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A B S T R A C T Washed erythrocytes infected with
chloroquine-susceptible (CS) or with chloroquine-re-
sistant (CR) P. berghei were used in model systems
in vitro to study the accumulation of chloroquine with
high affinity. The CS model could achieve distribu-
tion ratios (chloroquine in cells: chloroquine in
medium) of 100 in the absence of substrate, 200-
300 in the presence of 10 mM pyruvate or lactate,
and over 600 in the presence of 1 mM glucose or glycerol.
In comparable studies of the CR model, the distribution
ratios were 100 in the absence of substrate and 300 or
less in the presence of glucose or glycerol. The presence
of lactate stimulated chloroquine accumulation in the
CR model, whereas the presence of pyruvate did not.
Lactate production from glucose and glycerol was un-
diminished in the CR model, and ATP concentrations
were higher than in the CS model. Cold, iodoacetate,
2,4-dinitrophenol, or decreasing pH inhibited chloro-
quine accumulation in both models. These findings dem-
onstrate substrate involvement in the accumulation of
chloroquine with high affinity.

In studies of the CS model, certain compounds com-
petitively inhibited chloroquine accumulation, while
others did not. This finding is attributable to a specific
receptor that imposes structural constraints on the proc-
ess of accumulation. For chloroquine analogues, the
position and length of the side chain, the terminal ni-
trogen atom of the side chain, and the nitrogen atom in
the quinoline ring are important determinants of binding
to this receptor.

INTRODUCTION
Erythrocytes infected with malaria parasites exhibit a
remarkable capacity for accumulating chloroquine (1-5),
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amodiaquin (6), quinine (7), dihydroquinine (4), quina-
crine (8) and probably other structurally related drugs.
With glucose and a pharmacologically reasonable con-
centration of chloroquine in the bathing medium, 10 nM
for example, there may be 6,000 or more nmol of chloro-
quine/kg mouse erythrocytes infected with chloroquine-
susceptible (CS)' Plasmodium berghei when steady-state
conditions are reached (2). Under similar conditions,
owl monkey erythrocytes infected with CS P. falciparum
accumulate up to 750 nmol of chloroquine/kg (3). Pre-
sumably, this ability to accumulate chloroquine with
high affinity is related to the susceptibility of CS para-
sites to the drug. Erythrocytes infected with chloroquine-
resistant (CR) parasites have much less capacity to ac-
cumulate chloroquine with high affinity (1-3).
The process responsible for chloroquine accumulation

produces a steady-state distribution of chloroquine
within minutes and becomes saturated at low concentra-
tions of chloroquine in the medium external to the
erythrocytes (2). These findings have been interpreted
as evidence of the existence of a drug receptor in in-
fected erythrocytes; the dissociation constant for the
interaction between chloroquine and this receptor is
estimated to be 10' M (2). In accord with the putative
role of drug accumulation in determining the suscepti-
bility of malaria parasites to drugs, the accumulation of
chloroquine by erythrocytes infected with CS P. berghei
is competitively inhibited by the diverse drugs to which
CR P. berghei is cross-resistant (9). Conversely, CR
P. berghei is fully susceptible to effective antimalarial
drugs that do not competitively inhibit chloroquine ac-
cumulation, such as primaquine and dapsone (9). Auto-
radiographic studies (10) and studies of pigment clump-
ing in P. berghei exposed to chloroquine (11) raise the

'Abbreviations used in this paper: CR, chloroquine-re-
sistant; CS, chloroquine-susceptible; K4, apparent inhibitor
constant; pKa, apparent acid dissociation constant.
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possibility that high-affinity accumulation of chloroquine
is a function of the food vacuole of the parasite. Never-
theless, the exact location of the process, as well as many
other characteristics of the high-affinity accumulation of
chloroquine, remains to be determined.
The present work was undertaken to evaluate the ef-

fects of temperature, pH, substrates, and certain meta-
bolic inhibitors on the process of chloroquine accumula-
tion, with CS and CR P. berghei in model systems in
vitro, and to identify those features of the chloroquine
molecule that are important determinants of its participa-
tion in this process.

