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ABSTRACT: Melittin is an amphipathic cationic peptide derived from honeybee venom with well-known
cytolytic and antimicrobial properties. When coupled to cationic polymers or lipid molecules, it forms
conjugates with high transfection efficiency and low toxicity with promising applications in gene therapy.
A first step in the internalization of melittin and its conjugates is their binding to the cell surface, a
reaction likely to involve heparan sulfate proteoglycans (HSPG). In the present work, we characterize the
binding equilibrium of heparan sulfate (HS) with two melittin analogues, [Cys1]melittin (mel-SH) and
retro-inverso [Cys1]melittin (ri-mel-SH). The terminal cysteine found in these peptides replaces the
N-terminal glycine present in native melittin and allows covalent binding to other molecules. Isothermal
titration calorimetry (ITC) reveals a high affinity of each melittin analogue to HS. Association constants
of 4.7 × 104 and 3.5× 105 M-1 are found at physiological ionic strength and 15°C for ri-mel-SH and
mel-SH, respectively. The reaction enthalpy measured under these conditions is∆H°pep) 4.2 kcal/mol for
ri-mel-SH and∆H°pep ) 1.1 kcal/mol for mel-SH. The peptide-to-HS stoichiometry is∼20 for ri-mel-SH
and∼14 for mel-SH under the same conditions. Temperature dependence studies using ri-mel-SH (mel-
SH) show that∆H°pep decreases in magnitude upon increase in temperature, which results in a molar heat
capacity of∆H°pep ) -322 cal mol-1 K-1 (-45 cal mol-1 K-1). Such a negative heat capacity change is
not expected for a purely electrostatic interaction and indicates that hydrophobic and other interactions
are also involved in the binding equilibrium. Salt dependence studies of the binding constants confirm
that nonelectrostatic forces are an important component of the HS-melittin interaction. Binding to HS
induces conformational changes in both peptides, with ri-mel-SH showing a 6-fold increase of theR-helix
content when incubated with HS under saturation conditions.

Melittin, the major component of honeybee venom from
Apis melifera, is a 26-residue amphipathic peptide with well-
known cytolytic and antimicrobial properties (1, 2). Its water
solubility and yet strong affinity to lipid membranes along
with interesting conformational properties make it one of
the best characterized antimicrobial peptides (for recent
reviews cf.3-5). Largely unstructured in water, melittin
readily folds into an amphipathicR-helix upon binding to
lipid membranes, where it inserts and causes major distur-
bances such as pore formation and membrane solubilization
(6, 7and references therein). Due to the extreme sensitivity
of melittin to the surrounding environment, it can also adopt
a variety of conformation and aggregation states in aqueous
solution. For instance, while monomeric and mostly random
coil at low ionic strength and low peptide concentration,
melittin aggregates into a tetramer with pronounced helical
structure when the salt and/or peptide concentrations are
increased (8-10).

The membrane-disturbing properties of melittin combined
with the net positive charge (+5 to +6) make this peptide

an interesting candidate for gene delivery. However, because
melittin is also highly hemolytic (2, 11, 12), its therapeutic
applications are largely dependent on the development of
nonhemolytic analogues. Several strategies have been de-
veloped to overcome the toxic effects of melittin while
keeping its potential therapeutic activity (13-16). One such
strategy consists of conjugating melittin to polyethylenimine
(PEI), a cationic polymer commonly used in gene transfection
(17, 18). The resulting melittin-PEI conjugates are non-
hemolytic, form stable complexes with DNA, and increase
gene transfection up to 3 orders of magnitude when compared
to unconjugated PEI (16, 19, 20). The enhanced gene transfer
correlates with an improved endosomal release, which is
attributed to the ability of melittin to disrupt the endosome
membrane and thereby facilitate DNA release into the
cytoplasm (16, 20).

Another example of a hybrid molecule with improved
transfection efficiency and reduced toxicity is dioleoylmelit-
tin. Formed by covalently coupling melittin to a derivative
of dioleoylphosphatidylethanolamine (DOPE), this melittin-
lipid conjugate binds DNA via the cationic peptide and forms
complexes that produce high levels of gene expression even
in the presence of serum (14). While the exact transfection
mechanism of dioleoylmelittin is still unresolved, it is likely
that, similarly to melittin-PEI conjugates, melittin-induced
endosome rupture is involved (14).
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A first step in gene transfection is the binding of DNA
complexes to the cell surface (21). Recent studies show that
heparan sulfate proteoglycans (HSPG), a group of sulfated
glycoproteins found in the extracellular matrix and at the
surface of eukaryotic cells (22, 23), are receptors for cationic
lipid-DNA complexes (24, 25). These polyanionic mol-
ecules have also been implicated in the internalization of
several cell-penetrating peptides, including the full Tat
protein (26, 27) and the oligoarginine R9 (28). In both cases,
the cationic moiety of the molecule interacts electrostatically
with the anionic groups of heparan sulfate (HS)1 (25, 29,
30), the sulfated polysaccharides present in HSPG (22, 23).

