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S4 Text: The multifactorial phenomenon of quinine resistance in

the malaria parasite.

Polymorphisms in several transporters have been implicated in modulating the parasite’s response to
quinine — including changes in the genes encoding PfCRT, PfMDR1, the sodium-proton exchanger
(PfNHE), and the multidrug resistance-associated protein 1 (PfMRP1). Whilst the interactions
between quinine and several field isoforms of PFCRT have been characterized [1, 2], quinine’s
interaction with PfMDRL1 is poorly understood. Here we measured the quinine transport activities of
several field isoforms of PfIMDR1 and PfCRT to provide greater insight into the possible roles of these

two transporters in the parasite’s acquisition of quinine resistance.

1. Quinine transport via PfCRT is associated with reduced parasite susceptibility to quinine.
We have previously used the Xenopus oocyte system to show that the mutant PfCRT isoforms carried
by several strains of quinine-resistant parasites possess the ability to transport the drug, whereas the
wild-type protein, and those from several quinine-sensitive parasites, do not exhibit this activity [1, 2].
Here we extend this analysis by showing that PFCRT?®2 (an isoform expressed in quinine-tolerant
parasites) also transports quinine, albeit with a much lower capacity than PfCRTP% (an isoform

expressed in quinine-resistant parasites).
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PfCRT’®® and PfCRTP“? transport quinine whereas PfCRT?"’ does not.

Our findings are consistent with previous measurements of quinine transport via PfCRT in situ using
the H*-efflux assay and the C2°¢%, C67¢8, and C4P® lines [3, 4]. These studies indicated that both

PfCRT’®® and PfCRTPY mediate the efflux of quinine out of the DV, whereas PfCRT®"” does not [3,



S4 Text — Shafik et al.

4]. Moreover, Sanchez et al. [5] compared the accumulation of [*H]quinine in the same set of pfcrt
isogenic lines and showed a reduction in quinine accumulation in C67¢8 and C4°% parasites relative
to the C2¢¢% line. Collectively, these findings confirm a role for PFCRT in the parasite’s acquisition of
quinine resistance that entails mutant isoforms of the transporter mediating the efflux of quinine from
the DV, thereby reducing the access of the drug to its DV target (i.e. the inhibition of heme

detoxification and/or another aspect of hemoglobin digestion [6]).

2. Absence of a clear correlation between rates of quinine transport via PFIMDR1 in Xenopus
oocytes and parasite quinine responses in vitro.

Our datasets indicate that the capacity of field PIMDR1 isoforms to transport quinine decreases in the
order: PfIMDR1NFSPP > PfMDRNYSND > PfMDR17YSND = PfMDR1YFSND = PfMDR1YYSND > pfMDR1NFCDY
(Fig 4a and S1 Data). A similar trend is observed for the transport of quinidine, a stereoisomer of

quinine (Fig 2d and S1 Data).

A previous study by Sanchez et al. [5] also measured quinine transport via PIMDR1 expressed in
Xenopus oocytes, but they only detected quinine transport via PFIMDR1NYSND and reported that
PfMDRINFSPD PfMDR1YYSNP | and PfMDR1NFCPY did not possess quinine transport activity. Given that
the approach used by Sanchez et al. [5] resulted in a poor transport signal-to-background ratio for
PfMDR1NYSND — they reported the rate of quinine transport to be ~55 fmol/oocyte/h, which is ~7.8-fold
lower than the rate measured in our system (432 + 13 fmol/oocyte/h) — it is very likely that the
quinine transport activities of PFMDR1YYSNP and PfMDR1NFCPY fell below the level of detection in their
system. However, in a striking difference between our dataset and that of Sanchez et al. [5], we found
that PFMDR1NFSPP exhibits a higher level of quinine transport activity than PfIMDR1NYSNP, By contrast,
Sanchez et al. [5] did not detect quinine transport via PFMDR1NFSPP at all. A possible explanation for
this difference is that the expression conditions used by Sanchez et al. [5] (such as their use of the
native pfmdrl sequence, rather than a sequence codon-harmonized for expression in Xenopus
oocytes) resulted in the production of misfolded protein, rendering some PfMDR1 isoforms, such as

