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ABSTRACT The cytotoxic peptide from honeybee venom, melittin, and a synthetic peptide analogue of it lyse human
erythrocytes in a biphasic process. The kinetics of of the lysis in 0.30 M sucrose, 0.01 M sodium phosphate, pH 7.30 at
40C were investigated. Our results show that melittin rapidly binds to the outer surface of the erythrocyte membrane,
and the surface-bound monomers produce transient openings through which - 40 hemoglobin molecules can escape.
Concomitantly, the melittin loses its ability to effect the process, presumably by translocation through the bilayer. The
half-life for this process is 1.2 min. In a much slower process, dimers of this internalized melittin again produce
transient membrane openings in a steady state. On a molar basis, the synthetic peptide analogue produces a fast process
comparable to that caused by melittin, but is more efficient in the slow phase. Escape of hemoglobin and of carbonic
anhydrase through the openings is diffusion controlled. These results suggest that the functional units necessary for the
activity of melittin-like cytotoxic peptides are a 20 amino acid amphiphilic a-helix with a hydrophobic:hydrophilic ratio
> I and a short segment with a high concentration of positive charges.

INTRODUCTION

We are currently engaged in assessing the role of the
amphiphilic a-helix as a structural feature which effects or
improves the binding of peptides and proteins to amphi-
philic surfaces. The occurrence of this structural unit was
first demonstrated in apolipoproteins, including apolipo-
protein A-I (apo A-I) from human plasma high density
lipoprotein-3. Apolipoproteins, the protein constituents of
plasma circulating lipoproteins, stabilize the surface of the
triglyceride/cholesterol ester core of these particles (1).
Portions of these apolipoproteins are intercalated among
the phospholipid head groups of the surface monolayer,
which surrounds the lipid core (2), and, when in the
surface-bound state, most apolipoproteins are devoid of
tertiary structure (3). From the known amino acid
sequence of apo A-I it has been proposed that the secon-
dary structure responsible for its interfacial stability is the
amphiphilic a-helix (4, 5). Indeed, at least six 20-amino
acid segments have high helix-forming potential and, when
in the a-helical form, would segregate the hydrophilic and
hydrophobic amino acid side chains on opposite faces of
the cylindrical helix, one-third of the residues being hydro-
phobic (6). To test this hypothesis, we have synthesized a
docosapeptide of high amphiphilic a-helical potential with
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approximately one-third of the residues hydrophobic and
with minimal homology to any of the proposed helical
segments of apo A-I (7). This peptide's surface affinities
and ability to activate lecithin:cholesterol acyltransferase
(LCAT) (8) are comparable to those of apo A-I. Recent
observations suggest that short amphiphilic a-helical
segments are not unique to apolipoproteins, but may play
an important structural role in many polypeptides with
functions as diverse as those of the peptide hormones' (9,
10) and cytotoxins (11-13). This suggested to us that the
amphiphilic a-helix may play a key role in the binding to
cell membrane surfaces as well as to lipoprotein-water
interfaces. In particular, the biologically active conforma-
tion of melittin, a cytotoxic peptide from bee (Apis melli-
fera), has been proposed to include an amphiphilic a-helix
(Fig. 1) (14). The amphiphilic a-helical portion would
include the N-terminal segment of the molecule, extending
perhaps to residue 21 with a "kink" at the proline-14
residue. Most interestingly, two-thirds of the first 21
residues are hydrophobic.

Our method of testing the structural role of amphiphilic
a-helical segments with synthetic nonhomologous ana-
logues could be applied here to probe the function of the
N-terminal region of melittin. At the same time an amphi-
philic a-helical peptide with a hydrophobic:hydrophilic

'Taylor, J., D. Osterman, R. Miller, and E. T. Kaiser. J. Am. Chem. Soc.
In press.
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FIGURE 1 The amino acid sequences of melittin (from reference 20)
and the amino acid sequence and helical projection for the melittin
analogue, peptide 1.

ratio of 2:1 could provide valuable information concerning
the role of the hydrophobic-hydrophilic balance in the
interaction of amphiphilic peptides with phospholipid
mono- and bilayers. For the above reasons we designed the
amphiphilic a-helical melittin analogue peptide I, shown
in Fig. 1 (14). Residues 1-20 were chosen to form an

amphiphilic a-helix with minimal homology to melittin,
while maintaining the hydrophobic:hydrophilic ratio of 2.
The hydrophobic face of the helix was composed of leucine
residues chosen for their high helix-forming potential and
hydrophobicity. While glutamine seemed ideal for the
hydrophilic residues, some serine residues were also
included, allowing us to match the hydrophilicity of native
melittin. A tryptophan residue was left at position- 19 for
further studies of the intrinsic fluorescence of the peptide,
and the C-terminal hexapeptide thought to be essential
for hemolytic action was retained. This peptide was

synthesized and purified as previously described (14). Its
hemolytic activity, as measured by a 30-min incubation
assay (15), was found to be somewhat greater than that of
melittin. Peptide I has a higher surface affinity than native
melittin, suggesting that the model peptide has a more