The net positive charge of melittin and of its conjugates
suggests that, similarly to cationic lipids and cell-penetrating
peptides, the cellular uptake of these molecules is mediated
by HSPG. The cationic residues of melittin should provide
strong affinity to the polyanionic HS chains, thereby
strengthening the binding of this peptide to the cell plasma
membrane. Although numerous studies have explored the
interaction of melittin with lipid membranes (7, 31-34), no
study has, to our knowledge, addressed its potential interac-
tion with HS. The main goal of the present work is to address
this issue by studying the binding equilibrium of HS with
two melittin analogues, [Cys1]melittin (mel-SH) and retro-
inverso [Cys1]melittin (ri-mel-SH). These peptides can be
covalently linked to other molecules via the terminal cysteine,
which replaces the N-terminal glycine found in native
melittin. Mel-SH is the intermediate used to synthesize
melittin-PEI and dioleoylmelittin, the two melittin conjugates
mentioned above. The retro-inverso analogue, ri-mel-SH, has
the reversed peptide amino acid sequence of mel-SH and is
composed of all-D amino acids. As a retro-inverso peptide,
it should show higher resistance to proteolytic degradation
and have an improved bioavailability when compared to mel-
SH (35, 36), thus leading to melittin conjugates with
potentially better in vivo gene transfection performance.

Isothermal titration calorimetry (ITC), a high-sensitivity
calorimetric technique capable of providing the full thermo-
dynamic characterization of a binding event (37), was used
to measure the thermodynamic parameters of the interaction
between HS and the two melittin analogues. In parallel,
structural changes in the peptides induced by HS binding
were followed by circular dichroism (CD) spectroscopy.

MATERIALS AND METHODS

Materials. Heparan sulfate (HS), fraction I, sodium salt
(from porcine intestinal mucosa, average MW 14200 Da,
sulfur content 6.44%), was purchased from Celsus Labora-
tories (Cincinnati, OH). The two melittin analogues, [Cys1]-
melittin (mel-SH) and the retro-inverso [Cys1]melittin (ri-
mel-SH), were prepared using standard Fmoc-solid-phase
peptide synthesis (38). All other chemicals were of analytical
or reagent grade. Tris buffer (10 mM tris(hydroxymethyl)-
aminoethane, pH 7.4) was prepared from 18 MΩ water
obtained from a NANOpure A filtration system. NaCl
concentrations were variable (25 to 350 mM) and are

specified in the legends of each figure. Synthetic melittin
was obtained from Bachem (Bubendorf, Switzerland).

Isothermal Titration Calorimetry.All measurements were
made with a MicroCal VP-ITC calorimeter (MicroCal,
Northampton, MA). To avoid air bubbles, all solutions were
degassed under vacuum prior to use. Typically, ri-mel-SH
titrations were performed by injecting 4µL aliquots of HS
(200 µM) into the calorimeter cell (Vcell ) 1.4037 mL)
containing ri-mel-SH (100µM), at constant time intervals
of 7 min. For the mel-SH titrations, the peptide concentration
in the calorimeter cell was typically 200µM, and 8 µL
aliquots of 200µM HS were injected every 6 min. To
minimize the error associated with diffusion from the syringe
during baseline equilibration, the volume of HS injected in
the first injection was smaller than the remaining injections
(1.5-2.5 µL), and the associated heat was not included in
the data analysis. Heats of dilution (∼1-2 µcal) were
measured in control titrations, in which HS was titrated into
pure buffer, and were included in the final analysis. Raw
data were processed using Origin graphing software provided
with the instrument. The temperature was set as indicated
in the legend of the figures.

Binding Model. The binding data were evaluated according
to a multisite binding model. Used successfully to describe
the binding equilibria of other peptides to HS (29, 30, 39),
this model is represented by the following equation (40, 41)

where [P] and [P]b are the concentration of free and bound
peptide, respectively, [HS]t is the total concentration of
heparan sulfate,K is the intrinsic binding constant, andn is
the number of peptide molecules bound per HS polysaccha-
ride chain. Due to mass conservation, the concentration of
bound peptide is described by

with [P]t denoting the total peptide concentration. Because
the heat associated with the binding event is proportional to
the concentration of bound peptide, [P]b, the heat absorbed
(or released) in injection i,δQi, is given by

where∆H°pep is the peptide binding enthalpy,δ[P]b,i is the
change (increase) in bound peptide concentration upon
injection i, andV is the reaction volume (including dilution
effects) (37).

Circular Dichroism Spectroscopy.All measurements were
carried out at room temperature using a JASCO J720
spectropolarimeter (Japan-Spectroscopic, Tokyo, Japan). A
quartz cell with a path length of 0.1 cm was used, and all
spectra were corrected by subtracting the buffer baseline. A
200 µM stock solution of each melittin analogue was
prepared in Tris buffer (10 mM Tris, 100 mM NaF, pH 7.4)
and diluted to the appropriate peptide concentration, either
in the absence or presence of HS. Results are reported as

1 Abbreviations: mel-SH, [Cys1]melittin; ri-mel-SH, retro-inverso
[Cys1]melittin; HS, heparan sulfate; HSPG, heparan sulfate proteogly-
cans; ITC, isothermal titration calorimetry; CPPs, cell-penetrating
peptides; CD, circular dichroism spectroscopy.

