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Abstract-The effects of 1-stearoyl,2;m-arachidonoylglycerol (SAG) and the antimalarial drug cblo- 
roquine on lipid bilayer structure were studied by 2H-NMR spectroscopy. Model lipid systems were 
established with compositions similar to those of normal human erythrocytes, malaria-infected eryth- 
rocytes, or malaria parasite membranes. The 2H-NMR spectra of the membranes formed from the lipids 
extracted from normal human erythrocytes were similar to those obtained using the corresponding lipid 
mixtures. The order parameters of the model “infected” and model “parasite” membranes were reduced 
markedly relative to that of normal erythrocytes. Addition of SAG induced formation of non-bilayer 
lipid phases in all lipid systems. Only a small decrease in the order parameters of the acyl side chains 
of the phosphatidylserine, but not of the phosphatidylcholine component of the lipid membranes, was 
observed upon the addition of chloroquine. A dramatic effect was observed upon the addition of 
chloroquine to the SAG-containing membranes: this antimalarial almost totally abolished the formation 
of SAG-induced non-bilayer lipid phases. Since SAG, endogenously formed in erythrocyte membranes, 
is a potent activator of phospholipase A2, this membrane-stabilizing action of chloroquine may partially 
account for the phospholipase A,-inhibiting properties of this drug, and, consequently, for both its 
therapeutic and toxic modes of action. 

Chloroquine (Fig. l), the most widely used 
antimalarial drug [ 1,2], has also been used for the 
treatment of rheumatoid arthritis [3] and ischemia 
[4]. Although the mechanism of action of chloroquine 
is unknown, an increasing number of investigators 
contend that it involves inhibition of lysosomal 
enzymes; for the malaria parasite this would prevent 
both feeding and digestion of hemoglobin [5-8; see 
also Ref. 9 for a different hypothesis]. Chloroquine- 
induced inhibition of a lysosomal enzyme, phos- 
pholipase A2 (PL-A,)$, has also been proposed to 
result in some toxic side-effects, such as the 
accumulation of phospholipids in various tissues 
(phospholipidosis) [ 10,111. Indeed, chloroquine 
has been shown to inhibit PL-A2s from several 
different sources [12,13]. It has also been suggested 
that chloroquine binds to the phospholipids and that 
the resulting complex is resistant to hydrolysis by 
PL-A2 [14]. However, our previous NMR studies 
showed that chloroquine did not perturb significantly 
the order of the lipid acyl side chains, indicating that 
this molecule does not penetrate into the interior of 
the lipid bilayer membranes [15,16]. 

The question of how chloroquine inhibits the 
activity of PL-A2 remains unanswered. Many PL- 
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0 Abbreviations: PL-A2, phospbolipase A2; DAG, di- 
acylglycerol; SAG, l-stearoyl,2-m-arachidonoylglycerol; 
DPPC-&, di(perdeuteropalmitoyl)phosphatidylcholine; 
DPPS-&, di(perdeuteropalmitoyl)phosphatidylserine; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PS, 
phosphatidylserine; and SM, sphingomyelin. 

A2s, especially those of intracellular origin, are not 
very active against stable, unperturbed, lipid bilayers 
[17-191. Numerous physicochemical studies have 
shown that PL-A2s are activated by increased 
structural fluctuations in the lipid bilayers, induced 
by such agents as alcohols [20-221 or detergents [20] 
or by proximity to the gel to liquid crystalline phase 
transition temperature of the lipids [17,18,23,24]. 

An endogenous membrane-perturbing agent, 
diacylglycerol (DAG) , is produced during the course 
of a transmembrane signal transduction process, 
which includes increased phospholipid metabolism 
and activation of protein kinase C [25]. The amount 
of DAG in the erythrocyte membrane increases -9- 
fold upon malaria infection [26]. DAG-induced 
membrane perturbations probably play a significant 
role in its mode of action [27]. DAGs also directly 
activate PL-A2s from various sources [28-311. The 
DAG-induced activation of PL-A2s was correlated 
with the increased structural perturbations induced 
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Fig. 1. Chemical structure of chloroquine. 
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Fig. 2. *H-NMR spectra of DPPC-da or DPPS-G2 added to erythrocyte or model lipid mixtures at 37”. 
Nine peaks are resolved in these spectra; peaks 1 and 3 were further resolved from peak 2 at higher 
temperature. Peaks 2 (the outermost) and 13 (the innermost) are labeled on panel (A). (A) DPPC-& 
probe, erythrocyte lipid extracts; (B) DPPC-da probe, model “normal” membranes; (C) DPPS-h2 
probe, erythrocyte lipid extracts; (D) DPPS-d, probe, model “normal” membranes; (E) DPPC-d62 

probe, model “infected” membranes; and (F) DPPC-& probe, model “parasite” membranes. 

