Biochemistry2003,42, 9383-9394 9383

Trans Stimulation Provides Evidence for a Drug Efflux Carrier as the Mechanism
of Chloroquine Resistance iRlasmodium falciparuiin

Cecilia P. SanchezWilfred Stein® and Michael Lanzer*

Hygiene Institut, Abteilung Parasitologie, Umirsitd Heidelberg, Im Neuenheimer Feld 324, D-69120 Heidelberg, Germany,
and Biological Chemistry, Silberman Institute of Life Sciences, Hebrewedsity of Jerusalem, Gat Ram,
Jerusalem 91904, Israel

Receied February 17, 2003; Résed Manuscript Receéd May 13, 2003

ABSTRACT. The mechanism underpinning chloroquine drug resistance in the human malarial parasite
Plasmodium falciparurhas remained controversial. Currently considered models to explain the resistance
phenotype include acquisition of a chloroquine efflux pump, changes in intracellular chloroquine
partitioning, diminished binding affinity of chloroquine to its intracellular target, heme, and changes in
heme crystallization. To challenge these different models, we have investigated chloroquine accumulation
under trans-stimulation conditions and in the presence and absence of glucose. We show that, in chloroquine-
sensitive strains, labeled chloroquine accumulation is steadily reduced as the pre-equilibrated chloroquine
concentration is raised. In the resistant cells, the extent of accumulation is, strikingly, raised at the lower
levels of preloading, in comparison with resistant controls in the absence of chloroquine. The trans
stimulation effect observed in chloroquine-resistant cells is strictly energy-dependent. The data are
interpreted in terms of a model in which chloroquine is bound to intracellular binding sites, not different
as between sensitive and resistant cells, but where, in resistant cells, there exists an energy-dependent
carrier that moves chloroquine out of this intracellular compartment. A mathematical model describing
the kinetics of these processes is presented.

Chloroquine, once the first-line antimalaria drug in the enzymes 3§, 4) and destabilizes membranes by promoting
global campaign against malaria, now frequently fails in the lipid peroxidation §) and facilitating ion exchangé&). The
field because of widespread resistance. As affordable alternaparasite neutralizes this toxin through three independent
tives to chloroquine (CQ)are not available, the incidence pathways: peroxidative decompositio),( glutathione-
of malaria has steadily increased during the last two decadesdependent degradatio8, @), and crystallization to insoluble
to today’'s staggering figures of an estimated -3600 and inert hemozoin1(0). Chloroquine, which accumulates
million clinical cases and-13 million deaths annuallylj. to mM concentrations within the food vacuole, forms a stable
In an effort to develop drugs that reverse or circumvent complex with heme§, 11, 12), resulting in a buildup of
chloroquine resistance, the molecular mechanism(s) undertoxic membrane-associated henwhloroquine complexes
pinning this phenotype has been intensely investigated inthat eventually destroy the integrity of the parasite’s mem-

the human malarial parasiEdasmodium falciparunduring branes {3—17).
the past decades, yet the nature of this resistance has as the parasite must degrade hemoglobin both to meet its
remained controversial. nutrient requirements and to counteract osmotic imbalances

Chloroquine’s mode of action is intricately linked with  yithin the host erythrocyte resulting from its own anabolic
the parasite’s heme metabolist®).(During development  ctivities (L8), the production of heme cannot be avoided.
within human erythrocytes?. falciparumfeeds on the host  accordingly, cell-free extracts prepared from chloroquine-
cell’'s hemoglobin, which is taken up by the parasite and gensitive (CQS) and chloroquine-resistant (C@R)falci-
digested within acidic vacuoles. The heme moiety released parumstrains bind similar levels of chloroquin&g, 20). In
during hemoglobin degradation inhibits the activity of several vivo, however, CQR parasite strains accumulate significantly
less chloroquine than do CQS strai@g,(22). These findings
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chloroquine-resistants, dissociation constant between chloroquine  of mytidrug-resistant cancer cells, which would expel
and its intracellular binding site (Michaelis constark);, apparent

binding constant of chloroquine to the efflux carrier (Michaelis inNcoming chloroquine from the ce28—27). While the initial
constant)y,, pump-to-leak ratio. report showed an accelerated chloroquine efflux in CQR
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parasite strains, as compared to that in CQS parasite strainEXPERIMENTAL PROCEDURES

(25), subsequent studies failed to corroborate this finding . 5 . ) .
(28, 29). Moreover, epidemiological surveys revealed only _Materials.[*H]-Chloroquine diphosphate (18.8 Ci/mmol),

a vague association between chloroquine resistance and’Hl-hypoxanthine (17.9 Ci/mmol), and NCS-Il tissue solu-
mutations and/or amplification of tH: falciparummultidrug bilizer were supplied by Amersham International. Chloro-
resistance gene ndrl) (30—36), while a genetic cross done  Auine, verapamil, and glucose- and bicarbonate-free RPMI
between a CQS and a CQR clone found no linkage at all 1640 supplemented with 25 mM HEPES-Na and 2 mM

(37). Instead, the cross revealed that chloroquine resistanced/Utamine were purchased from Sigma. Bicarbonate-free
is causatively linked with polymorphisms within a gene of RPMI 1640 containing 11 mM glucose and supplemented
hitherto unknown function, termegfcrt (38). with 25 mM HEPES-Na and 2 mM glutamine was purchased

from Gibco. The ATP assay kit wa chased from
The second model invoked differences in chloroquine ' I Ssay KL was purchas '

Calbiochem.
partitioning as the basis of the drug-resistant phenotype. . .
Chloroquine, which is a lipophilic, diprotic weak base, P. falciparum CulturesThe P. falciparumclones HB3,

readily crosses membranes by passive diffusion to ac- Dd2, 5106, and FCB were cultured as descrites) and

cumulate in the acidic compartments, such as the parasite’sSynChron'Z@‘OI using the sorbitol methdif). The genotypes

o f the strains used were confirmed by microsatellite analysis
food vacuole, where it binds to hem®9( 40). As chloro- ot
quine uptake would depend on the pH gradient between theWIth the markers C2 M22, BS M122, B7 M78, and PTRRM,

exernal medkum (pH- 1.3) and e vacuole (o 50, 2, eseibed 0, The suscepibity o ne srans o
elevation in the vacuolar pH would reduce acidotropic q NN P

accumulation of chloroquinel@, 41). However, differences infected erythrocytes were purified using a strong magnet

: . . VarioMACS, Miltenyi Biotec, Germany), as describe).
in vacuolar pH between CQS and CQR parasite strains hav ( o . o
not been fOEInd42-44) WSh the echept?on of one study SThis yielded a purity of trophozoite-infected erythrocytes of

. O ’ - ', 98-100% as determined by microscopic examination of
which surprisingly reported a more acidic pH for the food ~: .

