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Héctor Acosta

acostaoviedo@ibr-conicet.gov.ar

†
PRESENT ADDRESS
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Artemisinin-based treatments (ACTs) are the first therapy currently used to treat

malaria produced by Plasmodium falciparum. However, in recent years, increasing

evidence shows that some strains of P. falciparum are less susceptible to ACT in the

Southeast Asian region. A data reanalysis of several omics approaches currently

available about parasites of P. falciparum that have some degree of resistance to ACT

was carried out. The data used were from transcriptomics and metabolomics

studies. One mitochondrial carrier of the parasite possibly involved in the

mechanisms of tolerance to oxidative stress was modeled and subjected to

molecular dockings with citrate and oxoglutarate. An increase in glutathione

production was detected, changing the direction of the flux of metabolites in the

tricarboxylic acid cycle and boosting the glucose consumed. The models of the

mitochondrial carrier, called PfCOCP, show that it may be important in transporting

citrate and oxoglutarate from the mitochondrial matrix to the cytosol. If so, it may

allow the parasite to tolerate the oxidative stress produced by artemisinin. This in-

silico analysis shows that P. falciparum may tolerate artemisinin’s oxidative stress

through metabolic changes not reported before, showing the need for further

experimental research on the many metabolic aspects linked to this phenotype.
KEYWORDS
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1 Introduction

Malaria caused an estimated 229 million cases and 409,000 deaths in 2019; the majority

of these were produced by Plasmodium falciparum (WHO, 2018). Since 2001, artemisinin-

based treatments (ACTs) have been the primary drugs used against malaria produced by

P. falciparum. Artemisinin affects the parasite in different ways: interacting with and
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damaging proteins, inhibiting the proteasome, and producing

reactive oxygen species (ROS) (artemisinin resistance has been

reviewed elsewhere (Rosenthal and Ng, 2020)). Those effects

result in the death of parasites interfering with several metabolic

pathways and causing systemic damage.

Despite the multilevel damage produced by the drug in 2008,

some evidence suggested that the ACTs were losing their efficacy

against P. falciparum in the Greater Mekong Subregion (GMS) in

Southeast Asia (Noedl et al., 2008). Further studies show that

mutations in the protein 13 of P. falciparum (PfKelch 13) are the

main molecular markers of resistant parasites (Ariey et al., 2014),

and many mutations have been identified worldwide, several

associated with an increase in the number of surviving parasites

in the blood (Ménard et al., 2016). However, the resistant parasites

show other changes besides mutations in Pfkelch 13. Furthermore,

some parasites obtained in vitro show an increase in tolerance to

artemisinin lacking mutations in PfKelch 13 (Demas et al., 2018).

One of the metabolic changes shown by these Dd2-resistant strains

is an increase in the oxidative stress response (Cui et al., 2012). Also,

the resistant strain Cam3.II with C580Y or R539T mutations of

PfKelch13 shows higher concentrations of glutathione (GSH) and

g-glutamylcysteine, and both metabolites are directly associated

with oxidative stress response (Siddiqui et al., 2017). Nowadays, a

lot of evidence shows artemisinin resistance is a very complex

process that may be very different depending on the genetic

background (Rosenthal and Ng, 2020).

The malaria clinical manifestation occurs during the

intraerythrocytic development cycle (IDC), which encompasses the

asexual stages of ring, trophozoite, and schizont. During the IDC,

the central carbon metabolism of P. falciparum is very particular;

glycolysis is the main source of ATP (Roth, 1990; Jacot et al., 2016;

Shivapurkar et al., 2018) since the red cell is an environment in which

plenty of glucose is available. The tricarboxylic cycle (TCA), on the

other hand, is not essential for producing ATP during the IDC, and the

whole cycle shows high plasticity, as was proven by removing different

enzymes from the pathway without causing any problem in the growth

of the parasites in the IDC (Ke et al., 2015). The plasticity is even higher

in artemisinin-resistant strains, based on metabolic network

reconstructions (Carey et al., 2017). So far, several metabolic changes

have been associated with resistance, like a reduction in hemoglobin

digestion in PfKelch 13 strains (Yang et al., 2019; Birnbaum et al., 2020;

Gnadig et al., 2020) or an increase in phosphatidylinositol 3-phosphate

(PI3P) (Mbengue et al., 2015). Furthermore, metabolic changes have

been also detected in the IDC caused by other non-artemisinin drugs

(Tewari et al., 2021; Tewari et al., 2022).

An aspect that has been less studied is the mitochondrial carriers

that transport metabolites involved in the TCA cycle between the

mitochondrial matrix and cytosol. Among those, the P. falciparum

mitochondrial dicarboxylate-tricarboxylate carrier (PfDTC) is the most

studied (Nozawa et al., 2011). Likewise, a general approach has been

used to study the transport activities of 12 P. falciparummitochondrial

carriers (Nozawa et al., 2020). Mitochondrial carriers may be very

important to allow P. falciparum to change the metabolite fluxes

through the matrix membrane (a.k.a inner membrane), allowing

TCA cycle changes in different parasite stages. In the yeast

Saccharomyces cerevisiae, one mitochondrial carrier (YHM2) has
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been involved in the oxidative stress response (Castegna et al., 2010).

In this study, a probable ortholog of the yeast’s mitochondrial carrier in

P. falciparum was identified (PlasmoDB ID PF3D7_1223800). This

protein may play a similar role in P. falciparum contributing to the

oxidative stress response, an aspect that has been previously associated

with artemisinin resistance (Cui et al., 2012; Siddiqui et al., 2017) but

not associated with any molecule transported from the mitochondria.

