [1-"*C]lle17
resonances in the presence of Dy* " and inhibitor indi-
cated that Leu13 and Leul6 were approximately 3.8 A

from the Dy*" ion where it is bound to the inhibitor,
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Fig. 3. The magnetization exchange curve for [1-'*C]Leul3 melit-
tin to [3-'*CJPhe4 inhibitor as a dry powder determined from the
RR spectra. The symbols on the graph are the data points obtained
from experiment and the curve (solid line) was obtained by non-
linear least-squares fitting of 7»zq and the dipolar coupling. The
dotted and dashed lines are the simulation curves for the upper and
lower distance limits



while Ile17 is further away, around 4.3 A. Analysis of the
structures of the melittin-inhibitor complex, calculated in
DYANA and incorporating constraints derived from the
RR data and SS-NMR using Dy* ", indicates that two
distinct orientations for the inhibitor are identified
(Fig. 4). These differ in the positioning of the Phe4
sidechain of the inhibitor to one or other side of the
melittin helix adjacent to Leul3 (Fig. 4A), with conse-
quent adaptation of the rest of the inhibitor to satisfy the
other constraints imposed during the calculation. The
limited number of constraints currently available to pin
down the inhibitor are insufficient to distinguish which of
these two potential orientations actually occur; it is
possible that both species are, in fact, present in the
complex. The alteration of the structure of melittin is

Fig. 4. A Diagrammatic representation of the two d1fferent
melittin-inhibitor complex models derived from RR and Dy*"
quenching effects. In both cases a single representative melittin
backbone trace is shown, with the N-terminus of the peptide at the
bottom of the figure. All of the inhibitor structures from each
family of structures are shown, with the sidechain of Phe4 only
visible for clarity. In this view it is immediately apparent that the
Phe4 sidechain of the inhibitor sits on one or other side of the
melittin in the two groups of structures. This alters the orientation
of the rest of the inhibitor to accommodate other constraints on the
complex structure. B Diagrammatic representation of the lowest
energy structures from each of the two families of melittin-inhibitor
models. Melittin is shown as a heavy-atom stick model. The
inhibitor is shown as a CPK representation and clearly interacts
preferentially with C-terminal residues of the proline in both
structures. Trp19 in melittin is indicated in both structures by the
dotted loop and has been shown by both CD and fluorescence
studies to be influenced by inhibitor binding
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very similar in both conformations, with the most obvi-
ous effect being a straightening of the bend at Prol4 (see
below). The majority of interactions between the inhib-
itor and melittin are towards the C-terminal end of
melittin, with no interactions occurring with N-terminal
residues of Prol4.

The inter-helical angles determined for melittin in the
complex were compared with those from other results.
The angles were measured at the intersection of two lines
drawn through the axes of the helices defined by residues
1-13 and 17-26 (Lam et al. 2001). The angles measured
between the N- and C- terminal o helices in the struc-
tures modelled for melittin bound to inhibitor fall in the
range 176+ 5°, which is greater than the angle of 129°
obtained for the crystal structure (Terwilliger and
Eisenberg 1982). Angles of 126+15° in dod-
ecylphosphocholine (DPC) micelles (Inagaki et al. 1989)
and 130+9° in lipid (Lam et al. 2001) have been re-
ported. However, in aligned lipid bilayers in the fluid
phase (Smith et al. 1994), an angle close to the 160°
observed for melittin in methanol (Bazzo et al. 1988) was
reported. While binding of the inhibitor resulted in a
reduction in melittin o-helicity as determined by CD
spectroscopy (Lam et al. 2000), the model structure of
the complex does not show any marked degree of change
in o-helicity. This is probably due to the method used to
calculate the structure, with constraints derived from the
crystal structure encouraging the formation of a helix by
melittin. Determination of additional experimental
constraints for the melittin-inhibitor complex and re-
calculation of the structure should clarify the extent of
changes in helical content.

Figure 4B shows the two models of the melittin-in-
hibitor complex derived from our data, with melittin
shown as a stick model and the inhibitor as CPK spheres.
It is clear that, in both models, the inhibitor interacts al-
most exclusively with residues between Leul3 and Trp19
of the melittin. Our solution NMR studies of inhibitor
titrated against melittin (Lam et al. 2000) demonstrate a
change in chemical shift of the Trp19 sidechain resonance,
in agreement with fluorescence studies by Hewish and co-
workers (1996). Both models show close contacts between
parts of the inhibitor and Trp19.

The above results suggest a mechanism for inhibition
of melittin by the hexapeptide. The inhibitor is bound
near the C-terminus of melittin, where it may mask the
positively charged residues and reduce lipid-headgroup
interactions. In addition, binding of the inhibitor ap-
pears to cause a change in the bend angle of melittin at
Prol4 and a reduction in helicity, which would adversely
affect solubility as reflected by precipitation of the me-
littin-inhibitor complex from solution. Further studies of
the complex to determine additional structural con-
straints, as well as studies of the complex in membrane
environments, are required to fully elucidate the mech-
anism of inhbition. Double-echo rotational resonance
(REDOR) (Gullion 1998) techniques to measure het-
eronuclear distances up to 13 A, e. g. '°F Phe inhibi-
tor-'*C melittin, are proposed.
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Conclusions

Examination of melittin-inhibitor binding sites using
lanthanide ions aided conformational studies of the
complex. SS-NMR rotational resonance techniques
(Peersen et al. 1993; Peersen et al. 1995) were used to
measure inter- and intramolecular distances within the
melittin-inhibitor complex.

In summary, strong binding between the lanthanide
and the charged group of Asp5 in the inhibitor enabled
an assessment of the binding sites between melittin and
inhibitor. The relative intensity decay and chemical shift
changes of labelled groups with increasing concentration
of lanthanide ion suggested which residues in melittin
were closely bound to the inhibitor. The results indicated
that inhibitor was strongly bound around the Prol4—
Trpl9 region, in agreement with fluorescence studies
(Hewish et al. 1996), but not near the N-terminus of
melittin. The activity of melittin is dependent on Trpl9
or an aromatic group at residue 19 (Dempsey 1990;
Hewish et al. 1996), and the inhibitor may cause loss of
biological activity by binding in this region.

The distance determined using RR between
[1-1 C]Leul3 melittin-[3-'*CJPhe4 inhibitor came to
3.8 A, indicating a close arrangement of melittin and
inhibitor. CD data (Lam et al. 2000) show a loss of a-
helicity when the inhibitor binds to melittin. The loss of
cytolyic activity of melittin upon inhibitor binding may
be due to a combination of conformational changes and
masking of the aromatic sidechain, which prevents
insertion of melittin into the lipid membrane.
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