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Glutathione plays a crucial role in the redox regulation of the malaria parasite Plasmodium falciparum and
is linked to drug resistance mechanisms, especially in resistance against the antimalarial drug chloro-
quine (CQ). The determination of the glutathione-dependent redox potential was recently established in
living parasites using a cytosolically expressed biosensor comprising redox-sensitive green fluorescent
protein coupled to human glutaredoxin 1 (hGrx1-roGFP2). In order to further elucidate redox changes
induced by antimalarial drugs and to consolidate the application spectrum of the ratiometric biosen-

Iéﬁgﬁ;ﬁ;e redox potential sor we systematically compared it to other methods probing thiol and redox metabolism. Among these
Malaria methods were cell disruptive and non-disruptive approaches including spectrophotometric assays with

Ellman’s reagent and naphthalene dicarboxyaldehyde as well as molecular probes such as ThiolTracker™
Violet and the dichlorofluorescein-based probe CM-H,DCFDA. To directly compare the methods, blood
stages of the CQ-sensitive P. falciparum 3D7 strain were challenged with the oxidative agent diamide
and the antimalarial drugs artemisinin and CQ for 1h, 4h, and 24 h. For all conditions, dose-dependent
changes in the different redox parameters could be monitored which are compared and discussed. We
furthermore detected slight differences in thiol status of parasites transiently transfected with hGrx1-
roGFP2 in comparison with control 3D7 cells. In conclusion, ThiolTracker™ Violet and, even more so,
the hGrx1-roGFP2 probe reacted reliably and sensitively to drug induced changes in intracellular redox
metabolism. These results were substantiated by classical cell disruptive methods.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Despite all efforts to eradicate malaria, an estimated 3.3 bil-
lion people are still at risk of getting infected. In 2013 there were
about 600,000 malaria deaths worldwide, with 90% in Sub-Saharan
Africa, mostly due to Plasmodium falciparum [1]. The spread of
resistance against antimalarial drugs and insecticides demands the
search for new drug targets and compounds [2]. Cellular redox
reactions play important roles in antioxidant defense and redox
regulation but also in the mechanisms of drug action and drug
resistance in malaria parasites [3,4]. To ensure redox balance
in its various hosts and developmental stages, P. falciparum has
developed an elaborate redox network mainly depending on glu-
tathione and thioredoxin as electron donors [5-7]. Glutathione
(+y-L-glutamyl-L-cysteinylglycine) represents the most abundant
low-molecular-weight thiol in malaria parasites and the GSH:GSSG
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thiol-switch operates as a central redox regulator [8-11]. The bio-
logical functions of thiol-based redox switches in parasites and
detection methods applied in parasite research were recently
reviewed [12]. In spite of a variety of methods that can be
applied to investigate the parasite thiol and oxidative stress sta-
tus, data reproducibility and comparability remain a challenge.
Factors contributing to this are the usage of cell-disruptive versus
non-disruptive methods, susceptibility of parasite components to
oxidative modification during sample preparation, diverse sen-
sitivity, specificity, and speed of action of different probes and
reactants used, but also substantial parasite stage and strain-
specific differences and subtle variations in cell cultivation and
sample preparation protocols. Systematic comparison indicating
strengths and weaknesses of the different methods when used in
Plasmodium has not yet been carried out.

ThiolTracker™ Violet is a fluorescent dye used as a marker for
the thiol status in intact cells [13]. In comparison with monochloro-
bimane, ThiolTracker™ Violet is much brighter and allows for
efficient measurement of glutathione in various cell types both
by traditional microscopy and high-content imaging [14]. To our
knowledge the probe has not yet been applied to quantifications of
thiols in Plasmodium.
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CM-H,DCFDA (5-(and-6)-chloromethyl-2',7’-
dichlorodihydrofluorescein diacetate, acetyl ester) is a marker for
oxidative stress and reacts with organic peroxides, nitric oxide,
and hydrogen peroxide as well as peroxinitrite in the presence of
iron or hematin, which leads to oxidation of H,DCF to the fluores-
cent DCF [15]. So far the probe has been used in flow cytometry
approaches to analyze P. falciparum stage-specific oxidative stress
and the contribution of hemoglobin digestion in artemisinin (ART)
activity [16,17].