The present research will reanalyze part of the omics data about

P. falciparum artemisinin-resistant parasites. The study proposes a

metabolic model that explains a potential mechanism that allows

the parasite to tolerate the oxidative stress produced by artemisinin,

one of the drug’s effects that has been previously reported

(Rocamora et al., 2018). The study will focus on three essential

routes for the parasite: glycolysis, TCA cycle, and glutathione

product ion . Addi t iona l ly , the mitochondr ia l carr ier

PF3D7_1223800 was studied in silico, based on the possible

importance of this carrier in the oxidative stress response induced

by the drug. These approaches can show new possible therapeutic

targets affecting the oxidative stress response in P. falciparum.
2 Materials and methods

2.1 Metabolic model of mechanisms to
tolerate the oxidative stress produced
by artemisinin

We used the transcriptomic profiles (Mok et al., 2015) on more

than 1,000 clinical samples of P. falciparum in GMS and other

places (Ashley et al., 2014). We chose this data set because we

considered that by being obtained from so many different clinical

samples, it encompasses clinically relevant changes in

transcriptomics that could be associated with metabolism. These

data contain 999 protein transcripts positively and negatively

statistically correlated with clinical samples that show an increase

in tolerance to artemisinin. We posited that differences in the

transcripts’ abundance imply differences in the protein quantity.

Furthermore, the metabolomic, proteomic, and transcriptomic

changes using the strain Cam3.II carrying C580Y and R539T

mutations in PfKelch 13 were taken into account (Siddiqui et al.,

2017; Mok et al., 2021), and these mutants were also obtained from

the GMS region. Other lines of evidence were not directly used, but

they are discussed later in the paper, like artemisinin resistance in

the Dd2 lab strain (Cui et al., 2012). The data obtained from

different sources were used to construct a theoretical metabolic

model of resistant strains; the metabolic pathways of P. falciparum

were obtained from The Malaria Parasite Metabolic Pathways

website [MPMP (Ginsburg et al., 2020)].
2.2 Modeling a mitochondrial carrier
possibly involved in the oxidative stress
response in Plasmodium falciparum

The putative citrate/oxoglutarate transporter (PF3D7_1223800)

was renamed as the Citrate/Oxoglutarate Carrier Protein of
frontiersin.org
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P. falciparum (PfCOCP). This protein was modeled in silico using

Phyre2 (Kelley et al., 2015) and SwissModel (Waterhouse et al.,

2018) to obtain the carrier in the two different conformations that

have been previously described (Ruprecht and Kunji, 2020). Phyre2

automatically uses different templates that have a good fit with the

sequence supplied. SwissModel follows the same process, but the

model obtained was less accurate than the one obtained with

Phyre2. Finally, we used Phyre2 to obtain the carrier in the

cytosolic (C) state. Phyre2 does not allow the use of a specific

template. Consequently, we used SwissModel to explicitly obtain

the carrier in the matrix (M) state, using the template obtained

(Ruprecht et al., 2019) (PDB ID: 6GCI) of the ADP/ATP carrier

from the thermotolerant fungus Thermothelomyces thermophila

inhibited by bongkrekic acid.

The models obtained were refined using GalaxyWeb (Heo et al.,

2013): twice for the model in the C-state and once for the model in the

M-state. The models were refined until no improvements were found

in the Rama-favored parameter, which shows how favored the protein

is, based on Ramachandran’s plot (Ramachandran et al., 1963).

Molecular dockings were carried out with the refined models.

This was done using two substrates obtained from the ZINC

database (Irwin and Shoichet, 2005): citrate (ZINC895081) and

oxoglutarate (ZINC1532519). The dockings were made using

SwissDock (Grosdidier et al., 2011).

UCSF Chimera 1.13.1 (Pettersen et al., 2004) was used to

visualize protein models and dockings obtained from the different

servers. In addition, using the Chimera function, FindHBond helped

us identify which residues possibly interact with citrate and

oxoglutarate in the protein.
3 Results

3.1 Metabolic model of mechanisms to
tolerate the oxidative stress produced
by artemisinin

We mainly used the transcriptomic and metabolomic data

obtained from P. falciparum artemisinin-resistant strains (Mok

et al., 2015; Siddiqui et al., 2017; Mok et al., 2021) to propose a

metabolic model that shows an increase in the glycolytic path based

on an increase in transcript levels of hexokinase (HK,

PF3D7_0624000) , phosphog luco s e i somera s e (PGI ,

PF3D7_1436000), phosphofructokinase (PFK, PF3D7_0915400),

and phosphoglycerate kinase (PGK, PF3D7_0922500) in clinical

samples (Mok et al., 2015). These are highlighted in Figure 1B

(big circles).

The TCA cycle shows marked differences in the resistant

strains, also based on transcript level changes. For example,

citrate synthase (PF3D7_1022500, PF3D7_0609200) is

upregulated, and oxoglutarate dehydrogenase (PF3D7_1320800),

succinate dehydrogenase (PF3D7_1010300), and succinate CoA

ligase (PF3D7_1108500) are downregulated (Figure 1B). These

changes in the transcript levels may be related to changes in the

metabolites’ influx and efflux from the mitochondrion; specifically,

this can promote the efflux of oxoglutarate and the influx of malate;
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putatively, the transport can occur using the malate/oxoglutarate

mitochondrial carrier of P. falciparum (PfDTC, PF3D7_0823900),

which can efficiently transport these two metabolites across the

membrane (Nozawa et al., 2011). For its part, citrate is

overproduced and this can imply its accumulation in the

mitochondria matrix. This was determined for non-resistant

parasites in metabolomic analysis. Furthermore, resistant parasites

show less citrate accumulation in drug presence (Mok et al., 2021), a

fact that may imply that resistant parasites are better at transporting

citrate to the cytosol. Citrate could be transported to the cytosol

using the carrier PF3D7_1223800 (explained in the next section);

this protein is a homolog of the citrate/oxoglutarate mitochondrial

carrier of S. cerevisiae (Castegna et al., 2010).

On the other hand, metabolomic analyses were made in

P. falciparum Cam3.II strains with R539T and C580Y mutations

in PfKelch 13 (Cam3.IIR539T and Cam3.IIC580Y) showing that

glutathione and g-glutamylcysteine are more abundant in these

resistant strains (Siddiqui et al., 2017). This evidence was used to

propose that glutathione production is overexpressed in some

resistant strains (Figure 1). Moreover, the citrate and oxoglutarate

transported to the cytosol (mentioned above) can contribute to

glutathione production.