METHODS
Young male white mice of the NL/W strain, obtained
from National Laboratory Animal Co., Creve Coeur, Mo.,
were fed Purina Laboratory Chow (Ralston Purina Co., St.
Louis, Mo.) and water ad libitum. They were infected either
with the CS, NYU-2 strain of P. berghei or with a newly
isolated strain of CR P. berghei when they weighed ap-
proximately 20 g. The methods used to maintain these
strains of parasites, the characteristics of the infections,
and the methods of obtaining and preparing erythrocytes
for study have been described previously (2).
The CR strain of P. berghei was isolated by a procedure

involving selection of parasites infecting polychromato-
philic erythrocytes and exposure of these parasites to chloro-
quine. The selection of parasites was undertaken because a
previous strain of CR P. berghei, derived from the NYU-2
strain, infected polychromatophilic erythrocytes predomi-
nantly (1, 2). Hypotonic hemolysis was used to select for
the younger, polychromatophilic erythrocytes. Blood from
mice heavily infected with the NYU-2 strain of P. berghei
was mixed 1: 50 with a heparin-containing hypotonic saline
solution to achieve a final osmolality of 114 mosmol/kg
of water. After being mixed to permit hemolysis, 0.1 ml
of the mixture was injected intraperitoneally into each of
three mice. During the next 6 days, these three mice de-
veloped parasitemia with a relatively heavy infection of
polychromatophilic erythrocytes. On the 6th day of infec-
tion, blood from one of these mice was mixed 1:12 with
0.9% NaCl solution containing heparin, and 0.1 ml of this
mixture was injected intraperitoneally into each of 11 nor-
mal mice. Each of these mice was given 1 mg of chloro-
quine intraperitoneally immediately after being infected and
daily thereafter for 3 days. Within 2 wk, 3 of the 11
mice developed heavy parasitemia with the infection lim-
ited to polychromatophilic erythrocytes. The blood from
these mice was used to infect other chloroquine-treated
mice; and after four additional passages through chloro-
quine-treated mice, this newly isolated strain of CR P.
berghei regularly produced heavy parasitemia (approxi-
mately 800 parasites per 1,000 erythrocytes) despite treat-
ment of the mice with 40 mg of chloroquine/kg of body
weight each day for 14 days. By contrast, the parent strain
is susceptible to treatment of infected mice with as little
as 1.25 mg of chloroquine/kg of body weight daily for 4
days (12). The course and characteristics of infections
with this new strain of CR P. berghei are indistinguish-
able from those of the CR strain developed by Macomber,
O'Brien, and Hahn (1) and used previously in studies of
chloroquine accumulation (1, 2). The new strain of CR
P. berghei had been maintained by regular passage through

chloroquine-treated mice at 2-wk intervals for 2 yr before
the present work. Chloroquine-treated mice were used only
to maintain the CR strain of P. berghei for passage. None
of the donors of blood for studies of chloroquine accumu-
lation received chloroquine treatment.
The methods used to study chloroquine accumulation and

to test for competitive inhibition of chloroquine accumula-
tion have been described in detail previously (2, 9). Briefly,
washed erythrocytes were incubated in a medium containing
[3-14C]chloroquine (1.71 mCi/mmol; New England Nuclear,
Boston, Mass.) for 1 h, after which the suspensions were
centrifuged to obtain supernatant fluid and erythrocyte
pellets. The hematocrits of these pellets were 90%7 or
greater; other characteristics of pellets obtained in this way
have been reported (2). The amounts of chloroquine in
the supernatant fluid (external chloroquine) and in the
pellets were determined radiochemically (2). All calcula-
tions of chloroquine content of pellets are based on wet
weight. No attempt was made to determine directly the con-
centration of free chloroquine inside the erythrocyte. In
the present work, the amount of chloroquine in the pellet is
treated as a function of the external chloroquine concen-
tration.
- The appropriateness of using a 1-h incubation period to
approximate steady-state conditions (2) was experimentally
verified for the studies described in this report, except that
an individual time-course study was not performed for
each of the compounds evaluated for ability to inhibit
chloroquine accumulation competitively. Under the experi-
mental conditions used in these studies, the steady-state de-
veloped rapidly as previously reported (2), well before the
end of 1 h of incubation.