A milestone in research of the glutathione redox state was the
development of redox-sensitive green fluorescent protein (roGFP)
[18,19]. Fused to human glutaredoxin 1 (hGrx1) it directly and sen-
sitively indicates the intracellular glutathione redox potential in
living cells [20,21]. Recently, the genetically encoded probe hGrx1-
roGFP2 was established for the real-time imaging of the glutathione
redox potential in P. falciparum [22] and has been used to analyze
redox changes induced by oxidative or pharmacological stress. The
ratiometric fluorescence microscopy readout after excitation at 405
and 488 nm indicates that with a glutathione redox potential of
about —314 mV, the redox milieu of the parasite cytoplasmis highly
reducing. First correlations between the glutathione-dependent
redox potential determined with the hGrx1-roGFP2 sensor and
intracellular glutathione and thiol concentrations determined by
cell disruptive biochemical methods have been described [22].

In the present work we aimed to systematically compare dif-
ferent methods probing the redox status in P. falciparum. For this
comparison we used the cytosolic glutathione biosensor hGrx1-
roGFP2 as well as the fluorescent probes ThiolTracker™ Violet
for thiol quantification [13] and CM-H,DCFDA for investigation
of general oxidative stress generation in living cells. In paral-
lel, biochemical cell-disruptive methods were applied including
the reaction with 5,5’dithiobis-(2-nitrobenzoic acid) (DTNB, also
known as Ellman’s reagent) to quantify total and free non-protein-
bound thiols [23] as well as total glutathione when coupled to a
glutathione reductase system [10,22], and finally naphthalenedi-
carboxaldehyde (NDA) derivatization for GSH quantification [24].
To compare the methods under conditions of redox and pharma-
cological stress, the parasites were challenged with the oxidative
agent diamide (DIA) and the redox-active antimalarial drugs
artemisinin (ART) and chloroquine (CQ). Furthermore, we studied if
the episomal expression of the genetically encoded hGrx1-roGFP2
biosensor in P. falciparum has influences on the glutathione redox
milieu of the cells.

2. Materials and methods

2.1. P.falciparumcell culture

The chloroquine (CQ)-sensitive P. falciparum 3D7 strain was cul-
tured as described [25]. The strain was propagated in RBCs (A+)
in RPMI 1640 medium (Gibco, Paisley, UK) supplemented with
0.5% Albumax, 9mM glucose, 0.2 mM hypoxanthine, 2.1 mM L-
glutamine, and 22 p.g/ml gentamicin at 3.3% hematocrit and 37 °C
in a gaseous mixture consisting of 3% 0,, 3% CO, and 94% N,. Syn-
chronization of P. falciparum parasites was achieved by repetitive
treatment with 5% (w/v) sorbitol [26]. P. falciparum trophozoites
were enriched with magnet separation [27]. EC5¢9 values on the
P. falciparum 3D7 strain were determined after 72h incubation
with the drugs using [3H]-hypoxanthine incorporation and were
8.6+ 0.4nM for CQ and 17.3 +6.1 nM for ART [22].

2.2. Determination of thiol and glutathione concentrations in
parasite lysate

Stock solutions of DIA and CQ (Sigma-Aldrich, Steinheim,
Germany) were dissolved in distilled H,O0 and ART (Aldrich Chem-
ical Co. (Milwaukee, Wis.)) in DMSO. P. falciparum 3D7-infected