by DAGs into the lipid bilayer structure [28,31-341. 
In the case of DAGs with unsaturated acyl side 
chains, the increased structural fluctuations are 
associated with the DAG-induced propensity of the 
lipid to form non-bilayer lipid phases [32]. In the 
present study we show that the most common 
endogenously produced DAG, 1-stearoyl,2+n- 
arachidonoylglycerol (SAG), also induces non- 
bilayer lipid phases in the lipid membranes 
formed from lipids extracted from normal human 
erythrocytes, as well as in model lipid membranes 
resembling either the membranes of normal or 
malaria-infected human erythrocytes. This SAG- 
induced formation of non-bilayer lipid phases, 
however, is totally abolished in the presence of 
chloroquine. This effect of chloroquine may play a 

role in the inhibition of PL-A, by this drug and be 
a part of.its therapeutic and toxic modes of action. 

MATERIALS AND METHODS 

Preparation of the lipid extracts. Blood (type 0+) 
was drawn from healthy donors into acid-citrate- 
dextrose and washed with phosphate-buffered saline 
(10 mM sodium phosphate, 150 mM sodium chloride, 
pH 7.4) to remove the plasma and buffy coat. Lipids 
were extracted by the method of Bligh and Dyer 
[35] and an aliquot was assayed for lipid phosphorus 
by a modification [36] of the method of Fiske and 
Subbarow [37], and for cholesterol by the method 
of Zlatkis et al., [38]. 

NMR experiments. Di(perdeuteropalmitoyl)- 



NMR study of c~or~uine/li~d interactions 185 

phosphatidylcholine (DPPC-d&, di(perdeuter- 
opalmitoyl)phosphatidylserine (DPPS-4s) , bovine 
liver phosphatidylcholine (PC), bovine liver phos- 
phatidylethanolamine (PE), bovine brain phos- 
phatidylserine (PS) and cardiolipin were from Avanti 
Polar Lipids (Birmingham, AL). Sphingomyelin 
(SM), chloroquine diphosphate and cholesterol were 
from the Sigma Chemical Co. (St. Louis, MO). SAG 
was from Serdary Research (London, Ontario). 

Model lipid membranes were made with the 
following composition: (i) composition modeling 
the normal human erythrocytes [39]: PC: 
PE:PS:SM:cholesterol at molar ratios of 6:6: 
3:4:19, (ii) the same lipids with the molar ratios of 
8:5:2:2: 10, modeling the malaria-infected human 
erythrocytes [26,39-42], or (iii) PC:PE:SM:PS: 
~diolipin:cholesterol = 10:5:1:1:1:2, modeling the 
malaria parasite membranes [41,42]. 

Multilamellar lipid dispersions for the NMR 
measurements were made by first dissolving the 
lipids in chloroform. Either DPPC-d,u, or DPPS-d,jr 
was added at the molar ratio of 1:8 to the 
phospholipids as a *H-NMR probe. The solvent was 
then evaporated with dry nitrogen and the sample 
was kept under vacuum (cl mtorr) for at least 8 hr. 
The dried lipids were then hydrated with a 250 mM 
Tris-HQ buffer solution (pH 7.4), prepared in rI-& 
depleted I&O (Sigma). Chloroquine was typically 
added to the lipids with the hydrating buffer. In 
some experiments, chloroquine was added to 
previously hydrated lipids and the mixture was 
subjected to three freeze-thaw cycles to ensure 
proper mixing. To compensate for the acidity of 
chloroquine, a stock solution of Tris, pH9.3, was 
used in chloroquine-cont~ning samples to adjust the 
pH to 7.4. SAG was dissolved in chloroform together 
with the lipids prior to evaporation. The samples 
were typically 30% (w/w) in water. 

