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ABSTRACT: Melittin is a 26-residue cationic peptide with cytolytic and antimicrobial properties. Studies
on the action mechanism of melittin have focused almost exclusively on the membrane-perturbing properties
of this peptide, investigating in detail the melittin-lipid interaction. Here, we report physical-chemical
studies on an alternative mechanism by which melittin could interact with the cell membrane. As the
outer surface of many cells is decorated with anionic (sulfated) glycosaminoglycans (GAGs), a strong
Coulombic interaction between the two oppositely charged molecules can be envisaged. Indeed, the present
study using isothermal titration calorimetry reveals a high affinity of melittin for several GAGs, that is,
heparan sulfate (HS), dermatan sulfate, and heparin. The microscopic binding constant of melittin for HS
is 2.4 × 105 M-1, the reaction enthalpy is ∆Hmelittin

0 ) -1.50 kcal/mol, and the peptide-to-HS stoichiometry
is ∼11 at 10 mM Tris, 100 mM NaCl at pH 7.4 and 28 °C. ∆Hmelittin

0 is characterized by a molar heat
capacity of ∆CP

0 )-227 cal mol-1 K-1. The large negative heat capacity change indicates that hydrophobic
interactions must also be involved in the binding of melittin to HS. Circular dichroism spectroscopy
demonstrates that the binding of the peptide to HS induces a conformational change to a predominantly
R-helical structure. A model for the melittin-HS complex is presented. Melittin binding was compared
with that of magainin 2 and nisin Z to HS. Magainin 2 is known for its antimicrobial properties, but it
does not cause lysis of the eukaryotic cells. Nisin Z shows activity against various Gram-positive bacteria.
Isothermal titration calorimetry demonstrates that magainin 2 and nisin Z do not bind to HS (5–50 °C, 10
mM Tris, and 100 mM NaCl at pH 7.4).

Melittin is the major protein component of the bee venom
of the honey bee Apis melifera and has hemolytic activity
and antmicrobial properties (1, 2). Melittin is composed of
26 amino acid residues with the sequence H2N-GIGAV-
LKVLTTGLPALISWIKRKRQQ-CONH2. It is a cationic
peptide in which the amino terminal end is composed
predominantly of hydrophobic amino acids (residues 1–20),
whereas the carboxyl terminal end has a stretch of mostly
hydrophilic amino acids (residues 21–26). This uneven
distribution of hydrophobic and polar residues gives melittin
its amphipathic properties. Melittin is water soluble and
exhibits strong affinity to lipid membranes. It is largely
unstructured in water, but forms an R-helix upon binding to
lipid membranes (3). Melittin is very sensitive to the solution
conditions and can adopt different conformations and ag-
gregation states in aqueous solution. At low peptide con-
centration and low ionic strength, melittin occurs as a
monomer with a mostly random coil conformation. When
the peptide concentration and/or the salt concentration are
increased, melittin aggregates into a tetramer with a high
content of R-helix structure (4–6).

The interaction of melittin with the lipid membrane has
been investigated extensively, both experimentally and
theoretically (7–13). Various studies show that the interaction
depends on lipid composition, peptide concentration, hydra-

tion level, and membrane potential (14). The affinity of
melittin is larger for membranes composed of negatively
charged lipids than for zwitterionic lipids, indicating that
hydrophobic as well as electrostatic interactions are involved
in the binding of melittin to membranes (8, 15).

Two different action mechanisms have been proposed for
the hemolytic activity of melittin. In one model, melittin acts
on the lipid membrane through pore formation. Some studies
envisage a barrel-stave mechanism (16–18), and others
suggest the formation of toroidal pores (13, 19). The
alternative detergent-like model assumes that melittin be-
haves much like a detergent. At low concentrations of
peptide, the molecules are oriented parallel to the surface of
the bilayer. Increase of the peptide concentration causes
aggregation and reduction of the bilayer thickness. When a
critical concentration is reached, the peptide changes its
orientation and disrupts the bilayer, inducing disintegration
of the membrane into micelles (20–23). A decision between
the various models is not possible at present, and the
influence of various parameters, such as the peptide-to-lipid
ratio, membrane composition, temperature, hydration or
buffer compositions, needs to be considered (23).

As melittin carries a net positive charge of z ) 5, it can
be expected that it not only interacts with lipid membranes
but also binds to polyanions such as sulfate-carrying gly-
cosaminoglycans (GAGs),1 which are found on almost all
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cell surfaces. This interaction has not been investigated
before, but related studies with two melittin analogues have
recently been reported (24).