. Giemsa-stained blood smears.

vacuole of CQR parasites as compared to that of CQS ] ) - ]
parasites, contrary to the partitioning mod&3)( These latter ~1rans-Stimulation AssayMagnet-purified trophozoite-
authors interpreted their finding by suggesting that heme mfected erythrocytes were resuspended in reaction buffer A
aggregates and crystallizes better at an acidic pH, which in (bicarbonate-free RPMI 1640 containing 11 mM glucose and
turn would reduce the amount of heme available as a targetsupplementetj with 25 mM HEPES-Na and 2 mM glutamine,
for chloroquine 46, 47). Several subsequent studies have PH 7.3 at 37°C) at a hematocrit of 30 000 celid/. The

questioned the conclusions drawn by this stu; 48), in hematocrit was determined by using a Neubauer co_unting
particular casting doubt on the validity of the fluorimetric chamber. The cells were then incubated atG#or 15 min

approach used to determine vacuolar pH values by pointingin the presence of different preloading chloroquine concen-

out that the parasite’s food vacuole is extremely sensitive to rations ranging from 0 to 10,6M. After preloading, cells
photolysis 49). were washed twice in ice-cold reaction buffer A (pH adjusted

. . to 7.3 at 4°C) and then resuspended in prewarmed reaction
The third model suggests that CQR strains reduce they, e A containing 43 nM JH]-chloroquine. The reaction

affinity of _chlloroquine_ to heme thro_ugh thg intervention of was held at 37C, and the time course ofHl]-chloroquine
a heme-binding protein such that this protein reduces access, .. mylation was monitored. Duplicative 75 mL aliquots
of chloroquine to its targe0, 50-52). Despite its overall  \ are removed from the reaction at various time points and
appeal, this model suffers from a lack of genetic and g teq with an equal volume of ice-cold reaction buffer A.
blochem_lcal d_at_a, demonstrating _thgt_heme—bmdlng proteinsthage aliquots were immediately spun through a layer of a
of parasite origin, such as the histidine-rich proteinl2, (5.4 mixture of dibutyl phthalate and dioctyl phthalate
53), have altered binding specificities for heme in CR (1500, 5 s) to separate the cells from the aqueous medium,
falciparumstrains as compared to those in CQS strains.  \\hich contained the unincorporatetH]-chloroquine. The
The debate on the mode of chloroquine resistance is fueledaqueous phase was removed from each sample, and its
by a lack of solid biochemical and kinetic data on chloro- radioactivity was determined to obtain an accurate measure-
quine uptake and accumulation, resulting from difficulties ment of the extracellulariH]-chloroquine concentration in
in obtaining pure populations oP. falciparuminfected each reaction. The cell pellets were recovered by cutting the
erythrocytes. Until now kinetic studies have solely relied on reaction tubes through the oil layer. The tips of the tubes
cell culture material containing only-510% parasitized  containing the cell pellets were placed in a larger 1.5 mL
erythrocytes and 90% or more of uninfected erythrocytes. Eppendorf tube and incubated with 66 mL of ethanol and
The contribution of the large amount of uninfected eryth- 33 mL of tissue solubilizer overnight at 3&. The lysates
rocytes to the outcome of kinetic studies has been largely were decolorized by the addition of 25 mL of 30%®4
ignored. Here we have employed a recently described and acidified by the addition of 25 mLfd N HCI. The
magnetic purification protocol to obtain pure populations of lysates were transferred to scintillation vials, and the
P. falciparuminfected erythrocytesh@). This enabled usto  radioactivity was measured using a liquid scintillation counter
design a set of simple kinetic experiments to challenge the (TRI-CARB 2100 TR, Packard). The intracellular chloro-
various models proposed for chloroquine drug resistance. Ourquine concentration was calculated from the amountHdjf [
data are inconsistent with the partitioning model and the chloroquine taken up by the cells and by assuming that the
diminished-binding model, but favor the presence of an volume of a trophozoite-infected erythrocyte is 75 89).
energy-dependent chloroquine efflux pump as the basis of Chloroquine accumulation was then expressed as the ratio
chloroquine resistance iR. falciparum of the intracellular versus the extracellular chloroquine
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concentration (CQ'CQuu). Where indicated, trans-stimula- by

tion experiments were performed under glucose-free condi-

tions in reaction buffer B (glucose- and bicarbonate-free i: P )
RPMI 1640 supplemented with 25 mM HEPES-Na and 2 S ptk

mM glutamine). Cells were held in reaction buffer B for 10

min to deplete them of intracellular ATP prior to the  Bray et al. @0) demonstrated that binding constants
commencement of the experiment. determined in experiments such as those of Figure 6 in the
present paper on drug-sensitive parasites were very similar
to binding constants directly derived from binding of
chloroquine to heme in cell debris, measured in free solution.
This suggests that the concentration of free chloroquine
within the drug accumulation compartment in the sensitive
parasite is indeed the same as that in the external medium.
‘This is consistent with the parametebeing equal to zero

in the drug-sensitive cells. Substituting f@rfrom eq 2 into

eqg 1 and simplifying, we obtain:

Energy Dependence ofH]-Chloroquine Flux.Magnet-
purified trophozoite-infected erythrocytes were resuspended
in reaction buffer B at a hematocrit of 30 000 cells/and
incubated at 37°C in the presence of 43 nM ofHl-
chloroquine. At the time points indicated, duplicativeid5
aliquots were withdrawn and analyzed as described above
After 20 min of incubation, the reaction was split in half.
To one half, glucose was added to a final concentration of
11 mM, and the time course ofH]-chloroquine flux was

monitored in both halves of the experiment, as described STot
above. The amount of3fi]-chloroquine taken up was ES:p—i-—k (3
calculated and normalized toxl 10° infected erythrocytes. Ky 0 +S

Measurement of Intracellular ATF.he concentration of
ATP within the parasite was measured using the ATP-Assay We write (0 + K)/p asr, which is equal to (1 the pump-

kit (Calbiochem) as described by the manufacturer. to-leak ratio) and a useful parameter in what follows.
[3H]-Chloroquine Uptake AssayThe kinetic studies on Equation 3 becomes:

chloroquine uptake at initial rates were done as previously S Tot

described §0). ES= Kits (4)