2H-NMR spectra were acquired at 11.74T 
(corresponding to 500.13 MHz ‘H- and 76.78 MHz 
ZH-NMR frequencies) on a General Electric GN- 
500 spectrometer. The spectra were acquired at 37” 
with a high-power probe (Doty Scientific, Columbia, 
SC) using the standard quadrupole echo sequence 
[43]. The spectral width was 0.5 to 1 MHz, refocusing 
time 64 psec, and 90” pulse of 3.5 pet. The moments 
of the 2H-NMR spectra were calculated according 
to Davis [44]. 

RJWJLTS 

The *H-NMR spectra of DPPC-d, or DPPS-& 
added to the lipid extracted from normal human 
erythrocytes, or to the model lipid mixtures with a 
composition similar to that of the normal human 
erythrocyte, malaria-infected erythrocytes or the 
malaria parasite are shown in Fig. 2. The spectra 
are typical of the bilayer lipid conformation [45]. 
The spectra of the erythrocyte extracts (Fig. 2, A 
and C) were nearly identical to the spectra of the 
model lipid mixtures with a similar composition (Fig. 
2, B and D), and the spectra with DPPC-& added 
as a probe (Fig. 2, A and B) are similar to the 
spectra of the DPPS& (Fig. 2, C and D), indicating 
that DPPC+ and DPPS& were well mixed with 
the lipid extracts or with the model lipid membranes. 

1 2 3 4 5 6 7 8 9 10 11 12 13 
peak number 

Fig. 3. Plots of the quadrupok splittings of DPPC-& 
incorporated into the lipid mixtures vs peak number for 
the lipid systems used in this study. Key: (Cl) normal 
erytbrocyte extracts; (A) model “normal” membranes; 
(+) model “infected” membranes; and (0), model 

“parasite” membranes. 

Also, the values for the first through fourth moments 
[44] of the spectra on Fig. 2A-D were identical 
within the experimental error. Similarities between 
the spectra obtained from the lipid extracts and the 
model mixtures show that the latter are indeed an 
accurate representation of the erythrocyte membrane 
lipids. We also obtained nearly identical spectra 
between lipid extracts from erythrocytes and the 
model lipid membranes using POPC-d3i or POPS- 
d3r as *H-NMR probes (not shown). Similar spectra 
were also obtained in our previous study with the 
DPPE-G2 probe [16]. 

Also shown in Fig. 2 are the *H-NMR spectra 
obtained using lipid mixtures with compositions 
similar to the membranes of malaria-infected human 
erythrocytes (Fig. 2E) or to the membranes of the 
malaria parasite (Fig. 2F). These spectra, also 
indicative of the bilayer lipid conformation, were 
qu~titatively different from the spectra obtained 
with normal human erythrocytes (Fig. 2A). The 
observed peak-to-peak quadrupole splittings, Av, in 
the 2H-NMR spectra are proportional to the order 
parameters of the corresponding CsH2 segments 
along the lipid acyl side chains [45]. The quadrupole 
splittings of the spectra obtained using the lipid 
extracts of normal erythrocytes were nearly identical 
to those of the corresponding model lipid mixtures 
(Fig. 3). Also, nearly identical quadrupole splittings 
were obtained in all lipid systems studied with either 
DPPC-d, or DPPS-da lipid probes (not shown) 
again demonstrating well-mixed lipid components. 
The Av values obtained with model “infected” 
membranes were markedly lower than the values 
obtained with normal erythrocyte lipids (Fig. 3), 
reflecting the reduced ordering in the membranes of 
the infected cells. Even lower Av values were 
obtained with the model “parasite” membranes. The 
quad~~le splittings of the acyl side chains of 
DPPC-& (Fig. 3)or DPPS-da; (not shown) probes 
in these membranes were markedly lower than those 
of the control or “infected” model membranes. 
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Fig. 4. *H-NMR spectra of the deuterated PC or PS probes in the model “normal” membranes in the 
presence of 25 mol% SAG and/or 33 mol% chloroquine. (Left) DPPC& probe; (Right) DPPSX&~ 
probe. (A and B) with SAG; (C and D) with chloroquine; and (E and F) with SAG and chloroquine. 