For the reduction of glutathione and thioredoxin, the parasite

needs NADPH. Figure 1 shows that diverse NADP(H)

oxidoreductases carry on the reaction. Isocitrate dehydrogenase

may be the primary source of NADPH in the cytosol. In fact,

increased utilization of glucose by the glycolytic pathway and not by

the pentose phosphate pathway (PPP), together with a decrease in

the levels of transketolase transcripts (PF3D7_0610800) of PPP

(Mok et al., 2015), suggests that PPP is less relevant for NADPH

production in the resistant strains.

Thus far, all the changes proposed agree with an increase of

oxidative stress tolerance in some resistant strains compared with

sensible ones.
3.2 Modeling a mitochondrial carrier
possibly involved in the oxidative stress
response in Plasmodium falciparum

The protein PfCOCP was modeled and subjected to molecular

dockings with citrate and oxoglutarate. PfCOCP shows six

transmembrane regions (Figure 2A) formed by a-helixes. These
regions are going to be named H1, H2, H3, H4, H5, and H6

following other research done on these carriers [reviewed in

(Ruprecht and Kunji, 2020)]. There are also three domains in the

carrier’s mitochondrial matrix side that connect the different

transmembrane regions, identified as H12, H34, and H56, which

are also found in the works previously cited. These carriers have two

different conformations: opened to the cytosol (C-state) and opened

to the matrix (M-state). PfCOCP was modeled in two

conformational forms, C-state and M-state (Figure 3), using

Phyre2 and SwissModel, respectively.

We found several motifs normally identified in mitochondrial

carriers (Ruprecht and Kunji, 2020) (Figure 2B). GxxxG was found

in odd segments, namely, in H3 (GGACG) and H5 (GIVGG), and
frontiersin.org
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FIGURE 1

Metabolic changes in artemisinin-resistant strains of Plasmodium falciparum (B) compared with non-resistant strains (A). The wide light red arrows
indicate the principal flux of metabolites across the glycolysis, TCA cycle, and glutathione production. The protein transcripts positively correlated
with resistance are indicated with a thick line, and those negatively correlated are indicated with a dotted line, according to (Mok et al., 2015).
Glycolytic pathway in red: -G6P, alpha glucose-6 phosphate; F6P, fructose-6 phosphate; FBP, fructose 1,6-biphosphate; DHAP,
dihydroxyketonephosphate; GAP, glyceraldehyde 3-phosphate; 1,3bPGA, glycerate 1,3-biphosphate; 3PGA, 3-phosphoglycerate; 2PGA,
2-phosphoglycerate; PEP, phosphoenolpyruvate. Tricarboxylic acid cycle in violet: OXA, oxalacetate; Isocit, isocitrate; Succ-CoA, succinic coenzyme
A; Succ, succinate. Pentose phosphate pathway in orange: -G6P, beta glucose-6 phosphate; R5P, ribulose-5 phosphate. Purine and pyrimidine
synthesis in blue: Xyl5P, xylulose-5 phosphate; Ribo5P, ribose-5 phosphate; DHA, dihydroxyacetone; PRPP, phosphoribosyl pyrophosphate.
Oxidative stress branch in yellow: GSH2, glutathione reduced; G2S2; GXS2; GXSH2. Electron transport chain (ETC) in green. The asterisks indicate
the PfCOCP (a citrate/oxoglutarate mitochondrial carrier).
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tentatively in H1 (GSILH). The latter agrees with the location if we

highlight the H3’s and H5’s motif in the models (Figures 3A, B).

This motif and the other regions that do not totally agree with the

motif postulated in the existing literature were noted with an

asterisk (*) in Figure 2B. pxxxp were found in even segments: in

H2 (GSKGV), H4 (TMWAS), and H6 (TLFMV). Motifs [PS]x[DE]

xx[RK] were found in odd segments: H1 (PLEVWK), H5

(PFDVVR), and tentatively in H3 (PCTFFI). Proline residues

found in [PS]x[DE]xx[RK] are important for the torsion of the

transmembrane domains, and they allow mitochondrial carriers to

change between both states (C and M) (Ruprecht and Kunji, 2020).

One Q brace was identified in H5 (PFDVVRVYMQ) and two

tentative Y braces in Figure 2B. These motifs have been previously

described in other mitochondrial carriers (Ruprecht and Kunji,

2020). On the other hand, the [FY][DE]x[RK] motifs could not be

identified, which shows that these motifs are less conserved in

mitochondrial carriers (Ruprecht and Kunji, 2020).

Molecular dockings with citrate (red) and oxoglutarate (blue) are

shown in Figure 3. Gibbs free energy (DG) values for citrate and

oxoglutarate in the C-state are −18.37 kcal/mol and −24.85 kcal/mol;

for the M-state, they are −21.33 kcal/mol and −31.07 kcal/mol,

respectively. This suggests that PfCOCP in the M-state interacts

better with both substrates. PfCOCP has three putative binding sites

that interact with substrates; these are usually named I, II, and III and

are located in the H2, H4, and H6 transmembrane domains of
Frontiers in Parasitology 05
mitochondrial carriers (Robinson and Kunji, 2006). The residues that

possibly interact with substrates were identified in the C- and M-states.

This process allows us to propose the three sites for substrate

interaction: site I in H2 (Lys 67), site II in H4 (Arg 151, Gln 152),

and site III in H6 (Arg 262, Supplementary Figure S1). The fact that site

I has a Lys, site II is composed of Arg-Gln, and site III has an Arg agrees

with the substrate-binding sites of other mitochondrial carriers,

namely, succinate carrier (PDB ID: FC1P) and citrate/malate carrier

(TP1P), both of S. cerevisiae (Robinson and Kunji, 2006).