extended helical segment than melittin does and that this
is indeed important for cell lysis. Since the hemolysis must
comprise at least a binding and a lytic step, the complete
elucidation of the factors responsible for the higher
specific activity of peptide I called for a kinetic analysis of
the interaction of the peptides with erythrocyte

membranes. For the quantitation of the time-course of
hemolysis we used the technique of rapid membrane
filtration (16, 17). In the present paper we provide
evidence that hemolysis occurs by the same mechanism for
melittin and the melittin analogue, peptide I. Both
peptides cause a biphasic release of hemoglobin (Hb) from
the erythrocytes. Our results are consistent with a rapid
partial release effected by the peptides bound on the
surface of the erythrocyte, and this very same process is
coupled to the penetration of melittin into the membrane;
a second, slower release of the cytoplasmic contents is then
caused by the dimer of membrane-bound melittin. On a
molar basis, peptide I and melittin produce comparable
fast phases, but the former is more efficient in the slow
lysis.

MATERIALS AND METHODS

Melittin free from phospholipase A2 (as measured by a sensitive enzy-
matic assay employing radioactivity) was the generous gift of Professor
G. Kreil. It was further purified by reverse phase high pressure liquid
chromatography (HPLC) using a DuPont Zorbax Cs column (4.6 x 250
mm) (DuPont Instruments, Wilmington, DE) with 0.1% phosphoric acid,
0.1 M NaCIO4 and 56% (vol/vol) acetonitrile as the eluting solvent.
Melittin purchased from Sigma (Sigma Chemical Co., St. Louis, MO)
was also purified by HPLC as above (Fig. 2). The purified melittin was
homogeneous by criteria of amino acid analysis, HPLC, and thin-layer
chromatography using silica gel plates (Whatman LK5DF, Pierce
Chemical Co., Rockford, IL) with n-butanol:acetic acid:pyridine:water
(15:3:9:12 [vol/vol]) as the eluent and ninhydrin-collidine for detection.
The synthesis and purification of the melittin model, peptide I, have been
reported ( 14). Concentrations of melittin stock solutions were determined
in duplicate by automated amino acid analysis.

Erythrocyte suspensions were prepared either from blood freshly
drawn into Na4EDTA from healthy subjects, or from recently outdated
citrate-stabilized blood from the University of Chicago Blood Bank. In
both cases, 5 ml whole blood was centrifuged for 10 min at 6,000 rpm
employing a Sorvall-type M rotor (DuPont Instruments-Sorvall,
Newtown, CT); the serum and buffy coat were removed by aspiration.
The packed cells were resuspended in 0.30 M sucrose, 0.01 M sodium
phosphate buffer (pH 7.30) and recentrifuged. This was repeated twice
and then the washed cells were suspended in 0.30 M sucrose, 0.01 M
sodium phosphate (pH 7.30) and their concentration determined using a
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FIGURE 2 Purification of melittin by HPLC. A 10 gld aliquot of a
solution of melittin (Sigma, 50 mg/ml) in a mixture of 0.1% phosphoric
acid, 0.1 M NaClO4 (44%) and acetonitrile (56%) (vol/vol) was injected
using the conditions described in the Methods section.
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Coulter counter model Zb equipped with a Coulter Channelyzer (Coulter
Electronics Inc., Healeah, FL). Sealed erythrocyte ghosts were prepared
by the method of Steck and Kant (18).

Ficoll was purchased from Sigma Chemical Co., St. Louis, MO.
Filters (2.5 cm, 3 jlm pore), prefilters (2.5 cm), and Swinnex adapters for
rapid membrane filtration were from Millipore (Millipore Corp.,
Bedford, MA). Water was deionized through a mixed bed ion exchanger.
All other chemicals were of the finest quality commercially available. All
buffers were filtered through a 0.45 Am pore a-Metricel GA6 filter
immediately before use.

The kinetics of release of hemoglobin were measured by a rapid
filtration method (16, 17). The hemoglobin content in the filtrate was
determined spectrophotometrically from the absorbance at 578 nm.
Melittin was monomeric (> 99% monomer) at the concentrations used in
our experiments (14).2 The concentration of carbonic anhydrase was
measured by a stopped-flow acidimetric assay (19) using the indicator
Bromthymol Blue at pH 7.3 and monitoring the absorbance at 630 nm
using a Durrum-Gibson stopped-flow spectrophotometer (Durrum
Instrument Corp., Sunnyvale, CA).
The extent of partial hemolysis was determined by monitoring the