erythrocytes (ring stage 6-10 h post invasion) were incubated with
4xECsg of ART, 4xECsq of CQ or 100 M DIA for 24 h. For 4 h drug
treatment, trophozoites (26-34h post invasion) were incubated
with 50xECsg ART, 50xECsg CQ. For 1 and 4 h challenge with dif-
ferent concentrations of DIA trophozoites (26-34 h post invasion)
were incubated. Cell lysate was obtained via saponin lysis [28].
Total thiols in fresh parasite lysate were measured spectrophoto-
metrically on the basis of their reaction with DTNB [22,23]. Briefly,
the lysate was mixed with 150 mM potassium phosphate buffer, pH
8.0 and 400 wM DTNB, and directly measured at 412 nm at room
temperature taking control absorption values into account. Free
non-protein thiols were measured analogously in the supernatant
of a parasite lysate previously precipitated with 3 volumes of 5%
sulfosalicylic acid (SSA). Total glutathione was measured with the
glutathione reductase-coupled 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB)-GSH-recycling assay [10]. Briefly, 10 .l of SSA supernatant
was mixed with 490 pl buffer containing 142 mM NaH,PO4, 6 mM
EDTA, and 0.3 mg/ml NADPH, pH 7.5. After adding 0.6 mM DTNB,
the mixture was incubated for 10 min at room temperature. Human
glutathione reductase (0.5U/ml) was added and DTNB increase
detected immediately for 30s at 25°C.

GSH was quantified with the naphthalene dicarboxaldehyde
(NDA) assay, according to [24]. One volume of SSA supernatant
was added to ten volumes of freshly prepared NDA derivatisation
mix (1 ml of 10 mM NDA in DMSO, 7 ml of 50 mM Tris, pH 10, and
1ml of 0.5M NaOH), and the fluorescence was measured at ex
485 nm/em 520 nm together with a glutathione standard curve in
96-well plates in a Tecan M200 microplate reader.

The two parasite lines 3D7 and 3D7[n¢rx1-roGFp2] WETE grown,
treated and studied independently from each other (including all
biological replicates). For biochemical assays, four biological repli-
cates were produced for each condition and stored. All samples
were then tested on the same day to exclude systematic errors.
Two replicates were pooled and measured in two technical repli-
cates each resulting in four data values for statistical analysis. The
graphs were plotted using the GraphPad Prism 4 software (San
Diego, CA, USA). Also for data analysis GraphPad Prism 4.0 was used.
In order to calculate the significance of changes in thiol levels after
drug treatment, all groups were compared with the control by the
Dunnett’'s Multiple Comparison Test. For comparison of 3D7 and
3D7hGrxi-roGrp2] @ twWo-tailed, unpaired t-test was used.

2.3. Determination of total thiols in living parasites

The cell-permeable fluorescent dye ThiolTracker™ Violet (life
technologies) was used to measure total thiol concentrations in P.
falciparum living cells according to the manufacturers’ guidelines.
P. falciparum 3D7-infected erythrocytes (trophozoite stage 24-28 h
post invasion) were enriched with a magnet and returned to stan-
dard cell culture conditions for 2 h to recover. Drug treatment of
20 x 109 cells was carried out in LoBind tubes (Eppendorf) for 1 h or
4 h. For 24 h treatment, ring stage infected red blood cells (0-10h
post invasion, 10% parasitemia) were incubated. Cells were then
washed in pre-warmed PBS, resuspended in 20 wM ThiolTracker™
Violet solution in PBS, and incubated for 30 min at 37°C. Dye
was removed by washing in PBS. ThiolTracker™ Violet fluores-
cence of 2 x 108 cells per treatment in PBS was measured at ex
404 nm/em 525 nmin the plate reader (M200, Tecan) or with a Leica
TCS SP5 inverted microscope equipped with the objective HCX PL
APO 63.0 x 1.30 GLYC 37°C UV and a 37 °C temperature chamber.
The probe was excited by the 405nm laser line and the emis-
sion was detected through a 499-568 nm bandpass filter. Scanning
was performed at 400 Hz frequency. The smart gain and smart off-
set were 950V and —0.9%, respectively. Parasites were seeded on
poly-L-lysine-coated p-slides VI (Ibidi, Martinsried, Germany). All
experiments were carried out three times in independent biological
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replicates. For analysis of microscope images the Image] software
was used. At least 10 microscopy images of 100-300 cells were
processed each time and the number of cells was calculated. The rel-
ative fluorescence units (RFU) of the respective image were divided
by the number of cells per image to calculate the mean fluorescence
per cell. Single cell images were taken at a zoom factor of 16.

