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Hemin, antimalarial drugs and complexes formed between them, have demonstrable effects 
on biological membranes. Using the phospholipid monolayer model, we show that hemin 
intercalates into the membrane and increases its surface pressure, depending on the lipid com- 
position and the initial surface pressure: negative surface charges and particularly looser com- 
paction of the phospholipids reduce the effect of hemin. With increasing surface pressure hemin 
tends to intercalate as a monomer, and the half-saturation concentration of its effect increases 
exponentially. The antimalarial monovalent drugs quinine and mefloquine, but not chloro- 
quine, also penetrate into the membrane and expand it. All three drugs markedly increase 
the effect of hemin, but chloroquine reduces the effect in monolayers composed of unsaturated 
phospholipids. The drugs' effect is mostly due to an increase in the maximal surface pressure 
and suggests a complexation of heroin and drug within the membrane phase. Preformed hemin- 
drug complexes decrease the half-saturation concentration of the effect and suggest that the 
complexes adsorb to the membrane, releasing the hemin through an apolar continuum into 
the phospholipid phase. The implications of the results to the membrane toxicity mechanism 
proposed for the molecular mode of action of antimalarial drugs are discussed. 

Keywords: phospholipids; monolayers; hemin; antimalarial drugs. 

Introduction 

Hemin can cause lysis of mouse [1,2] and human erythrocytes [3] and of 
malaria parasites [4,5]. Other types of cells were demonstrably resistant to this 
lytic effect (see Ref. 6, for example). Although the molecular details of heroin- 

induced lysis are not fully understood, the lipid constituents of cellular mem- 
branes have been invoked as the hemin receptors [3] and hemin binding to and 
crossing through phospholipid bilayers is well established [7,8]. We have recently 
shown [9] that phospholipid monolayers serve as an instructive model for the study 
of hemin interaction with lipid membranes and, based on our findings, we suggested 
that this interaction depends both on the nature of the phospholipid headgroup 

and the degree of saturation of its acyl chains. 
A totally different class of compound,  e.g., cationic amphiphile, including 
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efficient antimalarial drugs, also bind to phospholipids (see Ref. 10 for a review; 
also Refs. 11-13). This binding depends on the charge of the headgroup and the 
hydrophobicity of the amphiphile [14] and it has been invoked in lysosomotropic 
effects and in lipidosis caused by these drugs [10,15]. The combined toxic effect 
of heroin and the antimalarial drug chloroquine on cell membranes has been sug- 
gested to underly the pharmacological mode of action of this drug [16]. Hemin 
forms complexes with antimalarial drugs both in aqueous [1,17] and apolar [18] 
phases and in the presence of these complexes erythrocytes and malaria parasites 
lyse [1,4,5]. These observations, in conjunction with the present resurgence of 
malaria which is mostly due to chloroquine resistance and the lack of cross resist- 
ance to other 4-aminoquinolines [19,20], underscores the necessity for further 
probing of the molecular details of the interaction of hemin, drugs and heroin-drug 
complexes with phospholipids. In the present work we used the phospholipid 
monolayer system [21 ] and tested their interactions using different compositions 
of phospholipids and the three antimalarial 4-aminoquinoline drugs: chloroquine, 
quinine and mefloquine, 

Materials and Methods 

Chemicals 
Phosphatidylserine (PS) from bovine brain, cholesterol (CHOL), chloroquine- 

diphosphate (CQ) and ferriprotophyrin IX (equine hemin, FP), were purchased 
from Sigma; phosphatidylinositol (PI) from yeast, from Koch-Light; quinine 
sulfate (Q) was from Aldrich. 

Mefloquine-hydrochloride (WR-142,490, MQ-1) and its threo-anomer (WR-177, 
602, MQ-2) were donated by The Walter Reed Army Research Institute. Where MQ 
alone appears in the text, it refers to MQ-1. All other chemicals used were of the 
highest grade available. 

Other phospholipids used in this study were synthesized [22,23] and purified 
by high pressure liquid chromatography [35]. These were: 1,2-dilinoleoyl.sn- 
phosphatidylcholine (DLPC), 1,2-dioleoyl-sn-phosphatidylcholine (DOPC) and 
1,2-dipalmitoyl-sn-phosphatidylcholine (DPPC). 