Curve Fitting. Kinetic data were analyzed using computer-

ized least-squares fit methods (Sigma Plot 2001, Jandeljt will immediately be obvious that eq 4 enables us to define
Corporation). an apparent binding constaip, Which expresses the
Theory of Chloroquine Uptake Kinetic®ur model takes ~ dependence of the total chloroquine bound intracellularly,
three aspects of chloroquine accumulation into consider- ES, at the prevailing pH gradient, as a function of the
ation: (i) the increased distribution of chloroquine within extracellular concentration of chloroquir®, The parameter
the food vacuole, as compared with its concentration in the Kapp is clearly equal tar timesKp. Thus, as the pump-to-
external medium, as a result of the pH gradient between theleak ratio increases, so will the apparent binding constant
vacuole and the cell exterior, (i) the binding of chloroquine for chloroquine increase, in strict linear fashion wtfk
to its intracellular binding sites, and (iii) the effect of an ~ We must assume, however, that the chloroquine pump has
outwardly directed pump on intracellular/extracellular chlo- its own dependence on the concentration of chloroquine and
roquine distribution. We assume that for both sensitive and that it operates on chloroquine, as pumps do in general, with
resistant cells, the pH gradient and the amount of intracellular itS rate having a hyperbolic (Michaelian) dependence on
binding site material are not different. Denoting the concen- chloroquine concentration, with half-saturation concentration
tration of free intracellular chloroquine &g the total binding ~ ©f Kp. We can write, withk, as the maximum velocity of
capacity of the chloroquine-binding component inside the PUMPING,

cell as Tot, the half-saturation constant for bindingkas Sk,
and with the concentration of bound chloroquineEs; at k= (5)
the prevailing pH gradient, we can write: S+ Kp

STot Substituting fork, the operative rate constant at ayfrom

=T S (1) this equation into eq 2 and simplifying, we obtain:
b
S_%tS ©
The termK, contains within it both the intrinsic affinity S KfetS§

of the chloroquine-binding site for its substrate and also the ) o

effect of the pH gradient between the extracellular medium Where nowr, is equal to (1+ the pump leak ratio), in terms
and the compartment where chloroquine is bound. Consider®f the maximum value of the pump rate consten(This is
now the effect of an outwardly directed pump on the & guadratic equation fd in terms of%, K, andro. This

distribution of chloroquine. Chloroquine enters and leaves @0 be solved and rewritten to give

the cell by simple diffusion with a rate constantthe same 5
for both directions. In addition, it leaves the cell through S_(A-Q=+yI-Q +4rQ .
the action of the pump, which acts on it with a rate constant S o 2r, (7)

k. Then, with S, as the extracellular concentration of
chloroquine, the distribution ratio of chloroquine is given whereQ is Ky/S.. In preliminary analyses of the data, it was
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found that far better graphic fits to the data could be obtained substrate, down its concentration gradient that is established
if it was assumed that the postulated pump acts in a by an energy-dependent process.
cooperative fashion upon its substrate chloroquine. With a

Hill number of n, we writeQ in eq 7 as RESULTS
K Chloroquine Accumulation Is Energy Dependeyife
Q= pn (8) initially reexamined the observation that chloroquine han-
(S) dling is energy dependent in both CQS and C@R

falciparumstrains 44, 61), using our transport assay. Two
A stoichiometry of 2 (i.e., witn = 2) was found to give P, falciparumclones were investigated: Dd2, a CQR parasite

excellent fits to the data. from Indochina (IGo= 137.04+ 11.0 nM), and HB3, a fully
Equation 7 gives the steady-state ratio of chloroquine in chloroquine-susceptible clone from Hondurassgl€ 16.0
terms of the pump-to-leak ratio and of the ratiokgfto . =+ 1.0 nM). Purified erythrocytes infected with trophozoites
Dividing the top and bottom of the right-hand side of eq 1 (purity exceeding 98%) were incubated with 43 nM ¥
by S, writing S/, asR andKy/S, asB, we obtain chloroquine, and the time course of uptake was monitored.
At the 20 min time point, glucose was or was not added to
ES= RTot ©) a final concentration of 11 mM and incubation continued.
B+R Again, the amount of 3H]-chloroquine taken up was

] o ) monitored over time. Figure 1 depicts the means and standard
~ SinceR s given exactly by eq 7 and can be substituted errors of nine such experiments performed over several
into eq 9, we now have the full solution of the amount of \yeeks. In three experiments, the ATP levels in the cells were
accumulation of chloroquine intracellulargS, at the  measured, with the results shown in the lower half of the
prevailing pH gradient in terms of the parameters K, figure. The chloroquine uptake was very similar in the two
Kp, andr,, and of the extracellular chloroquine concentration, strains investigated during the initial 20 min incubation in
S. Of the four parameters, Tot ari€i can be found from  he apsence of glucose. After glucose was added, however,
binding experiments done on the drug-sensitive parasitesihe time courses of chloroquine uptake showed marked
where, by assumption, there is negligible drug pumping. The gjfferences between HB3 and Dd2. Chloroquine accumulated

remaining two parametert, andr,, can then be found from {5 an increased extent in the CQS strain, but left the cells in
experiments using resistant parasites and were calculatedne CQR strain.

using computerized least-squares fit methods (Sigma Plot,
Jandel Corporation).

Equations 1 and 4 can readily be transformed into forms
that describe the accumulation of label, at the steady state,
as a function of preloaded chloroquine, as required by the
experiments of Figures-25 of this paper. We assume that
the concentration of the labeled drug is low in comparison
with the saturation constanks, andK,. It is then sufficient
to replace the terms i8in the numerator of these equations
by Ky, the drug-binding constant. We obtain for the sensitive
cells

Curve fitting of the uptake curves, before glucose addition,
to a simple exponential uptake curve gave the results
collected in Table 1, where it can be seen that the rate
constant of uptake is much the same for the two strains
investigated. After glucose addition, the increased accumula-
tion in the CQS strain again follows a simple exponential
uptake curve. The data obtained by curve fitting (Table 1)
suggest that the rate of uptake is slower, but not much slower,
during this time period than it was for the first 20 min in
the absence of glucose in both the CQS and CQR strain.
After glucose addition, however, the rate of loss of chloro-
S TotK quine from the resistant strain fits a simple exponeiedtiilix

= b (10) curve with a rate constant of 0.1 0.02 min? (Table 1).
S Kyt S The rates of accumulation of ATP in both the sensitive and
the resistant strain (Figure 1, ¢ and d) again fit simple
with S, now being the concentration of preloaded chloro- exponential uptake curves (Table 1). Interestingly, the rate
quine, while for the resistant cells of accumulation of ATP in the CQR strain Dd2 (0.410.01
min~?) is fairly close to the rate of loss of chloroquine from
S . TotK, the resistant cells. A possible interpretation of this finding
is presented in the discussion.