[P]b
[HS]t
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nK[P]

1 + K[P]
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[P]b ) 1
2 (1K + [P]t + n[HS]t) -

1
2 x(1K + [P]t + n[HS]t)2 - 4n[HS]t[P]t (2)

δQi ) ∆H°pepδ[P]b,iV (3)
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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 CD spectra
obtained by Reed and Reed (42).

RESULTS

Melittin Analogues.The analogues of melittin used in the
present study are schematically represented in Figure 1,
where part of their chemical structure is shown. Mel-SH
(Figure 1A) has the same amino acid sequence as bee
melittin, with the difference that the glycine found in the
N-terminus of melittin is replaced by a cysteine in mel-SH.
In the retro-inverso analogue of mel-SH (Figure 1B), the
L-amino acid residues have been replaced by the correspond-
ing D-isomers, and the peptide amino acid sequence is
reversed. As a consequence, while both peptides display an
identical orientation of their side chains, the peptide backbone
direction of ri-mel-SH is reversed due to the replacement of
the natural peptide bondψ(CO-NH) withψ(NH-CO) bonds.

Binding of HS to ri-mel-SH.The interaction of ri-mel-SH
with HS was studied by isothermal titration calorimetry.
Figure 2 shows a representative calorimetric trace (Figure
2A) and the corresponding titration curve (Figure 2B)
obtained at 15°C by titration of ri-mel-SH (100µM) with
4 µL aliquots of HS (200µM). The integrated heats in Figure
2B represent the net heats of each injection after subtracting
the dilution heats of HS into pure buffer. The upward
direction of the titration peaks (Figure 2A) and the corre-
sponding positive integrated heats (Figure 2B) indicate that
binding of ri-mel-SH to HS is an endothermic reaction. The
heats measured in the first few injections are relatively
constant (∼79µcal) but become progressively smaller as the
titration proceeds and the concentration of free ri-mel-SH
decreases. Ultimately, all available peptide is bound to HS,
and the small heats measured in the last few injections are
due to the dilution of HS into buffer. Under such conditions,
an estimate of the peptide molar binding enthalpy,∆H°pep,
may be obtained by dividing the total heat absorbed in the
titration (∼1075µcal) by the total amount of ri-mel-SH in

the calorimeter cell (140.4 nmol) (43, 44). Following this
simple approach, a∆H°pep ) 7.7 kcal/mol (at 15°C, 50 mM
NaCl, 10 mM Tris, pH 7.4) is determined from Figure 2B.
The HS binding enthalpy,∆H°HS, can also be estimated
from Figure 2B by assuming that in the beginning of the
titration the injected HS is immediately and completely
saturated with ri-mel-SH (43, 44). As the amount of injected
HS is 0.8 nmol and the measured heat per injection is 79
µcal, this leads to a∆H°HS ) 98.8. Consequently, the total
number of ri-mel-SH molecules bound to one HS molecule
is n ) ∆H°HS/∆H°pep ) 98.8/7.7) 12.9.

For a complete thermodynamic characterization of the
binding isotherm, the calorimetric data has to be treated with
an appropriate binding model. A long polymer such as HS
(MW ∼14200 Da) may be described as a macromolecule
with n independent and equivalent binding sites for a ligand
like ri-mel-SH (for details regarding the binding model, see
Materials and Methods). The solid line in Figure 2B is the
best least-squares fit to the data using eqs 1-3 yielding the
following set of parameters:n ) 12.9,K ) 8.0× 105 M-1,
and ∆H°pep ) 7.8 kcal/mol (cf. Table 1). Then and ∆H°pep
parameters derived with this model are consistent with the
direct evaluation discussed above.

Table 1 summarizes the thermodynamic parameters ob-
tained at various temperatures using the binding model
described by eqs 1-3. ∆H°pep is positive at all temperatures
tested, decreasing from∼11 kcal/mol to∼2 kcal/mol as the
temperature is raised from 5 to 35°C. From the slope of the
straight line shown in Figure 3A, we obtain a negative heat
capacity change of∆H°p ) -322 cal mol-1 K-1. Further
inspection of Table 1 reveals that the reaction is entropy-
driven, as indicated by the positive T∆S°pep values, and that
the affinity of HS to ri-mel-SH increases upon increase in
temperature, as indicated by largerK values. The solid line

FIGURE 1: Schematic representation of the analogues of melittin
used in this study: (A)CIGAVLKV LTTGLPALISWIKRKRQQ-
NH2 (mel-SH) and (B) qqrkrkiwsilaplGttlvklvaGic-NH2 (ri-mel-
SH). Only the portion of the amino acid sequences that is
highlighted in bold is schematically shown. Although the amide
bonds run in opposite directions (indicated by the arrows), the
orientation of the side chains is similar in both peptide structures.