2.4. Determination of oxidative stress with dichlorofluorescein in
living parasites

The general oxidative stress indicator CM-H,DCFDA (life tech-
nologies) was used to quantify reactive oxygen species in the cell
according to the manufacturers’ guidelines. After passive diffu-
sion the acetate groups of the probe are cleaved by esterases, and
its thiol-reactive chloromethyl group reacts with intracellular glu-
tathione and other thiols. Subsequent oxidation yields a fluorescent
adduct that is trapped inside the cell, thus facilitating long-term
studies. Fluorescence can be detected at ex 492 nm/em 527 nm [ 13].
P. falciparum 3D7-infected erythrocytes (trophozoite stage 24-28 h
post invasion) were enriched with a magnet and returned to cell
culture conditions for 2 h to recover. Cells were washed with pre-
warmed PBS and incubated with 5 M CM-H;DCFDA solution in
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PBS for 30 min at 37 °C. Dye was removed by washing in PBS. Drug
treatment of 20 x 106 cells was carried out in LoBind tubes (Eppen-
dorf) for 1 hor4hin cell culture medium. For 24 h drug incubations,
ring stage parasites (4-10 h post invasion) were washed with pre-
warmed PBS and incubated with 5 wM CM-H,;DCFDA solution in
PBS for 30 min at 37°C. Dye was removed by washing with PBS
and the following 24 h drug treatment was carried out in culture
medium under standard cell culture conditions. Further proce-
dures were as described in Section 2.3. The probe was excited by
the 496 nm laser line and the emission was detected through a
510-537 nm bandpass filter.

2.5. hGrx1-roGFP2 transfection and live cell imaging

The transfection and CLSM imaging of P. falciparum 3D7 was car-
ried out as described [22]. Leica and Batch Ratio Analysis software
[29] for data analysis were used. The graphs were plotted using
GraphPad Prism 4 software (San Diego, CA, USA). Before image anal-
ysis, LAS AF Lite software was used to exclude the DIC channel by
using the crop tool, and images were exported in .tif format. LSM
Image Browser was used to split RGB images and to convert to
Ism format. The RRA Batch menu program was used to measure
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Fig. 1. Effects of diamide (DIA), artemisinin (ART) and chloroquine (CQ) on the thiol and glutathione status of P. falciparum 3D7 and 3D7|ncx1-rocrp2)- (A) Drug effects on
3D7 and (B) drug effects on 3D7[ngx1-roGrp2]- Direct comparison of (C) free thiols, (D) total thiols, (E) total glutathione, and (F) reduced glutathione (GSH) in drug treated P.
falciparum 3D7 and 3D7|hgx1-rogrp2]- Asterisks above the columns in (A) indicate significant differences compared to the control (black) of every thiol groups, asterisks in
(B) indicate significant changes of the thiol group compared to the thiol group in (A), asterisks in (C-F) indicate significant differences of 3D7 compared to 3D7[ncrx1-roGFp2]:

*p<0.05, **p<0.01, ***p<0.001, ns: not significant.
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the 405/488 nm ratios. The settings were as follows: x-y average:
3, t average: 1, SD thresh: 2, saturation: 0.9, ratio order: normal,
background: white. Autofluorescence images were simultaneously
taken at ex 430-450 nm/em 510 nm and defined together with the
background individually for every image.

3. Results and discussion

3.1. The glutathione biosensor influences intracellular thiol levels
in P. falciparum 3D7

In order to assess potential effects of episomal hGrx1-roGFP2
expression on the intracellular redox milieu of P. falciparum we
directly compared non-transfected CQ-sensitive 3D7 parasites with
transiently hGrx1-roGFP2 expressing parasites (3D7[ngrx1-roGFp2])-
Cells were treated with ART or CQ for 4 h or 24 h. Total and free thiol
concentrations as well as total glutathione and GSH levels were
then determined in the freshly prepared cell lysates.