S Kpt+§
Trans Stimulation Resals Fundamental Differences in

S is again the concentration of free drug and is obtained Chloroquine Flux between CQS and CQR Straiia
using eq 7. investigate further the differences in chloroquine accumula-

The above equations can be modified to take into accounttion between CQS and CQR strains, we performed a series
a binding component that does not saturate in the concentra-of experiments in which erythrocytes infected with tropho-
tion range studied. All that needs to be done is to add a factorzoites of HB3 or Dd2 were pre-equilibrated with unlabeled
TSto the right-hand side of each equation, wh&&is the chloroquine at different concentrations, ranging from 0.1 to
contribution of the nonsaturable component at any concen-10uM, (or without chloroquine for the controls) for 15 min
tration S. Note that the derivation of these equations does before the cells were washed and placed in media containing
not assume any special mechanism for the chloroquine pump43 nM of [*H]-chloroquine. This is the so-called trans
Pumping may be by a primary ATP-consuming pump or by acceleration or transtimulation procedure, much used in
a secondary pumping system in which chloroquine transport classical transport studiesZ). We reasoned that the
is linked to the movement of some other transportable unlabeled chloroquine would compete with the labeled

(11)
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Ficure 1: Energy dependence of chloroquine fluxmn falciparum.Temporal changes in radiolabeled chloroquine accumulation were
monitored in the (a) CQS strain HB3 and the (b) CQR strain Dd2, in glucose-free me@juand after addition of glucos©j. An arrow

indicates the time point of glucose addition. The meanSE of nine independent determinations are shown. Data points used for curve
fitting are connected by solid lines. The intracellular ATP concentration under these experimental conditions are given in (c) for HB3 and
(d) for Dd2. A representative example of three independent determinations is shown. The kinetic parameters calculated from the fitted
curves are compiled in Table 1.

Table 1: Kinetic Parameters for Chloroquine Uptake and Efflux and Intracellular ATP Accumulation in DifReréaitiparumStraing

CQ uptake rate

—glucose +glucose CQ efflux rate ATP production rate
strain status min~t min~t min~t min~t
HB3 CQs 0.89+ 0.02 (9) 0.49+ 0.12 (9) 0.17£0.01 (3)
S106 CQs 0.32: 0.05 (4) 0.37+ 0.06 (4) n.c
Dd2 COR 0.62+ 0.08 (8) 0.17+ 0.02 (8) 0.11+ 0.01 (3)
FCB COR 0.44+ 0.05 (5) 0.11+ 0.02 (5) n.c

@ The values represent the meahsSE of n independent determinations and are derived from curve fitting of the data shown in Figures 1 and
5.% Not determined.

chloroquine at the intracellular binding sites in both the chloroquine fall below the controls. Thus, the pre-equilibrated
resistant and the sensitive cells, but that in the resistant cellschloroquine appears to compete with the labeled chloroquine
it might, in addition, by trans stimulation compete with the for binding to the intraparasite binding sites. For the CQR
system that lowers the intraparasite chloroquine concentra-strain Dd2 this is not the case. The points for cells that were
tion. The results of such experiments are depicted in Figure pre-equilibrated with chloroquine at the lower levels rise
2, with Figure 2a being the experiments with the CQS strain above the control levels. It would appear that, at these low
HB3 and Figure 2b showing the data for the CQR strain levels of intracellular chloroquine, the chloroquimehances
Dd2. For clarity, only the points for the controls (cells that the uptake of label. At the higher chloroquine levels, the
did not receive unlabeled chloroquine) are connected by system approaches that of the CQS cells in that unlabeled
dotted lines. In all cases, the level ofH]-chloroquine chloroquine apparently now competes with the intraparasite
increases with time to a maximum and then falls again, the binding sites.
descending portion arising, presumably, from the loss of both  Changing the probindgif]-chloroquine concentration from
the labeled and the unlabeled chloroquine from the cells. In 43 to 4 nM (below the 16 value of HB3) or 400 nM (above
separate studies, we measured the rate of loss of thethe 1G, value of Dd2) had no significant effect on the
chloroquine that had been preloaded and found that at leasbutcome of the preloading experiment (data not shown). In
one half was lost during 20 min of incubation (data not other control experiments we monitored rhodamine 123
shown). uptake by flow cytometry as an indicator for cell viability.

A clear difference is apparent, however, between the In addition, we measured intracellular ATP levels. No
results for the CQS and the CQR strain. For the CQS strainchanges in cell viability or in intracellular ATP concentra-
HB3, the points for all the cells pre-equilibrated with tions were observed during the course of the trans-stimulation
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a quine concentration to take into account that the parasites

1500 - take up substantial amounts of the drug from the medium
during the preloading phase. The extracellular chloroquine
concentration at equilibrium was determined for each pre-
loading condition in independent experiments by using an
appropriate concentration ofH]-chloroquine.

This analysis underscores the difference between the
results for the CQS and for the CQR strain investigated. In
HB3, the accumulated chloroquine falls continuously as the
concentration of pre-equilibrated chloroquine rises. In Dd2,
by contrast, the accumulation first rises and then falls with
rising levels of pre-equilibrated chloroquine. The smooth
0 ! . , . lines through the points are obtained by curve fitting. The
0 20 40 60 models used in these curve fits and the derived equations
b based on them are given in the Experimental Procedures and

300 - are described in the Discussion.