Solutions 
CQ and Q were prepared to 1 mM in water. MQ-1 and MQ-2 were dissolved in 

ethanol/water (1:9) at 1 mM. All phospholipids were dissolved at ~1 mM in 
chloroform/methanol (9: 1). The aqueous subphase consisted invariably of Tris- 
buffered saline: 10 mM Tris-HC1, 150 mM NaC1 (pH 7.4) at room temperature. 

Fresh hemin stock solutions (1 mM) were prepared daily by dissolving a weighed 
amount in NaOH, 0.02 N, at room temperature. Solubilization was complete in 
1.5-2 h and the precise concentration was checked spectrophotometrically (e 385 = 
6.1 × 104 M cm-~). The solution was thereafter kept in the dark on ice until use. 
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Measurements o f  surface pressure 
Phospholipid monolayers were formed at the air-water interface in a Teflon 

trough 33.2 cm 2 surface area, 19 ml volume of aqueous phase). Formation and 
stabilization of the monolayer were followed by measuring the surface pressure 
(rt) by means of a Wilhelmy plate and an electronic microbalance [21 ]. The initial 
pressure rti was recorded; then various compounds, e.g., FP, CQ, Q, etc., were added 
as detailed in Results and the change in surface pressure An was measured after 
steady state was achieved. The measuring system was calibrated using the surface 
pressure of pure water. In most cases this steady state reflected true thermo- 
dynamic equilibrium, inasmuch as no further changes in surface pressure could 
be observed with time. In some experimental conditions, e.g., addition of pre- 
formed drug-heroin complexes, true equilibrium could not be achieved, even 
after 6 - 7  h. Longer incubation times, however, were compromised by non-specific 
processes such as leakage of materials from the monolayer and possible evaporation. 
and therefore these results should be considered only as quasi-steady state rather 
than true equilibrium, 

Analysis o f  data 
Since Art depends on rti [34], monolayers were formed at different rt/s, titrated 

with additive, and Art was recorded. Data obtained at the same titrant concentra- 
tion displayed a linear dependence of Art on rti and were, therefore, analyzed by 
linear regression, thus obtaining an intercept (1) and a slope (S) for the FP con- 
centration (C). Subsequent analysis of the dependence of I and S on C yielded 
a relationship of the general form: 

I = Imax" CX/(KI + cX) and S = Smax" CY/(Ks + C y) (1) 

The different parameters were retrieved by non-linear, least squares analysis of 
the data. 

Next, the dependence of Art on C for any rti chosen was generated using the 
following equation: 

An = Imax" cX/(KI + C x) - rri" Smax" CX/(Ks + C y) (2) 

Finally, the generated data were analyzed by non-linear, least squares analysis to 
fit the following equation: 

An = Artrna x • CZ/(Kz + C z) (3) 

Results 

Effect  o f  FP on surface pressure 
Figure 1 shows a typical experiment assaying the effect of FP on An. Mono- 
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Fig. I. Effect of hemin on the surface pressure of DOPC monolayers. Monolayers of DOPC 
were formed at different initial surface pressures Ori), and titration with a stock solution 
of hemin (FP) was performed, waiting after each addition for the stabilization of ~r. Equal 
concentration points were connected by lines drawn according to the parameters derived 
from linear regression analysis. FP concentrations (~M): o, 0.263; o, 0.526; -~, 1.053; A, 2.105; 
Q, 3.68. 

layers of  DOPC were formed at various zri's and increasing amounts of  FP were 
added from stock solution to the aqueous subphase, allowing for stable reading 
after each addition and recording An. Experimental results were highly repro- 
ducible, provided the Wilhelmy plate and the Teflon trough were meticulously 
cleaned between two consecutive experiments. The observed increase in 7r is certain- 
ly due to the intercalation of FP into the monolayer. The fact that all the experi- 
mental values of  An obtained with the same FP concentration, but with different 
monolayers having different ~ri's, regress into a single straight line with a high 
correlation coefficient, is an intrinsic control for the validity and reproducibility 
of  the measurements. 