In the present study, we have used high-sensitivity
isothermal titration calorimetry (ITC) to obtain a complete
thermodynamic characterization of melittin binding to three
different glycosaminoglycans, namely, heparan sulfate, he-
parin, and dermatan sulfate. In addition, the structural
changes of melittin induced by binding to these polyanions
were followed by circular dichroism (CD) spectroscopy.
Finally, we have compared the specificity of melittin binding
to GAGs with analogous measurements with magainin 2 and
nisin Z, two amphiphatic and antimicrobial peptides with
lipid binding properties similar to those of melittin.

MATERIALS AND METHODS

Materials. Melittin from bee venom was purchased from
SIGMA (St. Louis, MO). Synthetic melittin and magainin 2
were purchased from BACHEM AG (Bubendorf BL, Swit-
zerland) (purity >97% by reverse phase HPLC). The peptides
were used without further purification. The concentration of
melittin in aqueous solution was determined by UV spec-
troscopy at 280 nm using an absorption coefficient of 5570
M-1 cm-1 (5). Nisin Z was kindly provided by Dr. E.
Breukink from Utrecht University. Heparan sulfate (HS),
sodium salt (from porcine intestinal mucosa; average mo-
lecular weight, 13,655 Da; sulfur content 5.51%), and
dermatan sulfate (DS), sodium salt (from porcine intestinal
mucosa; average molecular weight, 41,400 Da; sulfur content
6.85%) were from Celsus Laboratories (Cincinnati, OH).
Low molecular weight heparin, sodium salt (from porcine
intestinal mucosa; average molecular weight, 3000) was from
SIGMA (St. Louis, MO). All other chemicals were of
analytical or reagent grade. Tris buffer (10 mM tris(hy-
droxymethyl)aminoethane at pH 7.4) was prepared from 18
MΩ water obtained from a NANOpure A filtration system.
NaCl concentrations were variable (50 to 250 mM) and are
specified in the legends of each figure. The samples were
degassed immediately before use.

Isothermal Titration Calorimetry. All measurements were
made with a Microcal VP-ITC calorimeter (Microcal,
Northampton, MA). Titrations were performed by injecting
10 µL aliquots of the glycosaminoglycan solution into the
calorimeter cell (Vcell ) 1.4037 mL) containing peptide at a
concentration of typically 90–100 µM. The concentrations
of the injected glycosaminoglycan solution were about 100
µM for HS, 35 µM for DS, and 500 µM for heparin.

The heats of dilution were determined in control titrations
by injecting glycosaminoglycan solution into pure buffer.
The heats of dilution were small (approximately -1 to 1
µcal) and were included in the final analysis. Raw data were
processed using the Origin software provided with the
instrument. The temperature was set as indicated in the
legends of the figures. All measurements were performed in
Tris buffer (10 mM, pH 7.4) with varying NaCl concentrations.

Circular Dichroism Spectroscopy. CD measurements of
melittin in the absence and presence of glycosaminoglycan
(buffer 10 mM Tris and 100 mM NaF at pH 7.4) were made
using a Chirascan CD spectrometer (Applied Photophysics
Ltd., Leatherhead, UK). A quartz cuvette with a path length
of 0.1 cm was used. All spectra were corrected by subtracting

the buffer baseline. Results are reported as mean residue
ellipticity in units of deg cm2 dmol-1. The percentage of
peptide secondary structure was estimated from a computer
simulation based on the reference spectra obtained by Reed
and Reed (25).

RESULTS

Binding of Melittin to HS. Figure 1A shows a representa-
tive calorimetric heat flow trace obtained by the titration of
synthetic melittin with HS (at 28 °C). A 91 µM solution of
melittin was filled into the calorimeter cell (Vcell ) 1.4037
mL), and 10 µL aliquots of a 100 µM HS solution were
injected at 10 min intervals. The corresponding titration curve
is shown in Figure 1B, where the reaction heats are plotted
as a function of the HS/melittin molar ratio. The reaction
heats were obtained by integration of the titrations peaks
shown in Figure 1A and were corrected for the heats of
dilution obtained in a separate HS-into-buffer titration.

Figure 1 demonstrates an exothermic reaction at 28 °C.
The heats measured after the first few injections are rather
constant with hi = -15.5 µcal per injection. As melittin is
much in excess over HS, it is reasonable to assume that all
injected HS (10 nmol per injection) is completely bound to
melittin. The molar heat of reaction of HS can thus be
evaluated as ∆HHS

0 ) -15.5 µcal/10 nmol ) -15.5 kcal/
mol HS. As more HS is injected, the concentration of free
melittin decreases, and the heats of reaction become progres-

FIGURE 1: Titration of HS into synthetic melittin. (A) Calorimetric
trace obtained at 28 °C by titration of HS (100 µM) into a solution
of melittin (91 µM). Each peak corresponds to the injection of 10
µL of HS into the calorimeter cell. (B) Heats of reaction (integrated
from the calorimetric trace) plotted as a function of the HS/melittin
ratio. The solid line is the best fit to the experimental data (9)
using the binding model described by eqs 1–3 with the following
parameters: ∆Hmelittin