FIGURE 2: Titration of HS into ri-mel-SH. (A) Calorimetric trace
obtained at 15°C by titration of HS (200µM) into a solution of
ri-mel-SH (100µM). Each peak corresponds to the injection (at 7
min intervals) of 4µL of HS into the calorimeter cell (V ) 1.4037
mL), except for the first peak where only 2µL was injected. (B)
Heats of reaction (integrated from the calorimetric trace) plotted
as a function of the HS/ri-mel-SH molar ratio. The solid line is the
best fit to the experimental data ([) using the binding model
described by eqs 1-3 (cf. Table 1 for parameters). Buffer: 10 mM
Tris, 50 mM NaCl, pH 7.4.
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in Figure 3B describes the predicted temperature dependence
of K based on the van’t Hoff relation, d lnK/dT )
∆H°pep/RT2, and taking into account the temperature-depen-
dence of∆H°pep (Figure 3A). Within the accuracy of the
measurements, a good agreement between experimental data
and theory is obtained. The binding stoichiometry is inde-
pendent of temperature withn ) 13.5( 1.5 (50 mM NaCl,
10 mM Tris, pH 7.4).

Binding of HS to mel-SH.At high salt concentrations (250
and 350 mM NaCl, 15°C), the calorimetric titration of mel-
SH with HS shows the same qualitative appearance as in
Figure 2. The analysis in terms of eqs 1-3, assumingn
identical and independent binding sites, yields the thermo-
dynamic parameters listed in Table 2. At lower salt concen-
trations, the ITC data exhibit a more complex behavior. The
titration of mel-SH with HS in 150 mM NaCl at 15°C is
shown in Figure 4 and indicates two stages of interactions.
For the first five injections of HS (200µM) into mel-SH
(200 µM), the heats of reaction are fairly constant. The
theoretical curve (solid line calculated withn ) 14.3,K )
3.0 × 105 M-1, and∆H°pep ) 1.35 kcal/mol) indicates that
after five injections∼36% of the total mel-SH in the
calorimeter cell is bound to HS. At this point, an additional
endothermic reaction takes place, which extends between
36% and 77% of bound mel-SH. The additional heat,
referenced to the total amount of mel-SH, is∆H ≈ 0.4 kcal/
mol, which is∼30% of the heat of binding reaction proper.
The molecular nature of this second reaction is unclear at

present. A similar phenomenon has been observed for the
titration of DNA with multivalent cations and has been
interpreted in terms of DNA condensation and aggregation
(45). By analogy, the second stage in the HS-mel-SH
interaction could correspond to a reorganization of the
complex to a more compact aggregate.

At 50 mM NaCl, mel-SH binds to HS with approximately
the same binding constant (K ) 6.3 × 105 M-1) and
stoichiometry (n ) 12) as ri-mel-SH. However, the molar
heat capacity change is reduced to∆C°p ) -45 cal mol-1

K-1.
The Effect of NaCl on the Interaction between HS and

Melittin Analogues.The interaction between HS and melittin
analogues was further characterized by analyzing the effect
of NaCl on the binding equilibrium. To this purpose, both
ri-mel-SH and mel-SH were titrated with HS at various NaCl
concentrations. The thermodynamic parameters obtained at
15 °C with the binding model described by eq 1-3 are listed
in Table 2. As anticipated for an electrostatic interaction,
the binding affinity of HS to both melittin analogues
decreases with increasing NaCl concentration.∆H°pep and
T∆S°pep also decrease in magnitude, but this decrease is
more significant for the latter parameter. As the reaction
enthalpy is endothermic for both peptides at all salt concen-
trations, the binding affinity,∆G°pep, is exclusively entropic
in origin. As a control, we have included in Table 2 a titration
with unmodified melittin in which the C-terminal amino acid
is glycine instead of cysteine. The thermodynamic data are
consistent with those obtained for mel-SH.

The contribution of electrostatics to the interaction of HS
with melittin analogues can be determined by analyzing the
salt dependence of the binding constant according to the
theory of protein-polyelectrolyte interactions (46-48), with
the assumption that HS behaves as a polyelectrolyte in
solution. This analysis has been used to quantify the
electrostatic and nonelectrostatic components of the interac-
tion of various macromolecules with polyelectrolytes such
as DNA (49, 50) and heparin (51-55). According to this
theory (46, 47), when a peptide (P) binds to a linear
polyelectrolyte (HS) to form a complex (HS‚Pn), the coun-
terions (M+) condensed to the polyelectrolyte surface are
released into bulk solution following the reaction:

Here,zM+ is the number of counterions bound to free HS
that are released into solution upon peptide binding;zM+ )
zψ, wherez is the number of purely ionic interactions formed
between HS and the peptide, andψ is the fraction of
counterions bound to HS per unit charge. Since counterions
enter the reaction with a stoichiometric coefficientzM+, the

Table 1: Thermodynamic Parameters for ri-mel-SH Binding to Heparan Sulfatea

T (°C)

binding
stoichiometry

(n) K (M-1)
∆H°pep

(kcal/mol)
∆G°pep

(kcal/mol)
T∆S°pep

(kcal/mol)

5 13.0( 0.0 (3.5( 0.7)× 105 11.0( 0.1 -7.1( 0.1 18.0( 0.1
15 12.9( 0.1 (6.5( 0.7)× 105 7.8( 0.1 -7.7( 0.1 15.4( 0.1
25 15.7( 1.5 (7.8( 0.8)× 105 3.4( 0.7 -8.0( 0.1 11.3( 0.5
35 13.0( 1.4 (9.4( 0.5)× 105 1.7( 0.2 -8.4( 0.1 10.1( 0.1

a Data represent the average( standard deviation of three measurements. Buffer: 10 mM Tris and 50 mM NaCl at pH 7.4.