Similar experiments were performed on monolayers formed from the following 
molar mixtures of  lipids: DOPC/PS (I :1), DOPC/PI (1 :1 )  and DOPC/CHOL 
(2 : 1). The slopes and intercepts for each concentration of  FP were obtained by 
least squares linear regression, and the dependence of  the slope and intercept 
on FP concentration was analyzed by non-linear, least squares fitting according 
to Eqn. (1), using the Levenberg-Marquand method. Results shown in Table I 
demonstrate, in most cases, the high accuracy of  the measurements as evidenced 
by the relatively small statistical scatter of  the data. 
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Comparison of  Air generated in different types of  monolayers by a given con- 
centration of  FP at equal ni (Table II), indicate that the effect of  FP on ATr depends 
on the type of  phospholipid used. With phosphatidylcholines the effect increased 
with the degree of saturation of the fatty acid chains, i.e. with dense~ oacking 
of the phospholipids in the monolayer  and/or with its greater hydrophobici ty .  
The greatest effect was observed in monolayers containing cholesterol which 
demonstrably causes larger packing of  monolayers [25]. 

In the presence of  the acidic phospholipids PS and PI, the effect of  FP on ~r 
is much less pronounced.  These results suggest that the negative surface charge 
of  the monolayer reduces the partitioning of  the negatively charged FP into the 
monolayers,  and imply a considerable electrostatic effect in this partitioning. 

Effects of antimalarial drugs on surface pressure 
Three antimalarial drugs were tested in the present investigation, namely: 

chloroquine (CQ), quinine (Q) and mefloquine (MQ). All are 4-aminoquinolines 
with different side chains and weak base properties; at neutral pH they are posi- 
tively charged. Most of  the CQ is diprotonated at this pH (pKbl = 10.2; pKb: = 8.3) 
and, although it has been shown to bind to neutral and acid phospholipids [ 11,26], 
no effect on the surface pressure of  DOPC and DOPC-PS monolayers was ob- 
served. Quinine is monoprotonated  (pK b = 8.35) and has no effect on DOPC mono- 
layers. With DOPC-PS monolayers it increases the surface pressure at 4.1 m N •  m -I 
per /aM with no apparent saturation (up to 10 /2M). Mefloquine is a quinoline 
methanol with a piperidine side chain, which binds to phosphatidylcholine and, 
with higher affinity and to a greater extent,  to PS [26]. Commensurately,  it was 

TABLE II 

EFFECT OF FP (0.5 ~M) ON Art OF MONOLAYERS COMPOSED OF DIFFERENT LIPIDS 
AT IDENTICAL lr i (24 mN • m-~) 

N.D., not determined. Data given in the left column were calculated using parameters given in 
Table I and Eqn. (2). Data shown in the right column were obtained by direct measurement of 
zart produced in monolayers initially formed at n i = 24 mN • m -~ upon addition of 0.526/~M 
FP. These are the means of triplicates, S.D. being <10% of the means. 

Lipid Calculated ~rr Measured An 
(raN . m -~) (raN • m -~) 

DPPC N.D. 15.0 
DOPC 8.19 6.9 
DLPC N.D. 7.3 
DOPC/PS (1 : 1) 4.63 4.7 
DOPC/PI (1 : 1) 6.54 4.6 
DOPC/CHOL (2:1) 12.05 7.9 a 

aFp = 0.26 ~M. 
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found to intercalate into DOPC monolayers with K1/2 = 2.0 + 0.45/aM and AZrmax 
= 4.8 +- 0.9 mN • m -1 and to the negatively charged DOPC-PS monolayers with 
Kl/2 = 1.1 -+ 0.25 /aM and Alrma x = 6.47 -+ 0.56 mN • m -1, implicating the impor- 
tance of  electrostatic interactions. 

The combined effect o f  FP and drugs on An 
In preliminary experiments we found that the order of  addition of  FP and drugs 

to the aqueous subphase affects the quasi-steady state of  surface pressure. This was 
indeed expected from the fact that all the drugs produce multimeric complexes 
with FP in aqueous solutions [ 1 ,27-29]  and Q and MQ interact with FP in apolar 
environment [18]. Thus, two different experimental procedures were utilized: 
either the drug was added first and then FP or a mixture of  FP and drug was pre- 
formed and then added. All results were normalized to an arbitrary 7r i of 24 mN • 
m -1, using the following correction: Let 

Ima x . C x Sma x • C y 
- A and - B (4) 

K I + C x K S + C y 

then 

An' = A -- zr~- B and Air24 = A -- 24 • B (5) 

where An' is the measured increase in surface pressure above the initial value of  
rr i' and Arr~ is the corrected value for rr i = 24 mN • m -~. By rearrangement and 
substitution we get 

A~r24 = An' + B(Tri' --  24) (6) 

Values of  Smax, Y and K S were taken from Table 1 for the calculation of  B. The 
dependence of ATrz4 on [FP] was analyzed by non-linear regression to tit Eqn. (3). 