Only in the M-state of PfCOCP, the three substrate-binding

sites interact with citrate or oxoglutarate; besides that, in the C-

state, only sites I and II interact with substrates (Figures 3C, D;

Supplementary Figure S1). These differences also suggest that

PfCOCP is better at interacting with substrates in the M-state

than in the C-state. The differences in DG, substrate-binding sites,

and the accumulation of matrix citrate and oxoglutarate allow us to

propose that PfCOCP transports citrate and oxoglutarate from the

matrix to the cytosol as shown in Figure 1.
4 Discussion

The resistance of P. falciparum to artemisinin has been studied

extensively. This resistance has been attributed to different

mechanisms, which could be used by P. falciparum to tolerate the
FIGURE 2

(A) Transmembrane regions of the model obtained using Phyre2 of Plasmodium falciparum mitochondrial citrate/oxoglutarate carrier (PfCOCP) in
the C-state. (B) Sequence features found in (PfCOCP): GxxxG motif (violet), pxxxp (yellow), Pxx[DE]xx[RK] (proline in blue), Q braces (green), Y braces
(cyan), and substrate-binding sites (red). Asterisks (*) show motifs that do not match perfectly with the motifs reported in the literature.
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effects of artemisinin and may be present in the same parasites.

Actually, the data used in this study are from PfKelch 13 mutant

parasites, a fact that has been associated with a reduction in

hemoglobin intake and heme production (Rosenthal and Ng, 2020).

This study’s metabolic pattern is consistent with an increase in

oxidative stress response, which has been previously reported (Cui et al.,

2012; Rocamora et al., 2018). Our model focused on three metabolic

routes: glycolysis, the TCA cycle, and glutathione production.

The initial observation is the increase in the expression of the

first enzymes of glycolysis: HK, PGI, and PFK, as well as PGK.

Interestingly, two of these enzymes (HK and PFK) are described as

enzymes with a high flux coefficient in the glycolytic kinetic model

of P. falciparum (Penkler et al., 2015). We believe that the

overexpression of these enzymes could be reflected in an increase

in glucose consumption by the parasite. Additionally,
Frontiers in Parasitology 06
overexpression of PGK could favor a higher percentage of glucose

processed by the glycolytic pathway versus the PPP. Moreover, the

expression levels of both glucose-6 phosphate dehydrogenase and 6-

phosphogluconate dehydrogenase remain similar to those of non-

resistant parasites. Likewise, in these data, transketolase is

underexpressed (Mok et al., 2015). However, the route should be

operative since the parasite needs the production of ribulose-5P to

synthesize PRPP, which is essential for the synthesis of pyrimidines.

The use of this glucose by the glycolytic pathway will lead to

phosphoenolpyruvate (PEP) formation, which is at a metabolic

bifurcation point. One part of glucose is transformed into pyruvate

by a pyruvate kinase (PK), providing the first net gain of ATP, while

the other part of PEP can be transformed into oxaloacetate by a

phosphoenolpyruvate carboxylase (PEPC) or phosphoenolpyruvate

carboxykinase (PEPCK), which provides the second net ATP gain.
FIGURE 3

Structure of the citrate/oxoglutarate mitochondrial carrier of Plasmodium falciparum modeled in the cytosol (A) and matrix (B) states. Some of the
sequence features are highlighted in both structures. (C) The protein in the C-state viewed from the cytosol. (D) The protein in the M-state viewed
from the matrix. The chains of residues that interact with the substrates are shown in red, and the number of binding sites (I, II, and III) is shown in
both cases.
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These three enzymes (PK, PEPC, and PEPCK) do not show

expression changes in transcriptomic data obtained from clinical

samples (Mok et al., 2015), but in recent research with the

artemisinin-resistant strains Cam3.II and Dd2 of P. falciparum,

high levels of PEPCK transcripts have been found (Mok et al., 2021).

Another interesting change occurs in the TCA cycle where an

increase in the expression of citrate synthase together with the

underexpression of oxoglutarate dehydrogenase, succinate-CoA

ligase, and succinate dehydrogenase would point to the

functionality of only the first steps of this cycle. One consequence

of this is the accumulation of citrate and/or oxoglutarate on the

mitochondria, and for this, both acetyl-CoA and oxaloacetate must

be supplied continuously. Thus, a metabolomic study on the

artemisinin-resistant strain Cam3.IIC580Y showed high

concentrations of citrate, which would support the previously

described model (Mok et al., 2021). We speculate that the

behavior of the TCA cycle in these resistant strains is similar to

the one observed in P. falciparum parasites with deletion of the

oxoglutarate dehydrogenase (DKDH), which would force malate to

enter the mitochondria to supply oxaloacetate via MQO and

oxoglutarate to exit from the organelle (Ke et al., 2015).

From the above, it follows that a constant supply of oxaloacetate

for citrate synthase would require an efficient MQO. However, the

decrease in the expression of components of complexes III and IV

of the electron transport chain would negatively affect this supply of

oxaloacetate resulting in a possible accumulation of malate. Recent

metabolomic evidence suggests that malate can accumulate in

Cam3.IIC580Y (Mok et al., 2021). Another alternative could be the

direct entry of the oxaloacetate, thus avoiding the possible low

functionality of MQO. In this sense, the use of the mitochondrial

malate/oxoglutarate carrier of P. falciparum called the

dicarboxylate/tricarboxylate carrier (PfDTC) (Nozawa et al., 2011)

would be an alternative. This transporter proved to be efficient in

transporting the oxoglutarate/malate pairs and oxoglutarate/

oxaloacetate across liposome membranes, so oxaloacetate could

be transported to the mitochondrial matrix and form citrate even if

malate accumulates in the organelle.

Different evidence shows that the Cam3.IIR539T, Cam3.IIC580Y,

and Dd2 strains of P. falciparum are obliged to constantly

synthesize glutathione during infection to combat the oxidative

stress produced by artemisinin (Cui et al., 2012; Siddiqui et al.,

2017). In this sense, the oxoglutarate that accumulates in the

mitochondria should leave and contribute to the demand for

glutathione by the parasite. We also suggest that the

mitochondria’s citrate could have the same fate as oxoglutarate to

form glutamate in the cytosol. In this regard, during the

investigation, we found that PfCOCP, a mitochondrial citrate/

oxoglutarate carrier, has an increase in the level of transcripts of

the mutant strain PfKelch 13 of P. falciparum (Mok et al., 2015).