FIGURE 3: Temperature dependence of the reaction enthalpy,
∆H°pep, (A) and the binding constant,K, (B) for ri-mel-SH binding
to heparan sulfate. Linear regression analysis of the experimental
data in (A) yields∆H°pep (kcal/mol) ) 12.39- 0.322T(°C) (solid
line). The solid line in (B) is the predicted temperature dependence
of K using the above regression formula for∆H°pep(T). Buffer: 10
mM Tris, 50 mM NaCl, pH 7.4.

HS(zM+ M+) + nPz+ {\}
KT

HS‚Pn + zM+M+ (4)
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overall total equilibrium constantKT is described by

whereK is the observed binding constant as normally defined
(independent of buffer components). Taking the logarithm
of both sides of eq 5 and rearranging gives

A plot of log K versus log [M+] should thus be linear,
with a slope equal to-zM+ and ay-intercept equal to log
KT. According to the polyelectrolyte theory, the slope of this
straight line provides the number of purely ionic interactions

involved in the association reaction, while they-intercept at
1 M NaCl gives an estimate of the nonionic binding constant,
KT, which is equivalent toK minus electrostatic effects (46,
47).

As predicted from eq 6, the observed binding constants
of HS to each melittin analogue are linearly related to the
NaCl concentration when plotted in a double-logarithmic axis
(Figure 5). Regression analysis of the experimental data
yields straight lines with slopes of-0.74 and-2.02 for mel-
SH (dashed line) and ri-mel-SH (solid line), respectively,
suggesting that between one and two Na+ ions are released
when melittin analogues bind to HS. They-intercepts (log
KT) of the regressed lines are 3.20 for ri-mel-SH and 4.92
for mel-SH. The corresponding energy contributions will be
discussed below.

Structural Aspects of the Interaction between HS and
Melittin Analogues.To check for structural changes in mel-
SH and ri-mel-SH induced by HS binding, we analyzed the
secondary structure of each peptide in the absence and
presence of HS with circular dichroism spectroscopy (Figure
6). The CD spectra were obtained at 23°C, in 10 mM Tris,
100 mM NaF, pH 7.4. Both ri-mel-SH and mel-SH show a
double peak at 208 and 222 nm characteristic ofR-helix
conformation when incubated with saturating concentrations

Table 2: Effect of NaCl on the Thermodynamic Parameters of Heparan Sulfate Binding to Melittin Analogues at 15°Ca

NaCl (mM)
binding

stoichiometry K (M-1)
∆H°pep

(kcal/mol)
∆G°pep

(kcal/mol)
T∆S°pep

(kcal/mol)

unmodified melittin
100 10.5( 1 (4.9( 0.5)× 105 1.9( 0.1 -7.5( 0.1 9.3( 0.2
mel-SH
50 12.0( 1.4 (6.3( 1.1)× 105 1.4( 0.1 -7.6( 0.1 9.0( 0.2
100 12.5( 0.7 (5.8( 1.8)× 105 1.1( 0.2 -7.6( 0.2 8.6( 0.1
100b 14 ( 1.5 7.0× 105 0.80( 0.1 -8.0 8.8
150 14.3( 0.1 (3.5( 0.7)× 105 1.1( 0.3 -7.3( 0.1 8.4( 0.2
250 17.1( 0.1 (2.8( 0.4)× 105 0.9( 0.2 -7.2( 0.1 8.1( 0.2
350 17.0( 1.4 (1.4( 0.1)× 105 0.8( 0.1 -6.8( 0.1 7.6( 0.1

ri-mel-SH
25 14.8( 0.6 (3.1( 0.1)× 106 6.9( 0.1 -8.6( 0.1 15.5( 0.1
50 12.9( 0.1 (6.5( 0.7)× 105 7.8( 0.1 -7.7( 0.1 15.4( 0.1
100 12.8( 2.3 (1.9( 0.4)× 105 7.7( 1.5 -7.0( 0.1 14.6( 1.6
150 20.0( 0.0 (4.7( 1.1)× 104 4.2( 0.2 -6.2( 0.1 10.3( 0.1
350 24.0( 2.8 (1.7( 0.1)× 104 3.0( 1.8 -5.6( 0.1 8.6( 1.8

a Data represent the average( standard deviation of two to three measurements. Buffer: 10 mM Tris and variable concentrations of NaCl at pH
7.4. b Measurement at 28°C.