Fig. 1 summarizes the results of drug effects on the four assessed
redox parameters in P. falciparum 3D7 parasites (Fig. 1A) and in
3D7[hGrxi-rocrp2) Darasites (Fig. 1B). In Fig. 1C-F the results for
the four redox parameters are shown separately, which allows to
directly compare the two parasite populations.
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As illustrated, biosensor-expressing parasites showed under
most treatments lower levels of total thiols (as determined using
Ellman’s reagent; Fig. 1D) and GSH (as determined with NDA;
Fig. 1F) although statistical significance was not reached in all
cases. Free, non-protein bound thiols (as determined using Ellman’s
reagent; Fig. 1A) and total glutathione concentrations (determined
in the DTNB recycling assay) were less affected although a slight
increase in total glutathione became significant in some cases
(Fig. 1E). Based on the present data set, a shift in the GSH:GSSG
ratio might occur in the population containing transfected cells.
Since GSH and GSSG levels were determined by different assays and
since the cell population studied consists of cells with and without
biosensor expression we decided to refrain from calculating intra-
cellular GSH:GSSG ratios and believe that this phenomenon needs
to be carefully discussed. For many years it had been presumed that
intracellular GSH:GSSG ratios range between 20:1 and 100:1 until
redox probes led to suggested ratios of up to 10,000:1. Recently, it
was observed that in yeast the GSH is mainly stored in lysosome-
like vacuoles [30], which might - together with differences in
sample preparation protocols - explain the tremendous disparity
of data. In isolated P. falciparum trophozoites a GSH:GSSG ratio of
285:1 was estimated by using HPLC detection of O-phthalaldehyde-
derivatized GSH and GSSG [11]. The presence of a GSH storage
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Fig. 2. Total thiols of P. falciparum 3D7 quantified with ThiolTracker™ Violet after diamide (DIA), artemisinin (ART) and chloroquine (CQ) treatment detected by confocal
laser scanning microscopy (CLSM) or plate reader. (A) relative fluorescence units (RFU)/cell after 1 h DIA treatment detected by CLSM and example images of microscopy. (B)
RFU after 1h, 4h, and 24 h DIA treatment detected by plate reader. (C) RFU/cell after 1 h ART treatment detected by CLSM and example images of microscopy. (D) RFU after
1h,4h, and 24 h ART treatment detected by plate reader. (E) RFU/cell after 1h CQ treatment detected by CLSM and example images of microscopy. (F) RFU after 1h, 4 h, and
24 h CQ treatment detected by plate reader. Asterisks indicate significant differences *p <0.05, **p <0.01, ***p <0.001. Every drug and every concentration was investigated
in 2-6 independent experiments via plate reader detection and 2 independent experiments via CLSM. Scale bars indicate a size of 5 pm.
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Fig. 3. Oxidative stress in P. falciparum 3D7 quantified with CM-H,DCFDA after diamide (DIA), artemisinin (ART) and chloroquine (CQ) treatment and detected by confocal
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treatment detected by plate reader. (C) RFU after 1 h, 4 h, and 24 h ART treatment detected by plate reader. (D) RFU/cell after 1 h CQ treatment detected by CLSM and example
images of microscopy. (E) RFU after 1h, 4h, and 24 h CQ treatment detected by plate reader. Asterisks indicate significant differences *p <0.05, **p<0.01, ***p<0.001. Every
drug and every concentration was investigated in 2-6 independent experiments via plate reader detection and 2 independent experiments via CLSM. Scale bars indicate a

size of 5 um.

compartment has not been described so far, and glutathione import
and export processes between subcellular compartments have not
been studied in detail in malaria parasites [8,9,31]. Notably, how-
ever, an enhanced transport of GSH into the parasite’s digestive
vacuole has been shown for parasites carrying a mutant CQ resis-
tance transporter gene (PfCRT) [32].