Trans-Stimulation Effect Is Energy Dependérd.inves-

250 tigate whether the energy-dependent chloroquine efflux and
the trans-stimulation effect (both phenomena being observed
for the CQR strain Dd2) are linked, we performed a series

& of trans-stimulation experiments with cells held in glucose-

16 rich and glucose-free medium. Cells held in the glucose-

§§ b free medium were glucose-starved before preloading with

Y v é % chloroquine and remained starved during the subsequent

uptake of label. Accumulation offi]-chloroquine under

M trans-stimulation conditions was determined at the 4 min time

point only and analyzed as a function of the equilibrium

0 20 10 60 chloroquine concentration in the corresponding preloading

medium, as described above (Figure 4). In the glucose-rich

. o Chloroatine accumulation under trans.stimulation medium, a trans-stimulation effect is observed with Dd2 but

IGURE Z: ul umulation u -stimuliati i i i in Ei
conditions.(a) CQqutrain HB3. (b) CQR strain Dd2. Cells were not with HB3, Cons_lstent .Wlth the data Shown_ in Flg_ures 2
pre-equilibrated in medium containing the following chloroquine and 3. The trans_-stlmulatlon effect, howgver, is lost in Dd2
concentrations: O®); 0.1xM (<); 0.25xM (M); 0.5xM (O0); 1.0 when the experiment was conducted with glucose-starved
uM (O); 2.5uM (¥); 5.0uM (v); 10.0uM (®). After preloading, cells. Now, the uptake of labeled chloroquine drops with
cells were placed in medium containing radiolabeled chloroquine, increasing chloroquine in the preloading solutions and is

and the time course of label uptake was monitored. Chloroquine parallel in both the CQS strain HB3 and the CQR strain Dd2
uptake is expressed in terms of the ratio of the intracellular versus

the extracellular3H]-chloroquine concentration, GACQou The (Figure 4, c and d). The amount Qf labeled chloroquine taken
data points for the controls, cells that were not pre-equilibrated with Up by the glucose-starved cells in the absence of preloaded
unlabeled chloroquine, are connected by dotted lines. The meanschloroquine is consistent with the data in Figure 1 before

=+ SE of three or more independent determinations are shown. addition of glucose. Apparently, to see the rise and fall in
experiments or between control and chloroquine-preloadedchloroquine accumulation with increasing preloaded chlo-
cells (data not shown). Thus, the differences seen betweerroquine in the CQR strain Dd2, an energy input is needed.
HB3 and Dd2 under these trans-stimulation conditions cannot Energy-Dependent Efflux and Trans Stimulation Are
be explained by differences in cell viability or a correlation Associated with Chloroquine Resistante.test whether the
between the 1§ value and probing chloroquine concentra- phenomena described above were, or were not, confined to
tion. Instead, they seem to be a direct consequence of thethe two strains investigated up to now, we performed a
parasites’ different handling of the drug. similar set of experiments with the CQS clone S106s¢IC
To study the trans-stimulation effect further, we analyzed = 36.0+ 4.0 nM) and the CQR clone FCB (}¢= 131.0
the data obtained at times leading up to the uptake maximum= 11.0 nM). According to recent studies, this is a matched
in Figure 2, a and b. We fitted the uptake curves to simple pair of strains with a high degree of genetic similarig(
rising exponentials for the first 7 min for the CQS data and 63). A subtle, but important genetic difference between the
the first 5 min for the CQR data. Essentially similar data two lies in theirpfcrt genes, which differ by only a single
were found if we fitted the data for the CQS strain for the nucleotide, rendering S106 chloroquine sensith&. \Whereas
first 5 min only, but we chose the longer time for further FCB harbors thepfcrt allele causatively linked with the
analysis because the CQS cells take longer to reach thechloroquine-resistance phenoty38,(64, 65), S106 appears
maximum in chloroquine uptake. In Figure 3, a and b, are to have resulted from a reversion event in which the amino
plots of the plateau values found for these data (essentiallyacid Thr found in the CQR PfCRT protein at position 76
the maxima in the accumulation curves for each chloroquine was changed back to the wild-type Ly33( 58).
concentration) against the equilibrium extracellular chloro-  Under conditions of glucose starvation, both S106 and
quine concentration of each preloading condition. The FCB take up labeled chloroquine with comparable rates
equilibrium chloroquine concentration in the preloading (Table 1). After the addition of glucose, however, chloro-
medium was used instead of the initial preloading chloro- quine flux in the CQS and CQR strains is once again
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Ficure 3: Effect of preloading with unlabeled chloroquine éHJ 280 350
chloroquine uptake in the CQS strain HB3 and the CQR strain Dd2.
The maxima in the accumulation curves for each pre-equilibrated 240 1 300
chloroquine concentration were calculated from Figure 2 and
analyzed as a function of the equilibrium chloroquine concentration _ 399 - 250
during each preloading condition. Chloroquine accumulation is 5
given as the ratio of the intracellular versus the extracelldtd}-[ O 16 200
chloroquine concentration, G@CQ,.. (&) HB3 @). Data were 5=
fitted using eq 10, assuming a simple diffusion and binding model. J
(b) Dd2 (©). The data were fitted using eq 11, assuming that the 120 150
resistant strain has an additional energy-dependent efflux pump that
moves chloroquine out of the compartment where it accumulates. 80 - 100
The solid line represents a model where the pump expels two
chloroquine molecules per pump cycle, and the dotted line 0
represents a model where the pump expels one chloroquine 0 3 6 9 0 3 6 N
molecule per cycle. The meassSE of three or more independent
determinations are shown. In some cases, the error bars are smaller chloroquine(uM) chloroquine (uM)
:Rgngﬁgghs'ze of the circles and are, for this reason, not visible in Ficure 4: Effect of an energy input on trans-stimulated chloroquine

uptake in theP. falciparumstrains HB3 (a and c) and Dd2 (b and

. . d). [BH]-Chloroquine accumulation after 4 min of incubation with
fundamentally different between strains, here S106 and FCB'the label (given as the ratio of the intracellular versus the

While S106 accumulates chloroquine further, FCB reduces extracellular $H]-chloroquine concentration, GECQu., at that time

its intracellular drug level when energized (Figure 5, a and point) was analyzed as a function of the pre-equilibrium chloroguine
b). The different handling of chloroquine is also revealed concentration. Uptake studies were performed in glucose-rich
under trans-stimulation conditions. In the CQS strain S106, medium (ahand b) ansd 9'$?°5e'free mephgm (Cda“d 3)- The data
the drop in accumulation of théH]-chloroquine is continu- represent the mearis SE of four or more independent determina-