Effect of SAG. The addition of 25 mol% SAG to 
the model lipid membranes caused the appearance 
of a large central peak in the 2H-NMR spectra of 
both DPPC-&* and DPPS-G2 probes (Fig. 4, A and 
B). 31P-NMR measurements also showed a SAG- 
induced peak at the “isotropic” position, cor- 
responding to micelles, small vesicles, or cubic lipid 
phase. Centrifugation of the samples (lOO,OOOg, 
20 min) and subsequent NMR measurements showed 
that the supematant contained an “isotropic” phase 
indicative of the microscopic nature (i.e. vesicles or 
micelles) of this phase. The molecular shape of SAG 
with its virtual absence of a headgroup suggests that 
the observed central peak probably represents 
inverted micelles. Similar results were obtained with 
the erythrocyte lipid extracts (not shown). The 
intensity of this peak comprised about lO-15% of 
the total intensity of 2H- (Fig. 4, A and B) or 31P- 
(not shown) NMR spectra. The intensity of this peak 
was similar with both types of lipids, showing that 

the structures of both erythrocyte and model lipids 
were similarly affected by SAG. Also, similar results 
were obtained with both DPPC-do or DPPS-d62 lipid 
probes (Fig. 4, A and B), indicating that there is no 
preferential separation of either the PC or PS lipid 
component into the non-bilayer lipid phase. 

The quadrupole splittings of the spectra shown in 
Fig. 4B, 4D and 4F are given in Fig. 5. The order 
parameters of both lipid mixtures with either DPPC- 
db2 or DPPS-d6* lipid probes were not affected 
significantly by the presence of SAG. Similarly, no 
change in the quadrupole splittings with either 
DPPC-42 or DPPS-42 was detected upon addition 
of SAG to the model “infected” or “parasite” 
membranes (not shown). 

Chforoquine. Only small changes in the 2H-NMR 
spectra of the model lipid membranes were observed 
upon addition of chloroquine up to the molar ratio 
of 1:2 to the lipids with both DPPC-d62 and DPPS- 
G2 lipid probes (Fig. 4). A noticeable broadening 
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Fig. 5. Plots of the quadrulrole splittings of DPPS-d, probe 
in the model “normal” membranes in the absence or 
presence of 25 mol% SAG and/or 33 mol% chloroq~ne. 
Key: (IJ) control; (A) with SAG; (x) with chloroquine; 

and (0) with SAG and chloroquine. 

of the indi~dual peaks was observed without, 
however, significant change in the overall *H-NMR 
spectral shape. The broadening was also observed 
when DPPC with only one deuterated acyl chain 
was used as a probe (not shown) and was probably 
due to a reduced rate of motion of the phospholipid 
side chains in the presence of chloroquine. Small 
but marked decreases in the quadrupole splittings 
were observed in the presence of chloroquine with 
the DPPS-d6, (Fig. 5), but not with the DPPC-do 
(not shown) lipid probes. 

C~loroquine and SAG. A dramatic effect of 
chloroquine was, however, observed upon addition 
of this drug to the SAG-containing lipids (Fig. 4, E 
and F), The addition of chloroquine abolished the 
induction of the non-bilayer lipid phases by SAG 
and resulted in *H-NMR spectra similar to those of 
the control (Fig. 2). The effect was observed with 
both lipid probes (Fig. 4, E and F), and also with 
the “infected” model membranes (not shown). 

DWCXJSSION 

In the course of this study we developed a model 
membrane lipid system whereby a lipid mixture, 
composed of commercially available lipids, and 
modeling the composition of normal or malaria- 
infected human erythrocytes, or the membranes of 
the malaria parasite, could be used to study the 
membrane effects of drugs. We have shown here 
that the order parameters of either DPPC-dh2 or 
DPPS-da in the “normal” model membranes are 
indistinguishable from those obtained with lipid 
extracts from normal human erythrocytes (Fig. 3). 
Moreover, this model system responded to the 
presence of SAG and chloroquine in the same way 
as did the lipids from the erythrocyte membranes. 
Among the advantages of using the model system 
are: markedlyreduced, thou~not totally elim~ated, 
need for extracting lipids from human erythrocytes, 
and the ability to modify lipid compositions so as to 

approximate various erythrocyte abnormalities, e.g. 
infection by the malaria parasite. 