Results shown in Table III indicate that with DOPC monolayers the effect of  
the drug is exclusively on ATrmax, suggesting that the drug does not affect the 
affinity of  FP to the monolayers and probably forms complexes with FP in the 
monolayer, allowing more FP to distribute into the membrane and therefore 
increasing ATrmax. With CQ the equilibration time was very long (tl/2 > 50 min) 
as compared to Q and MQ (t~/2 ~ 2 - 3  min), and on the time scale of 4 - 8  min, 
the effect of CQ on An was almost nil. After all free CQ was complexed with FP, 
further addition of FP caused an increase in An, as though the drug were absent 
(Fig. 2). By extrapolation of  the linear part of  the titration curve to An = 0, it 
is possible to estimate a stoichiometry of  the drug-FP complex of  1 : 2 ]27,28]. 
Similar results were obtained with CQ in DOPC-PS monolayers (not shown), but 
a different picture emerges from the data of  Q and MQ obtained with these mono- 
layers (Table III). Here the major effect of the drug is to reduce Kz as it should be 
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TABLE III 

EFFECT OF ANTIMALARIAL DRUGS AND FP ON `a~r 

Monolayers were formed with the indicated phospholipids, and drugs were added to the aque- 
ous subphase at the indicated concentration, Then titration with FP was carried out. Data were 
corrected to ~r i = 24 mN • m -1 and analyzed by non-linear, least squares regression to fit the 
equation ,an = ,arrma x • C/(K z + C). 

Lipid Drug K z (~M) `aTrma x (mN • m -1) 

DOPC None 0.55 ± 0.04 18.55 -+ 0.32 
DOPC Quinine (1.6 #M) 0.51 -+ 0.05 20.45 ± 0.50 
DOPC Mefloquine (2.6 uM) 0.53 ± 0.06 29.85 -~ 0.92 
DOPC/PS None 0.97 ± 0.07 13.43 ± 0.39 
DOPC/PS Quinine (3.2 uM) 0.19 ± 0.14 14.87 _+ 2.00 
DOPC/PS Mefloquine (3.4 gM) 0.43 ± 0.09 27.15 ± 1.12 

f rom the  expec t ed  ef fec t  o f  an  a m p h i p a t i c  ca t ion ic  drug on  the  negat ively  charged  

m e m b r a n e  [10] .  MQ also had  a subs tan t ia l  e f fec t  on  An'ma x. 

The  above  conc lus ions  are f u r t he r  s u p p o r t e d  by  a series o f  compara t i ve  experi-  

m e n t s ,  where  a f ixed c o n c e n t r a t i o n  o f  drug (1 # M )  and  the rea f t e r  FP ( 0 . 5 2 6 / a M )  

were added  to the  m o n o l a y e r  aqueous  subphase ,  and  A n  was measured .  In the  

presence  o f  CQ, suff ic ient  t ime  was a l lowed ( 4 - 5  h )  to  reach  a c o n s t a n t  level o f  

surface pressure.  Resul ts  s h o w n  in Table  IV indica te  t ha t  MQ is the  m o s t  effect ive 

addi t ive  to induce  FP d e p e n d e n t  A n  increase in all types  o f  m o n o l a y e r s ;  nex t  comes  

Q and  t h e  least  ef fect ive  is CQ. The greates t  relat ive e n h a n c e m e n t s  o f  A n  are 

No CO / 
I I 2.t pM CQ 

o 
0 2 4 6 8 

Fig. 2. Effect of FP on Art in CQ-doped DOPC monolayers. Monolayers were formed and CQ 
was introduced into the aqueous subphase. Then FP was added in increasing amounts and /,rr 
was measured. 
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TABLE IV 

RELATIVE EFFECTS OF DRUGS AND FP ON An OF MONOLAYERS COMPOSED OF 
DIFFERENT PHOSPHOLIPIDS 

N.D., not determined. Monolayers were formed, and drug at 1 taM and then FP at 0.526 taM 
were added to the aqueous subphase. All results were normalized to n t = 24 mN• m -I. The 
relative effect of the drug vs. non-doped membrane is shown as the ratio (R) of A;r'S. Results 
shown are means of 3 experiments and the standard deviations were within 15% of the means. 