sedimentation velocity of the erythrocytes in a preformed linear density
gradient of 0-40% Ficoll/0.30 M sucrose, 0.01 M sodium phosphate, pH
7.30 in I x 15-cm test tubes. Erythrocytes (1 x 10" cells/liter) were
incubated with melittin (9.2 x 10-7 M) for 10 min at 40C. 3 ml of this
suspension was layered on the Ficoll gradient, and the tubes were
centrifuged at 1,600 rpm for 15 min at 40C using a Sorvall RC-3
centrifuge equipped with an HG-4L rotor. The centrifuged solutions were
eluted from tubes using a Buchler Auto Densiflow II (Buchler Instru-
ments, Inc., Fort Lee, NJ), and the hemoglobin content was monitored
after addition to a final volume of 100 Ag/ml of melittin to cause
complete lysis of the cells. The binding of melittin to erythrocyte ghosts
was measured in 0.30 M sucrose, 0.01 M sodium phosphate, pH 7.30.
The ghosts were incubated with melittin for 5-10 min at 40C, then
centrifuged at 18,000 rpm for 10 min at 40C using a Sorvall RC-5B
centrifuge equipped with an SS-34 rotor. The amount of melittin in the
supernatant was determined by a calibrated hemolytic assay after a
45-min incubation with erythrocytes at 370C.

To show that the time dependence of the hemoglobin release is not due
to the slow binding of melittin to the erythrocytes, we incubated erythro-
cytes (5 x 10'0 cells/liter) with melittin (3.3-6.7 x 10-7 M) for 15 s. 3
ml of the suspension was then filtered in the usual manner; the collected
cells were rapidly washed with 2 ml of 0.30 M sucrose, 0.01 M sodium
phosphate buffer, pH 7.30 and then incubated for an additional 5 min.
The hemoglobin released during the latter period was eluted with 3 ml of
the above buffer. The hemoglobin content in the combined washes was 80
± 26% of that released without filtration.

RESULTS

Monitoring the time-course of hemoglobin release from
erythrocytes treated with melittin or peptide I, we
observed that the reaction is biphasic under a wide range
of concentrations, ionic strengths, and temperatures (Fig.
3). We chose to study the reaction in an isotonic solution of
0.30 M sucrose, 0.01 M sodium phosphate, pH 7.30, at
40C, as we found that this combination of low ionic
strength and low temperature gave optimal reproducibility
with the added advantage of slowing the reaction rate to
one easily measured by our technique.

Observation of the erythrocytes exposed to melittin or
peptide I under the light microscope indicated that the
identity of the erythrocytes is maintained during the lytic
process. Because all our experiments were carried out with
dilute erythrocyte solutions, the total hemoglobin content
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FIGURE 3 The time dependency of hemoglobin release induced by
melittin at various temperatures. An erythrocyte suspension (5.21 x 10'0
cells/i) was incubated with melittin (4.58 x 10-7 M) at 40C(4-); 22°
(-A-), and 37"C (-U-).

of the cell was released at the end of the reaction, within
our experimental error. To characterize the population of
partially lysed cells at the end of the rapid phase, we
determined, by rate zonal density gradient centrifugation,
the density distribution of the erythrocytes exposed to an
amount of melittin yielding 40% hemoglobin release in the
fast phase (10 min). The average density of the cells
decreased considerably and the variance of the density of
the partially lysed cells was not any larger than that of the
unlysed erythrocytes. From these data we conclude that
(a) all erythrocytes are partially lysed at the end of the
rapid phase; (b) the decay of the rate of hemoglobin
released in the fast phase cannot be due to random closure
of a single large opening in the membrane since the latter
mechanism would result in broadening of the peak; (c) all
erythrocytes must release approximately the same amount
of hemoglobin during the fast phase. Thus, the membranes
must have remained open to the same extent for each cell.

By varying the concentration of melittin and that of the
erythrocytes, we observed that the initial rate of hemoglo-
bin release expressed in mol liter' min-' is directly
proportional to the melittin concentration but independent
of the erythrocyte concentration. The total amount of
hemoglobin released in the fast phase is also proportional
to the melittin concentration and independent of the
erythrocyte concentration as long as the total cellular
hemoglobin content is not greatly depleted during the fast
phase. In contrast, the initial rate of the slow phase is
proportional to the square of the melittin concentration
and to the inverse of the erythrocyte concentration. The
rate of release and the quantity of hemoglobin released per
cell can be calculated from the rates and extents of release
by dividing them by the erythrocyte concentration. Thus,
the rate and extent of release of hemoglobin per cell in the
fast phase are proportional to [melittin] /[erythrocyte] and
the rate of release of hemoglobin per cell in the slow phase

DEGRADO ET AL. Kinetics and Mechanism of Melittin-induced Hemolysis 331
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FIGURE 4 The time dependence of hemoglobin release caused by
melittin at various concentrations at a fixed erythrocyte concentration.
Erythrocytes (5 x 10'0 cells/liter) were incubated with melittin; 2.20 x
10-7 M (-A-); 4.67 x 10-7 M (-U); 7.01 x 10-7 M (-0-); and 9.34 x
10-7 M (-I-).