In our approach, reasons for the observed shift in the GSH:GSSG
status of the cells studied could be exposure of the cells to the
antifolate WR99210 (required for selecting the parasites) or a direct
influence of the probe on the cellular redox milieu including reac-
tions with low molecular weight thiols and redox active proteins
but also influences on gene expression. Further potential reasons
for the observed changes could be the transfection process itself
(although this took place about 10 parasite generations before the
experiments), plasmid expression, but also interaction of the probe
with assay reagents used including DTNB and NDA. Whether or not
similar effects can be observed in other organisms or cell types
needs to be studied in further detail. In contrary to our results,
Lukyanov et al. [33] (and references therein) suggest that the more
in Grx1 activity in cell compartments leads to a more reducing
redox environment, observed by comparing Egsy levels determined
by hGrx1-roGFP2 and rxYFP in yeast mitochondrial intermembrane
space.In Gutscher et al.,405/488 nm ratio changes of hGrx1-roGFP2
and roGFP2 were examined in Hela cells after H, O, challenge. Both

biosensors had the same basal ratio with a higher response to oxi-
dation in hGrx1-roGFP2. These studies contradict the hGrx1 theory
[20].

The cell population in our study (containing parasites with and
without transient expression of the biosensor) was determined to
have the same life cycle time (44 h) as non-transfected parasites.
However, the transfected population had a lower multiplication
rate (3 +0.5) compared to (7 +0.5) non-transfected parasites. This
is likely to be due to the presence of the selection marker WR99210
that eliminates parasites without plasmid expression. This selec-
tion marker might indeed also affect the intracellular redox milieu.
A stable integration of the redox sensor (which we plan in the near
future) will be likely to have advantages over the presently used
episomal expression. Stably biosensor-expressing parasites need
not be exposed to a selection drug such as WR99210 and are likely
to have a much higher percentage of biosensor expressing cells.

When assessing drug effects on thiol status of transfected and
non-transfected Pf 3D7 cell lines slight differences but also com-
monalities were observed (Fig. 1A and B). In Pf 3D7, 4h ART
exposure slightly increased GSH levels in Pf3D7, whereas 4 h and
24 h ART exposure enhanced GSH levels but reduced total thiols in
3D7nGrx1-rocrp2]- Notably, in both parasite populations 4 h CQ con-
sistently diminished all four assessed thiol markers (Fig. 1A and B).
DIA concentration-dependently decreased free thiols, total thiols,
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total glutathione and GSH levels after 1h and 4 h treatment (Sup-
plementary Fig. S1A and B). The results are in partial agreement
with previous results on total thiol and total glutathione levels of
non-transfected P. falciparum 3D7 trophozoites [22].

3.2. ThiolTracker™ Violet detects drug concentration-dependent
shifts in fluorescence

In order to compare the hGrx1-roGFP2 signal systematically
with other parameters probing the intracellular redox milieu we
determined the signals obtained with ThiolTracker™ Violet after
short, medium and long-term incubations with redox active agents
and drugs. Prior to the fluorescence measurements using confo-
cal microscopy (Fig. 2, left column) and a plate reader (Fig. 2,
right column), we optimized the loading time, and cell number for
P. falciparum blood stage parasites (Supplementary Fig. S2A and
B). Uninfected RBCs as well as the cytosol of intact infected red
blood cells (iRBC) did hardly show any ThiolTracker™ Violet flu-
orescence signals (Fig. 2A). Parasites treated with ART, CQ or DIA
without ThiolTracker™ staining did not exhibit fluorescence (data
not shown).