Parasitemia was determined by counting parasites and
erythrocytes in Giemsa-stained blood films, and it is ex-
pressed throughout this report as the number of parasites
per 1,000 erythrocytes. Multiparasitism of infected erythro-
cytes was common in both types of infection but occurred
to a greater extent with CR P. berghei. No corrections for
parasite counts were made in expressing the results of the
present experiments, but the parasite count is given for each
of the experiments because the degree of parasitemia is
known to have an effect on the amount of chloroquine ac-
cumulated (2). Likewise, no corrections were made for
chloroquine accumulation by uninfected erythrocytes. The
amount of chloroquine accumulated by normal erythrocytes
is relatively small when the external concentration of
chloroquine is small (2).
ATP concentrations were measured in a coupled spec-

trophotometric assay with phosphoglycerate kinase.2 Lactate
production was also measured enzymatically (13).

RESULTS
The effect of temperature on chloroquine accumulation

is shown in Fig. 1. Relative to the values obtained at
250 C, the process of chloroquine accumulation is in-
hibited both at 20C and 370C. The inhibition at 20C is
virtually complete. The degree of inhibition at 370C is
small and possibly is related to a fall in pH. The lower
pH for erythrocytes infected with CR parasites (see
legend to Fig.- 1) probably is due to greater lactate pro-

2 Reagent kits for this purpose were obtained from
Sigma Chemical Co., Inc., St. Louis, Mo. The assays were
performed according to Sigma Technical Bulletin No. 366-
UV (3-71).
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FIGURE 1 Effect of temperature on chloroquine accumu-
lation by erythrocytes infected with either CS or CR P.
berghei. 5% suspensions of washed, infected eryrthrocytes
were incubated for 1 h in a medium having the following
composition in millimoles per liter: NaCl, 68; KCl, 4.8;
MgSO4, 1.2; and NaHPO4, 50; the pH was adjusted to
7.4 with HCl. To this medium, glucose was added to achieve
a concentration of 1 mM for study of erythrocytes in-
fected with CS parasites and of 10 mM for study of
erythrocytes infected with CR parasites, and [1'C]chloro-
quine was added to achieve the desired concentrations of
external chloroquine. Incubation temperatures (Celsius) are
shown in the figure. The values for pH of the media after
incubation were as follows for erythrocytes infected with
CS parasites: 20C, pH 7.40; 250C, pH 7.40; and 370C,
pH 7.37. For erythrocytes infected with CR parasites the
values were: 20C, pH 7.40; 250C, pH 7.34; and 370C, pH
7.13. Lower panel, erythrocytes infected with CS parasites
(parasitemia 934); upper panel, erythrocytes infected with
CR parasites (parasitemia 740).

duction from the greater concentration of glucose used
in these studies. In experiments not shown, in which a
20-min incubation period was used and the pH was
constant at 7.30, the accumulation of chloroquine was
as great or slightly greater at 320C than at 220C for
erythrocytes infected with either strain of parasite.

Fig. 2 shows the effect of pH of the incubation me-
dium on accumulation of chloroquine. In erythrocytes
infected with either strain of parasites, the process re-
sponsible for accumulating chloroquine responds re-
markably to changes in pH. The highest pH feasible
using the phosphate buffer was 7.8, and this pH ap-
parently is less than optimal for the process of chloro-
quine accumulation. An attempt was made to extend the
pH range to higher values with "Good" (14) and other
buffers, but no acceptable substitute for the phosphate
buffer was found.

A survey of compounds for ability to stimulate chloro-
quine accumulation is summarized in Fig. 3. For eryth-
rocytes infected with CS parasites, glucose and glycerol
are approximately equal in ability to stimulate chloro-
quine accumulation; pyruvate and lactate are less effec-
tive. In Fig. 3, inosine appears to be less effective than
glucose or glycerol, and this was confirmed in other
studies, which are not included in this report. Fructose
was evaluated and was equivalent to glucose in its ability
to stimulate chloroquine accumulation. Alanine, succi-
nate, and acetate did not stimulate chloroquine accumu-
lation. A similar survey with erythrocytes infected with
CR parasites yielded similar results, except that glycerol
was not as effective as glucose and that pyruvate was
completely ineffective in stimulating chloroquine ac-
cumulation. Subsequent experiments, some of which
are shown in Figs. 4 and 5, confirmed the failure of
pyruvate to stimulate chloroquine accumulation in eryth-
rocytes infected with CR parasites. Whether or not pyru-
vate can enter these cells is not known, however (15).