- p ) . q tions. The data were analyzed by curve fitting, using eq 10 for the
ous with increasing preloaded chloroquine, whereas for the data presented in a, ¢, and d and using eq 11 for the data presented
CQR strain FCB, the accumulation of labeled chloroquine in b. The solid line in b assumes a chloroquine pump with
first rises and then falls with increasing drug in the preloading coopera:ur:/et ?Ct'V'W ({'“” f?CtO': Z)HIand the dotted |”|19 assumes,

: ; : -@ pump that transports only one chloroquine per cycle. € Kinetic
tsk?éuggﬂie(';Lgﬁ:gts(’:%??ndsg;ir-:—gehsaevgaiglz?recgngftgﬂte\pggjparameters obtained by curve fitting are compiled in Table 3.

dependent chloroquine efflux mechanism. and CQR strains, whereas for the CQR strains it is addition-

5 The DrL(J:gh:Efﬂux l_\/IodzI Is Cor;si_st?rnr': Witg Existing Kirr:etic ally assumed that they have an energy-dependent chloroquine
ata on Chloroguine Accumulatiort.he observation that o),y carrier. As seen in Figure 6, our model fits the data

the apparent binding affinity of chloroquine to heme is of both the CQS and the CQOR strains investi S
. - . ; gated with high
reduced in CQR strains as compared to that in CQS strainsg,hidence. Thus, the efflux carrier model is fully consistent

(20, 60) has been interpreted as evidence for a model in in existing data on chloroguine accumulation kinetics
which chloroquine resistance is brought about by a heme'described in the literature

binding protein, which controls access of chloroquine to its

target @0, 51, 52). However, would not an outwardly directed  pjScuUSSION

chloroquine pump have the same effect on chloroquine

accumulation kinetics? To test this hypothesis, we measured The data presented in Figure 1 are compatible with most,
chloroquine accumulation rates as a function of the externalif not all, models that attempt to account for chloroquine
chloroquine concentration in the CQS strains HB3 and S106 resistance. They simply demonstrate that some energy-
and in the CQR strains Dd2 and FCB (Figure 6). The data dependent mechanism leads to the loss of chloroquine from
obtained are comparable to those described by Bray et al.resistant cells but leads to its accumulation in the sensitive
(20). We then fitted the data using our kinetic model, that cells. The trans-stimulation experiments depicted in Figure
is, uptake of chloroquine by diffusion and binding to identical 2 are, however, more discriminatory. It is clear from Figure
intracellular targets and under identical pH gradients in CQS 2, and even more so from Figures B, that preloading cells
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o 2 4 6 8 o 2 4 6 8 FiGure 6: Kinetics of chloroquine uptake in differeRt falciparum
. strains. Initial rates of chloroquine uptake (in fmol chloroquine/1
chloroquine (uM) chloroquine (nM) x 10° parasites/min) were analyzed as a function of different

FiGURE5: Energy-dependent chloroquine flux and trans-stimulated €xXtracellular chloroquine concentrations. (a) H®§ &nd Dd2 ©).
chloroquine uptake in the CQS strain S106 and the CQR strain (P) S106 ®) and FCB ©). The data represent the meahSE of
FCB. Energy dependence of chloroquine flux was monitored in three or more independent determinations. The data for the CQS
the CQS strain S106 (a) and the CQR strain FCB (b) in the presencestrains HB3 and S106 were curve fitted using eq 1, assuming a
(O) and absence of glucos®), An arrow indicates the time point simple diffusion and binding model. The data for the CQR strains
of glucose addition. Data points used for curve fitting are connected Dd2 and FCB were curve fitted by using eq 4, assuming that a
by a solid line. The kinetic parameters obtained by curve fitting PUMP expels chloroquine from the compartment where it ac-
are compiled in Table 1. (c and d) Trans-stimulated chloroquine cumulates. The kinetic parameters obtained by curve fitting are
uptake in S106 (c) and FCB (d)H]-chloroquine accumulation ~ compiled in Table 2.

after 4 min of incubation with the label (given as the ratio of the . . . .
intracellular versus the extracelluldH]-chioroquine concentration,  Within the vacuole might deplete the pH gradient and lead

CQW/CQuy at that time point) was analyzed as a function of the t0 a lowered extent of accumulation.
pre-equilibrium chloroquine concentration. The data represent the In the case of the CQR cells, however, low levels of
meanst SE of four or more independent determinations. The data preloaded chloroquine lead to @mcreasein the extent of

were analyzed by curve fitting, using eq 10 for the data presented ; ;
in ¢c and eq 11 for the data presented in d. The solid line in d accumulation of the drug. Only at the higher Ieyels Of.
assumes a chloroquine pump with cooperative activity (Hill factor Preloaded chloroquine does the extent of accumulation begin

= 2), and the dotted line assumes a pump that transports only oneto fall below the maximal level, eventually reaching a level
chloroquine per cycle. The kinetic parameters obtained by curve lower than that of the control (in the absence of preloaded
fitting are compiled in Table 3. chloroquine). Can this be accounted for by a model in which
) ) o ) ) chloroquine resistance is brought about by a model in which
with chloroguine has a qualitatively different effect in CQS 3 heme-binding protein diminishes the binding affinity of
than in CQR strains, irrespective of the probind]t chloroquine to heme? It is perhaps possible that a version
chloroquine concentration. In CQS strains, each additional of the binding diminution model might be able to fit these
increment of Chloroquine within the cells leads to a dl’Op in data' but we ourselves have not been able to come up with
the accumulation of labeled chloroquine. This is compatible gych a model. No change in the affinity of chloroquine for
with the internal chloroquine competing with incoming label  some intracellular binding component nor the presence of
for binding to some intraparasitic binding site or binding additional chloroquine-binding sites would account for the
process. This could be binding to heme present in the parasitejata in Figures 25. Nor is it likely that a reduced
vacuole, as cogently argued for by Bray et aD,(61). With accumulation in the vacuole, due to a pH difference between
a turnover rate of 0.06 fmol/h of hemoglobi6g), each CQS and CQR strains, is the explanation since it is hard to
parasite produces sufficient heme to account for the chlo- see why, in CQR strains, low levels of preloaded chloroquine
roquine accumulation observed in CQS straiig).(Alter- should give rise to an increased pH gradient (giving rise to
natively, the chloroquine could be held within the vacuole increased accumulation) while higher levels of the same drug
as the diprotonated form, its accumulation being dependentshould have the opposite effect. Again, if the change in
on the vacuolar pHAY). In the latter case, excess chloroquine vacuolar pH leads to a reduction in the amount of heme
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Table 2: Kinetic Parameters for Initial Chloroquine Uptake in
Different P. falciparumStraing