The reduced order parameters that were observed 
when the lipid composition modeled that of malaria- 
infected erythrocytes agree with studies that showed 
decreased membrane order parameters and increased 
membrane fluidity of such cells 146-481. The sharply 
decreased order parameters of the model “parasite” 
membranes (Fig. 3) probably reflect the reduced 
amount of cholesterol in this system. 

Increased activity of phospholipase C and DAG 
formation in erythrocytes were shown in earlier 
reports that established increased phosphatidyl- 
inositol turnover as a pathway of the transmembrane 
signal transduction [49]. More recently, it was shown 
that the DAG content of the malaria-infected 
erythrocytes increases -9-fold [26]. Although the 
increase of DAG production is usually studied in 
relation to activation of protein kinase C, DAGs 
were shown to directly activate PL-A2s from different 
sources [28-311. This effect of DAGs was correlated 
with their capacity to induce defects into bilayer 
structure [28,32-341. Taking into account that 
typically PL-A2s exhibit relatively low activity toward 
unperturbed lipid bilayers [17-191, it is likely that 
such a dramatic increase in the DAG content of the 
membranes and associated membrane structure 
perturbations, may be required for the “normal” 
activity of PL-A2 of the malaria parasite. 

Previously we showed that chloroquine does not 
interact strongly with the acyl side chains of PC or 
PE components of the membranes [15,16]. The 
present study detected a small, but marked reduction 
in the order parameters of the acyl side chains of 
negatively charged PS, which agrees with the general 
tendency of cationic amphiphilic drugs to interact 
stronger with negatively charged lipids. Earlier 
studies proposed that the complex formed by cationic 
amphiphilic drugs and acidic phospholipids may be 
resistant to hydrolysis by PL-A2 [50]. More recently, 
a similar conclusion was reached by Mingeot- 
Leclercq et al. [51]. However, Hostetler and 
co-workers found that degradation of neutral 
phospholipids is affected by cationic amphip~lic 
drugs to a greater degree than is degradation of 
acidic phospholipids ill, 521. We also observed that 
chloroquine inhibition of PL-A2 was more efficient 
with a PC substrate rather than with a PC/ 
PS substrate (Zidovetxki et al., unpublished 
observations). 

The concentrations of chloroquine (30-40 mM) 
and SAG (15-25 mol%) used in this study are high, 
posing the question as to the biological relevance of 
these findings. The concentration of chloroquine in 
the food vacuoles of the malaria parasite has been 
calculated to be in the milhmolar range [53], and in 
rat liver lysosomes to be > 70 mM [54]. Therefore, 
the chloroquine concentrations used in this study 
are well within this range. Additionally, an important 
parameter in studying the membrane effects of 
amphiphilic drugs is not only the total drug 
concentration, but also the molar ratio of drug to 
lipid. We observed a reversal of the SAG effect by 
~hlor~uine when chloroquine was added at slightly 
more than a 1: 1 molar ratio to SAG which is probably 
the case in the ceils of chloroquine-treated patients. 
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Moreover, from the size of the food vacuole of the 
malaria parasite (-2~, [SS]) which is the site of 
chloroquine accumulation, and from the con- 
centration of chloroquine at this site (taken as 1 mM) 
we estimate that a food vacuole contains <4 X lo5 
lipid molecules and -2.6 x 106 chloroquine 
molecules, resulting in a chloroquine/lipid ratio 
more than an order of magnitude higher than the 
c~oroq~ne/lipid ratio used in this study. 

In summ~y then, although chloroquine did not 
interact strongly with the interior of the lipid bilayers, 
the addition of this drug to the SAG-containing 
membranes completely reversed SAG-induced for- 
mation of the non-bilayer lipid phases. This indicates 
that chloroquine markedly decreases SAG-induced 
fluctuations in the bilayer structure. The presence 
of such fluctuations is associated with the activation 
of PL-A*. Thus, it is possible that the mechanism of 
PL-A2 inhibition by chloroquine includes this 
“bilayer-stabilizing” effect, 
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