Representative examples of studies to evaluate the ef-
fect of varying the concentrations of glucose, glycerol,
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FIGURE 2 Effect of pH on chloroquine accumulation by
*erythrocytes infected either. with CS or with CR P. berghei.
Except that the temperature was kept constant at 250C and
the pH was varied by varying the amount of HCl added
to the medium, the details of these studies are identical to
those stated for Fig. 1. The values for pH of the media at
the end of incubation are shown in the figure. Lower panel,
erythrocytes infected with CS parasites (parasitemia 1,-
070); upper panel, erythrocytes infected with CR parasites
(parasitemia 749).
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FIGuRE 3 Effect of possible substrates on chloroquine ac-
cumulation by erythrocytes infected with CS P. berghei.
5% suspensions of washed, infected erythrocytes were in-
cubated for 1 h at 250C, and pH 7.4 in the medium de-
scribed for Fig. 1. The concentration of chloroquine at the
beginning of incubation was always 215 nM. The various
possible substrates were added to achieve 3-mM concen-
trations at the beginning of incubation, except glucose,
which was added to achieve a 1 mM concentration. The
distribution ratio was calculated by dividing the number
of nanomoles per kilogram of erythrocyte pellet by the
concentration, of external chloroquine in nanomoles per
liter. Each bar represents the average fTrom duplicate de-
terminations. The parasitemia was 1,170.

pyruvate, and lactate are shown in Fig. 4. These studies
confirm the superiority of glucose and glycerol in stimu-
lating chloroquine accumulation and reveal that 1-mM
concentrations of these substrates are sufficient for
maximal or nearly maximal stimulation of erythrocytes
infected with CS parasites. Erythrocytes infected with
CR parasites are less responsive to added substrate; but
of the substrates studied, glucose is the best. Parasite
counts are sufficiently close to permit quantitative com-
parisons between the CS and CR models only for two of
the four substrates, glucose and glycerol; in agreement
with earlier work (1, 2), erythrocytes infected with
CS parasites accumulate more chloroquine than erythro-
cytes infected with CR parasites. When the difference
due to responsiveness to substrate is minimized, as it is
at low glucose and glycerol concentrations, the differ-
ence between CS and CR parasites with regard to
chloroquine accumulation is also minimized. These ob-
servations are further substantiated by data recorded
in Fig. 5.

Besides showing differences related to the type of
parasite and the type of substrate, Fig. 5 demonstrates
that effective substrates have a major effect at low con-
centrations of external chloroquine. Each of the effective
substrates increases the maximal capacity to accumulate
chloroquine, but there is no evidence that the affinity of
the process for chloroquine changes. Because the proc-
ess responsible for accumulating chloroquine is sensitive
to change in pH, the pHs of the media at the end of in-
cubation were measured routinely. After a 1-h incubation
at 250C with glycerol, pyruvate, or lactate, as described
in Figs. 4 and 5, the pH was the same as the initial pH,
7.4. Only when glucose was in the medium did the pH

change, and the magnitude of this change was presented
in relationship to Fig. 1. Fig. 5 also demonstrates that
1 mM glucose and glycerol and 3 mM pyruvate have no
effect on chloroquine accumulation by uninfected eryth-
rocytes.
The effects of 2,4-dinitrophenol and iodoacetate on

the accumulation of chloroquine are illustrated in Figs.
6, 7, and 8. Regardless of which substrate is used, both
compounds are potent inhibitors of chloroquine accumu-
lation by erythrocytes infected with CS parasites, caus-
ing maximal inhibition at 1 mM concentrations and half-
maximal inhibition at approximately 0.1 mM concen-
trations. Less extensive studies were performed with
erythrocytes infected with CR parasites; but in this
model too, both compounds are potent inhibitors of
chloroquine accumulation (Fig. 7). In related experi-
ments, 1 mM ouabain did not inhibit chloroquine ac-
cumulation by erythrocytes infected with either strain
of parasite.