: k $ K (binding) Kp (pumping)
CQ+H.—_‘KhCQ:H strain  status nM ro (pump/leak) nM
- N HB3 CQS 14.11.1(7)
e : — S106 CQS 15.%2.8(3)
p Dd2 CQR 84.0:120(5f 9.9+05(5) 0.27+0.19 (5)

FCB CQR 60.0-20.0 (67 28.0+10.0(6) 4.0+ 3.2(6)

@ The values represent the meah$SE ofn independent determina-
FiGUuRe 7: Proposed model of chloroquine resistance FAn tions and are derived from curve fitting of the data shown in Figure 6.
falciparum Chloroquine, CQ, enters and leaves the compartment Ks, dissociation constant between chloroquine and its intracellular
where it accumulates by a simple bidirectional leak, having the binding site (Michaelis constantk,, apparent binding constant of
rate constanp for drug movement in both directions. In addition, chloroquine to the efflux carrier (Michaelis constam);pump-to-leak
intracellular chloroquine is bound within this compartment to some ratio.” Assuming no pumping.
binding site,H, forming a stable complex, termed CQ:H, with a

binding affinity given by the dissociation constant (Michaelis system €8) was applied to chloroquine accumulationRn
constant), Kp. In chloroquine-resistant strains, chloroguine is falciparumto verify the interpretation of our data. As seen
ﬁ;\rﬂrﬁ’g Otlhce)urta?é ggﬁ;iggpartmem by an energy-dependent PUMP£rom the lines drawn in Figures-3, fairly good fits to the
appropriate equations (eqs 10 and 11 and 1 and 4) were

available as targets for chloroquine binding5¢47), a found, especially when a cooperativity of 2 was assumed
convoluted explanation will be needed to explain how a for the action of the efflux carrier on chloroquine (the solid
steadily rising level of internal chloroquine first depresses lines in Figures 3b and 4b). A stoichiometry of two
heme aggregation and crystallization and then improves it. chloroquine molecules per carrier cycle is preferred statisti-

The data of Figures-25 (and also Figure 6) are direct cally at the 5% level of significance for the data presented
predictions, however, of the very simple model that shows in Figures 3b and 4b. The efflux model thus has no trouble
that an energy-dependent, outwardly directed chloroquinein predicting the results of the trans-stimulation experiments
efflux mechanism is responsible for chloroquine resistance and the chloroquine-uptake kinetics for both CQS and CQR
in the CQR strains. At low levels, the pre-equilibrated cells. Note that for these curve fits we have taken the simple
unlabeled chloroquine will compete, on the carrier, with the standpoint that sensitive and resistant strains differ only in
labeled chloroquine that has entered by simple diffusion, the fact of the absence or presence of the chloroquine efflux
blocking efflux of labeled chloroquine and hence increasing carrier. Because we can fit all our data on this simple
the net entry of the label. This is the well-known trans- assumption, we have not attempted fits in which the
acceleration phenomenon, which has been unequivocallychloroquine-binding sites, the prevailing pH gradients, or the
shown to be characteristic of saturable, carrier-mediated relative volume of the food vacuole differs between sensitive
transport systemsp). It will not be found for a system in  and resistant strains. They may indeed differ between
which the substrate moves across the cell membrane bydifferent P. falciparumstrains or between CQS and CQR
diffusion (whether through the lipid phase of the membrane strains, but this will not affect the overall outcome or the
or through pores) and is merely held within the compartment interpretation of the trans-stimulation experiments (see
in which it accumulates by binding to some internal above). It should further be noted that our model, in the form
component or is redistributed there by a standing pH gradientof eqs 1 and 4, perfectly fits published kinetic data for steady-
(62). Trans acceleration is, however, a natural consequencestate and initial chloroquine accumulations in CQS and CQR
of the intervention of some carrier-mediated process in the strains, similar to those shown in Figure 6. Thus, our data
energy-dependent transport of chloroquine out of the com- are fully consistent with the concept that CQR strains control
partment into which it accumulates. At the higher levels of access of chloroquine to heme, as stressed by Bray et al.
preloaded chloroquine, the postulated carrier is already fully (20). Yet, the underlying mechanism is a drug efflux pump,
inhibited, and the unlabeled chloroquine, by competing for which serves to reduce the intracellular chloroquine con-
binding to the chloroquine-binding sites, now reduces the centration, and not a heme-binding protein that diminishes
extent of accumulation of labeled chloroquine, exactly as it the intrinsic drug-binding constant to heme.
does for the CQS strains. The curve fits yielded kinetic parameters for the dissocia-

On the basis of our data, we propose that the acquisitiontion constant between chloroquine and its intracellular
of an energy-dependent carrier-mediated efflux system is abinding site (Michaelis constantiXy; the apparent binding
minimal and necessary event in the generation of the constant of chloroquine to the postulated efflux carrier
chloroquine-resistant phenotypeRnfalciparum This carrier (Michaelis constant)Kp;, and the pump-to-leak ratia,
would extrude chloroquine from the compartment where it (Tables 2 and 3). Thé&, values obtained, by fitting the
accumulates (Figure 7). Chloroquine would enter this chloroquine uptake kinetics in Figure 6 using eq 4, are in
compartment by a simple bidirectional leak, through the lipid the nM range, are consistent with previous repdt; €0),
phase of the membrane or through pores, in a manner similarand are very similar for both the CQS strains HB3 and S106
to that in CQS strains (Figure 7). The chloroquine efflux (14.1+ 1.1 and 15. 7 2.8, all values in nM). For the CQR
carrier could be a primary active transporter, such as a pump,strains, the following values fag andK, were obtainedr,
or a secondary active transporter that co- or counter- = 9.9+ 0.5 andK, = 0.27+ 0.19 for Dd2; and, = 28.0
transports chloroquine with or against a substrate. =+ 10.0 andK, = 4.0 + 3.2 for FCB.