FIGURE 4: Titration of HS into mel-SH. (A) Calorimetric trace
obtained at 15°C by titration of HS (200µM) into mel-SH (200
µM). Each peak corresponds to the injection (every 6 min) of 7.5
µL of HS into the calorimeter cell (V ) 1.4037 mL), except for
the first peak where only 2.5µL was injected. (B) Heats of reaction
(integrated from the calorimetric trace) plotted as a function of the
HS/mel-SH molar ratio. The solid line is the best fit to the
experimental data ([) using the binding model described by eqs
1-3 with the parameters listed in Table 2. Buffer: 10 mM Tris,
150 mM NaCl, pH 7.4.

KT )
[HS‚Pn][M

+]zM+

[HS][P]n
) K[M +]zM+ (5)

log K ) log KT - zM+ log M+ (6)

FIGURE 5: Salt dependence of the interaction between HS and
melittin analogues. Binding constants (K) for HS binding to ri-
mel-SH (]) and mel-SH ([) were determined as a function of NaCl
concentration in Tris buffer (10 mM Tris, pH 7.4) from ITC
measurements at 15°C, as described in the legends of Figures 2
and 4.K values are plotted as a function of the NaCl concentration
on a log/log scale. Linear regression analysis of the ri-mel-SH data
(]) yields logK ) 3.20-2.02 log[NaCl] (solid line). For mel-SH
([), the regressed line (dashed line) is described by logK ) 4.92-
0.74 log[NaCl].
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of HS. The CD spectrum of ri-mel-SH is mirror-imaged at
the x-axis compared to the conventionalR-helix spectrum
because ri-mel-SH is composed of allD-amino acids. The
helix content calculated with the mean residue ellipticitiy at
222 nm is 32.8( 4.4% for ri-mel-SH and 42.9( 0.9% for
mel-SH. Because ri-mel-SH is predominantly disordered in
the absence of HS (random coil content 64( 1%, helix
content 5.8( 2%), this corresponds to approximately a 6-fold
increase in the helix content of ri-mel-SH upon binding to
HS. Analysis of the CD spectra of mel-SH in the absence of
HS reveals aR-helix content of 33.3( 3.9%. Binding of
HS is also accompanied by an increase of the mel-SH helix
content from 33% to 48%, which is, however, smaller than
that observed with the retro-inverso analogue.

DISCUSSION

The high transfection activity and low toxicity of melittin
conjugates such as dioleoylmelittin (14) and melittin-poly-
(ethyleneimine) (PEI) (16) have raised the interest on melittin
analogues as potential gene delivery systems. The large
positive charge of melittin (+5) suggests that, similarly to
cationic lipids (24, 25) and cell penetrating peptides (26, 27),
the cellular uptake of melittin and its conjugates is mediated
by cell surface HSPG. Despite the numerous studies focusing
on the interaction of melittin with lipid membranes (7, 31-
34), no studies have, to our knowledge, explored the potential
involvement of HSPG in the cellular internalization of
melittin. In the present work, we address this question by
studying the binding equilibrium of two melittin analogues,
mel-SH and ri-mel-SH, with heparan sulfate. These peptides
can be covalently linked to lipids or cationic polymers via
the cysteine residue, which replaces the glycine found in the
N-terminus of melittin. The retro-inverso analogue of mel-
SH, ri-mel-SH, has the advantage of being stable against
protease degradation.

Thermodynamics of HS Binding to Melittin Analogues.The
calorimetric data presented here show that HS interacts
strongly with both melittin analogues. The binding constants
found at 100 mM NaCl and 15°C for ri-mel-SH and mel-
SH are 1.9× 105 M-1 and 5.8× 105 M-1, respectively
(Table 2), which correspond to dissociation constants in the
micromolar range (5-1.5 µM). When compared with TAT
and R9, two cell-penetrating peptides known to depend on
HSPG for cellular internalization (27, 28), melittin analogues
show similar binding affinities under the same temperature
and ionic strength conditions (28°C, 100 mM, 10 mM Tris,

pH 7.4) (Table 3). Replacing the C-terminal cysteine by
glycine has almost no influence on the binding parameters
at the given conditions (cf. Table 2).

Considering that∼20% of the residues in melittin and its
two analogues are basic amino acids (K and R), we expect
electrostatics to be involved in the HS-peptide interaction.
This is confirmed by the calorimetric data in two ways. First,
binding stoichiometries close to charge neutrality are obtained
when the molar ratios are converted to charge ratios. This
conversion takes into consideration that (i) each peptide has
a net positive charge of+5 and (ii) each HS molecule has
an average of∼55 anionic charges. The latter estimate relies
on the sulfur content of HS (6.44%) to determine the number
of sulfates and on the assumption that one carboxylate group
is present per HS dissacharide (56). Following this calcula-
tion and based on the molar stoichiometries of∼14 and∼15
found for ri-mel-SH and mel-SH, respectively (Table 3), we
obtain a charge ratio of∼1.3 for ri-mel-SH and∼1.4 for
mel-SH. These ratios become closer to charge neutrality if
we further assume that the electrostatic binding is limited to
the cluster of charged amino acids KRKR (rkrk) located near
the N-terminal (C-terminal) of mel-SH (ri-mel-SH). This is
a reasonable assumption considering that the additional K
is embedded in the hydrophobic part of the peptides, which
is supported by the structural data discussed below. With
the reduced charge ofzel ) 4, the product of the binding
stoichiometry,n, with the effective charge,zel, is ∼57 and
62 for mel-SH and ri-mel-SH, respectively (Table 3), leading
to a peptide-to-HS charge ratio close to unity for both
peptides.

