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It is shown that Red Blood Cells (RBC) hemolysis induced by lytic peptides melittin (M), and melittin
analog [Ala-14]melittin (P14A) depends on peptide structure, an order of interaction between cells and
peptides, and the presence of inhibitors such as divalent cations, chlorpromazine, albumin and other
agents. Maximal protective effect of inhibitors was observed when peptides and inhibitors acted
simultaneously after introducing the cells into the media containing both peptides and inhibitors.
Protection was reduced after equilibration of cells in the saline in the presence of inhibitors. This effect
is proposed to originate from synergistic interaction between blocking agents and putative weakly
bound membrane inhibitory components (MICs) playing protective role. The present data suggest that
albumin may be referred to such membrane inhibitory component in contrast to other inhibitors such
as divalent cations and chlorpromazine, because incubation of cells in the presence of these agents,
in contrast to albumin, did not prevent enhancement of RBC susceptibility to Iytic action of the same
amount of peptide. P14A had a larger hemolytic activity compared to melittin demonstrated 3-fold
larger value of binding to RBC and ghost membranes and was recognized as a peptide having
minimal sensitivity to action of blocking agents. Chlorpromazine and albumin specifically inhibited
hemolysis induced by melittin but were significantly less effective in inhibition of P14A-induced
hemolysis.

Key words: melittin, [Ala-14]melittin, erythrocyte, hemolysis, divalent cations, chlorpromazine, albumin,
plasma.

Introduction
Melittin, (M) lytic peptide from bee venom, consisting of 26 amino acid residues is widely used to study
mechanism of translocation as well as incorporation of peptides and proteins into model biological
membranes (Dempsey, 1990; Habermann, 1972). Melittin has been shown to produce potential-dependent
ion channels acting in submicromolar concentration (Pawlak, 1991) and causes permeability increase and
leakage of lipid vesicles (Kaszuba, Hunt, 1990; Alder et al., 1991; Ohki et al., 1994; Portlock et al., 1990). At
micromolar concentration melittin causes cell crenation, release of membrane fragments (Katsu et al., 1988,
1989) and lysis of erythrocytes (Katsu et al., 1988, 1989; De Grado et al., 1982; Tosteson et al., 1985),
acting via unknown mechanism. The relative contribution and interrelations between melittin-lipid and
melittin-protein interactions in hemolytic mechanism also remain obscure. Particularly it is not clear whether
melittin interacts with specific membrane sites or its lytic effect is solely due to nonspecific disruption of the
integrity of membrane structure. It is known that variety of factors such as presence of divalent cations (Alder
et al., 1991; Bashford et al., 1988) or other inhibitors (Portlock et al., 1990) in the media, size and
preparative procedure of lipid vesicles (Kaszuba, Hunt, 1990; Portlock et al., 1990; Van Veen, Cherry, 1992),
their phospholipid content (Portlock et al., 1990; Monette, Van Calsteren, Lafleur, 1993; Subbarao,
MacDonald, 1994) surface charge (Monette, Lafleur, 1995) and presence of incorporated proteins (Van
Veen, Cherry, 1992), temperature (De Grado et al., 1982) as well as peptide structure (Dempsey, Sternberg,
1991; Cornut et al., 1994) can modulate lytic power of peptide. Furthermore, kinetic of hemolysis has been
shown to depend on the order in addition of peptides and cells in the reaction medium (Rudenko, Nipot,
Pavlyuk, 1995).

In this paper, the role of the mode of peptide-membrane interactions in the mechanism of hemolysis
induced by melittin and melittin analog [Ala-14] melittin (P14A) in which the Pro residue at position 14 has
been replaced by Ala (Dempsey, Sternberg, 1991) has been examined. It was found that an order of
interaction between peptide, inhibitor and membrane can modulate time course of hemolysis, peptide
structure being a predominant factor underlying mode of peptide interaction with membrane surface in
producing hemolytic pores.