Fig. 8 shows the effects of 2,4-dinitrophenol and iodo-
acetate over a range of concentrations of external
-chloroquine, and demonstrates that these inhibitors are
effective at low concentrations of chloroquine. Again
the maximum capacity to accumulate chloroquine is

0 Pyruvate Lactate
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FIGURE 4 Effect of substrate concentration on chloroquine
accumulation by erythrocytes infected either with CS or
with CR P. berghei. 5% suspensions of washed, infected
erythrocytes were incubated for 1 h at 250C and pH 7.4 in
the medium described for Fig. 1. The concentration of
chloroquine at the beginning of incubation was 150 nM
when pyruvate or lactate were substrates for erythrocytes
infected with CR parasites and 215 nM for the other
studies. The concentrations of different substrates at the
beginning of incubation were varied as shown in the figure.
Solid circles represent erythrocytes infected with CS para-
sites and the open circles represent erythrocytes infected
with CR parasites. The parasitemias were as follows: py-
ruvate, CS 1,020 and CR 560; lactate, CS 1,300 and CR
678; glucose, CS 1,048 and CR 1,280; and glycerol, CS 840
and CR 786.

Chloroquine Resistance and Drug Accumulation in Malaria

o
4)
Q

27



Z / CS Parasites CS Parasites
z8.0

4.0

0

0 40 80 120 160 200 0 40 80 120 160 200
EXTERNAL CHLOROQUINE ( nM)

FIGURE 5 Effect of substrate on chloroquine accumulation by erythrocytes infected with
P. berghei. 5% suspensions of washed, infected erythrocytes were incubated for 1 h at 25'C
and pH 7.4 in the medium described for. Fig. 1. The amounts of ["C]chloroquine added to
the incubation media were varied to achieve the external concentrations shown in the figure.
When used, glucose and glycerol were added to achieve concentrations of 1 mM at the
beginning of incubation for uninfected erythrocytes and for erythrocytes infected with CS
parasites and of 10 mM for erythrocytes infected with CR parasites, except for the study
depicted in the left upper panel, in which the glucose concentration was 8.6 mM. The pyru-
vate concentration was 3 mM in all studies in which it was used. Parasitemia: CS, left
panel 870 and right panel 1,030; CR, left panel 644 and right panel 512. Incubations with
glucose, (i; with pyruvate, *; with glycerol (J; and without added substrate, 0.

affected without evidence that the affinity of the process
for chloroquine changes. Both of these inhibitors cause
significant inhibition in the presence or absence of added
substrate. The inhibition by dinitrophenol is prevented
partially by adding glucose but not by adding glycerol.
Glycerol partially prevents the inhibition by iodoacetate.
The effects of substrates and inhibitors on ATP con-

centrations and lactate production are shown in Table I.
As expected, glucose and glycerol increase ATP con-
centrations and lactate production in erythrocytes in-
fected with either strain of P. berghei, although the in-
crease in ATP concentration in response to glycerol is
small in erythrocytes infected with CR parasites and may
not be significant. Erythrocytes infected with CR para-
sites have high concentrations ofATP even in the absence
of substrate. With either type of parasite, the presence of
iodoacetate reduces ATP concentration and inhibits
lactate production from glucose and glycerol. Dini-
trophenol reduces ATP concentrations in every instance
and inhibits lactate production from glycerol.

Figs. 9 and 10 and Table II summarize studies of the
structural determinants of chloroquine accumulation.
Double reciprocal graphs of the data (16) were used to
assess for competitive inhibition of chloroquine accumu-
lation by various analogues. Evidence of competition may
be accepted as evidence that an analogue and chloroquine
interact at the same site in the process of accumulation.
An example of a study showing competitive inhibition
is presented in Fig. 9. The apparent inhibitor constant
(Ks) can be calculated from the intercept on the base-
line of the graph of chloroquine accumulation in the
presence of competitive inhibitor. Although subject to
some error, the values for Ki permit a ranking of com-
pounds according to the affinity with which they interact
in the process of accumulation (9).
An example of a mixed type of inhibition is shown in

Fig. 10. In this case, the graphs for inhibited and un-
inhibited accumulation intersect at a negative value for
the reciprocal of external chloroquine rather than at
zero. All of the compounds evaluated in the present work
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caused competitive or mixed types of inhibition or no
inhibition.