The second evidence for an electrostatic association
between HS and melittin analogues is the salt dependency
of the binding constants. As commonly observed with
electrostatic interactions, the binding affinity of HS to each
peptide decreases upon increasing the ionic strength (Table
2). In both cases, the binding constants are linearly related
to the NaCl concentration when the data are plotted in a
double-logarithmic plot (Figure 5). This behavior is predicted
by the polyelectrolyte theory (46-48), which has been used
to analyze the contribution of electrostatics in reactions
involving polynucleotides (49, 50) and heparin (51-55).

The contribution of electrostatics to the overall binding
free energy can be estimated from the extrapolated binding
constants at 1 M NaCl (46, 47). As opposed to purely ionic
interactions, which according to the above model (eqs 1-3)
have negligible binding constants at such high salt concentra-
tions (46, 47), they-intercepts of the regressed lines in Figure
5 indicate a significant binding affinity for both peptides at
1 M NaCl; KT values of∼1.6 × 103 M-1 and∼8.3 × 104

M-1 are found for ri-mel-SH and mel-SH, respectively. When
compared to the binding constants measured at 15°C and
100 mM NaCl (Table 2), these values suggest that∼40%
and∼15% of the total free energy of HS binding to ri-mel-
SH and mel-SH, respectively, is of electrostatic origin under
conditions close to those found in vivo.

An alternative method of estimating the Coulombic
component of the HS-melittin analogues interaction is to rely
on the calorimetric data of R9 and TAT (Table 3), two
peptides known to interact with HS mainly via electrostatics
(29, 30). Assuming that R9 (TAT) forms a maximum ofzel

) 9(8) ionic bonds with HS, and defining the interaction as
purely ionic, the maximum free energy per ion pair is

FIGURE 6: CD spectra monitoring conformational changes in
analogues of melittin upon saturation with HS. Mean residue
ellipticity values of ri-mel-SH (60µM) in the absence ([) and
presence of 50µM HS (]), and mel-SH (60µM) in the absence
(b) and presence of 50µM HS (O) are plotted as a function of the
wavelength. Buffer: 10 mM Tris, 100 mM NaF, pH 7.4.
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estimated as∆Gion ) ∆G°/zel ) -0.99 kcal/mol (Table 3).
Consequently, if we assume that 4 to 5 ionic bonds are
formed between HS and each melittin analogue, the corre-
sponding electrostatic contribution to the binding affinity
varies between∆G°el ) -3.96 kcal/mol and∆G°el ) -4.96
kcal/mol. When referenced to the total free energies deter-
mined by ITC (Table 3), this corresponds to an electrostatic
contribution of∼50-60% for both melittin analogues. These
values are higher than those predicted based on the poly-
electrolyte theory, and no decision can be made between the
two alternatives.

Different energies will contribute to the nonCoulombic part
of the interaction energy. An important contribution will
come fromR-helix formation. Membrane binding studies
using amphipathic peptides have demonstrated that membrane-
inducedR-helix formation is associated with a free energy
change of∆Ghelix ≈ -0.2 to-0.4 kcal/mol per amino acid
(57-60). For ri-mel-SH the helix content increases by about
25% (∼6-7 amino acid residues) upon complex formation
with HS. Using the experimental results obtained from
membrane studies, a total free energy change of-2.6 kcal/
mol would be predicted, accounting for 70% of the non-
Coulombic energy. In addition, hydrophobic and hydrogen
bonding interactions will also make contributions.

Structural Aspects of the HS-melittin Analogues Interac-
tion. Binding of mel-SH and ri-mel-SH to HS produces a
conformational change toward a moreR-helical structure
(Figure 6). Surprisingly, even though the two melittin
analogues are much larger than TAT and R9, about twice as
many molecules of mel-SH and ri-mel-SH are bound per
HS chain (Table 3). This is possible if the KRKR (rkrk)
cluster binds electrostatically to HS and if a major part of
the peptide chain extends away from the HS chain.R-helix
formation and hydrophobic interactions are usually associated
with the release of hydration water, explaining the large
entropy increase (Tables 2 and 3) and the negative∆C°p
(Figure 3) observed for the interaction of HS with mel-SH
and ri-mel-SH. The heat capacity change for ri-mel-SH
(∆C°p ) -322 cal mol-1 K-1) is much larger than that of
mel-SH (∆C°p ) -45 cal mol-1 K-1) at the same salt
concentration. Part of this difference may arise from the more
extensiveR-helix formation observed for ri-mel-SH upon
HS binding. It is also interesting to note that the binding
stoichiometry of ri-mel-SH is affected by the salt concentra-
tion, increasing from∼13 at low NaCl (e100 mM) to∼20-
25 at higher NaCl concentrations (g150 mM) (Table 2). The
increase in the number of binding sites is accompanied by a
distinct decrease in the binding affinity. No such changes
are observed with mel-SH (Table 2), suggesting that the
binding mode of ri-mel-SH may change depending on the
ionic strength. The higher packing density of melittin at high

salt concentrations is similar to a condensation phenomenon
that has been found for the interaction of cationic peptides
with plasmid DNA (45).