Also, we ruled out other possible fates for the citrate in the cytosol;

for example, in mammals, citrate can be converted to acetyl-CoA

via the ATP citrate lyase (Arnold et al., 2022), an enzyme that is not

present in P. falciparum (Jacot et al., 2016).

We think that PfCOCP may play an important role in the

transport of citrate and oxoglutarate from the matrix to the
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cytosol. In this context, our modeling, together with the studies

of molecular couplings with citrate and oxoglutarate, shows that

PfCOCP could transport citrate more efficiently from the

mitochondrial matrix to the cytosol than vice versa (Figure 3;

Supplementary Figure S1), a fact that agrees with the role we

assigned to this transporter (Figure 1).

PfCOCP was proposed as a putative ortholog in P. falciparum of

the YHM2 protein of S. cerevisiae, a mitochondrial citrate/

oxoglutarate transporter that was associated with the response to

oxidative stress in yeast (Castegna et al., 2010). PfCOCP may play

this role in P. falciparum. It should be noted that the citrate

transported to the cytosol needs two enzymes to transform into

oxoglutarate: aconitase and isocitrate dehydrogenase. Plasmodium

falciparum aconitase has been localized to the mitochondria and

another subcellular region, possibly the cytosol or the digestive

vacuole (Hodges et al., 2005). On the other hand, isocitrate

dehydrogenase, apart from its location in the mitochondria, may

have another subcellular location (Wrenger and Muller, 2003).

Furthermore, in Plasmodium knowlesi, most of the isocitrate

dehydrogenase activity has been measured in the cytosolic

fraction (Sahni et al., 1992). Further research is needed to clarify

whether both enzymes are in the cytosol.

In the cytosol, the oxoglutarate can be transformed into

glutamate via three enzymes: two glutamate dehydrogenases

(GDH1, GDH3) and the aspartate aminotransferase (AspAT).

GDH1 and GDH3 use NADPH and NADH, respectively

(Olszewski et al., 2009). Of those two, we think that P. falciparum

uses GDH3 in artemisinin-resistant strains based on three factors:

first, to tolerate the oxidative stress, the parasite may need NADPH

for recycling glutathione and thioredoxin; second, metabolomic

data obtained from resistant strains show an increase in NAD+

concentration (Siddiqui et al., 2017), which may be a consequence

of GDH3 overuse; and third, in non-resistant parasites, GDH3 has a

higher expression than GDH1 or AspAT (Bártfai et al., 2010).

Notably, recent evidence obtained from proteomics shows that

GDH1 and GDH3 are overexpressed in trophozoites of

Cam3.IIR539T and Cam3.IIC580Y, as well as high transcripts of

GDH1 in the Dd2-resistant strain (Mok et al., 2021).

This glutathione synthesis is essential for the blood stages of P.

falciparum (Patzewitz et al., 2012). Furthermore, the Cam3.IIR539T

and Cam3.IIC580Y strains show significantly higher amounts of

glutathione and glutamylcysteine (glutathione precursor)

compared with sensible strains (Siddiqui et al., 2017). Moreover,

in a recent proteomic approach, several enzymes involved in

glutathione production show high values in those strains (Mok

et al., 2021). In clinical samples, transcriptomic studies have shown

a decrease in the expression of glutathione reductase (Mok et al.,

2015), an enzyme necessary for the reduction of glutathione during

oxidative stress. This was previously reported in non-resistant

parasites showing that if the parasite produces more glutathione,

there are less recycling of it and more efflux of oxidized glutathione

to RBC (Patzewitz et al., 2012). We must also note that Dd2 in-vitro

artemisinin-resistant strains overexpress GR (Cui et al., 2012).

This model implies that glucose may be the primary source of

carbon for the TCA cycle, agreeing with the mutants obtained by Ke
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et al (Ke et al., 2015). Usually, glutamine is the carbon source of the

TCA cycle, but the main source of glutamine is hemoglobin digestion,

a process normally reduced in resistance (Rosenthal and Ng, 2020);

glutamine can also be used for glutathione production.

On the other hand, several genes implicated in the

mitochondrial electron transport chain (ETC) and forming ATP

synthase are downregulated (Mok et al., 2015). This may indicate

that those parasites are worse at producing the electrochemical

gradient across the inner membrane. Interestingly, recent data

obtained from a small subset of artemisinin-induced dormant

P. falciparum parasites show that these parasites need

mitochondrial matrix membrane potential to arise from

dormancy (Peatey et al., 2015); the underexpression of the ETC

genes may be associated with the dormancy state, previously

reported for P. falciparum [reviewed in (Cheng et al., 2012)].

All of the above suggests that the PfKelch 13 mutant strains of

P. falciparum would be obliged to constantly synthesize glutathione

during this stage to combat the oxidative stress caused by

artemisinin. The constant synthesis of glutathione would compel

P. falciparum to produce sufficient oxoglutarate in the mitochondria

from the glucose consumed.

Artemisinin resistance is a multifactorial phenomenon that can

occur in different ways (Codd et al., 2011; Yang et al., 2019;

Birnbaum et al., 2020). One of the limitations of the present

study is that several observations from different studies were

taken together, so the detection of all the changes that we

mention in a single strain is still pending, despite that specific

parts such as the increase in glutathione production have been

properly associated to a single strain in the lab (Siddiqui et al.,

2017). The omics approaches pose a very promising opportunity to

discover new therapeutic targets in P. falciparum (Carolino and

Winzeler, 2020), and the in-silico analysis of these data could show

new targets and metabolic changes that were not pointed out before.

It is important to highly consider that this study should be used as a

main point to start experimental approaches to test if P. falciparum

PfKelch 13 mutant strains can indeed increase the tolerance to

oxidative stress caused by artemisinin using this metabolic model.