Drug DOPC DOPC/PS DOPC/PI DOPC/ DLPC DPPC b 
(1 : 1) (1 : 1) CHOL 

(2 : 1) a 

£xTr R An R Art R ZXTr R An R Art R 

Control 8.5 1.0 4.8 1.0 6.7 1.0 8.9 1.0 7.3 1.0 4.5 1.0 
Chloroquine 11.9 1.4 8.6 1.8 1.6 0.2 15.3 1.7 1.4 0.2 8.7 1.9 
Quinine 14.0 1.7 11.6 2.4 9.4 1.4 12.5 1.4 N.D. N.D. 
Mefloquine-1 18.5 2.2 14.9 3.1 13.7 2.0 16.4 1.9 15.5 2.1 10.7 2.4 
Mefloquine-2 14.6 1.7 15.0 3.1 12.4 1.9 13.2 1.5 N.D. N.D. 

aFp = 0.263 taM. 
bFp = 0.105 taM. 

obtained with DOPC-PS monolayers,  emphasizing the importance of  surface charge 
in the interaction of  the drug and/or FP with the monolayer,  However, net surface 
charge in itself is not sufficient to account for the effect, as reflected in the re- 
activity of DOPC-PI monolayers,  which probably means that the spatial distribution 
of  charge may also be important .  With highly unsaturated phospholipids (DOPC-PI 
and DLPC), MQ and Q increase the effect of  FP but  CQ decreases it. The maximal 
absolute effect of  FP on An, both in control and doped monolayers,  is obtained 
in density packed membranes, namely, those composed of  DOPC-CHOL and of  
DLPC (note the FP concentrations used in these experiments).  Comparison of  
values presented in Tables III and IV shows that in DLPC monolayers increase of  
drug concentration decreases the effect of FP, while with DOPC-PS membranes no 
such effect was observed. 

Addit ion of  preformed FP-drug complexes to the subphase (Table V) reveals 
effects which are sometimes different from those observed during the sequential 
addit ion of  drug and FP. Some of these differences are certainly due to the differ- 
ent relative concentrations of  drugs and hemin in these two different experimental 
designs. With DOPC, CQ decreases both  Kz (in terms of  [FP])  and A*rmax. FP-Q 
increases Kz and ATrmax, suggesting that the complex in the aqueous phase has 
a dissociation constant in the concentration range used, inasmuch as the free FP 
concentration is reduced, thus causing the apparent increase in Kz. Results ob- 
tained with FP-MQ are more ambiguous, since we do not have an explanation for 
the lack of  effect on An'ma x in comparison with the dramatic effect observed when 
drug and FP are added sequentially (Table III). It  is possible that true equilibrium 
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TABLE V 

EFFECT OF PREFORMED FP-DRUG COMPLEXES ON £x~r OF DIFFERENT TYPES OF 
MONOLAYERS 

FP and drugs were mixed as 0.5 mM stock solutions. Aliquots were added sequentially to the 
aqueous subphase and the resulting 7r's were recorded. Data of A~r (normalized to ~r i = 24 
mN • m -~) vs. complex concentration C (in terms of [FP]) were analyzed by means of non- 
linear, least squares regression of the first order reaction An = A~rma x • C/(K z + C). 

Lipid Drug FP-Drug K z (ttM) - ATrma x (mN • m-~) 

DOPC None - 0.55 ± 0.04 18.6 ± 0.3 
Chloroquine 1:1 0.47 ± 0.03 12.7 ± 0.5 
Quinine 1 : 1 1.01 ± 0.07 22.3 ± 0.6 
Mefloquine 1 : 1 0.53 ± 0.02 18.5 ± 0.2 

DOPC-PS None - 0.97 ± 0.07 13.4 ± 0.4 
Chloroquine 1:1 0.17 ± 0.01 11.8 ± 0.2 
Chloroquine 2.5:1 0.16 ± 0.05 12.6 ± 0.6 
Quinine 1:1 0.45 ± 0.03 16.6 ± 0.3 
Mefloquine 1:1 0.34 ± 0.02 12.0 -+ 0.2 

DOPC-PI None - 0.39 ± 0.06 12.3 ± 0.4 
Chloroquine 2.5 : 1 a 0.09 ± 0.01 10.2 ± 0.1 

aThe best fit was obtained when C was raised to the power of 1.77 -+ 0.02. 

has no t  been achieved in these exper iments  or that  some irreversible processes 

have taken place. 