0 ) -1.50 kcal/mol, K ) 2.4 × 105 M-1, and
n ) 11. Buffer: 10 mM Tris and 100 mM NaCl at pH 7.4.
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sively smaller. When all peptide is bound to HS, the residual
heats of the last few injections are due to the dilution of HS
into buffer. The molar binding enthalpy of melittin is then
determined from the total heat released in the titration
(∼170.8 µcal) and the amount of peptide in the calorimeter
cell (127.7 nmol). For the experiment shown in Figure 1,
the heat of reaction is ∆Hmelittin

0 ≈ -1.34 kcal/mol. The ratio
∆HHS

0 /∆Hmelittin
0 ) 11.5 provides the number of melittin

molecules bound per HS. This result can also be derived
from the midpoint of the transition (Figure 1B) at HS/mel
) 0.086, the reciprocal value of which is n ) 11.6.

For a complete thermodynamic characterization of the
binding process including the free energy, ∆G0, and the
entropy, ∆S0, the calorimetric data were analyzed with a
multisite binding model, which was also used to describe
the binding equilibrium of other peptides to HS (26, 27). In
this model, a long polymer such as HS is visualized as a
macromolecule with n independent and equivalent binding
sites for a ligand such as melittin. The binding model is
represented by the following equation:

[P]b

[HS]t
) nK[P]

1+K[P]
(1)

[P] and [P]b are the concentrations of free and bound melittin,
respectively, [HS]t is the total concentration of heparan
sulfate, K is the intrinsic binding constant, and n is the
number of melittin molecules bound per heparan sulfate
polysaccharide chain.

Because of mass conservation, the concentration of bound
peptide can be described by the following equation:

[P]b )
1
2( 1

K
+ [P]t + n[HS]t)-
1
2�( 1

K
+ [P]t + n[HS]t)2

- 4n[HS]t[P]t (2)

The index t denotes the total concentration of peptide and
heparan sulfate in the calorimeter cell after each injection
step. The peptide concentration changes during the titration
with HS because of dilution effects.

The concentration of bound peptide is linked to the
calorimetric data by the following equation:

δQi )∆Hmelittin
0 δ[P]b,iV (3)

where δQi is the heat absorbed or released at the ith injection.
∆Hmelittin

0 is the peptide binding enthalpy, δ[P]b,i is the change
(increase) in bound peptide concentration upon injection i,
and V is the volume of the calorimeter cell. The solid line
in Figure 1B is the best least-squares fit to the data using
1-3 with the following set of parameters: n ) 11, K ) 2.4
× 105 M-1, and ∆Hmelittin

0 ) -1.50 kcal/mol (cf. Table 1). n

and ∆Hmelittin
0 are consistent with the simple calculations given

above. In addition, the multisite binding model provides the
binding constant K and, in turn, the free energy of binding
∆Gmelittin

0 .

Calorimetric titrations were performed at various temper-
atures in the range of 5–50 °C. Table 1 summarizes the
thermodynamic parameters derived by using the binding
model described above.

The binding stoichiometry melittin/HS varies between 9.5
to 13.5 and becomes smaller at higher temperatures. The
reaction enthalpy shows an even stronger temperature
dependence and changes from endothermic below 15 °C
(∆Hmelittin

0 > 0) to exothermic above this temperature. ∆Hmelittin
0

decreases linearly with increasing temperature as demon-
strated in Figure 2A. The slope of the straight line yields a
molar heat capacity change of ∆CP

0
,melittin ) -227 cal mol-1

K-1. This result is quite different from previous HS binding
studies obtained with cell-penetrating peptides such as TAT
and R9, which reveal positive heat capacity values of ∆CP

0
,TAT

) 135 cal mol-1 K-1 (27) and ∆CP
0

,R9 ) 155 cal mol-1 K-1

(26), respectively. The negative ∆CP
0 is indicative of a

hydrophobic contribution to the binding process, whereas
the positive ∆CP

0 values are the signature for the electrostatic
interactions (28). The solid line in Figure 2B describes the
predicted temperature dependence of the binding constant

Table 1: Titration of Synthetic Melittin with HSa

T (°C) n K (M-1)
∆Hmelittin

0

(kcal/mol)
∆Gmelittin

0

(kcal/mol)
T∆Smelittin

0

(kcal/mol)
∆Smol

0

(cal/mol K)

5 11.2 1.9 × 105 4.60 -6.71 11.31 40.7
10 13.5 2.0 × 105 2.80 -6.86 9.66 34.1
15 12.5 2.2 × 105 2.30 -7.04 9.34 32.4
28 11.0 2.4 × 105 -1.50 -7.41 5.91 19.6
37 10.4 2.3 × 105 -2.20 -7.60 5.40 17.4
50 9.5 2.0 × 105 -6.10 -7.83 1.73 5.4
a Thermodynamic parameters as a function of temperature in buffer

are shown (10 mM Tris 100 mM NaCl at pH 7.4).