Table II shows the structural formulas for chloroquine
and most of the analogues tested. Some of the structural
features of chloroquine are a quinoline ring system, a
chlorine atom at position 7 of the quinoline ring and a
1-methyl-4-diethylaminobutylamino side chain attached
to position 4 of the quinoline ring. One proton will as-
sociate with the diethylamino group with an apparent
acid dissociation constant, pKa, of 10.16 and another
one will associate with the nitrogen atom in the quinoline
ring with a pKa. of 8.06 (17). At the physiologic pH
of 7.4, therefore, chloroquine exists predominantly in
the doubly protonated form.
The values for Ki given in Table II indicate that

compounds having bromine, iodine, methoxy, trifluoro-
methyl, or hydrogen at position 7 of the quinoline ring
all cause strong competitive inhibition of chloroquine
accumulation. In addition, two compounds with sub-
stitutions at position 6 of the quinoline ring cause strong
competitive inhibition. Substitutions of other positions
on the quinoline ring were not studied in as much detail,
but it may be noted that two compounds having a side
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Dinitrophenol Dinitrophenol
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FIGURE 6 Effect of dinitrophenol and iodoacetate on chlo-
roquine accumulation by erythrocytes infected with CS P.
berghei. 5% suspensions of washed, infected erythrocytes
were incubated for 1 h at 250C and pH 7.4 in the medium
described for Fig. 1. The concentration of chloroquine was
always 215 nM at the beginning of incubation. Glucose and
glycerol were added to achieve 1 mM concentrations at the
beginning of incubation. The concentrations of 2,4-dinitro-
phenol and iodoacetate in the incubation media are shown
in the figure. Parasitemias were as follows: glucose and
dinitrophenol, 929; glucose and iodoacetate, 864; glycerol
and dinitrophenol, 778; glycerol and iodoacetate, 778.
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FIGURE 7 Effect of dinitrophenol and iodoacetate on chlo-
roquine accumulation by erythrocytes infected with CR
P. berghei. This experiment was identical to the one de-
scribed in Fig. 6 except that 10-mM concentrations of
glucose and glycerol were used and that 2,4-dinitrophenol
and iodoacetate were used only at concentrations of 1 mM.
The concentration of chloroquine at the beginning of incu-
bation was 150 nM. The open bars indicate that neither
substrate nor inhibitor was added to the incubation medium
and the striped bars indicate that substrate was present. The
type of substrate and the presence and type of inhibitor are
given in the figure. Average values from duplicate experi-
ments are shown. The parasitemia was 550.

chain at position 8 rather than position 4, primaquine
(9) and pamaquine, caused a mixed rather than a com-
petitive type of inhibition. Similarly, a compound with-
out nitrogen in the ring WR 94797, caused a mixed type
of inhibition (Fig. 10).

Glucose Glycerol
12 Dinitrophenol Dinitrophenol
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E 4
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FIGURE 8 Effects of dinitrophenol and iodoacetate on high-
affinity accumulation of chloroquine by erythrocytes infected
with CS P. berghei. 5% suspensions of washed, infected
erythrocytes were incubated for 1 h at 250C and pH 7.4
in the medium described for Fig. 1. When used, glucose,
glycerol, 2,4 dinitrophenol, and iodoacetate were each added
to the incubation media to achieve concentrations of 1 mM
at the beginning of incubation. Substrate alone, (0; in-
hibitor alone, 0 ; substrate plus inhibitor, 0 ; neither sub-
strate nor inhibitor, 0. The types of substrates and in-
hibitors are given in the figure. The parasitemias were as
follows: glucose and dinitrophenol, 1,120; glucose and
iodoacetate, 1,080; glycerol and dinitrophenol, 1,360; and
glycerol and iodoacetate, 1,140.
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TABLE I
Effects of Substrates and Inhibitors on A TP Concentrations and Lactate Production

ATP Lactate

Substrate Inhibitor Uninfected CS P. berghei CR P. berghei Uninfected CS P. berghei CR P. berghei