is proportional to ([melittin]/[erythrocyte] )2 (Figs. 4 and
5). The time dependency of the decay of the fast rate to the
slow rate appears to correspond to a first order reaction.
The slow phase also appears to be first order and must
correspond to the depletion of hemoglobin as total release
is exponentially approached at long times. Furthermore,
the half life of the fast reaction seems to be independent of
the melittin and the erythrocyte concentrations. We
observed in almost all cases a slight induction period
before the fast phase (of the order of - 15 s) which was too
short to be explored by our method. At the end of the fast
reaction the ghosts were collected by centrifugation, the
pellet was dissolved in glacial acetic acid and analyzed for
melittin by the thin layer chromatographic method
described in Methods. By comparing the Rf and intensity
of the bands obtained in this experiment with those of
known quantities of melittin, we found that most of the

Time Imln)

melittin was recovered unchanged from the cell
membrane.
The rate of hemoglobin release per cell in the fast and

slow phases was dependent on the [melittin] / [erythrocyte]
and ([melittin] / [erythrocyte] )2, respectively, indicating
that perhaps surface bound melittin and its dimer were the
species responsible for hemolysis. Indeed, melittin binds
readily to the erythrocyte and to sealed erythrocyte ghosts.
Under our experimental conditions, the binding to the
ghosts could be described by a simple Langmuir isotherm
(8), and analysis of the curve gave a dissociation constant
on the order of 1 x 10-7 M and a limiting quantity of
melittin bound of 2 x 107 molecules per ghost. Assuming
that the area of the bound melittin is the same as that at
the air-water interface, this corresponds to 45% of the
outer erythrocyte surface. These values indicate that in all
our kinetic experiments, at least 90% of the melittin
became bound to the membrane. This binding appears to
be very rapid with respect to hemoglobin release and
essentially complete within 15 s, because erythrocytes
which were treated with melittin for 15 s and then filtered
and washed continued to release hemoglobin at 80 ± 26%
of the rate of the unfiltered cells. Finally, that the melittin
is quantitatively and tightly bound is further supported by
the observation that addition of a second aliquot of
erythrocytes after the fast phase produced no observable
change in the reaction kinetics. On the other hand, addi-
tion of a second aliquot of melittin produced a second fast
phase comparable to the first one and of the same half-life
(Fig. 6).

The above observations suggest that (a) all of the
melittin from the solution is rapidly bound to the erythro-
cyte surface and that a maximum total area available for
the diffusion of Hb from the cell is proportional to this
surface-bound melittin; (b) the surface-bound melittin and
the permeable area associated with it disappear by a
first-order decay reflected by the first phase. After losing
its ability to lyse the erythrocyte rapidly, melittin is still
chemically unchanged and associated with the erythro-
cyte. This then indicates that in the fast-phase melittin
either undergoes a conformational and/or topographical
change; (c) after translocation of the melittin in the fast
phase, the membrane openings are proportional to the
square of the membrane-associated melittin. Such a
dependency is clearly observed in the slow phase shown in
Fig. 6 when the doubling of the melittin concentration
yields a fourfold increase in the rate of the slow phase.

The simplest reaction pathway able to account for all of
the above observations (i.e., one with the minimum
number of steps consistent with the experimental observa-
tions) is shown in Scheme 1 below, where M, is the
concentration in mol/cell of melittin bound to the outer

FIGURE 5 The time dependence of hemoglobin release induced by
melittin at several erythrocyte concentrations. Incubation mixture
containing 6.67 x 10'° cells/liter (-A-); 4.36 x 10'0 cells/liter (-0-); and
2.20 x 1010 cells/liter (-El-); were treated with 4.64 x 10-' M melittin.

'DeGrado, W. F., G. F. Musso, M. Lieber, E. T. Kaiser, and F. J. K6zdy.
Unpublished results.
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FIGURE 6 The effects of addition of erythrocytes and melittin during
the "slow" phase. Melittin (2.93 x 10-' M) was incubated with erythro-
cytes (5.4 x 1010 cells/liter) for 10 min. Melittin was then added to give a
final concentration of 5.85 x 10-7 M (4-). Erythrocytes (2.7 x 1010
cells/liter) were treated with melittin (5.85 x 10-7 M) for 10 min.
Erythrocytes were then added to give a final concentration of 5.4 x 10'0
cells/liter (-O-).

surface of the erythrocytes, Mh is the concentration in
mol/cell of melittin associated with openings in the
membrane, Mi is the concentration of melittin which has
penetrated the membrane, Mi2 is the concentration of the
reversible dimer thereof, and M'2 is the concentration of
the pentrated melittin dimers associated with openings in
the membrane.
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In the derivation of the kinetic equations corresponding to
the above scheme, the following assumptions will be made:
(a) the rate of release of hemoglobin from the cell is a
diffusion-controlled process, being proportional to the
apparent area per cell of the openings in the membrane,
ST,, the diffusion coefficient of hemoglobin, D, the concen-
tration of hemoglobin in the cell, Hb,, the inverse of the
membrane thickness, 6, and that of the cell volume, Vc, i.e.,
-dHbc/dt = (D/Vc6) HbC-ST, (21); (b) the area available
for diffusion from the cell is proportional to both Mh and to
M"h2, i.e., ST, = aMh + "hMi2; (c) we assume a steady-state
for Mh, i.e., the openings generated by the melittin
monomer on the outer surface have a very short life-time.
From this assumption it follows that Mh = ko/k, MS; (d)
because the slow phase is second-order with respect to
melittin, we also assume that Mi2 and MA42 are both much
smaller than Mi. In other words, K2K3 = >> 1.
With the help of these assumptions we find that MS =
M70e-ko and Mi = M(I - e-ko'). Therefore,