In DOPC-PS monolayers  t i t rat ion with  pe r fo rmed  complexes  results in a sub- 

stantial decrease in Kz but  only small effects  on ATrmax. Adsorp t ion  o f  the com- 

plex to the negatively charged mono laye r  could  account  for these observations.  

Discussion 

Heroin (FP) is known to interact  with biological  membranes  [1,3] as do other  

porphyr ins  [30].  Such interact ions are primari ly media ted  by the lipid c o m p o n e n t  

o f  membranes  in as m u c h  as FP binds to phosphol ip id  bilayers [8,31].  Binding 

of  FP involves interact ions  wi th  bo th  the headgroup and the hydroca rbon  chain 

o f  the l ipid; hence,  it is very l ikely that  the iron a tom and the negatively charged 

propionic  side chains o f  hemin  reside in the polar  head group region, while its 

dimethyl-divinyl  side is immersed in the hydroca rbon  region. Phospholipids are 

able to bind FP at 4 : 1 molar  ratios [8] and red cell membranes  do so up to 1 FP 

molecule  per phosphol ip id  [3].  In the saturating concen t ra t ion  range, FP is able 

to cross bo th  phosphol ip id  and cell membranes .  

In the present  report  we have shown that  FP interacts  wi th  phosphol ipid  m o n o -  
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layers composed of different lipids, inducing an increase in surface pressure. We 
suggest that this effect is due to the intercalation of FP into the monolayer. 

The relationship between the different parameters characterizing the inter- 
calation of FP into monolayers made of various phospholipids and ni was evaluated 
as follows: data presented in Table I were used to generate a An vs. [FP] relation- 
ship for each 7r i chosen (Eqn. 2). The generated data were analyzed according to 
Eqn. (3). Figure 3 displays the dependence of the power (z) to which [FP] has to 
be raised in order to get the best fit of the data to Eqn. (3). The power is an indi- 
cator of the average stoichiometry of the FP intercalating species. From this figure 
it is clear that as ni increases, the power decreases. 

Since FP exists mostly as dimers at the FP concentration range used [32], it 
can be concluded from the power dependence that when the monolayer is ex- 
panded (low hi),  FP is able to intercalate as a dimer, and when the monolayer is 
compressed, the power monotonically decreases, until finally, at 7ri-values com- 
parable to those estimated for erythrocyte membranes [24], it approaches 1, 
implying that FP intercalates as a monomer. The largest differences between the 
various phospholipids are observed in expanded monolayers and, as 7r i is raised, 
these differences vanish. An opposite picture is observed when DOPC is compared 
with DOPC-CHOL. This behavior is consistent with the packing effect of choles- 
terol [25]. At low 7ri, FP has the easiest access as a dimer into DOPC-PI mono- 
layers, probably due to the source of PI (yeast) used in this investigation, which 
has a high content of unsaturated acyl chains [33]. At the other end, DOPC-PS 
monolayers accomodate mostly monomers, probably due to charge repulsion. 
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Fig. 3. Dependence of the stoichometry of the FP intercalating species (z) on n i. Experimental 
data from Table I were used to generate ~Tr vs. [EP] at different 7r i (Eqn. 2). Values of z were 
retrieved by non-linear, ]east squares analysis to fit Eqn. 3. e, DOPC; a, DOPC/PI (i : I); o, DOP 
(1 : 1); ~, DOPC/CHOL (2 : 1). 
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Comparison of PI and PS containing monolayers strongly suggests that molecular 
packing is more important than electrostatic forces in governing the intercalation 
of FP. 