None None 1.35±0.08 0.79±0.04 2.04±0.07 4.9±0.3 3.7±0.4 3.6±0.4
None lodoacetate 1.01±+0.11 0.71±i-0.05 1.82±-0.11 4.1±-0.2 3.8±-0.6 2.8±0.4
None 2,4-dinitrophenol 0.60±0.03 0.30±0.06 0.53±0.02 4.8±0.9 4.2±0.8 3.2±0.4
Glucose None 1.48+0.12 1.34±0.07 2.57±0.14 7.8±0.4 24.9±-1.6 36.7±i3.8
Glucose lodoacetate 0.17±0.01 0.18±0.03 0.79+0.09 3.9±0.3 8.0+0.7 10.7i1.3
Glucose 2,4-dinitrophenol 1.06±0.08 0.824±0.04 2.23±-0.04 14.7±2.5 21.0±2.7 66.9±5.6
Glycerol None 1.28±0.08 1.10±0.06 2.25±0.11 4.9±0.2 9.2±0.9 11.0±1.6
Glycerol Iodoacetate 0.96±0.07 0.70±0.06 1.72±0.08 3.9±0.3 4.3±0.4 4.9±0.4
Glycerol 2,4-dinitrophenol 0.56i0.07 0.37±0.02 0.50±0.02 4.1±0.2 4.0±0.5 5.2±0.3

5% suspensions of washed erythrocytes, either uninfected or infected with one of the strains of P. berghei, were incubated for
1 h at 25°C and pH 7.4 in the medium described for Fig. 1. The concentrations of iodoacetate and 2,4-dinitrophenol were 1 mM.
The concentration of glucose and glycerol were 1 mM for uninfected erythrocytes and CS parasites and 10 mM for CR parasites.
At the end of the incubation period the erythrocytes were collected by centrifugation at 2°C for measurement of ATP. The
lactate content of the total incubation mixture and the ATP content of the pellet are expressed as micromoles per milliliter of
packed erythrocytes; n is 4 in each case and means±SE as shown (25). The parasitemias ranged from 640 to 1,300 with a mean
value of 942 for CS parasites, and from 600 to 900 with a mean value of 758 for CR parasites.

Strong competitive inhibition was observed despite
considerable variation in the side chain. Thus the length
of the aliphatic portion between the two nitrogen atoms
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FIGURE 9 Competitive inhibition of chloroquine accumula-
tion by erythrocytes infected with CS P. berghei. 5% sus-
pensions of washed, infected erythrocytes were incubated
at 25'C for 1 h in a medium with the following com-
position in millimoles per liter: NaCl, 25; KCl, 4.8;
MgSO4, 1.2; glucose 86; and Na2HPO4, 50; the pH was
adjusted with HCl and [14C]chloroquine was added to
achieve the desired external concentrations. Tween 80
(Atlas Chemical Industries, Inc., Wilmington, Del.) was
added to the medium to achieve a concentration of 0.0125%
(vol/vol) to help keep insoluble compounds suspended. The
initial pH of the incubation mixture was 7.4 -and the final
pH was 7.2. The inhibitor, WR 93156, was added as the
hydrochloride salt. Open circles indicate the presence of in-
hibitor; closed circles represent uninhibited accumulation.
The parasitemia was 881.

in the side chain can vary from two to five carbons, and
the ethyl groups on the terminal nitrogen atom and the
methyl group can be deleted without substantially in-
terfering with the ability of the compound to compete
with chloroquine. However, a compound without a
terminal nitrogen atom in the side chain, WR 93156,
is a relatively ineffective competitor with chloroquine.
The apparent Ki of this compound calculated from Fig.
9 is 4 X 10O M. Finally, a compound with six carbons
between the two nitrogen atoms in the side chain, WR
7626, does not inhibit chloroquine binding.
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FIGURE 10 Mixed inhibition of chloroquine accumulation
by erythrocytes infected with CS P. berghei. The details of
this study and the meaning of the symbols are the same as
those stated for Fig. 9. The inhibitor, WR 94797, was
added as the free base. The parasitemia was 928.
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'rABLE II

High-Affinity Accumulation of Chloroquine by P. berglici: Competitive Inhibition by Drugs
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The details of the studies summarized here were the same as those described for Fig. 9. Erythrocytes infected with CS parasites were
used: parasitemias were in the range of 800-1,100. The following compounds were used as phosphate salts: chloroquine, SN 7373, WR8671,
SN 8136, SN 9584, SN 11438, WR 7567, WR 4206, and WR 7626. The base of each of the other compounds was used. The Ki values are
averages from at least two studies of each compound at concentrations either of 1 or 10 ,AM. The dashes for WR 94797 and WR 7626 in-
dicate that apparent Ki values are not available for those compounds; WR 94797 caused a mixed type of inhibition (Fig. 10) and WR
7626 caused no inhibition. The code numbers are from the U.S. Army Malaria Program, WR prefix, or from Wiseogle (26), SN prefix.