Materials and methods
In the present experiments only fresh blood was used. Some blood drops from donor finger were
mixed with 10 ml of isotonic Tris buffered saline (TBS) (150 mM NaCl, 10 mM Tris-HCI, pH 7.4) and washed
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twice by centrifugation (2000xg, 3 min). 30ul of erythrocyte pellet was suspended into 0.5 ml of TBS and
used during some hours as stock-suspension. Melittin free of phospholipase A, and [Ala-14]melittin (P14A)
were a generous gift of Dr. Dempsey C. (Bristol University, UK). Chlorpromazine-HCI and human serum
albumin (HSA) were from Sigma. Concentration of plasma proteins was determined according to the method
of Bradford using HSA as a standard (Scopes, 1982). Other reagents were the highest grade available.

Preparation of hypotonic and hypertonic ghosts. Ghost membranes were prepared from blood
obtained from blood bank. To prepare hypotonic ghosts, 0.05 ml of washed packed cells were incubated into
0.5 ml of hypotonic solution of NaCl (50 mM NaCl, 10 mM Tris-HCI, pH 7.4) for 1 min at 0°C followed by
restoration of isotonicity adding 10 ml of cold TBS and collected by centrifugation (4000x g, 10 min). Two
type of hypertonic ghosts were obtained as a result of posthypertonic hemolysis (Rudenko, Patelaros, 1995).
0.05 ml of packed cells were incubated in 0.5 ml of prewarmed at 37°C hypertonic solutions of 1.5 M NaCl or
1.4 M sucrose for 15 min. After that, 10 ml of dilute NaCl solution with appropriate concentration was added
to restore isotonic conditions followed by incubation for next 10 min at room temperature. Remnant cells in
these later solutions were pelleted by centrifugation (2000xg, 3 min), and ghosts remaining in the
supernatant were concentrated by subsequent centrifugation (4000xg, 10 min). Ghost pellets were diluted by
TBS to obtain final concentration appr. 10° ghosts per ml and used in binding experiments within 2 h.

Hemolysis assay. The dynamics of erythrocyte hemolysis and alteration of their shape during
interaction with melittin and other peptides were measured spectrophotometrically (Rudenko, Patelaros,
1995; Rudenko, Crowe, Tablin, 1998). Erythrocyte suspensions were constantly stirred and their absorbance
at 720 nm was recorded continuously. 6-7 pl of stock erythrocyte suspension was placed into the
spectrophotometer cuvette (2 ml), so that the initial value of absorbance was 0.12-0.13. This value
corresponds to a concentration of cells into the cuvette ~0.8-10° cells/ml as detected by Coulter-Counter.
Aliquots of peptides from concentrated stock solutions were added directly into a cuvette with or without the
erythrocyte suspension. Time of mixing was approximately 2 sec. Because absorbance is proportional to
cells concentration, the measured rate of absorbance changes is proportional to the rate of hemolysis
(Rudenko, Patelaros, 1995; Rudenko, Crowe, Tablin, 1998). The rate of hemolysis was calculated from
kinetic curves as tangent of a (tga), where a is the angle between linear part of the absorbance curve and
time axis. Absorbance of lysed suspension of cells at given wavelength equals zero. All experiments were
carried out at room temperature (20-22°C).

Determination of peptide binding to cell and ghost membranes. Associated monomer peptide to
lipid ratio (mol per mol) r, can be related to the free (aqueous) concentration of monomeric peptide, c, by
equation r=(I'/y)-c with a partition coefficient I' and pertinent thermodynamic activity coefficient y taking into
account the possible interaction between associated peptide molecules (Schwarz, Zong, Popescu, 1992).
The above expression has been used to define partition coefficient I' for melittin and P14A. The free
concentration of peptides in the media remaining after peptide interaction with defined number of RBC or
ghosts membranes (unbound peptides) was calculated on the basis of hemolysis of the second equal
portion of cells in the same media using appropriate calibration as dependence of hemolysis rate versus free
peptide concentration in the media obtained in the separate experiment using the same cell preparation and
the same sequence of addition of cells and peptides into the cuvette (Rudenko, Nipot, 1996). Usually,
binding was determined allowing the cells or ghosts to interact with peptides for 150 s. This time is sufficient
for complete hemolysis of 10° cells per ml to occur at present experimental conditions.