This in-silico research also suggests that PfCOCP of

P. falciparum may have a crucial role in responding to oxidative

stress caused by artemisinin. PfCOCP is thought to aid in

transporting citrate and oxoglutarate from the matrix to the

cytosol, where they can be converted into glutathione and

NADPH. These findings unveil previously undocumented

metabolic changes in artemisinin-resistant parasites and may offer

new targets for treatment in P. falciparum strains resistant to this

antimalarial drug. The in-silico approaches are promising in

identifying potential P. falciparum transporters that could be

effective therapeutic targets for malaria treatment, particularly

considering the limited knowledge that we have of the many

described transporters to date (Wunderlich, 2022). However,

further investigations using in-silico methods are necessary,

followed by in-vitro, or preferably in-vivo, studies to accurately

determine the physiological function of PfCOCP, particularly under

conditions of oxidative stress.
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Bártfai, R., Hoeijmakers, W. A., Salcedo-Amaya, A. M., Smits, A. H., Janssen-
Megens, E., Kaan, A., et al. (2010). H2A.Z demarcates intergenic regions of the
plasmodium falciparum epigenome that are dynamically marked by H3K9ac and
H3K4me3. PloS Pathog. 6, e1001223. doi: 10.1371/journal.ppat.1001223

Birnbaum, J., Scharf, S., Schmidt, S., Jonscher, E., Hoeijmakers, W. A. M., Flemming,
S., et al. (2020). A Kelch13-defined endocytosis pathway mediates artemisinin
resistance in malaria parasites. Science. 367, 51–59. doi: 10.1126/science.aax4735

Carey, M. A., Papin, J. A., and Guler, J. L. (2017). Novel Plasmodium falciparum
metabolic network reconstruction identifies shifts associated with clinical antimalarial
resistance. BMC Genomics 18, 543. doi: 10.1186/s12864-017-3905-1

Carolino, K., and Winzeler, E. A. (2020). The antimalarial resistome - finding new
drug targets and their modes of action. Curr. Opin. Microbiol. 57, 49–55. doi: 10.1016/
j.mib.2020.06.004

Castegna, A., Scarcia, P., Agrimi, G., Palmieri, L., Rottensteiner, H., Spera, I., et al.
(2010). Identification and functional characterization of a novel mitochondrial carrier
for citrate and oxoglutarate in Saccharomyces cerevisiae. J. Biol. Chem. 285, 17359–
17370. doi: 10.1074/jbc.M109.097188

Cheng, Q., Kyle, D. E., and Gatton, M. L. (2012). Artemisinin resistance in
Plasmodium falciparum: A process linked to dormancy? Int. J. Parasitol. Drugs Drug
Resist. 2, 249–255. doi: 10.1016/j.ijpddr.2012.01.001

Codd, A., Teuscher, F., Kyle, D. E., Cheng, Q., and Gatton, M. L. (2011). Artemisinin-
induced parasite dormancy: a plausible mechanism for treatment failure. Malar J. 10,
1–6. doi: 10.1186/1475-2875-10-56

Cui, L., Wang, Z., Miao, J., Miao, M., Chandra, R., Jiang, H., et al. (2012).
Mechanisms of in vitro resistance to dihydroartemisinin in Plasmodium falciparum.
Mol. Microbiol. 86, 111–128. doi: 10.1111/j.1365-2958.2012.08180.x

Demas, A. R., Sharma, A. I., Wong, W., Early, A. M., Redmond, S., Bopp, S., et al.
(2018). Mutations in Plasmodium falciparum actin-binding protein coronin confer
reduced artemisinin susceptibility. Proc. Natl. Acad. Sci. U.S.A. 115, 12799–12804.
doi: 10.1073/pnas.1812317115

Ginsburg, H., Artyomov, A., and Lev, O. B. (2020). Malaria parasite metabolic
pathways. Available online at: https://mpmp.huji.ac.il/ (accessed January 21, 2020).

Genadig, N. F., Stokes, B. H., Edwards, R. L., Kalantarov, G. F., Heimsch, K. C.,
Kuderjavy, M., et al. (2020). Insights into the intracellular localization, protein
associations and artemisinin resistance properties of Plasmodium falciparum K13.
PloS Pathog. 16, e1008482. doi: 10.1371/journal.ppat.1008482

Grosdidier, A., Zoete, V., and Michielin, O. (2011). SwissDock, a protein-small
molecule docking web service based on EADock DSS. Nucleic Acids Res. 39, W270–
W277. doi: 10.1093/nar/gkr366

Heo, L., Park, H., and Seok, C. (2013). GalaxyRefine: Protein structure refinement
driven by side-chain repacking. Nucleic Acids Res. 41, W384–W388. doi: 10.1093/nar/
gkt458

Hodges, M., Yikilmaz, E., Patterson, G., Kasvosve, I., Rouault, T. A., Gordeuk, V. R.,
et al. (2005). An iron regulatory-like protein expressed in Plasmodium falciparum
displays aconitase activity. Mol. Biochem. Parasitol. 143, 29–38. doi: 10.1016/
j.molbiopara.2005.05.004

Irwin, J. J., and Shoichet, B. K. (2005). ZINC – A free database of commercially
available compounds for virtual screening. J. Chem. Inf. Modeling 45, 177–182.
doi: 10.1021/ci049714+

Jacot, D., Waller, R. F., Soldati-Favre, D., MacPherson, D. A., and MacRae, J. I.
(2016). Apicomplexan energy metabolism: carbon source promiscuity and the
quiescence hyperbole. Trends Parasitol. 32, 56–70. doi: 10.1016/j.pt.2015.09.001

Ke, H., Lewis, I. A., Morrisey, J. M., McLean, K. J., Ganesan, S. M., Painter, H. J., et al.
(2015). Genetic investigation of tricarboxylic acid metabolism during the Plasmodium
falciparum life cycle. Cell Rep. 11, 164–174. doi: 10.1016/j.celrep.2015.03.011

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., and Sternberg, M. J. E. (2015).
The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10,
845–858. doi: 10.1038/nprot.2015.053