DISCUSSION
Effects of substrates and inhibitors. Substrate in-

volvement in the process of chloroquine accumulation
with high affinity is demonstrated by the stimulating
effects of glucose, glycerol, pyruvate, and lactate and by
the inhibiting effects of cold, iodoacetate, and dinitrophe-
nol. Substrate may be necessary either to support active

transport of chloroquine or to make available a drug
receptor or some other component of the process of
chloroquine accumulation. In rhesus monkey erythro-
cytes infected with P. knowlesi, chloroquine accumula-
tion is substrate-dependent (5); but the reason for the
dependence is unknown; and it is not certain that the
process of accumulation is otherwise similar to that of
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the P. berghei model of malaria. Substrate requirements
for chloroquine accumulation have not been reported for
P. falciparum malaria in the owl monkey or in other
types of malaria.
With knowledge of the substrate involvement in

chloroquine accumulation, it is necessary to ask whether
a change in substrate utilization causes drug resistance.
CS P. berghei converts glucose to lactate by anaerobic
glycolysis (18-21), consumes oxygen (18, 19), and pre-
sumably conserves energy liberated by electron trans-
port (22), although it does not have a well-defined mito-
chondrion (23). Apparently it does not have a functional
citric acid cycle (24). As far as is known, the metabo-
lism of CR P. berghei is similar to that of CS P. berghei
(24). Nevertheless, the present studies show that
erythrocytes infected with CR P. berghei have high ATP
concentrations. It is possible that this ATP is produced
by the immature erythrocytes that host CR parasites and
is inaccessible to the parasite. It is also possible that
ATP is not the limiting factor for chloroquine accumu-
lation with high affinity in the CR model. Further work
is needed to determine whether or not a change in sub-
strate utilization causes chloroquine resistance.
The drug receptor. The process of chloroquine ac-

cumulation has a relatively low degree of specificity in
comparison to that commonly exhibited by enzymes. It
is saturable (2), however, and it is competitively in-
hibited only by certain analogues of chloroquine. These
findings are best explained by the interaction of chloro-
quine with a structurally defined receptor. They can-
not be explained by a nonspecific interaction, such as
an electrostatic attraction without structural constraints.
While the nature of the receptor involved in chloro-

quine accumulation remains obscure, an examination of
the structures with which it interacts suggests the fol-
lowing topography: (a) A flat surface large enough to
accomodate planar ring systems of 30-40 A2. The ex-
istence of this surface would explain the ability of the
receptor to interact with a heterogeneous group of
compounds, including derivatives of 4-aminoquinoline,
of quinoline-4-methanol, of pyridine, of prymidine, and
of phenanthrene (9). (b) A chemical grouping in the
flat surface that favors interaction with compounds
having a nitrogen in their ring system, such as the
quinoline derivatives. This would account for increased
accumulation of chloroquine with increasing pH (Fig.
2). Also, interactions with this grouping would help
explain the differing affinities of the receptor for the
various compounds with which it interacts (9). Fur-
thermore, the proximity of the side chain to the nitrogen
atom in the ring of 8-aminoquinoline derivatives might
hinder interaction with this grouping and account for the
failure of primaquine and pamaquine to inhibit chloro-
quine accumulation competitively. And (c) an anionic

site located in the proper geometric relationship to the
flat surface to attract the protonated terminal nitrogen
atom of the side chain. The existence of this site would
explain the higher affinity of the receptor for compounds
with a terminal nitrogen atom in the side chain, and it
might explain the apparent restriction on length of
the side chain.
The fact that this receptor accommodates drugs with

diverse chemical structures can be exploited in the de-
sign of new antimalarial drugs. Unfortunately, however,
strong interaction with the receptor by itself does not
assure a desirable chemotherapeutic result. On the con-
trary, when CS P. berghei becomes resistant to one of
the drugs served by this receptor, it develops resistance
to other drugs served by the receptor (9). For this
reason, strong interaction with the receptor predicts re-
sistance of CR P. berghei to the drug rather than sus-
ceptibility. In addition, the ultimate effectiveness of an
antimalarial drug is determined not only by the inter-
action between the drug and the parasite but also by the
handling of the drug. by the host and by the response of
the host to the drug.
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