STt =aa MSe k+ SO [1 - e kO]2
kZ 2K3

Because the initial rate of the fast phase is much larger
than that of the slow phase, a ko/k, MSO is between one to
three orders of magnitude larger than f Ms`O/K2K3. Then,
the square of the exponential in the second term can be
approximated by 1 - 2e k°* With this simplification, the
integration of the equation expressing the velocity of the

0
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FIGURE 7 Plot of In (Hb../ [Hb- Hb,)] as a function of time. The inset shows In Y as a function of time.
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where MS, is the surface concentration of melittin in the
reaction mixture at t =0. This equation is of the form

In
HbCO At + B -Be-ko'
HbC

With Hb and Hb. being current and final concentration of
hemoglobin observed in solution, respectively, the latter
equation predicts that if ln[Hb/(Hb&-Hb)] is plotted as
a function of time, a straight line should be obtained at t
>> l/ko and an exponential portion should be present at
lower time values. As shown in Fig. 7, the experimental
data do adhere to the equation predicted by the kinetic
scheme (Scheme 1), and from the straight line at high
values of t, A can be calculated. The value of B is then

0

determined by first extrapolating this line to t=O.
Subtracting the experimental points in the fast phase from
this extrapolated line, we obtain a variable, Y, which
should obey the relationship Y = Be-4"'. A plot of -In Y
vs. t does indeed yield a straight line for at least two
half-lives of the fast phase (Fig. 7), again showing that the
experimental data are consistent with Scheme 1. Values of
A, B, and ko determined from experiments at varying
melittin and erythrocyte concentrations are shown in
Table I. In agreement with Eq. 1, A is directly propor-
tional to M20, i.e., proportional to the square of the total
melittin concentration at any given erythrocyte concentra-
tion and inversely proportional to the square of the
erythrocyte concentration at any given melittin concentra-
tion (Fig. 8). Fig. 9 shows that the value of B, as a function
of M~O, gives a straight line at low values of the indepedent
variable but shows a slight negative deviation from the
straight line at high values of M50. Eq. 1 predicts that B =
DMO a/SkV, - 2(A)/ko. From the experimental data we
can thus calculate the value of DM,,, al/kV, for each
experiment. Plotting this value as a function of melittin
concentration, we obtain a straight line, as shown in Fig. 9.
Thus, Eq. 1 correctly describes the time dependency and
the concentration dependency of the melittin-induced
lysis, and the three parameters governing the kinetics are
ko=0.57min-';

D3/6bK2K3Vc = 7.14 x I03" cell2 mol-2 min- 1;
and

Da/6kV, = 5.82 x 1016 cell mol'.

Using these values and Eq. 1, we have calculated theoreti-
cal curves for the experiments shown in Figs. 4 and 5. The
excellent agreement between the theoretical curves and all
of our experimental data firmly supports our analysis and
validates all the assumptions used in our derivation. Fig.
10 shows data using peptide I, under conditions identical
to those of the melittin experiment. The data can again be
analyzed using Eq. 1, and it appears that while ko is

a~~~~~~~~~~~~~~~~~~~~~~~~~a

0.5 15 . 2.0
(Mub) lo0" (moae m") W1.0 t.. r

FIGURE 9 The parameter (D/SV,) * M5a/k, as a function of Ms,. The inset shows B vs. M.0.
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FIGURE 10 The time dependence of hemoglobin release induced by
peptide I. A suspension of erythrocytes (4.43 x 10'0 cells/liter) was
treated with peptide 1 (5.75 x 10-' M).

identical to that for melittin and a/k, MSO is slightly
smaller but comparable to that of melittin, f3/K2K3M2, is
significantly larger than that observed for melittin (Table
I). Eq. 1 also correctly describes the conventional dosage-
response curves (15) and allows one to determine the
values of parameters A and B for both melittin and its
synthetic analogue.

Finally, the kinetics of carbonic anhydrase release also
follow Scheme 1. Analysis of data according to Eq. 1
yields kinetic parameters very similar to those found for
hemoglobin release (Table I).