Fluorescence microscopy revealed at high DIA concentrations
a dose-dependent decrease of thiols (Fig. 2A), whereby the high-

est concentrations of 2-10mM led to disruption of the infected
red blood cell (iRBC) unit and low fluorescence signals. The results
were fully reproducible on a plate reader (Fig. 2B). The antimalarial
drugs ART and CQ reduced the ThiolTracker™ Violet signal after
1 and 4 h treatment in a concentration-dependent manner. How-
ever, at artificially high drug concentrations, the signals increased
again (Fig. 2C-F). Also these results were in principle reproducible
on the plate reader although some drug effects were found to be
less pronounced. This discrepancy is likely to be due to the fact
that in CLSM experiments single, viable cells with good fluores-
cence are studied whereas in the plate reader the cell population
is assessed as an entity. After 24 h no significant change in reduced
thiols was observed, but plate reader detection had limitations
because for technical reasons parasites could not be magnetically
enriched prior to ThiolTracker™ Violet staining (see Section 2) and
fluorescence signals were therefore weak.

In summary, ThiolTracker™ Violet seems to be a suitable
reagent to assess the thiol status of living intraerythrocytic P. fal-
ciparum parasites. Assessment at the microplate reader is easier to
handle, is not influenced by variations in the focal plane, allows for
the detection of a great amount of cells in parallel, and yields good
and reproducible signals.

Please cite this article in press as: F. Mohring, et al., Comparison of methods probing the intracellular redox milieu in Plasmodium
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(D) General oxidative stress determined with CM-H, DCFDA.

3.3. The fluorescein based probe CM-H,DCFDA detects shifts in
oxidative challenge

As a marker for general oxidative and nitrosative stress, the
oxidation of H,DCF to the fluorescent DCF was employed in P. fal-
ciparum in direct comparison with the other methods. Prior to the
fluorescence measurements we optimized the loading time, and
cell number for P. falciparum blood stage parasites (Supplementary
Fig. S2C and D).

DIA increased DCF fluorescence after 1h and 4 h incubation in
a concentration-dependent manner, as detected by CLSM (Fig. 3A)
and plate reader detection (Fig. 3B). After incubation with 10 mM
DIA for 1h also the RBC compartment revealed DCF fluorescence
signals. Barrand et al. [34] showed with DTNB-based assays that
the parasite exports glutathione in the form of GSH into the RBC
compartment while the RBC itself exports GSH under physiological
conditions and GSSG under oxidative challenge. Under strong DIA
stress the antioxidant defense mechanisms of the parasite-host cell
unit were obviously not sufficient anymore to maintain the redox
balance in the RBC thus resulting in DCF signals.

ART or CQ exposure for 1h and 4h hardly changed the DCF
response (Fig. 3C-E; please compare y-axis in Fig. 3A and B with
those in Fig. 3C-E). Klonis et al. [17] also analyzed the effect of
ART on CM-H,;DCFDA-loaded P. falciparum 3D7 trophozoites and
observed only a 1.6-fold increase in fluorescence signals after 2 h
treatment with 1 M. As indicated by our data and discussed below,

DCF seems to be more suited for measuring direct and strong oxida-
tive stress rather than the more subtle changes in thiol status
induced by antimalarial drugs. Furthermore, it should be pointed
out that DCF is quite sensitive to light [35,36] and multiple factors
influencing DCF measurements should be taken into account (as
reviewed in Tetz et al. [37]).

3.4. Drug effects on the glutathione redox status obtained with
hGrx1-roGFP2

Finally we used CLSM detection of the hGrx1-roGFP2
405/488 nm ratio in P. falciparum 3D7[ngx1-roGrp2] tO assess the
effects of oxidative and pharmacologic stressors and compare them
between different methods. As illustrated in Fig. 4A, hGrx1-roGFP2
real-time imaging revealed changes in the glutathione dependent
redox potential after 4h treatment with ART or CQ (50xECsy),
which is in agreement with previously reported results [22]. Long-
term incubation (24 h, 4xECsq) with ART also increased the ratio,
while CQ and DIA showed only small effects. In our previous study
[22] we had also observed a strong ratio increase after 24 h treat-
ment with ART and even stronger CQ effects (405/488 nm ratio of
about 1.4).