FIGURE 2: Temperature dependence of the thermodynamic param-
eters. (A) ∆Hmelittin

0 for synthetic melittin binding to HS. Linear
regression analysis of the experimental data in yields ∆Hmelittin

0 )
5.47 - 0.227T (°C) (solid line). (B) Binding constant K0. The solid
line in B is the predicted temperature dependence of K0 based on
the van’t Hoff equation and using the above regression formula
for ∆Hmelittin

0 (T). Buffer: 10 mM Tris and 100 mM NaCl at pH
7.4.
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K based on van’t Hoff’s law dln K/dT ) ∆Hmelittin
0 /RT 2,

taking into account the temperature dependence of the
reaction enthalpy as ∆H(T) ) ∆H0 + ∆CP

0 (T - T0).
Table 1 demonstrates that the reaction is completely

entropy driven below 15 °C as ∆H0 > 0 but becomes mainly
enthalpy driven at 50 °C. However, the free energy of binding
is fairly constant, which is also reflected in the weak
temperature dependence of the binding constant K (Figure
2B). A plot of ∆H0 versus T∆S0 yields a straight line in the
temperature interval measured (not shown). The large heat
capacity change then provides an explanation for this
enthalpy–entropy compensation phenomenon, that is, the
linear correlation between ∆H0 and T∆S0. The temperature
coefficient of ∆H0 is ∆CP

0, and that of T∆S0 is close to ∆CP
0

+ ∆SP
0. As ∆CP

0 ∆S0 (cf. Table 1), the two thermodynamic
parameters ∆H0 and T∆S0 vary in parallel.

The binding constant at 28 °C is K ) 2.4 × 105 M-1 and
is of the same order of magnitude as that observed for other
peptide-HS equilibria measured previously (TAT, R9, mel-
SH, ri-mel-SH). This is rather unexpected since the electro-
static and hydrophobic contributions appear to vary quite
considerably between the different peptides.

We have studied the specificity of melittin binding with
two further GAGs, that is, heparin and dermatan sulfate (DS).
Heparin is composed of the same monosaccharide building
blocks as HS but has a higher degree of sulfation. In DS,
glucosamine is replaced by the galactosamine residue. ITC
titration curves exhibit the same pattern as those observed
for HS at identical temperatures, and the binding isotherms
can again be described by the multisite binding model of
eqs 1–3. The results are shown in Table 2.

For both GAGs, the binding constants K and the reaction
enthalpies ∆Hmelittin

0 are larger than those obtained for HS.
For heparin and DS, the binding constants are of the order
of 106 M-1. The peptide molar binding enthalpies, ∆Hmelittin

0

at 37 °C are -3.90 kcal/mol for heparin and -2.50 kcal/
mol for DS. Likewise, the molar heat capacity changes are
more negative with ∆CP

0 ) –285.1 cal mol-1 K-1 for heparin
and -241.3 cal mol-1 K-1 for DS. The main difference found
between these glycosaminoglycans is, however, the binding
stoichiometry. The number of binding sites for melittin at
37 °C is 2.7 for heparin, 10.4 for HS, and 38 for DS.
However, this result is not surprising as the three polyanions
have quite different chain lengths. A better comparison is
the number of binding sites per 1 kDa. With this normaliza-
tion, one finds ∼0.76 binding sites for HS, ∼0.90 for heparin,
and ∼0.92 for DS per 1 kDa molecular weight.

ITC Studies with Magainin 2 and Nisin Z. Melittin belongs
to a large group of amphipathic peptides that either disrupt

the lipid bilayer in a detergent-like manner or form pores or
related structures. The question then arises if the interaction
with sulfated glycosaminoglycans is a general property of
these microbial antibiotics. As an additional example we
have, therefore, studied the binding of magainin 2 and nisin
Z to HS. Magainin 2 is secreted from the skin of the african
clawed frog, Xenopus leaVis. It consists of 23 amino acid
residues and has a net positive charge of z ) 4. Magainin 2
is known for its antimicrobial properties, but in contrast to
melittin does not cause lysis of the eukaryotic cells (29).
Nisin Z, secreted by the lactic bacteria Lactoccocus lactis,
is a 34 amino acid residue peptide also with a net positive
charge z ) 4, with several unusual dehydro residues and
five thioether-bridged lanthionines (30). It finds application
as a food preservative and exerts its activity against Gram-
positive bacteria. The interactions of magainin 2 and nisin
Z with HS were studied here with isothermal titration
calorimetry. We performed titrations of HS into magainin 2
(110–120 µM) and nisin Z (50 µM) solutions at three
different temperatures in 10 mM Tris and 100 mM NaCl at
pH 7.4. The data did not reveal any binding of magainin 2
or nisin Z to heparan sulfate in the temperature of 5–50 °C.
At least in this series of experiments, binding to GAGs
appears to be a unique property of melittin.