Results

Influence of divalent cations on the onset of peptide-induced hemolysis. Fig. 1 shows the typical
spectrophotometer traces obtained after addition of RBC into solution containing peptides without or with
divalent cations. Initial increase in absorbance with corresponding decrease in absorbance noise reflects
isovolumetric shape transformation toward symmetric spherical form (Rudenko, Crowe, Tablin, 1998),
whereas subsequent decrease in absorbance reflects RBC swelling and hemolysis (Rudenko, Patelaros,
1995). As seen from Fig. 1, divalent cations increase a delay (lag-time) between addition of cells and
maximal value of absorbance which reflects onset of hemolysis. This value was used to assess
quantitatively blocking ability of agents.

Fig. 2 shows the effect of Zn* on delay time of RBC hemolysis induced by melittin and P14A,
respectively. Divalent cations retarded onset of peptide-induced hemolysis as concentration is increased.
However, the blocking ability of cations was approx. twice less when the same amounts of peptides were
introduced into the cuvette 50 s after the cells. This effect was reduced as far as action of P14A is
concerned. The same features were observed for protective action of Ca® and La*" ions with the exception
that Ca* produced the same effect acting at 10-50-fold larger and La*" at lower concentration as compared
with Zn*" (data not shown). Nevertheless, the amount of divalent cations that increased delay time two-fold
were relatively low to reduce significantly the rate of peptide-induced hemolysis when peptide-induced pores
have been already formed. These amount of cations only slightly reduced hemolysis rate being introduced
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after peptides (data not shown), therefore this strong inhibition reveals an additional inhibitory property of
ions at the initial stage of membrane-peptide interaction, primary at the stage of peptide incorporation into
membrane and/or at the stage of pore formation distinct from known ability to close preexisting peptide-
induced pore (Alder, Arnold, Bashford et al., 1991; Bashford, Alder, Graham et al., 1988; Rudenko, Nipot,
Pavlyuk, 1995).

shape transformation

a \ b
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hemolysis

Fig. 1. Typical time-course of peptide-induced absorbance changes after injection of the cells into
cuvette in the absence (a) and presence (b) of divalent cations
T, - delay time of the onset of hemolysis
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Fig. 2. Effect of Zn* on delay-time of beginning of hemolysis induced by melittin (2.5 pg/ml) (A) and
P14A (0.3 pg/ml) (B)

Open symbols: RBC were infroduced into the media containing peptides and indicated amount of Zn*
Closed symbols: RBC were introduced into the media containing Zn*

Peptides were added 50 s after the cells. T, -was measured as indicated in Fig. 1

Influence of divalent cations, chlorpromazine, albumin and plasma on time-dependent changes
in RBC susceptibility to lytic action of peptides. Existence of time-dependent changes in RBC
susceptibility to lytic action of the same amount of melittin established earlier (Rudenko, Nipot, Pavlyuk,
1995; Rudenko, Nipot, 1996). Although exact molecular mechanism of this phenomenon was not described,
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it has been suggested that these changes are attributed to the existence of membrane inhibitory
components (MICs). The possibility exist that divalent cations themselves might be included in MICs. To
verify this, time-dependent changes in RBC susceptibility to lytic action of peptides occurring in the presence
of divalent cations Zn®* or Ca®" and other inhibitors were assessed.

Fig. 3 illustrates that both cations were unable to prevent a raising in cell susceptibility to hemolysis
induced by peptides. Moreover, susceptibility increased even more in the presence than in the absence of
Ca”. zn*" ions slightly enhanced cell susceptibility relative to P14A-induced hemolysis but reduced it relative
to hemolysis induced by melittin. These data show that divalent cations can produce quite different inhibitory
effect against hemolysis induced by the same amount of peptide depending on time of cell incubation in
physiological saline in the presence of cations and tzype of peptide. Fig. 4 shows typical examples of M-
induced hemolysis in the absence or presence of Ca“* and chlorpromazine. Both ca” and chlorpromazine
as well as many other inhibitors (for example DIDS, (Rudenko, Nipot, 1996)) decrease rate of hemolysis vg
compared with control value v, obtained in the absence of inhibitor. However, if cells were incubated for 200
s in the presence as well as in the absence of inhibitor rate of hemolysis v, induced by the same amount of
melittin increased relative to vg. Therefore, a ratio v,go/ve can be used to assess quantitatively a raising in
cell susceptibility to lytic action of peptides.