A kinetic model designed for a situation where intracellular ~ The values for the constankg, and K, found by curve
accumulation of a substance is counteracted by an effluxfits in the trans-stimulation experiments in Figures53
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Table 3: Kinetic Parameters for Chloroquine Uptake under that drives chloroquine transport. The rapid rise in ac-

Trans-Stimulation Conditions in Differef. falciparumStraing Cum_U|ated chloroguine_afterdglu::ose ?dditlionfi!”' the (I:IQIS

- - strains seems to be activated at lower levels of intracellular
strain  status Kb(mr,\]ﬂdmg) ro (pump/leak) Kp(pmpmg) ATP. This would be consisten_t 'with the increasedl chlorp—
HB3 CQS  300L 108 (3} quine uptake after glucose_ addition in the CQ_S strains be!ng
S106 CQS  33@ 140 (4) dependent on an energy input for hemoglobin degradation
Dd2 CQR 16.8:4.4(4) 2.0£1.3(4) and, hence, the production of free heme as target for
FCB  CQR 14.8£2.0(5) 1.6+0.6(5) chloroquine binding or, alternatively, being dependent on

a The values represent the meah$SE ofn independent determina-  proton accumulation in the vacuolar compartment into which
tions and are derived from curve fitting of the data shown in Figures it accumulates41), with proton pumping being performed
4 and 5.K, dissociation constant between chloroquine and its 15, 5 hump of high affinity for ATP. In the CQR strains, the
intracellular binding site (Michaelis constant,, apparent binding P . .
constant of chloroquine to the efflux carrier (Michaelis constamt); aCt'\_/f_it'On of the chloroquine efflux_ carrier by_g_lucose
pump-to-leak ratio® These estimates are based on the equilibrium addition counteracts the effect of the increased driving force
chloroquine concentrations during preloading, which are necessarily for chloroquine accumulation.
higher than those actually seen by the cells by 4 min of labeled \\e have tried to be careful in this paper not to specify
chloroquine uptake. the physical location in the cell into which chloroquine is

accumulated and from which it is, we postulate, pumped.
(Table 3) should be considered as being of only qualitative The consensus of evidence indicates that it is bound to heme
significance. They are determined in terms of the concentra- within the vacuoleZ, 47). None of our evidence has bearing
tion of the equilibrium chloroquine in the preloading medium, upon this point, nor were any of our experiments designed
as denoted on the abscissas of Figure$.3After loading, to test this hypothesis. The same can be said for the location
however, some 50% of the drug is lost in the washing of the drug efflux carrier that we postulate is acting to
procedure before the cells are exposed to labeled chloroguinedecrease the chloroquine level in the compartment in which
Then during the uptake of label, further chloroquine is lost, chloroquine accumulates. If chloroquine does accumulate
up to 50% in some experiments in the CQR cells and up to within the acidic food vacuole in CQS cells, then a reasonable
40% in the CQS cells. Thus, the derivisg andK values location for the chloroquine efflux carrier would be at the
could be somewhat overestimated by this preloading proce-vacuole/parasite cytoplasm membrane. We do not think,
dure. These considerations, that chloroquine preloading levelshowever, that the interpretation of our data would be any
are overestimated, should not affect the determinations of different if the carrier were situated at the membrane between
the maximum capacity of the chloroquine entry process nor the parasite and the red cell. We do not have any information
the estimate of the pump-to-leak ratio. The former is on this important point.
measured at saturating chloroquine levels; therefore, it is Our evidence for the existence of an energy-dependent
independent of any errors in measuring absolute chloroquineefflux carrier for chloroquine is purely kinetic in nature and
levels. The latter essentially derives from the ratios of drug does not reveal its molecular identity. One might begin to
uptakes in the two strains in the absence of preloading andspeculate as to which of the proteins linked with chloroquine
is again independent of the values of the ambient drug resistance iP. falciparummediates the drug efflux pheno-
concentrations. The values found for all the parameters are type. One candidate is Pgh1, tRe falciparumhomologue
of course, strictly model-dependent. Interestingly, the values of the human P-glycoprotein mediating multidrug resistance
of the pump-to-leak ratiof,, found by the initial uptake in cancer cellsZ4). Encoded byPfmdrl Pghl is located on
procedure of Figure 6 (Table 2), are not very different from the food vacuolar membrane and, to a lesser extent, on the
the estimates derived from the trans-stimulation experimentsparasite plasma membrar&9). Amplification of Pfmdrlis
of Figures 3-5 (Table 3). For Dd2, the, values are 9.9 not associated with chloroquine resistanc@irfalciparum
0.5 (initial uptake procedure) and 16484.4 (trans stimula-  (70), and epidemiological studies have suggested only a
tion); for FCB ther, values are 28.@ 10.0 (initial uptake  vague correlation of chloroquine resistance with mutations
procedure) and 14.8& 2.0 (trans stimulation). within this gene 23, 31-33). However, allelic exchange

Curve fitting of the time course of chloroquine uptake in experiments, where thendrl allele of a CQR strain was
Figures 1 and 5 gives the rate constants for the entry replaced by that of a CQS strain and vice versa, showed
processes. Uptake is rapid, with half-lives of someéImin that the reported mutations withPfmdrlaffect the degree
for parasites in the absence of glucose or for the sensitiveof chloroquine resistance, albeit are insufficient to bring about
strains after glucose addition (Table 1). Chloroquine efflux the chloroquine resistance phenotype per7g. (
in the resistant strains investigated is, however, a slower A second candidate protein is tife falciparumchloro-
process with a half-life of some 6 min. That this is very close quine resistance transporter PfCR3B). Like Pghl, PICRT
to the 6 min found for the half-life of the restoration of ATP is located on the food vacuolar membrane where it may play
levels after glucose addition might suggest that it is the level a role as a chloride channel or transpori&, 3). Mutations
of intracellular ATP that is rate limiting for the efflux process. within Pfcrt are causatively linked with chloroquine resis-

If the postulated chloroquine efflux carrier is a primary active tance, as has been shown in a genetic cross done with HB3
transporter §2), then the postulated pump has a rather low and Dd2 88), in reverse genetic studie$4), in drug
affinity for ATP, in that a small rise in the intracellular ATP  selection studies5@), and in epidemiological survey§¥).

level is not sufficient to activate it fully. If the chloroquine Our finding that the two matched strains, FCB and S106,
efflux carrier is a secondary active transpor&2)( then the which differ only by a single amino acid exchange (Thr 76
time course being measured should be related to the need.ys) in PfCRT in an otherwise highly similar genetic
for establishing the transmembrane gradient of the substratebackground %8), handle chloroquine differently further
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points toward PfCRT as a crucial factor in constituting the
efflux pump associated with chloroquine resistance”in
falciparum However, it would be premature to conclude that
PfCRT itself is the chloroquine efflux carrier. Alternatively,
PfCRT may function as an activator of the drug carrier.
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