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The topology and dynamics of melittin within the liposome were investigated by a mass spectrometry cou-
pled with acetylation. The MALDI-TOF MS and MALDI-QIT-TOF MS/MS analyses revealed that only N-termi-
nal amine of melittin was dominantly acetylated in the presence of liposome although all of four primary
amines were completely and rapidly acetylated in aqueous solution. This result indicates that melittin
adopts the N-terminal-outside transmembrane topology within the liposome. The time course of acetyla-
tion followed the first-order kinetics at any examined temperatures (6-30 °C). The rate constant was less
than that of the acetylation of melittin in aqueous solution. The activation energy for acetylation
(74 k] mol~') was comparable to that for dissociation of a lipid monomer from the membrane, suggesting
afloat-like longitudinal motion of melittin within the liposome. These results demonstrate that a mass spec-
trometry combined with chemical modification is very efficient way for clarifying the topology and dynam-

ics of peptides bound to the membrane.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Melittin is a hemolytic peptide consisting of 26 amino acid res-
idues isolated from the honeybee Apis mellifera [1]. The N-terminal
segment of 20 residues is highly hydrophobic, whereas the C-ter-
minal segment is highly cationic because it contains two lysine
and two arginine residues. This amphiphilic property of melittin al-
lows it to associate spontaneously with natural and artificial mem-
branes [2,3] as commonly observed in many membrane-binding
peptides and transmembrane proteins. Therefore, melittin has
been used as a convenient model peptide for investigating the
protein-membrane interactions.

Melittin exists in a monomer of essentially random conforma-
tion in aqueous solutions [2-5]. However, at high concentrations
of peptide and salt or at high pHs, melittin adopts an a-helical con-
formation and aggregates into a tetramer [2-8]. Melittin also
adopts an a-helical conformation when bound to micelles or lipo-
somes of varying lipid composition [2,3,9-15]. The topology of the
helical domains within the membrane is an important issue to be
clarified because it is closely related to the dynamics (such as
lateral diffusion and reorientation) and function of melittin.
Solid-state NMR study revealed that the kink angle between the
N- and C-terminal helical rods of melittin was 140 or 160 in the
membrane of dimyristoylphosphatidylcholine and that melittin
laterally diffused tilting the N- and C-terminal helical axes to the
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membrane by 30° and 10°, respectively [15]. However, according
to the oriented circular dichroism analysis, the axes of helical rods
changed depending on the peptide concentration in the lipid bilay-
ers (peptide-lipid molar ratio). Namely, the orientation of the heli-
ces is parallel and perpendicular to the plane of membrane at low
and high peptide concentrations, respectively [14,16]. On the other
hand, fluorescent-labeling or spin-labeling techniques suggested
that the helix axes of melittin adopt a pseudoparallel orientation
with a tilt angle of about 70° to the membrane surface and the
N-terminal is flexible, whereas the motions of Lys7 and C-terminal
are restricted in the membrane [17,18]. These results provide use-
ful information for understanding the molecular mechanism of
melittin-membrane interactions. However, the topology and
dynamics of melittin within the membrane remains controversial
probably due to the analytical limitation of each method.

A novel method to address the topology and dynamics of melit-
tin is a mass spectrometry coupled with chemical modification.
Since four primary amines (N-terminal, Lys7, Lys21, and Lys23)
of melittin are easily acetylated, a precise mass spectrometry
allows us to detect the extent and site of acetylation on melittin
molecule as a function of acetylation time at various temperatures,
which should give new information on the topology and dynamics
of melittin within the membrane. This chemical modification
method is similar in principle to the hydrogen/deuterium (H/D)
exchange analysis of protein dynamics. Our group has confirmed
that a mass spectrometry coupled with H/D exchange is a powerful
tool for monitoring the site-specific fluctuation of dihydrofolate
reductase and 70S ribosomal proteins [19,20]. However, since
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deuterium oxide passes through the membranes, it was expected
that the H/D exchange analysis would be difficult for the dynamics
of melittin within the liposome.