The effects of other inhibitors on increase in RBC susceptibility are shown in Fig. 5. Similar to divalent
cations, chlorpromazine exhibited inhibitory effect on peptide-induced hemolysis (Fig. 4), but was incapable
to prevent time-dependent enhancement in RBC susceptibility to lysis induced by melittin. Action of P14A
was significantly different. In this case chlorpromazine as well as albumin did not affect cell susceptibility up
to maximum concentration tested. As seen from Fig. 6 these particular effects are due to poor ability of
chlorpromazine and albumin to inhibit hemolysis induced by P14A in contrast to hemolysis induced by
melittin. In the case of melittin albumin showed complex influence initially giving rise to an increase followed
by a decrease in time-dependent susceptibility as a concentration of albumin is increased. In the presence of
large amounts of albumin up to 15 pg/ml rate of peptide-induced hemolysis became time-independent
because vg = vygo.
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Fig. 3. Dependence of relative rate of hemolysis induced by melittin (1 ug/ml) (A) and P14A (0.1 pg/ml)
(B) on duration of RBC equilibration in the cuvette in the absence (O) or presence of 7.5 mM ca® (0)
or 75 uM Zn* (A) prior to addition of peptides

vy - the rate of hemolysis when RBC were added to the medium containing peptides

Binding of peptides to RBC and ghost membranes. Data in Table 1 show that partition coefficient for
P14A is about 3-fold larger compared to melittin. This provides a good explanation for enhanced hemolytic
power of this peptide. The fact that membrane of various type of ghosts prepared by using different
procedures which included incubation at high and low ionic strength binds peptides at the same extent as
erythrocyte suggest that ghost membrane contain the same amount of binding sites as native cell.
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Table 1.
Partitioning coefficients (I'ly), M of melittin and P14A for RBC and ghost membranes (meantSD)

object Melittin P14A

native cells (4.4+1.6)-10° (10.14£3.7)- 10°
(n=9) (n=12)

hypotonic ghosts (4.5+2.4)-10° (12.6+3.4). 10°
(n=6) (n=7)

hypertonic ghosts (4.5+2.0)-10° (9.0+£2.3)- 10°
(NaCl) (n=6) (n=7)

hypertonic ghosts (4.2+2.2)- 10° (8.0+2.2)- 10°
(sucrose) (n=6) (n=7)

Discussion

Data obtained so far show that lysis of cells or model lipid vesicles induced by lytic peptides like
melittin is a highly variable process depending strongly on peptide structure, environment and type of cells or
vesicles. Changes in each of these parameters may alter actual sequence of peptide interaction with lipid
bilayer such as peptide incorporation, self-association and final pore formation. Molecular structure of
peptide is important, because melittin, for example, can adopt different conformations in solution, micelles
and lipid bilayer (Dempsey, 1990; Okada, Wakamatsu, Miyazawa et al., 1994) and a minor modification in
the amino acid sequence of melittin results in dramatic changes in its biological activity (Perez-Paya,
Houghten, Blondelle, 1994). This is true for melittin analog P14A (Dempsey, Sternberg, 1991) and related
straight o-helix peptides (Cornut, Buttner, Dasseux et al., 1994; John, Jahnig, 1992), possessing higher
hemolytic activity, but reduced ability to form channels in planar bilayer.

It is known that lytic power of melittin depends strongly on phospholipid composition of bilayer
(Portlock, Clague, Cherry, 1990; Subbarao, MacDonald, 1994), presence of cholesterol (Monette, Lafleur,
1995) and especially of charged species (Ohki, Marcus, Sukumaran et al., 1994; Portlock, Clague, Cherry,
1990; Monette, Lafleur, 1995). Environmental condition like value of pH, ionic strength, the presence of
alcohol or divalent cations (Kaszuba, Hunt, 1990; Katsu, Ninomiya, Kuroko, 1988; Bashford, Alder, Graham,
et al., 1988; Monette, Lafleur, 1995) also modulate, often in a diverse manner, an ability of peptide to lyse
cells and lipid vesicles. In the case of RBC along with uncertantities in the true conformation which melittin
adopts in RBC membrane, it is though to interact with both lipid and protein membrane components
(Portlock, Clague, Cherry, 1990; Van Veen, Cherry, 1992; Cuppoletti, Abbott, 1990). The presence of
proteins in the membrane is an additional source of modulation in lytic action of peptide because proteins
can either affect lipid component of the membrane or directly interact with melittin. It is known that melittin
tightly interacts with some proteins with association constant two to tree order of magnitude as much as
lipids (Hui, Stewart, Cherry, 1990; lio, 1993). On the other hand, membrane proteins modulate the mode of
melittin interaction with annular and bulk lipids.