The same conclusions can be reached when the half-saturation constants of Eqn. 
(3), Kz, are related to rri (Fig. 4). For all types of monolayers Kz rises exponentially 
with 7r i. Such behavior implies that higher free energies are required for inter- 
calation of FP into compacted monolayers. This could result both from denser 
packing and an increase in the surface potential in monolayers composed of acidic 
phospholipids. Accordingly, FP has an easier access into DOPC-PI (as compared 
with DOPC) monolayers because of difference in packing, and Kz is invariably 
the largest with DOPC-PS monolayers at all levels of lri. Cholesterol increases 
the apparent affinity of the monolayer to FP, as a result of the maximal packing 
in these monolayers, since binding of FP to phospholipid bilayers is reduced in 
the presence of cholesterol [8]. Interestingly, if we extrapolate Kz to the estimated 
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Fig. 4. Dependence of  the half saturation constant K z of  FP effect on Art, on rr i. Experimental 
data from Table I were used to generate An VS. [FP] at different n i (Eqn. 2). The values of  
K z were retrieved by non-linear, least squares analysis according to Eqn. (3). Symbols  are 
identical to those of  Fig. 3. 
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surface pressure of  erythrocytes [24],  we arrive at FP concentrations which are 
known to cause lysis of  erythrocytes [1, 3; Ginsburg & Azolay, unpublished]. 
This result further emphasizes the notion that phospholipids are the primary 
target for FP effect on cell membranes. 

As it is generally observed [34], Alrmax decreases with increasing 7r i (Fig. 5), 
and the total surface pressure at each rri, e.g., the sum of Arrmax and 7ri, almost 
reaches the collapse pressure of  the monolayer.  The largest differences of ATrma x 
are found at high 7r i between DOPC-PI and DOPC-CHOL monolayers. It is at these 
high 7r i that the greatest packing order is achieved in the presence of cholesterol 
and each intercalating FP molecule produces a maximal effect on the surface 
pressure, while even in condensed DOPC-PI monolayers there is sufficient free 
space to allow FP intercalation with a minor effect on An. This result implies 
that cell membranes composed of relatively unsaturated phospholipids should be 
less susceptible to the lytic effect of  FP [9] and probably underlies the differential 
effect of  FP on cell membranes which differ in their lipid composition. Moreover, 
Tipping et al. [8] suggested that FP may form aggregates in phospholipid mem- 
branes. Such aggregation may be affected by the nature of  the phospholioids 
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Fig. 5. Dependence of Arrma x on rr i. Experimental data from Table I were used to generate 
An vs. [FP] at different ~r i (Eqn. 2). Values of Arrma x were retrieved by non-linear, least 
squares analysis to fit Eqn. (3). Symbols  are identical to those in Fig. 3. 
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composing the membrane and, in turn, affect the solubilization of FP into the 
membrane and the surface pressure. 

Considering erythrocyte membranes where the phospholipids are distributed 
asymmetrically [36] and the apparent ability to FP to cross cell membranes [3] 
and phospholipid bilayers [8], FP is expected to act primarily on the outer mono- 
layer because it has more cholesterol and no phosphatidylserine. Such interaction 
could perturb the membrane structure and cause lysis. However, it is questionable 
whether this is relevant to physiological conditions, since FP binds to both plasma 
proteins [37] and erythrocyte cytosolic component(s) [26] with a similar or 
greater affinity than its binding to phospholipids. Therefore, under physiological 
conditions, unless FP is present in very large amounts as it is delivered by direct 
interaction of its protein carrier with the membrane [31], the chances that it 
would cause membrane damage are very remote. This is probably the reason why 
FP, even at high concentrations, does not damage erythroid cells grown in serum- 
containing media (see, for example, Ref. 6). 

The interaction of antimalarial drugs with phospholipids has received some 
attention recently because some of these drugs are also lysosmotropic and cause 
lipidosis [10,15]. This latter effect could be the result of phospholipase inactiv- 
ation [381, or, alternatively, the direct interaction of the drug with phospholipids 
[12] could render the substrate unavailable to the enzyme. Of the three drugs 
tested in the present work, both Q and MQ had an effect on surface pressure, and 
more so when the monolayer was negatively charged. CQ demonstrably bind to 
acidic and neutral phospholipids [8,11,13] but has no effect on Art. This observ- 
ation must result from the nature of the drug's side chain which is considerably 
more polar and charged than those of MQ and Q, and is consistent with tile poor 
miscibility of CQ in organic phases, even when complexed with FP (Ginsburg and 
Blauer, unpublished observations). Direct binding measurements in the monolayer 
system could ascertain these conclusions. 