DISCUSSION

Our results establish that the kinetics of hemolysis are
correctly described by Eq. 1, and thus the pathway shown
in Scheme 1 is consistent with all our experimental obser-
vations. Since the translocation of melittin according to
Scheme 1 occurs by a system of two consecutive reactions,

pure first-order kinetics could be observed either when ko
>> kZ or when kZ >> ko. To decide between these
alternatives one has to take into consideration the time
necessary for hemoglobin to diffuse through a membrane
opening which should be of a size at least comparable to
that of the hemoglobin molecule. Calculations using the
equation dHbc/dt = D/ Vc5 Hbc * ST, show that for 6 of the
order of 100 A even a single hole per cell should result in
complete lysis within < 1 min. This is clearly not the case.
Since the density gradient centrifugation indicates that
there has to be a large number of holes, we can, therefore,
rule out the possibility that kz << ko. Thus, the membrane
openings associated with the translocation of the melittin
must be extremely short-lived. The stoichiometry of the
reaction in fact shows that at the most 40 hemoglobin
molecules are released when one melittin is "internalized."
Since carbonic anhydrase, with a molecular weight one-
half of that of hemoglobin, is released at a rate comparable
to that of hemoglobin, the openings in the membrane must
be appreciably larger than the cross section of the hemo-
globin molecule.

At this time we can only speculate as to the mecha-
nisms by which melittin can create transient openings in
the membrane. Preliminary observations in our laboratory
showed that in mixed monolayers of Peptide I and lecithin
the Peptide I is intercalated between the lecithin side-
chains, whereas an apolipoprotein model peptide with a
hydrophobic:hydrophilic ratio of 0.5 was inserted only
between the headgroups of the phospholipid.3 The large
increase in the area caused by the melittin inserted into
erythrocyte membranes should result in local expansion of
the outer leaflet of the membrane. Because of the viscoe-
lastic nature of the erythrocyte membrane, we should first
obtain a local outward bulge with the concomitant flaring

3Cho, M. J. Unpublished results.

TABLE I
PARAMETERS MEASURED FOR ERYTHROCYTE LYSIS BY MELITTIN AND MELITTIN ANALOGUE

Melittin Erythrocyte
conc. ~ conc. M%0 xlO',8 koA xlO D a

x lo-IO (mol/cell-') (min-') (min-') D a ,0B
X 107 (M) cell liter- ,k

4.64 6.67 6.96 0.49 3.37 0.42 0.41
4.64 4.36 10.6 0.47 7.27 0.645 0.62
4.64 2.20 21.1 0.63 ± 0.2 22 ± 9 1.2 1.1
2.86 5.4 5.30 0.36 1.27 0.286 0.282
4.67 5.29 8.83 0.77 5.29 0.574 0.556
7.01 4.77 14.7 0.72 15.5 0.933 0.879
9.34 5.05 18.5 0.54 24 1.08 0.994
3.77 5.21 4.5 0.54 3.6 0.345 0.332*

7 ± 3 0.312 0.287t
5.75§ 4.43 12.98 0.609 18.9 0.428 0.366

*Values calculated from hemoglobin release, monitored spectrophotometrically.
tValues calculated from carbonic anhydrase release, monitored by the stopped flow method (19).
§Results for melittin analogue, peptide I.
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of the hydrophobic portion of the inner leaflet. This
deformation could then lead to further penetration of the
melittin and ultimate destruction of the continuity of the
membrane. Once an opening is formed, melittin could be
internalized and the hole closed. We feel that the positively
charged C-terminus of the melittin would be eminently
suitable to attract the molecule toward the negatively
charged inner leaflet of the membrane. Once internalized,
only melittin dimers are conducive to reopening the
membrane. Presumably, the helical portions of two melit-
tin molecules can form a totally hydrophobic cluster which
then could reintercalate into the bilayer. That a hydro-
phobic dimer is involved in this step is further supported by
the fact that peptide I, which is more prone to aggregate
than melittin because it can form a longer cylindrical
a-helix (14), produces a faster second phase than melittin.
Such a mechanism would account for the structural
requirements for cytotoxins, i.e., an amphiphilic a-helix
with at least a 2:1 hydrophobic:hydrophilic ratio and a
strongly positively charged moiety. We feel that the
particular amino acid sequences of the naturally-occurring
cytotoxins of the melittin type are of no relevance as long
as the above requirements are fulfilled.
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DISCUSSION
Session Chairman: John N. Weinstein Scribe: Gradimir Georgevich

TERWILLIGER: You present a very detailed kinetic analysis of the
lysis of erythrocytes by melittin. If you were to assume that the slow
portion of the lysis is first-order instead of second-order, would the
agreement between your model and your experimental data be substan-
tially different?

DEGRADO: Yes. The rate of the second phase is first-order with respect
to hemoglobin and second-order with respect to melittin over the erythro-
cyte concentration.

TERWILLIGER: According to Fig. 3, the initial rate of leakage of
hemoglobin from erythrocytes at a fixed melittin concentration depends
strongly on temperature. The rate is higher at 220C than at either 40 or
370C. Have you repeated your kinetic analysis at either 370 or 220C?

DEGRADO: Yes, we expected to see different results at different
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temperatures because this is a biphasic reaction. The first phase is in fact
dependent on the fourth power of melittin concentration at 250C (Yates
and Kezdy, unpublished results). This suggests to us that at lower
temperatures the melittin is tetramerized and that we are seeing first
order kinetics for this reason. However, we cannot rule out the possibility
that there is a change in the rate-determining step or in the mechanism.