Mbengue, A., Bhattacharjee, S., Pandharkar, T., Liu, H., Estiu, G., Stahelin, R. V.,
et al. (2015). A molecular mechanism of artemisinin resistance in Plasmodium
falciparum malaria. Nature. 520, 683–687. doi: 10.1038/nature14412

Ménard, D., Khim, N., Beghain, J., Adegnika, A. A., Shafiul−Alam, M., Amodu, O.,
et al. (2016). A worldwide map of plasmodium falciparum K13-propeller
polymorphisms. N. Engl. J. Med. 374, 2453–2464. doi: 10.1056/NEJMoa1513137
Frontiers in Parasitology 09
Mok, S., Ashley, E. A., Ferreira, P. E., Zhu, L., Lin, Z., Yeo, T., et al. (2015). Drug
resistance. Population transcriptomics of human malaria parasites reveals the
mechanism of artemisinin resistance. Science. 347, 431–435. doi: 10.1126/
science.1260403

Mok, S., Stokes, B. H., Gnädig, N. F., Ross, L. S., Yeo, T., Amaratunga, C., et al.
(2021). Artemisinin-resistant K13 mutations rewire Plasmodium falciparum’s intra-
erythrocytic metabolic program to enhance survival. Nat. Commun. 12, 530.
doi: 10.1038/s41467-020-20805-w

Noedl, H., Se., Y., Schaecher, K., Smith, B. L., Socheat, D., and Fukuda, M. M. (2008).
Evidence of artemisinin-resistant malaria in western Cambodia. N. Engl. J. Med. 359,
2619–2620. doi: 10.1056/NEJMc0805011

Nozawa, A., Fujimoto, R., Matsuoka, H., Tsuboi, T., and Tozawa, Y. (2011). Cell-free
synthesis, reconstitution, and characterization of a mitochondrial dicarboxylate-
tricarboxylate carrier of Plasmodium falciparum. Biochem. Biophys. Res. Commun.
414, 612–617. doi: 10.1016/j.bbrc.2011.09.130

Nozawa, A., Ito, D., Ibrahim, M., Santos, H. J., Tsuboi, T., and Tozawa, Y. (2020).
Characterization of mitochondrial carrier proteins of malaria parasite Plasmodium
falciparum based on in vitro translation and reconstitution. Parasitol. Int. 79, 102160.
doi: 10.1016/j.parint.2020.102160

Olszewski, K. L., Morrisey, J. M., Wilinski, D., Burns, J. M., Vaidya, A. B., Rabinowitz,
J. D., et al. (2009). Host-parasite interactions revealed by Plasmodium falciparum
metabolomics. Cell Host Microbe 5, 191–199. doi: 10.1016/j.chom.2009.01.004

Patzewitz, E. M., Wong, E. H., and Müller, S. (2012). Dissecting the role of
glutathione biosynthesis in Plasmodium falciparum. Mol. Microbiol. 83, 304–318.
doi: 10.1111/j.1365-2958.2011.07933.x

Peatey, C. L., Chavchich, M., Chen, N., Gresty, K. J., Gray, K. A., Gatton, M. L., et al.
(2015). Mitochondrial membrane potential in a small subset of artemisinin-induced
dormant plasmodium falciparum parasites in vitro. J. Infect. Dis. 212, 426–434.
doi: 10.1093/infdis/jiv048

Penkler, G., du Toit, F., Adams, W., Rautenbach, M., Palm, D. C., van Niekerk, D. D.,
et al. (2015). Construction and validation of a detailed kinetic model of glycolysis in
Plasmodium falciparum. FEBS J. 282, 1481–1511. doi: 10.1111/febs.13237

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng,
E. C., et al. (2004). UCSF Chimera–a visualization system for exploratory research and
analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084

Ramachandran, G. N., Ramakrishnan, C., and Sasisekharan, V. (1963).
Stereochemistry of polypeptide chain configurations. J. Mol. Biol. 7, 95–99.
doi: 10.1016/S0022-2836(63)80023-6

Robinson, A. J., and Kunji, E. R. (2006). Mitochondrial carriers in the cytoplasmic
state have a common substrate binding site. Proc. Natl. Acad. Sci. U.S.A. 103, 2617–
2622. doi: 10.1073/pnas.0509994103

Rocamora, F., Zhu, L., Liong, K. Y., Dondorp, A., Miotto, O., Mok, S., et al. (2018).
Oxidative stress and protein damage responses mediate artemisinin resistance in
malaria parasites. PloS Pathog. 14, e1006930. doi: 10.1371/journal.ppat.1006930

Rosenthal, M. R., and Ng, C. L. (2020). Plasmodium falciparum artemisinin
resistance: the effect of heme, protein damage, and parasite cell stress response. ACS
Infect. Dis. 6, 1599–1614. doi: 10.1021/acsinfecdis.9b00527

Roth, E. (1990). Plasmodium falciparum carbohydrate metabolism: a connection
between host cell and parasite. Blood Cells 16, 453–461.

Ruprecht, J. J., King, M. S., Zögg, T., Aleksandrova, A. A., Pardon, E., Crichton, P. G.,
et al. (2019). The molecular mechanism of transport by the mitochondrial ADP/ATP
carrier. Cell. 176, 435–47.e15. doi: 10.1016/j.cell.2018.11.025

Ruprecht, J. J., and Kunji, E. R. S. (2020). The SLC25 mitochondrial carrier family:
structure and mechanism. Trends Biochem. Sci. 45, 244–258. doi: 10.1016/
j.tibs.2019.11.001

Sahni, S. K., Saxena, N., Pun, S. K., Dutta, G. P., and Pandeyi, V. C. (1992). NADP-
Specific isocitrate dehydrogenase from the simian malaria parasite Plasmodium
knowlesi: partial purification and characterization. J. Protozool. 39, 338–342.
doi: 10.1111/j.1550-7408.1992.tb01326.x

Shivapurkar, R., Hingamire, T., Kulkarni, A. S., Rajamohanan, P. R., Reddy, D. S.,
and Shanmugam, D. (2018). Evaluating antimalarial efficacy by tracking glycolysis in
Plasmodium falciparum using NMR spectroscopy. Sci. Rep. 8, 18076. doi: 10.1038/
s41598-018-36197-3