In this paper, we analyze a type of modulation of M-induced hemolysis of human erythrocytes, which
take place presumably at an early stage of peptide-membrane interactions. The present data reveal a
general rule in the lytic action of the peptides and action of inhibitors of peptide-induced hemolysis. Rate of
hemolysis is less and inhibitory efficacy of inhibitors is higher when peptides interact with RBC membrane at
the stage of cell dilution in our hemolysis assay. During subsequent incubation in physiological saline, the
cells become more susceptible to the same amount of peptides irrespective of the presence or absence of
inhibitors in the media and less susceptible to the same amount of inhibitors. This observation, which is valid
also for many other type of inhibitors different in chemical structure (Rudenko, Nipot, 1996) permits to rule
out the possibility that this effect is due to direct interaction between peptides and inhibitors.

Since these changes are accompanied by an increase in susceptibility and corresponding decrease in
inhibitor potency, it is reasonable to suggest that native RBC membrane contains membrane inhibitory
components (MICs) which could change their properties during cell incubation in physiological saline. One
possibility is that time-dependent increase in RBC susceptibility is due to desorption of MICs from membrane
surface, whereas increased ability of divalent cations and other inhibitors to protect cells at an early stage of
peptide-membrane interaction is due to synergistic interaction of inhibitor and MICs that prevents their
desorption in the presence of peptides thus increasing protective efficacy. Indeed, data from Figs. 3, 4 and 5
show that such inhibitors as divalent cations and chlorpromazine do not prevent time-dependent changes in
RBC susceptibility. In all cases the rate of hemolysis was larger after incubation of the cells for 200 s in the
physiological saline both in the presence or absence of inhibitors. This result may be rationalized as inability
of these inhibitors per se to prevent desorption of MICs and suggest further that cations and chlorpromazine
are hardly involved in the structure of MICs. In contrast, albumin and plasma (Fig. 5) (in the case of melittin

BicHuk XapkiBcbkoro HauioHanbHoro yHiBepcuteTty imeHi B.H.Kapa3siHna. Cepis: 6ionoris



m Mopayntorouni echekT CTPYKTYpU nenTuay i ymoB ekBinibpauii knituH Ha ...

and P14A but not bee venom) fully prevented time-dependent susceptibility changes as concentration is
increased up to 15-20 ug/ml, suggesting albumin and possibly other plasma proteins to be either an intrinsic
elements of MIC or elements capable to interact strongly with putative MICs anchoring them to membrane
surface. In any case, a weak association makes unlikely these MICs which in fact, represent a non-lytic site,
to be a membrane lipid. Alternatively, time-dependent changes in susceptibility may be due not to desorption
of inhibitory components but to time-dependent changes in conformation of labile membrane elements
responsible for inhibition that results in partial loss of their inhibitory properties. Unfortunately, the data
available can not make a choice between these two possibilities at present. In any case the present results
show that actual mechanism of peptide-induced hemolysis is complicated by interaction of peptides with
non-lytic class of sites which can modulate hemolysis especially at an early stage of peptide-membrane
interactions.
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Fig. 4. Changes in absorbance of RBC suspension during hemolysis induced by melittin (4 png/ml), in
the media without inhibitors (control) and in the media containing ca® (7.5 mM) or chlorpromazine
(25 pg/ml)

Arrows indicate addition of melittin

Captures without arrows indicate that peptides and inhibitors are initially present in the media

Voo Yo 8 Voo Vo 4 Voo!Vy 8
A B Cc
B+ 3+ 5|
4+ 2 4+
) L D Saanr iy —a 2
E Fi
O | 1 | | O | | | 0 1 | | | | |
0 20 40 60 80 0 10 20 30 40 o 3 6 8 12 15 18
chlorpromazine pg/mil albumin wg/mi plasma proteins wg/ml