PfMDR1NFSPD non-functional.
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Importantly, the trends we observed in our oocyte system are consistent with previous in vitro
measurements of P. falciparum responses to quinine. For example, Calcada et al. [7] showed that
reversion of 86Y to N86 in Dd2 parasites (which express PfIMDR1YYSNP) caused a ~1.6-fold decrease
in the quinine ICso. Consistent with this observation, we detected a ~1.6-fold decrease in the rate of
quinine transport via PFMDR1YYSNP relative to PFMDR1NYSND, Furthermore, Reed et al. [8] found that
the replacement of PFMDR1NYSND with PIMDR1NFCPY in the chloroquine-sensitive D10 strain resulted in
a ~1.9-fold increase in the quinine ICso, which is in agreement with the ~2.3-fold decrease in the rate
of quinine transport via PIMDR1NFCPY relative to PIMDRINYSNP, Together, these observations appear
to suggest that PFIMDR1 isoforms with low levels of quinine transport activity render the parasite less
susceptible to quinine. However, an analysis of the relationship between the quinine transport
capacities of PIMDR1 and the quinine resistance indices of the corresponding parasites (obtained
from several published studies) did not identify a correlation between these two factors (Fig 5d and S3
Table). The most striking example of this observation is the similarity of the quinine resistance indices
for HB3 and 7G8 parasites despite these strains expressing PIMDR1NFSPP (which exhibits the highest
capacity for quinine transport) or PIMDR1NFCPY (which exhibits the lowest capacity for quinine
transport), respectively. Moreover, exclusion of the 7G8 data point did not uncover a correlation
between PfMDR1 quinine transport activity and the in vitro quinine resistance index. These findings
suggest that although reductions in the ability of PfIMDRL1 to transport quinine may contribute to
quinine resistance on specific genetic backgrounds (e.g., those carrying mutant PfCRT isoforms that
have high quinine transport activities), polymorphisms in pfmdrl are not the main determinant of

guinine resistance in the parasite.

3. The parasite’s response to quinine is modulated by multiple factors.

Although the role of PfCRT in quinine resistance appears straightforward, some unusual in vitro
observations highlight the complexity of the phenomenon of quinine resistance. Here we have shown
that the 3D7 strain is more sensitive to quinine than HB3 parasites, which is in line with previous

comparisons of the quinine susceptibilities of these two strains [9-11].
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In vitro antiplasmodial activities of quinine and chloroquine against the 3D7, HB3, and Dd2 P.
falciparum strains.

ICso (NM)
Parasite strain Quinine Chloroquine
Control +1 uM VP Control +1uM VP
3D7 112 +4 106 + 3™ 13+1 12 +1m
HB3 309 + 13*** 304 + 7™ 19+1" 13+1m
Dd2 524 + 23*** 208 + 11%** 136 + 5% 56 + 3***

In all cases, four independent experiments were performed (on different days), and within each
experiment, measurements were averaged from three replicates. The error is the SEM.

The asterisks in blue denote comparisons between the 3D7 strain and another strain within either the
quinine control or chloroquine control treatments.

The asterisks in black denote comparisons between the control treatment and the relevant verapamil
(VP) treatment within the same strain.

Both 3D7 and HB3 parasites express the same isoform of PfCRT (PfCRT3"7; an isoform that lacks the
ability to transport quinine). Hence, the difference in quinine susceptibilities between these two
strains cannot be attributed to PICRT. The 3D7 and HB3 strains express PIMDR1NYSND and
PfMDRINFSPD | respectively, and our datasets indicate that PFIMDR1NFSPP has a higher capacity for
guinine transport than PfMDR1NYSNP (Figs 4a—4b and S1 Data). On this basis, it could be predicted
that HB3 parasites would be more sensitive to quinine than 3D7 parasites because the increased
transport capacity of PIMDR1N™SPP could increase the concentration of quinine within the DV and thus
its activity against heme detoxification. However, the fact that 3D7 parasites are more sensitive to
quinine than HB3 parasites suggests that the reduced sensitivity of the HB3 strain is conferred by one

or more other genetic determinants (with PfIMDR1 playing little or no role in the reduced susceptibility

of this strain to quinine) and/or that quinine exerts an antimalarial effect on at least one other target.

In regard to the former possibility, quantitative trait analyses have implicated other genetic loci in
modulating the parasite’s susceptibility to quinine — including PfMRP1, PfNHE, and the homologous
to E6-associated protein C-terminus (HECT) ubiquitin-protein ligase, PfUT. Although the roles of
these proteins in altering the parasite’s susceptibility to quinine are unresolved, polymorphisms in all
three genes have been associated, but not definitively linked, with reduced sensitivity to the drug [10,
12-14]. Genetic disruption of PIMRP1 in vitro indicated that the protein is involved in the removal of
quinine from the parasite [15]. In vitro studies have also suggested that PfUT and PfNHE both
contribute to quinine resistance in a specific genetic context; polymorphisms in these genes can alter
the potency of the drug, but only in the presence of a chloroquine resistance-conferring isoform of

PfCRT (PfCRTP%) [12, 13, 16, 17]. More recently, the overexpression of PfUT in 3D7 parasites has
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been shown to alter the length of the parasite’s cell cycle [18], which could trigger the differential

expression of genes that provide advantages to the parasite in the presence of quinine.