L. BROWN: To explain the fast and slow phases of hemolysis you
assume that melittin undergoes a conformational and/or topographical
change. The implication is that the erythrocyte membrane itself remains
unchanged. An alternative explanation for fast and slow phases could be
that the chemical composition and/or topological distribution of endoge-
nous membrane components changes over the course of lysis. Do you
have any evidence that would rule out this alternative?

DEGRADO: Not from our kinetics.

EISENBERG: Your synthetic peptide I shows very similar kinetics to
melittin, yet it has entirely different side chains and might be expected to
have different conformational and oligomeric properties. Doesn't that
argue for the type of mechanism which Larry Brown was talking about?

DEGRADO: I don't think so. Why do you expect that?

EISENBERG: Peptide I and melittin have very different structures. The
mechanism you postulate for the later parts of the kinetics involves
changes in the lysing molecule. One might not expect melittin and
peptide I to undergo exactly the same conformational or oligomeric
changes.

DEGRADO: We have shown that peptide I and melittin both form
tetramers in aqueous solution and are monomeric at the air-water
interface. Thus they do seem to share very similarly oligomeric proper-
ties.

L. BROWN: The implication of your interpretation of your kinetic
results is that a single melittin molecule can create a hole in the
membrane considerably larger than a hemoglobin molecule. This seems
unlikely. It is possible that kinetic results do not give an accurate
representation of the active species in membrane systems, particularly
when 104-1 05 molecules/cell are added, as in your experiments. For
example, suppose that added melittin segregates in the erythrocyte
membrane to form a melittin-rich phase. If the rate of hemolysis were
proportional to the area of this phase, and if each melittin molecule added
a constant area increment, the rate of hemolysis would be proportional to
the [melittin]. This type of mechanism could be reconciled with the fact
that cross-linked polymers of melittin have been reported to be as
effective as natural melittin in hemolysis (Knoppel et al. 1979.
Biochemistry. 18:4177 -4181), whereas your mechanism does not seem
to offer a simple explanation. Have you performed any experiments at
very low melittin:cell ratios which would resolve this question?

DEGRADO: Experimentally that is not easy. We have adopted the
simplest, but by no means the only interpretation of our kinetics. We will
have to make independent determinations to support our mechanistic
conclusions.

I would like to suggest, though, that our mechanism is more likely
than the one you present here, because to be consistent with the observed
kinetics your mechanism would require absolute cooperativity.

EPAND: You suggest that the cluster of positive charges in the carboxyl
terminus of melittin may interact with acidic phospholipids in the inner
leaflet of red cells. Are there any model system studied which compare
the kinetics of lysis in zwitterionic and acidic liposomes?

DEGRADO: That is a very good idea. The pertinent experiment would

be to measure the rate of efflux of trapped molecules from right-side-out
and inverted erythrocyte ghost vesicles.

SIMS: You assume that the observed release of hemoglobin is a
diffusion-limited process and that the hemoglobin comes from a compart-
ment of fixed volume V, during the time of observation. Nevertheless, the
cell you are observing is not at colloid osmotic equilibrium during that
time. The membrane should become permeable to molecules of the size of
sucrose and K+. Presumably, if during that time-course there is a lesion
in the membrane sufficiently large to release hemoglobin, there is
probably a lesion large enough to permit the movement of sucrose into
the cell and K+ out of the cell. Might the volume of the cell compartment
change consequent to that equilibration of smaller ions, leading to
hydrostatic rupture of the membrane and the release of hemoglobin?

DEGRADO: In the lysis experiments the erythrocytes are incubated in
isotonic solutions. My microscopic observations show no swelling of the
erythrocytes.

SIMS: Have you measured the volume of cell water in which you are
measuring hemoglobin? You layer the cells at the end of the fast phase on
a Ficoll density gradient, centrifuge them, and remove a rather homogen-
eous band. How do you quantitate the hemoglobin in that band?

DEGRADO: We lyse the cells and measure total hemoglobin.

SIMS: Is there any possibility that the reduction in density of that cell
compartment is due to volume expansion rather then release of hemoglo-
bin in that particular band, and that the hemoglobin you have observed
released is 100% released from cells which are now going to sediment to
the bottom of the tube?

DEGRADO: We recover all of the cells in this band and there are no
ghosts observed.

PODO: Have you tried to extend your kinetic studies to other cells or to
model membrane systems? By using 'H-NMR techniques we have
studied the progressive penetration of P23+ ions induced by melittin in egg
lecithin vesicles at various lipid:protein molar ratios r (100or--330). The
ion permeation was reversed with EDTA and restored by further addition
of P23+. The penetration rate depended on about the fifth power of
melittin concentration. These experiments indicated that the vesicular
structure is maintained in the presence of melittin, and that ion perme-
ation mechanisms seem to require melittin association.

BLUMENTHAL: We have done some planar bilayer studies and see a
wide range (10-9- 10`1 s) of melittin-induced conductivity. Our feeling
is that this represents a wide range of perturbations in the lipid structure
rather than a formation of a channel.