Comparison with CPPs.TAT and R9 are two of the best
studied cell-penetrating peptides with a cellular uptake known
to depend on the expression of cell surface HSPG (27, 28).
The TAT peptide (11 amino acids) corresponds to the
positively charged protein transduction domain of HIV-1
TAT protein (residues 47-57) and has an electric charge of
zel ) 8 (61). The synthetic nonaargine R9 (9 amino acids) is
one of the most efficient CPPs withzel ) 9 (62). Table 3
compares the thermodynamic data obtained with mel-SH,
ri-mel-SH, and the two CPPs under similar conditions (28
°C and 100 mM NaCl, 10 mM Tris, pH 7.4). The CPPs are
distinctly shorter than the melittin analogues studied here
(26 amino acids each), nevertheless, certain similarities are
found in their association with HS. First, the productn × zel

of the two CPPs is also close tozel ) 55, indicating that,
similarly to the melittin analogues, the two peptides form
complexes with charge ratios close to electroneutrality upon
binding to HS. This implies, however, a completely different
packing for the two types of molecules, since about twice
as many melittin molecules as TAT or R9 are bound per HS
chain (∼15 vs ∼7). Second, we note that despite the
differences in size and charge of the ligands, the binding
constants for the interaction with HS are quite similar for
the four peptides;K values of∼6 × 105 M-1 are found for
TAT and the two melittin analogues, and a slightly higher
K of ∼3 × 106 M-1 is reported for R9. As a consequence,
the free energies of binding,∆G°pep, are in the same range
for all peptides (Table 3).

On the other hand, it is clear from Table 3 that the origin
of the binding free energies is quite different for the four
peptides. For mel-SH and ri-mel-SH, the reaction enthalpies
are positive and unfavorable for binding and the binding to
HS is completely entropy-driven. In contrast, the binding of
TAT and R9 to HS is essentially determined by negative
reaction enthalpies, with some entropic contributions. Further
differences are revealed by the temperature dependence of
the reaction enthalpies; the molar heat capacity changes of
mel-SH and ri-mel-SH are negative, those of TAT and R9

are positive. This clearly indicates that the hydrophobic effect
is absent in the HS-CPPs interaction, whereas nonelectrostatic
interactions contribute to the formation of the HS-melittin
complexes.

Although molecular interpretations of thermodynamic
results must be viewed with caution, the results obtained with
isothermal titration calorimetry suggest some general dif-
ferences between the association of melittin analogues (mel-
SH and ri-mel-SH) and CPPs (TAT and R9) with HS.
Considering the size of TAT and R9, and based on the

Table 3: Thermodynamic Parameters for HS Binding to Cationic Peptides at 28°C, 10 mM Tris, 100 mM NaCl, pH 7.4a

peptide (no. aa)
effective

charge (zel)

binding
stoichiometry

(n) zel × n K (M-1)
∆H°pep

(kcal/mol)
∆G°pep

(kcal/mol)
T∆S°pep

(kcal/mol)
∆C°p

(cal mol/K)

mel-SHb (26) 4 14.2( 1.9 56.8( 7.6 (6.5( 0.8)× 105 0.5( 0.2 -8.0( 0.1 8.5( 0.2 -322.0
ri-mel-SHb (26) 4 15.5( 0.7 62.2( 2.8 (4.0( 0.0)× 105 2.6( 0.1 -7.7( 0.0 10.3( 0.1 -45.0
TATc (11) 8 7.0( 0.3 56.0( 2.1 (6.0( 0.6)× 105 -4.5( 0.6 -7.9( 0.1 3.4( 0.6 135.0
R9

d (9) 9 6.9( 0.8 62.1( 7.2 (3.1( 0.8)× 106 -5.5( 1.2 -8.9( 0.2 3.4( 0.1 167.0
a Data represent the average( standard deviation of three measurements.b This work. c From Ziegler and Seelig, 2004.d From Gonc¸alves et al.,

2005.
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dominance of electrostatics to the free energy of binding,
the CPPs presumably maximize their electrostatic interaction
by stretching out along the HS chain. This is also supported
by the absence of structural changes in the two peptides upon
binding to HS (29). In contrast, the much larger size of mel-
SH and ri-mel-SH, together with the larger binding stoichi-
ometries require a molecular packing in which the long
molecular axis of the peptide molecules extends away from
the HS chain. Binding is associated with increasedR-helix
formation and the HS chain must act as a template for this
process. The two melittin analogues are most likely attached
electrostatically to the HS polymer via their KRKR (rkrk)
clusters, andR-helix formation is an additional driving force
for multisite binding.
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