The combined effect of drugs and FP on An is very complex and results from 
the multi-equilibrium situation exemplified in Fig. 6. Different processes depicted 
by this scheme may be rate-limiting, hence explaining the effect of the order of 
addition of FP and drug on Art. It is possible that this latter effect implies that a 
true thermodynamic equilibrium was not achieved in all experimental systems. 
Longer equilibration times are nevertheless impractical because the observed 
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FP ., 1 ~-- FP 
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Fig. 6. Possible modes of distribution of FP, drug (D) and FP-drug complexes in phospholipid 
membranes. 
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phenomena could be compromised by various non-specific processes. However, 
since the lytic effect of FP and drugs on biological membranes has a time constant 
of a few minutes, i.e. very similar to the major effect that was measured, even 
quasi steady state results are relevant for the elucidation of the underlying mech- 
anism. The situation is further complicated by the following considerations: the 
total amounts of phospholipids (~9 nmol) and ligands (1-40  nmol) present in the 
system are of the same order of magnitude, but since all the lipids are organized 
in the monolayer, their concentration is much larger (106-fold) than that of the 
ligand. Hence, if the derived Kz-values are similar to the actual dissociation con- 
stants, it follows that most of the ligand is bound to the monolayer and it is not 
surprising that addition of drug after FP had barely any effect on An, except for 
MQ. This result is in marked contrast to the potentiating effect of CQ and Q on 
FP induced lysis of erythrocytes [ 1 ], suggesting that the asymmetric distribution 
of lipids and the presence of an intracellular FP receptors may affect the distri- 
bution of FP and drugs as well as their subsequent interaction and effect on mem- 
brane integrity. This discrepancy emphasizes the limitation of model systems in 
simulating the behavior of biological membranes. 

When drug is added first and then FP, a marked increase in /xn is observed 
(Table IV). This is mainly due to reduction of Kz in DOPC-PS monolayers, as 
would be expected from drug effect on surface charge and an increase in /XTr in 
DOPC monolayers (Table III), suggesting a different mode of intercalation and/or 
aggregation of FP in drug-modified monolayers. The exceptionally large effect 
of MQ on AZrrnax is consistent with its demonstrably strong interaction with FP in 
apolar environment [ 18]. 

The effect of CQ in this system differs markedly from that of the other drugs, 
in as much as tl/2 for equilibration is much longer and, in monolayers of unsatur- 
ated phospholipids, it reduces the effect of FP. These results are consistent with the 
fact that the apparent affinity of FP for CQ is 10-100 times larger than for MQ 
and Q [39], thus providing for the sequestration of most FP in multimer complexes 
with CQ [29] in the aqueous phase with only slow release of FP to monolayers, 
provided they are sufficiently hydrophobic [9]. The large FP-CQ aqueous complex 
like amphipatic proteins [34], is probably unable to penetrate into the monolayer 
as such. 

The study of the effect of preformed FP-drug complexes was undertaken be- 
cause of its implication for antimalarial activity. Fitch [16] suggested that CQ 
forms a membrane toxic complex with FP, which is produced during hemoglobin 
digestion by the malarial parasite, and that unlike FP alone, this complex is not 
sequestered by plasma or cytoplasmic ligands. The present results (Table V) are 
consistent with this hypothesis, as all preformed complexes have, indeed, a sub- 
stantial effect on An. Since with acidic phospholipids the effect of the various 
complexes is substantially increased due to a decrease in Kz, we suggest that the 
complexes adsorb to the monolayer interface and release FP to the phospholipid 
through the formation of a continuous hydrophobic phase. This mechanism could 
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explain the largest reduction of Kz observed with the most stable FP-CQ complex 
in monolayers containing PS and PI. On the other hand, the smaller affinity of Q 
and MQ for FP may preclude the formation of  complexes in the presence of  cellular 
FP ligands, implying that the mode of  antimalarial action of  these drugs could be 
altogether different from that of  CQ. Furthermore,  MQ is 100 times more active 

than Q as an antimalarial drug [20,40]. Such difference in activity is inconsistent 
with the similar effects that these two drugs exert  on phospholipid monolayers.  
Further investigations are needed in order to clarify the precise mode of  action of 
quinine and mefloquine. 
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