Effect of NaCl on the Interaction between HS and Melittin.
As ionic interactions play an important role in the binding
of melittin to HS, we performed HS-into-melittin titrations
at various NaCl concentrations. The thermodynamic param-
eters obtained at 28 °C and evaluated with the binding model
described above are summarized in Table 3.

As expected for electrostatic interactions, the binding
affinity of HS to melittin decreases with increasing salt
content of the buffer. We have analyzed the salt depen-
dence of the binding constant with a popular model for
protein-polyelectrolyte interactions (31). HS is a highly
charged poly anion, but a considerable fraction of its sulfate
groups is probably neutralized by Na+ because of counterion
condensation (32). Upon binding of melittin, the counterions
are released into the bulk solution as described by the
following reaction scheme:

HS(Na)z + nMel fHS ·Meln + zNa+ (4)

with the corresponding equilibrium

KΤ )
[HS ·Meln][Na+]z

[HS(Na)z][Mel]n
)K[Na+]z (5)

Table 2: Thermodynamic Parameters for Synthetic Melittin Binding to
Heparin and DSa

T (°C) n K (M-1)
∆Hmelittin

0

(kcal/mol)
∆Gmelittin

0

(kcal/mol)
T∆Smelittin

0

(kcal/mol)

heparin
5 2.6 0.9 × 106 5.40 -7.57 12.97
10 2.6 1.0 × 106 3.50 -7.77 11.27
37 2.7 0.9 × 106 -3.90 -8.45 4.55

dermatan sulfate
10 30.5 1.1 × 106 3.90 -7.82 11.72
28 40.0 1.2 × 106 -0.90 -8.37 7.47
37 38.0 1.0 × 106 -2.50 -8.51 6.01

a Buffer: 10 mM Tris and 100 mM NaCl at pH 7.4.

Table 3: Effect of NaCl on the Thermodynamic Parameters of HS
Binding to Bee Venom Melittin at 28 °Ca

NaCl (mM) n K (M-1)
∆Hmelittin

0

(kcal/mol)
∆Gmelittin

0

(kcal/mol)
T∆Smelittin

0

(kcal/mol)

50 9.8 1.0 × 106 -1.40 -8.26 6.86
9.5 1.0 × 106 -1.50 -8.26 6.76

100b 8.5 3.0 × 105 -1.70 -7.54 5.84
10.0 3.5 × 105 -1.20 -7.64 6.44

150 10.0 1.0 × 105 -1.50 -6.89 5.39
10.0 1.0 × 105 -1.50 -6.89 5.39

250 10.0 2.5 × 104 -1.40 -6.06 4.66
10.0 3.0 × 104 -1.30 -6.17 4.87

a Buffer: 10 mM Tris and variable concentrations of NaCl at pH 7.4.
b The small differences to the data in Table 1 can be explained by the
different sources of melittin: melittin from natural source in Table 3 and
synthetic melittin in Table 1.
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KT is the binding constant at 1 M Na+ concentration and
is usually described as Knonionic, as ionic interactions are much
reduced at this concentration. However, K is the actual
binding constant derived directly from the ITC experiment,
which varies with the Na+ concentration (Table 3). Taking
the logarithm on both sides of equation (5) and rearranging
gives the following expression:

logK ) logKT - zlog[Na+] (6)

A plot of the experimental log K as a function of log [Na+]
should be linear with slope z and y-intercept log KT. Figure
3 shows this linear relationship for the melittin/HS system.
Linear regression analysis yields zNa

+ ) -2.26 (about two
Na+ ions are released when melittin binds to HS), and the
nonionic binding constant KT ) 1.4 × 103 M-1.

The variation of the thermodynamic parameters with salt
concentration is displayed in Figure 4. The reaction enthalpy
∆Hmelittin

0 is independent of NaCl concentration, but ∆Smelittin
0

decreases with increasing ionic strength. This indicates that
the salt dependence of ∆Gmelittin

0 is entropic in origin. This
was also observed for the binding of oligolysines to duplex

DNA (33) and single-stranded polynucleotides (34, 35), and
for the binding of tripeptide-containing lysine to heparin (36).