In the present study, we investigated the terminal topology and
dynamics of melittin within the liposome using a mass spectrometry
combined with acetylation. The N-terminal amine and the lysine
residues of melittin were acetylated with N-hydroxysulfosuccinim-
idyl acetate, which is a water-soluble and membrane-impermeable
reagent, in the presence or absence of liposome [21,22]. It was found
that some amine residues buried in the hydrophobic core of the
membrane cannot be acetylated and melittin adopts the N-termi-
nal-outside topology. Further, the activation energy for acetylation
suggested a float-like longitudinal motion of melittin within the
liposome. To our knowledge, this is the first application of mass spec-
trometry combined with chemical modification to the study of the
topology and dynamics of melittin within the membrane.

2. Materials and methods
2.1. Materials

Melittin from the honeybee venom (A. mellifera) was purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA) and used without fur-
ther purification. Egg-yolk phosphatidylcholine, cholic acid, a-cya-
no-4-hydroxycinnamic acid, and 2,5-dihydroxybenzoic acid were
products of Sigma-Aldrich Co. 1,2-Diheptanoyl-sn-glycero-3-phos-
phocholine (DHPC) and N-hydroxysulfosuccinimidyl acetate (NHS-
SAc) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA) and Pierce/Thermo-Fisher (Rockford, IL, USA), respectively.

2.2. Liposome preparation

Liposomes of phosphatidylcholine were prepared by the cholate-
dialysis method [23]. Phosphatidylcholine dissolved in chloroform
was dried under a stream of N, gas and evacuated overnight to re-
move the residual solvent. Three hundred microliters of 10% sodium
cholate was added to the dried phosphatidylcholine at a molar ratio
of phospholipid to cholate of 1:3. The phospholipid-cholate mixture
was ultrasonicated at4 °C for 3 min with a sonicator equipped with a
cup-horn probe (SONIFIER 450, Branson, Connecticut, CT, USA) and
stirred with a vortex mixer for 2 min under an Ar atmosphere until
the suspension became clear. A phosphate buffer containing glycerol
was added to the phospholipid-cholate mixture to a final volume of
1.0ml at a final concentration of 500 mM potassium phosphate
(pH 7.2) and 20% glycerol. The obtained phospholipid-cholate
solution was dialyzed for 3 h against 500 mM potassium phosphate
(300 ml) containing 20% glycerol and 0.3% sodium cholate and
subsequently overnight against 50 mM potassium phosphate (pH
7.2) containing 20% glycerol.

2.3. Acetylation of melittin within the liposome or micelle

Melittin was mixed with the liposome solution at a molar ratio
of phosphatidylcholine to melittin of 1500:1 and the mixture was
incubated for 2 h on ice before acetylation. For comparison, the
melittin-micelle mixtures were prepared by dissolving DHPC and
melittin (molar ratio of 1500:1) in 50 mM potassium phosphate
buffer (pH 7.2) at a final DHPC concentration of about 13 mM,
which was higher than its critical micelle concentration. The acet-
ylation reagent, NHSSAc, was dissolved in distilled water at a con-
centration of 1 mg/ml. The acetylation of melittin was initiated by
mixing 2.82 pl of fleshly prepared NHSSAc solution with 12 pl of
melittin-liposome or melittin—-micelle mixtures at a molar ratio
of melittin to NHSSAc of 1:50. After various intervals of incubation
(2-180 min) at a given temperature (6-30 °C), the reaction was

terminated by adding 6.6 pl of 5 mM NH4HCOs;. A portion (1.0 pl)
of the reaction mixture was mixed with a matrix solution (0.5 pl)
to measure the mass of acetylated melittin.

2.4. Mass spectrometry

The extent and site of acetylation of melittin were analyzed
with MALDI-TOF MS (AXIMA-CFR, Shimadzu, Kyoto, Japan) and
MALDI-QIT-TOF MS (AXIMA-QIT, Shimadzu, Kyoto, Japan). o-Cya-
no-4-hydroxycinnamic acid and 2,5-dihydroxybenzoic acid were
used as the matrix in MALDI-TOF MS and MALDI-QIT-TOF MS,
respectively, at a concentration of 10 mg/ml in 50% acetonitrile
involving 0.1% trifluoroacetic acid. Above mentioned drop of the
sample-matrix solution was added to the matrix (0.5 pl) on the
target plate, air-dried, and then the target plate was introduced
into the mass spectrometers. The sample was ionized with a pulsed
N, laser at 337 nm and its mass was measured in reflector (positive
ion) mode at 1 x 1074 Pa. The number of shots per spectrum was
1000 in the mass range of m/z 2500-3500 for MALDI-TOF MS
and 10,000 in the mass range of m/z 550-3500 for MALDI-QIT-
TOF MS. The mass spectra were calibrated with an accuracy of
+60 ppm using angiotensin Il ((M+H]* = m/z 1046.54) and fragment
18-39 of adrenocorticotropic hormone ([M+H]"=m/z 2465.20).
The time course of acetylation was examined over the reaction
time of 180 min at various temperatures of 6-30 °C and analyzed
with the first-order reaction kinetics according to the H/D ex-
change method [19,20]:

D; = D, x exp(—kt) (1)

where D; and D_, are the fractions of non-acetylated amine residues
at reaction time t and infinity, respectively; and k is the apparent
first-order rate constant of acetylation.

3. Results and discussion
3.1. Terminal topology of melittin within the membrane
Melittin has four primary amines (N-terminal, Lys7, Lys21, and

Lys23) that are susceptible to acetylation. Fig. 1 shows the MALDI-
TOF mass spectra of melittin acetylated in the presence or absence
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Fig. 1. MALDI-TOF mass spectra of melittins acetylated within the liposome (a-d)
and in aqueous solution (e). Reaction time: (a) 2 min; (b) 13 min; (c) 30 min; (d)
180 min; (e) 5 min.
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of liposome at room temperature. In the spectra of melittin acety-
lated within the liposome (Fig. 1a-d), three peaks were detectable
at m/z 2846, 2888, and 2930 during the acetylation time of
180 min. The peak at m/z 2846 was due to protonated melittin
molecule, and the peaks at m/z 2888 and 2930 were assigned to
mono- and di-acetylated melittins, respectively, because these
peaks shifted by 42 and 84 (42 x 2) Da compared to the protonated
melittin molecule of m/z 2846. However, no such intermediately
acetylated peaks were observed while the peak for tetra-acetylated
melittin (m/z 3014) appeared even at 5-min acetylation in aqueous
solution (Fig. 1e). Thus, any primary amines of melittin were com-
pletely and rapidly acetylated in aqueous solution, but melittin
within the liposome was highly protected from acetylation.

In order to identify the acetylated residue of melittin, the peak
at m/z 2888 was analyzed by MALDI-QIT-TOF MS/MS. Fig. 2 shows
the MALDI-QIT-TOF MS/MS spectra for the peaks of m/z 2846 and
2888. The sequential fragment b ions (b,1, baa, bys, and by4) and y
ions (y1s, Y16 and y;7) were observed for both protonated and
mono-acetylated melittins within the liposome. These b ions were
ascribed to mono-acetylated fragment because they shifted by
42 Da relative to those of non-acetylated melittin. On the other
hand, the y ions in mono-acetylated melittin did not show any shift
from those of non-acetylated melittin. These results suggest that
the acetylated residue is either N-terminal amine or Lys7 residue.
To determine which of the two residues was acetylated, acetylated
melittin was digested with trypsin. The MALDI-TOF mass spectrum
of the tryptic fragment showed a peak at m/z 699, which corre-
sponded to the acetylated fragment of residues 1-7. Since the C-
terminal residue of this tryptic fragment is Lys7, Lys7 was excluded
from the candidacy for acetylation site. The peak at m/z 699 was
analyzed by MALDI-QIT-TOF MS/MS. The sequential fragment b
ions (bs, by, and bs) were observed. These b ions were ascribed to
mono-acetylated fragment because they shifted by 42 Da relative
to those of the non-acetylated fragment of residues 1-7. Therefore,
the acetylated residue can be N-terminal amine.

Next, to elucidate the orientation of melittin within the lipo-
some, melittin was acetylated in the presence of micelle instead
of liposome for 30 min at room temperature. The N- and C-termi-
nal ionic residues of melittin would hardly penetrate into the
loosely packed core of hydrocarbon chains in a spherical micelle
[24]. The MALDI-TOF mass spectrum of melittin acetylated in the
presence of micelle showed two peaks at m/z 2972 and 3014
(Supplementary Fig. S1b). These peaks were assigned to tri- and
tetra-acetylated melittins, respectively. No peak for non- or
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Fig. 2. MALDI-QIT-TOF MS/MS spectra of (a) protonated and (b) mono-acetylated
melittins within the liposome.

mono-acetylated melittin was observed in contrast to the acetyla-
tion in the presence of liposome, although the rate of acetylation
was very slow in the presence of micelle in comparison with in
water (Supplementary Fig. S1). Therefore, these results indicate
that melittin is bound around the surface of micelle, whereas it
adopts a transmembrane orientation within the liposome. Our re-
sults approve of the study on the structure of melittin bound to mi-
celle carried out by mass spectrometry combined with H/D
exchange [13]. Consequently, we concluded that melittin adopts
a transmembrane and N-terminal-outside topology within the
liposome or membrane (Fig. 3).