It is also possible that the detoxification of heme (or another aspect of hemoglobin digestion) is not
the primary target of quinine. A previous study demonstrated that the K1 and W2mef strains, which
both carry a chloroquine-resistance-conferring isoform of PfCRT as well as multiple copies of pfmdrl,
were less susceptible to quinine than parasites with fewer pfmdrl copies [19]. Indeed, several studies
have associated multicopy pfmdrl with reduced quinine susceptibility [19-21]. This indicates that
having higher levels of PIMDR1 expression, which should lead to higher rates of quinine transport into

the DV, is advantageous under quinine pressure for parasites of certain genetic backgrounds.

Given these observations, it is tempting to propose the same mechanistic model for quinine
resistance as we have for mefloquine and lumefantrine resistance, whereby an increase in the rate of
quinine transport into the DV via PfIMDR1 (resulting from the overexpression of PIMDR1 and/or the
presence of PIMDR1NFSPP) sequesters the drug away from a cytosolic target that is quinine’s true
primary site of action. Several cytosolic targets have been proposed for quinine. For example, quinine
was originally thought to interfere with vesicular docking by binding to phospholipids, resulting in
eventual parasite death [22]. More recently, the parasite’s purine nucleoside phosphorylase (PfPNP)
was implicated as the primary target of quinine [23]. Although the location of this enzyme within the P.
falciparum-infected erythrocyte is currently unknown, its homologue in Toxoplasma gondii displays
cytosolic localization [24], suggesting that PFPNP may likewise be located in the malaria parasite’s

cytosol.

Another factor to consider is whether increases in the pfmdrl copy number alter the trafficking of the
protein in the parasite. Immunofluorescence assays have revealed that PFMDR1 is predominantly
located in the DV membrane, but the protein is also found in the parasite’s plasma membrane [25].
Hence, the parasite could potentially modulate its response to quinine (and other antimalarial drugs)
by regulating the level of PIMDR1 protein at each membrane (in a manner similar to that described for
the regulation of human P-gp function [26-28]). For example, preferentially increasing the expression

of PIMDR1 at the plasma membrane could significantly increase the rate of drug export from the
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parasite cytosol. Indeed, both transcriptomic and western blot analyses have indicated that parasites
expressing multiple copies of pfmdrl express greater levels of pfmdrl transcript levels and PIMDR1
protein [29-31]. However, there has been no evidence to date that the additional PFIMDR1 protein is
preferentially trafficked to the parasite plasma membrane. Instead, parasites expressing multiple
copies of pfmdrl exhibit a stronger fluorescence signal in the DV membrane relative to parasites

expressing one copy of pfmdrl [25].

In any case, the association between mutant PfCRT isoforms that have high capacities for exporting
quinine from the DV and reductions in the parasite’s susceptibility to quinine is at odds with quinine
exerting its primary antimalarial effect in the cytosol. It appears, therefore, that the role of PfIMDR1 in
quinine resistance is more complex and nuanced than simply either causing a decrease or an
increase in the accumulation of the drug within the DV (i.e. the roles we have proposed for PfIMDR1 in
chloroquine resistance and mefloquine/lumefantrine resistance, respectively). In this regard, it is worth
noting that whilst the wild-type protein exhibits similar affinities for the binding of quinine, mefloquine,
and lumefantrine, the transport of quinine occurs at a substantially lower rate than the transport of
mefloquine or lumefantrine (Fig 3 and Fig 4). It is possible that the relatively low rate of quinine
translocation impedes the transport of the natural substrates of PfIMDR1 and, given that the normal
function of the transporter is essential for parasite survival, this inhibition could exert a killing effect
that would be overcome by overexpression of PfIMDR1 in the DV membrane. With this possibility in
mind, it may be that the complex and variable relationship between quinine susceptibility and
polymorphisms in pfcrt and pfmdrl centres on two key factors: (1) the net flux of quinine across the
DV membrane and (2) the rate at which PfIMDR1’s natural substrates are transported into the DV.
Whilst overexpression of PIMDR1 would overcome the (proposed) antimalarial effect of quinine’s
inhibition of the natural function of the transporter, the concomitant increase in the PIMDR1-mediated
transport of quinine into the DV could increase the drug'’s ability to inhibit heme detoxification.
However, this scenario would be circumvented if the rate of quinine efflux via PfCRT was sufficient to
cause a net decrease in the concentration of quinine within the DV. That is, if the rate of quinine efflux
via PfCRT is greater than the total rate of quinine influx (via both PfIMDR1 and simple diffusion), there

will be a decrease in the accumulation of quinine at its primary site of antimalarial action. Support for
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this mechanistic model could be forthcoming if the natural substrates of PfIMDR1 are identified and if

their transport is shown to be significantly inhibited by quinine.
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