Structural Properties of Melittin Binding to HS. Structural
changes of synthetic melittin induced by binding to HS were
followed by circular dichroism (CD) spectroscopy. The CD
spectra of melittin in buffer (10 mM Tris and 100 mM NaF
at pH 7.4 at room temperature) were measured at a peptide
concentration of 44 µM and were titrated with a 22 µM
solution of HS.

The corresponding CD spectra are displayed in Figure 5.
For better visualization, they are separated into three regions
of low (A), middle (B), and high (C) HS content. Figure 5
demonstrates that melittin adopts an essentially random coil
(rc) conformation in the absence of HS. The random coil
content is 60%, but R-helix and �-structure contribute 22%
and 19%, respectively. Upon addition of HS, the R-helix

FIGURE 3: Salt dependence of the interaction between HS and bee
venom melittin. The binding constant (K0) for HS binding to melittin
was determined as a function of NaCl concentration in Tris buffer
(10 mM Tris at pH 7.4) from ITC measurements at 28 °C. The K
values are plotted as a function of the NaCl concentration on a
log/log scale. Linear regression analysis of the experimental data
yields log K ) 3.14 - 2.26 log [NaCl] (solid line).

FIGURE 4: Dependence of ∆Gmelittin
0 , ∆Hmelittin

0 , and T∆Smelittin
0 on NaCl

concentration in Tris buffer (10 mM Tris at pH 7.4) at 28 °C for
the interaction of bee venom melittin with HS.

FIGURE 5: CD spectra monitoring conformational changes in bee
venom melittin upon the addition of heparan sulfate. Mean residue
ellipticity values of melittin (44.3 µM) in the absence and upon
titration with heparan sulfate (22 µM) are plotted as a function of
wavelength. (A) Black, melittin; red, HS/melittin 0.01; green, HS/
melittin 0.02. (B) Blue, HS/melittin 0.04; cyan, HS/melittin 0.06;
magenta, HS/melittin 0.08; orange, HS/melittin 0.10. (C) Dark gray,
HS/melittin 0.12; violet, HS/melittin 0.16; pink, HS/melittin 0.20;
yellow, HS/melittin 0.30; dark yellow, HS/melittin 0.50. Buffer:
10 mM Tris and 100 mM NaF at pH 7.4.
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content increases steeply to about 56% at a HS-to-melittin
ratio of ∼0.12, whereas further addition of HS induces a
slow increase to 63% R-helix at a HS-to-melittin ratio of
0.5. The conformational change involves several structural
transitions and cannot be described by a two-state equilibrium
over the full range. However, at low HS-to-melittin ratios
(0–0.02), a two-state equilibrium is observed with isosbestic
points at λ = 195 and 228 nm (Figure 5A). For high HS-
to-melittin ratios (0.06 e r e 0.1), a second two-state
transition region appears with an isosbestic point at λ = 208
nm (Figure 5C). The conformational changes in the inter-
mediate region 0.04 > r > 0.1 are characterized by a steep
increase and decrease of �-turn structure (cf. Figure 5B).
Analogous CD titrations of melittin were performed with
dermatan sulfate and heparin. The corresponding CD spectra
are qualitatively and quantitatively very similar to those
obtained for HS.

Helix formation in aqueous solution is an exothermic
process with a reaction enthalpy of ∆Hhelix

0 = -0.9 to -1.1
kcal/mol (37, 38). The increase in the R-helix content of
melittin by 41%, corresponding to 10.7 amino acid residues,
should thus entail a reaction enthalpy of about -10 kcal/
mol. In addition, the electrostatic interaction of the 3 Lys
and 2 Arg side chains with the HS sulfate groups could also
make an exothermic contribution. However, the experimental
result ∆Hmel

0 = -1.5 kcal/mol is far different from this
theoretical expectation. As an explanation, it may be
speculated that the helix-coil transition in the melittin-HS
system has an enthalpy close to zero or that the enthalpy is
even slightly positive. The classical example for a positive
∆Hhelix is the coil-to-helix transition of poly(γ-benzy-L-
glutamate) (PBGL) with ∆Hhelix

0 ) +890 cal/mol per residue
(39), taking place in ethylene dichloride/dichloroacetic acid
(DCA). The random coil conformation is stabilized by
specific PBGL-DCA interactions that are broken up at
higher temperatures. Analogously, it can be argued that the
binding of melittin to HS requires the removal of water
molecules from melittin and/or HS, which is an endothermic
process. The release of water would make a positive
contribution to entropy. We have measured the CD spectra
of melittin bound to HS as a function of temperature in the
range 5–40 °C. We observe a 15% reduction in the mean
residual ellipticity, while the shape of the spectra remains
unchanged. As the CD spectrum of a perfect helix is itself
sensitive to temperature (37), the observed change is
consistent with the literature data and excludes a melting of
the helix. This measurement also supports the conclusion
that the enthalpy of the coil-to-helix transition of the
melittin-HS system is close to zero. It may further be noted
that ∆Hhelix

0 was found to decrease in mixed H2O/trifluoro-
ethanol (TFE) solvents (37) assuming a value ∆Hhelix

0 )-0.1
kcal/mol residue in pure TFE.