Fig. 5. Effect of chlorpromazine (A), albumin (B) and plasma (C) on relative rate of hemolysis induced
by melittin (4 pg/ml) (O) and P14A (0.7 pg/ml) (A)

vy - rate of hemolysis when RBC were introduced into the media containing peptides and inhibitors

Lo - the rate of hemolysis when peptides were added to the cuvette 200 s after placing the cells into the
media containing inhibitors
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Fig. 6. Changes in absorbance of RBC suspension during hemolysis induced by melittin (4 pg/ml)
and P14A (0.35 pg/ml) in the media containing chlorpromazine (25 pg/ml), albumin (10 pg/ml), and
plasma (12 pg/ml)
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MOAOYNUPYIOLLMA 3DDEKT CTPYKTYPbI NEMNTUOA U YCNTOBUW KBUITUBPALIMU KNETOK HA
NENTUA-MHAYLUUPYEMbIA TEMONIU3
C.B.PypeHko, Baxgun Kxanad Xamunb MapgaHar

lMokasaHo, 4YTO reMonu3 3pUTPOLMTOB, WHAYUMPYEMbIA FIMTUYECKMM MNENTUAOM MENMTTUHOM W ero
aHanoroMm Ala-MenuTTMHOM, 3aBUCUT OT CTPYKTypbl MenTuda, Mnopsiaka B3auMOOEWCTBUSA Mexay
KnetkamMm W nentMgaMmum M NPUCYTCTBUMSA WHIMOUTOPOB, TakMX Kak [OBYXBale€HTHble KaTWOHBbI,
XJopnpomasviH, anbbymumH un gpyrve. MakcuMarnbHbIi NPOTEKTUPYHOLWMA 3P dEKT NHIMOUTOPOB
Habnogancs, korga nentugbl U MHMIMBUTOPLI 4ENCTBOBaNM O4HOBPEMEHHO MOCHE MOMELLEHUS KNeTOoK
B cpedy, coAepxallyl CmecCb NenTMgoB W UHrMbutopos. [lpoTekuus ymeHbluanacb nocne
3KBUNMOpaL MM KNEeToK B pacTBOpe B MPUCYTCTBUM UHIMOMTOPOB. [peanonaraeTcs, 4To aToT adpdekT
0OyCrnoBneH CUMHEpPrnyHbiM B3aMMogencTBMemMm mMexay Orokatopamm M crabo CBA3aHHbIMU C
MemMbpaHo MeMbpaHHbIMU NHIMOMpYLWMMN KomnoHeHTamn (MUK), vrparowmmm npoTeKTUPYHOLLYHO
ponb. [lonyyeHHble [JdaHHble MOKa3biBalT, YTO anbbymvH MoxeT OblTb OTHECEH K TaKuM
WHIMOMPYIOLWMM KOMMOHEHTaMm, B OTNM4YMe OT APYrMX WHMMOWTOPOB, TakMX Kak KaTMOHbI W
XI0prNpoMasmrH, MOCKOMNbKY UHKYDOaLus KreTok B NPUCYTCTBMM 3TUX areHTOoB, B OTNn4mMe oT anbbymunHa,
He npegoTBpallana yBenuMYeHUs YyBCTBUTESNBHOCTU KIETOK K NMTUYECKOMY AENCTBUI TeX Xe
konuyecte nentuga. P14A oGnagan ©Oonblieli JMTUYECKOM aKTMBHOCTBKD MO CPaBHEHUK C
MEnUTTMHOM, B 3 pas3a bGonblier BENWYMHOW KOHCTaHTbl CBSA3bIBAHUA C MeMOpaHamy HaTUBHbIX
KINETOK N X TEHEN, N MUHUMArbHOW YyBCTBUTENbHOCTBIO K AEACTBUIO MHIMOMTOPOB. XNOPNpoOMasvH n
anbbyMnH crneumduveckn MHIMbMpoBanu remonns, MHOYLUMPOBAHHBIA MENUTTUHOM, HO 6binn cnabo
3hpEeKTUBHBLI B OTHOLUEHUM reMONnN3a, MHAYLUMPOBaHHOTO P14A.

KritoueBble crnioBa: menummuH, [Ala-14] menummuH, 3pumpouyumsl, 2eMosiu3, 08yxeanieHmHbIe
KamuoHbl, XIIOprpOMa3suH, anbbymuH, rniasma.
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