M. TOSTESON: We have recently reported observations of the effect of
melittin on the electrical properties of solvent-free asolectin (Tosteson
and Tosteson. 1981. Biophys. J.. 36:109 -116). We found that low
concentrations (- 10-1 M) of melittin produced discrete, abrupt changes
in membrane current at constant voltage, consistent with the formation of
channels with a conductance between 5 and 10 ps. Membrane conduc-
tance at constant voltage was observed to increase with the fourth power
of the concentration of melittin in the aqueous solution bathing one side
of the membrane (cis side) suggesting that the conducting pathways are
tetramers. The melittin-induced conductance was found to be voltage-
dependent, increasing e-fold for each 6 mV increase in membrane
potential, indicating that the channel has an effective gating charge of
+4.

Fig. A shows the current across a lecithin bilayer bathed in 1M NaCl
exposed on one side to melittin (-10-7 M) as a function of voltage and
time. The increase in conductance with voltage is evident. At low
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FIGURE A Current inactivation produced by melittin (Tosteson).

voltages, current rises gradually to a plateau, but at higher voltages the
current passes through a maximum and then delays to a lower steady-
state value. Thus the melittin-induced conductance inactivates. Recovery
from inactivation is very slow (10 -15 min). In addition to conductance
inactivation, bilayers exposed to melittin also show "reverse turn-on," i.e.,
after driving the membrane to a high-conductance state with a positive
voltage, reversal of the sign of the potential induces a transient
conductnce increase. The same negative potential, imposed in the absence
of a preceding positive potential, does not induce the transient charge in
conductance described above. A reasonable explanation for "inactiva-
tion" and "reverse turn-on" is the passage of melittin itself from one to
the other face of the bilayer through open channels, thus altering the
difference in surface potential.

SEGREST: In our studies of synthetic amphipathic peptide analogs of
apolipoproteins and their interactions with egg phospholipid vesicles (P.
Kanellis et al. 1980. J. Biol. Chem. 255:1164) we find efflux curves for
carboxy fluorescence remarkably similar to yours for hemoglobin.
Admittedly CF is a different and much smaller molecule than hemoglo-
bin. Our curves are very similar to yours, having a fast and a slow
component, with the fast changing to the slow at -5 min. Our peptides
are considerably different from melittin; they are about one-half polar,
more polar than melittin, and represent a generalized model for apolipo-
proteins. In fact, apolipoproteins A-I and C-Ill also give the same
biphasic CF efflux curves.

DEGRADO: Does your model peptide lyse or disrupt the vesicles?

SEGREST: We believe that the sonciated egg lecithin vesicles are

strained perhaps, but not disrupted. Our NMR results (Segrest et al., this
volume) suggest that the protein component stays on the outside and the
vesicles retain their inner and outer geometry.

I would like to offer our interpretation of the efflux data obtained with
our synthetic peptides. Our interpretation is that the fast phase is due to
the highly disruptive initial binding of the peptide, while the slow phase is
due to the steady-state presence of the peptide in the outer monolayer of
the vesicles, perhaps resulting in an expansion-type strain due to the
amphipathic helix wedge (J. Segrest. 1977. Chem. Phys. Lipid. 18:7).
This is rather a simplistic model, much simpler then yours. Would you
like to comment?

DEGRADO: I think it is easier to understand the fast phase in terms of
peptide binding followed by a local expansion of the outer leaflet of the
bilayer with respect to the inner leaflet. A rearrangement during which
some equilibration of the trapped solutes with the bulk aqueous phase
could then take place. I would rather not comment now on your slow
phase.

TERWILLIGER: Have you investigated whether fragment 1 -20 of
your synthetic peptide is lytic?

DEGRADO: Fragment 1 -19 of melittin is not lytic. We are now
undertaking a more rigorous study with synthetic peptides being synthe-
sized by fragment condensation starting from the amino acid terminus
and working toward the carboxyl terminus. We will stop the synthesis
before the addition of the C-terminal hexapeptide to do the experiment
with this segment.

TERWILLIGER: Following incubation with melittin there should be
complete equilibration of intra- and extracellular solutes. One would then
find primarily sucrose and residual hemoglobin inside the red cell and
sucrose outside. This should result in slow colloid osmotic lysis. Is that
what you observe?

DEGRADO: Slow colloidal lysis would lead to accelerating kinetics.
What we find is a constant probability of a hole being open.

SIMS: You state in the paper that the lytic efficiency and the kinetics
observed depend upon the medium in which you suspend the cells, but
you do not present data for media other then for isotonic sucrose. Would
you describe how the kinetics vary with the presence of Na' or large
organic cations as the counter-osmotic solute?

DEGRADO: We have examined the kinetics of efflux of hemoglobin
from erythrocytes suspended in isotonic NaCl. The largest difference we
find is in the fourth-order dependence with respect to the melittin in the
first phase. The second phase is still second order with respect to
melittin.
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