DISCUSSION

We observe a strong binding of melittin to three different
GAGs, but no binding of nisin Z or magainin 2. Nisin Z has
lysine residues at positions 12, 22, and 34. The cationic
charges are spaced far apart, and they cannot act in concert.
For magainin 2 with lysines at positions 4, 10, 11, and 14,
the electric charge density is higher, but the spatial distances
appear not to agree with the stereochemistry of the sulfated
sugars. Melittin, however, has a cluster of 4 cationic charges
at amino acids 21–24 followed by 2 glutamines at 25–26,
which could make additional H-bridges. The significance of
the spatial arrangement of the lysine and arginine residues
is supported by a related study of synthetic peptides
interacting with the heparin binding domain of the heparin/
heparan sulfate-interacting protein. The all-L-amino acid
peptide and the all-D-amino acid version of the same peptide
had the same efficacy as that of the agents for neutralization
of the anticoagulant activity of heparin. In contrast, a peptide
with a scrambled peptide sequence had no effect. The spatial
pattern of the charged amino acids was found to be of critical
significance (40).

Structural Model. The HS employed in the present binding
studies is composed of about 29 disaccharide units, on the
basis of an average molecular weight of 13,655 Da for HS
and 464 Da for a sulfated disaccharide unit. However, a
sulfur content of 5.51% leads to 23.5 SO4

- groups. As each
disaccharide unit also carries a -COO- group, the total
anionic charge of HS is about zHS ) -53 ( 5. Charge
neutralization is achieved if 10–11 melittin molecules are
bound, provided each melittin contributes 5 positive charges.
This is only possible if melittin with its helical axis is
extended parallel to the HS chain, as 4 cationic amino acids
are clustered at the C-terminus, whereas the fifth (Lys-7) is
located at the other end of the molecule. Figure 6 shows a
schematic representation of approximate scale of a complex
consisting of HS (29 disaccharide units) and 11 melittin
molecules in helical conformation. In a three-dimensional
picture, the melittin molecules should be wrapped around
the disaccharide string producing hydrophobic interactions
between neighboring melittins. The HS itself may also adopt
a curled conformation. Inspection of the crystal structure of
melittin (41) reveals a distance of 9.22 Å (10.05 Å) between
the +NH3 groups of Lys 21-Arg 24 (Arg 22-Lys 23). The
distance between 2 sulfate groups on heparin has been
estimated as 8–8.6 Å (see Figure 1D in ref 42). As there is
no perfect match of distances, both melittin and HS must
rearrange their structure to produce optimum ion pair
formation.

The binding stoichiometry of melittin (n ) 11) is distinctly
smaller than those of the analogues [Cys1] melittin (n ) 15.5
( 0.7) and retro-inverso [Cys1] melittin (14 ( 1.5) inves-
tigated previously (24). The replacement of the N-terminal
glycine of melittin by cystein in the analogues appears to
modify the binding properties such that only the cationic

FIGURE 6: Schematic representation of melittin-HS interactions. HS with 29 disaccharide units (()), with total length of ∼290 Å. Melittin
helix length is ∼37 Å, and the diameter is ∼11 Å.
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-KRKR- carboxy terminus but not K-7 in the hydrophobic
N-terminal region binds to HS. A larger number of ligands
compared to natural melittin is hence required to guarantee
the electroneutrality of the HS-melittin-analogue com-
plexes. The increased ligand density requires a different
packing model for the two melittin analogues. While the
charged N-terminus is associated with the HS chain, part of
the C-terminus must extend away from the chain axis into
the aqueous phase.

Thermodynamic and Structural Aspects of Melittin Binding
to HS. Melittin has a high affinity to HS as shown by the
calorimetric data presented here. The binding constant at 28
°C is K ) 2.4 × 105 M-1, corresponding to a dissociation
constant of 4.2 µM.

At low temperatures (e15 °C), the melittin-HS interaction
is endothermic, and binding is exclusively driven by entropic
forces. Above 15 °C, the reaction enthalpy changes to
exothermic, but even at 50 °C, the entropy term accounts
for 35% of the total free energy ∆G0. The large negative
heat capacity change of ∆CP

0,melittin ) -227 cal/mol suggests
hydrophobic interactions as the source of the entropy gain.
The binding affinity of natural melittin is somewhat smaller
than those of its analogues [Cys1]melittin (6.5 × 105 M-1)
and retro-inverso [Cys1]melittin (4.0 × 105 M-1) (24).