3.2. Kinetics of acetylation of melittin within the liposome

As shown in Fig. 1a-d, the peak intensity of non-acetylated melit-
tin (m/z 2846) decreases with an increase in acetylation time accom-
panying the increase in peak intensities of acetylated melittins.
Kinetics of acetylation was investigated in more detail at various tem-
peratures between 6 and 30 °C. Fig. 4a shows plots of the fraction of
non-acetylated melittin against the acetylation time in the presence
of liposome. In the ranges of acetylation time and temperatures,
mono-acetylated melittin was dominantly observed and the fraction
of more acetylated one was negligibly small. Evidently, acetylation of
melittin followed the first-order kinetics with being enhanced at
higher temperatures and most melittins remained without being
acetylated within 2 min at any temperatures. As shown in Fig. 4b,
the Arrhenius plot for acetylation showed a clear linear line with a
slope corresponding to the activation energy of 74 k] mol~'. Yano
and Matsuzaki reported the similar activation enthalpy (74 k] mol~!)
for dissociation of a transmembrane model peptide, fluorophore-la-
beled 7-nitro-2-1,3-benzoxadiazol-4-y(NBD)-(LALAAAA)3;-NH,, from
the membrane [25]. The activation enthalpy for dissociation of a con-
stituent lipid monomer from the phospholipid membrane was also
estimated to be 75 k] mol~! from the transfer rate of NBD-phosphati-
dylcholine between two dioleoylphosphatidylcholine liposomes [ 26].
Since the activation energy is almost the same value as the activation
enthalpy, the comparable activation energies which are observed for
acetylation of melittin and dissociation of lipid or hydrophobic pep-
tide strongly suggest that the acetylation is closely coupled with the
exposure of melittin from the liposome.

Since the exposure of amine residues to the solvent is indis-
pensable for acetylation and the exposed amines are rapidly acet-
ylated, the acetylation kinetics of melittin within the liposome
could be explained by the following model, which is similar to
the H/D exchange reaction of protein in the closed and open forms:

My 'i:» M. XM, 2)
b

where ‘M’ represents melittin; the subscripts ‘b’ and ‘e’, and ‘a’ repre-
sent the ‘buried’, ‘exposed’, and ‘acetylated’ states of melittin, respec-
tively; kp,, ke, and k, are the rate constants for each process in above
equation. When k, > k;, the observed rate constant, k, is determined
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Fig. 3. Proposed model for the topology and dynamics of melittin within the liposome.
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Fig. 4. (a) Time course of acetylation of melittin within the liposome at various
temperatures. The fraction of non-acetylated melittin was calculated as the relative
peak intensities of non-acetylated melittin ion to total melittin ions in MALDI-TOF
mass spectra. (b) Arrhenius plot for the first-order rate constant of acetylation. The
least-squares linear regression represents a slope corresponding to an activation
energy of 74 k] mol .

by the rate of exposing melittin from the liposome, k.. If k, < ky,, the
observed rate of acetylation is (ke/kp)ka, and k is then proportional
to the equilibrium constant between the buried and exposed states
of melittin. Since the observed rate of acetylation of melittin was very
slow within the liposome in comparison with the one in water (with-
in the range of second) [27], the exposure of melittin from the lipo-
some would be a rate-limiting process in its acetylation. It is highly
possible that melittin is in a float-like longitudinal motion keeping
the N-terminal-outside topology within the liposome.

As demonstrated in the present study, a mass spectrometry
combined with chemical modification is very useful for elucidating
the terminal topology and dynamics of melittin bound to liposome
although more detailed assignments of acetylated residues are
necessary. This method can be generally applicable to investigation
of the topology and dynamics of membrane-binding peptides and
transmembrane helices in intact cells because the recent develop-
ment of mass spectrometry has realized a comprehensive analysis
of constituent proteins in a cell [28,29].
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