Siddiqui, G., Srivastava, A., Russell, A. S., and Creek, D. J. (2017). Multi-omics based
identification of specific biochemical changes associated with pfKelch13-mutant
artemisinin-esistant plasmodium falciparum. J. Infect. Dis. 215, 1435–1444.
doi: 10.1093/infdis/jix156

Tewari, S. G., Kwan, B., Elahi, R., Rajaram, K., Reifman, J., Prigge, S. T., et al. (2022).
Metabolic adjustments of blood-stage Plasmodium falciparum in response to sublethal
pyrazoleamide exposure. Sci. Rep. 12, 1167. doi: 10.1038/s41598-022-04985-7

Tewari, S. G., Rajaram, K., Swift, R. P., Reifman, J., Prigge, S. T., and Wallqvist, A.
(2021). Metabolic survival adaptations of plasmodium falciparum exposed to sublethal
doses of fosmidomycin. Antimicrob. Agents Chemother. 65. doi: 10.1128/AAC.02392-
20
frontiersin.org

https://doi.org/10.1038/nature12876
https://doi.org/10.1038/s41586-022-04475-w
https://doi.org/10.1056/NEJMoa1314981
https://doi.org/10.1371/journal.ppat.1001223
https://doi.org/10.1126/science.aax4735
https://doi.org/10.1186/s12864-017-3905-1
https://doi.org/10.1016/j.mib.2020.06.004
https://doi.org/10.1016/j.mib.2020.06.004
https://doi.org/10.1074/jbc.M109.097188
https://doi.org/10.1016/j.ijpddr.2012.01.001
https://doi.org/10.1186/1475-2875-10-56
https://doi.org/10.1111/j.1365-2958.2012.08180.x
https://doi.org/10.1073/pnas.1812317115
https://mpmp.huji.ac.il/
https://doi.org/10.1371/journal.ppat.1008482
https://doi.org/10.1093/nar/gkr366
https://doi.org/10.1093/nar/gkt458
https://doi.org/10.1093/nar/gkt458
https://doi.org/10.1016/j.molbiopara.2005.05.004
https://doi.org/10.1016/j.molbiopara.2005.05.004
https://doi.org/10.1021/ci049714+
https://doi.org/10.1016/j.pt.2015.09.001
https://doi.org/10.1016/j.celrep.2015.03.011
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1038/nature14412
https://doi.org/10.1056/NEJMoa1513137
https://doi.org/10.1126/science.1260403
https://doi.org/10.1126/science.1260403
https://doi.org/10.1038/s41467-020-20805-w
https://doi.org/10.1056/NEJMc0805011
https://doi.org/10.1016/j.bbrc.2011.09.130
https://doi.org/10.1016/j.parint.2020.102160
https://doi.org/10.1016/j.chom.2009.01.004
https://doi.org/10.1111/j.1365-2958.2011.07933.x
https://doi.org/10.1093/infdis/jiv048
https://doi.org/10.1111/febs.13237
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1016/S0022-2836(63)80023-6
https://doi.org/10.1073/pnas.0509994103
https://doi.org/10.1371/journal.ppat.1006930
https://doi.org/10.1021/acsinfecdis.9b00527
https://doi.org/10.1016/j.cell.2018.11.025
https://doi.org/10.1016/j.tibs.2019.11.001
https://doi.org/10.1016/j.tibs.2019.11.001
https://doi.org/10.1111/j.1550-7408.1992.tb01326.x
https://doi.org/10.1038/s41598-018-36197-3
https://doi.org/10.1038/s41598-018-36197-3
https://doi.org/10.1093/infdis/jix156
https://doi.org/10.1038/s41598-022-04985-7
https://doi.org/10.1128/AAC.02392-20
https://doi.org/10.1128/AAC.02392-20
https://doi.org/10.3389/fpara.2024.1461641
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org


Bonive-Boscan et al. 10.3389/fpara.2024.1461641
Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., et al.
(2018). SWISS-MODEL: homology modelling of protein structures and complexes.
Nucleic Acids Res. 46, W296–W303. doi: 10.1093/nar/gky427

WHO (2018). WORLD MALARIA REPORT (Geneva: World Health Organization).

Wrenger, C., and Muller, S. (2003). Isocitrate dehydrogenase of Plasmodium
falciparum. Eur. J. Biochem. 270, 1775–1783. doi: 10.1046/j.1432-1033.2003.03536.x
Frontiers in Parasitology 10
Wunderlich, J. (2022). Updated list of transport proteins in plasmodium falciparum.
Front. Cell Infect. Microbiol. 12, 926541. doi: 10.3389/fcimb.2022.926541

Yang, T., Yeoh, L. M., Tutor, M. V., Dixon, M. W., McMillan, P. J., Xie, S. C., et al.
(2019). Decreased K13 abundance reduces hemoglobin catabolism and proteotoxic
stress, underpinning artemisinin resistance. Cell Rep. 29, 2917–28 e5. doi: 10.1016/
j.celrep.2019.10.095
frontiersin.org

https://doi.org/10.1093/nar/gky427
https://doi.org/10.1046/j.1432-1033.2003.03536.x
https://doi.org/10.3389/fcimb.2022.926541
https://doi.org/10.1016/j.celrep.2019.10.095
https://doi.org/10.1016/j.celrep.2019.10.095
https://doi.org/10.3389/fpara.2024.1461641
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

	Metabolic changes that allow Plasmodium falciparum artemisinin-resistant parasites to tolerate oxidative stress
	1 Introduction
	2 Materials and methods
	2.1 Metabolic model of mechanisms to tolerate the oxidative stress produced by artemisinin
	2.2 Modeling a mitochondrial carrier possibly involved in the oxidative stress response in Plasmodium falciparum

	3 Results
	3.1 Metabolic model of mechanisms to tolerate the oxidative stress produced by artemisinin
	3.2 Modeling a mitochondrial carrier possibly involved in the oxidative stress response in Plasmodium falciparum

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