Coulombic interactions between the cationic peptide and
the anionic HS make an essential contribution to the free
energy of binding. The Mel-HS binding constant decreases
with increasing salt concentration to K ) 1.3 × 103 M-1

(extrapolated) at 1 M NaCl. Compared to K ) 3 × 105 M-1

at 100 mM NaCl, this corresponds to a reduction of 43% in
the free energy ∆G. The change in ∆G0 is essentially entropic
in nature as the reaction enthalpy ∆H0 is virtually indepen-
dent of salt concentration.

Melittin binding to HS may be compared with the
interaction of a basic cyclic peptide to heparin for which an
extensive ITC study was performed (43). The brain natri-
uretic peptide (BNP) has a cyclic structure, which is related
to an acidic fibroblast growth factor. BNP contains 32 amino
acids with 3 Lys and 4 Arg and is comparable in size and
charge to melittin. The binding constant to heparin is K ) 2
× 105 M-1 (100 mM NaCl and 50 mM ∆PO4

-, 25 °C, pH
7.4), which is very similar to melittin binding to HS (3 ×
105 M-1). However, heparin carries more sulfate groups than
HS, and the BNP-heparin interaction normalized to the
charge density is thus weaker than the melittin-HS interac-
tion. The reaction enthalpy is in the range of -3.2 kcal/mol
e ∆HBNP e -0.4 kcal/mol depending on salt concentration.
The molar heat capacity is ∆Cp ) 1 kcal mol-1 K-1 (referred
to heparin) and thus opposite in sign to that of the
melittin-HS reaction (∆Cp,melittin ) -227 cal mol-1 K-1).
The positive heat capacity suggest strong polar interactions.
This is, however, contradicted by the rather small salt
dependence of the BNP-heparin binding constant. The ionic
contribution was estimated as only 6%, which is much lower
than that found for melittin-HS or other heparin-binding
proteins (44–48). Only 0.5 Na+ ions are replaced upon BNP
binding.

BNP binding to heparin is accompanied by a distinct
protonation reaction. Five H+ are bound upon complex
formation (43). We have, therefore, investigated the buffer
dependence of the melittin-HS reaction. The reaction
enthalpy varies only slightly between –1.5 kcal/mol (TRIS)

over -1.8 kcal/mol (phosphate) to -2.6 kcal/mol (MOPS,
HEPES), but is not correlated with the buffer dissociation
enthalpies. A proton uptake or release can thus be excluded.
The binding constant in phosphate buffer is only 1.1 × 105

M-1 (50 mM ∆PO4
- and 100 mM NaCl), which can be

explained by a specific interaction between melittin and
∆PO4

- (49).
In elucidating the cytolytic action mechanism of melittin,

most researchers have focused on the interaction of melittin
with the lipid part of the cell membrane, and only a few
reports have discussed the role of glycosaminoglycans. It
was suggested, for example, that melittin forms a complex with
heparin secreted from mast cells, neutralizing, in turn, the
cytotoxic effect of melittin (50). Complexes between melittin
and heparin result in an enhanced immune response to the
peptide present in the complex (51). Melittin-induced cell lysis
has been described in some detail for red blood cells (2), human
lymphoblastoid cells (52, 53), or Caco-2 cells (54). However,
the molecular mechanism of cell lysis was not addressed in
these studies.

The present data suggest that the melittin-GAG interac-
tion should be investigated as a potential target initiating cell
lysis, enhancing, perhaps, the melittin-lipid interaction. As
a first step in this direction, we have investigated the effect
of melittin on two related Chinese hamster ovary (CHO) cell
lines, one of which has a reduced content of sulfated GAGs.
We have used the pgsA-745 mutant cell line (ATCC,
Manassas, VA), which is deficient in xylosyltransferase, the
enzyme responsible for the initiation of chondroitin sulfate
and heparan sulfate biosynthesis in ViVo (55). As a control,
we used CHO K1 cells (ATCC, Manassas, VA). After
incubation with melittin, the cell viability was determined
with CytoTox-One Homogeneous Membrane Integrity Assay
(Promega Corporation, Madison, WI) according to the
manufacturer’s instructions. Differences in the cytotoxic
effect of melittin for these two cell lines were observed in
the range of peptide concentrations 3 to 5 µM. At 3 µM
melittin, the percent cytotoxicity is 44.8 ( 4.3% for CHO
K1 cells but only 31.6 ( 2% for pgsA-745 cells with reduced
GAG content. Even though the main mechanism is probably
the permeabilization of the lipid membrane, these data
suggest that the role of GAGs cannot be ignored. A more
detailed report including results from different cell lines and
confocal microscopy is in preparation.
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