Short-term treatment with DTT and DIA served as controls
for the fully reduced and fully oxidized state of the glutathione
redox probe. As shown in Fig. 4B, CLSM imaging of 3D7[n¢rx1-roGFP2]
revealed full oxidation already after 1 h treatment with 50 wM DIA,

Please cite this article in press as: F. Mohring, et al., Comparison of methods probing the intracellular redox milieu in Plasmodium
falciparum, Mol Biochem Parasitol (2015), http://dx.doi.org/10.1016/j.molbiopara.2015.11.002



dx.doi.org/10.1016/j.molbiopara.2015.11.002

G Model
MOLBIO-10937; No.of Pages9

8 F. Mohring et al. / Molecular & Biochemical Parasitology xxx (2015) XXx-xxx

suggesting the direct oxidation of the probe to be fast and long last-
ing. In all cases complete reversion of the signal increase could be
achieved by reduction with DTT (even after treatment with 10 mM
DIA for 1 h). As shown in Fig. 4C and D, ART (1 hor4h)and CQ (4 h)
led to a dose-dependent increase of the 405/488 nm ratio (again
with reduced signals at the highest pharmacologically not relevant
CQ concentrations).

3.5. Comparison of the different methods probing the
thiol/glutathione status in P. falciparum

Using the experimental data on CQ as an example, we directly
compared the results of the different methods applied in this study
in order to allow for a cross validation and facilitate the plan-
ning of experimental setups for future studies in the field. The
data are summarized in Fig. 5. All data obtained resulted after
4 h incubation of the parasites with various concentrations of CQ.
All four biochemical assays in parasite extracts indicated a clear
decrease in thiol and glutathione concentrations after 4 h incuba-
tion with 430 nM CQ (free thiols 26-35%; total thiols 14-17%; total
glutathione 14-17%, GSH 4-21%). These effects were detectable
in both 3D7 parasites transfected and not transfected with the
hGrx1-roGFP2 probe (Fig. 5A). ThiolTracker™ Violet demonstrated
a nicely comparable dose-dependent decrease in intracellular thi-
ols at concentrations of 160 nM (2%), 320 nM (12%), 640 nM (23%),
and 6.4pM (37%) CQ (Fig. 5B), which, however, did not quite
reach levels of significance. Also the hGrx1-roGFP2 probe started
to increase its 405/488 ratio at 430 nM CQ (19% increase at 430 nM,
86%at3.2 uM, 370% at 6.4 M) indicating an impairment of the glu-
tathione dependent redox potential (Fig. 5C). Therefore, in direct
comparison with ThiolTracker™ Violet, the hGrx1-roGFP2 probe
reacted even more sensitively to the redox changes indicating
its particular suitability in this concentration range. In contrast
to all other parameters, the DCF signal (Fig. 5D, see also Fig. 3E)
hardly changed in this CQ concentration range (please compare
to Fig. 3B which indicates pronounced changes observed under
diamide stress and take into account the different numbering on
the y-axis). This result can be explained by the fact that massive
and direct oxidative stress is not imposed on the cells. To conclude,
ThiolTracker™ Violet and, even more so, the hGrx1-roGFP2 probe
reacted sensitively to CQ induced changes in intracellular redox
metabolism. These results were well substantiated by classical cell
disruptive methods. DCF can rather be employed as a chemical
probe measuring direct and unspecific oxidative challenge.

Glutathione metabolism has been linked to CQ resistance
[38,39]. GSH forms a complex with heme in the parasite diges-
tive vacuole to prevent oxidative damage, whereas the CQ-heme
complex is toxic [40]. Remarkably, GSH levels were shown to be
lower in CQ resistant parasite lines [41]. Conserved in CQ resistant
parasite lines is the K76T mutation in the chloroquine-resistance
transporter (PfCRT), a protein in the digestive vacuole membrane,
asreviewed in [42]. [t was demonstrated that independent of intra-
cellular GSH levels, glutathione transport processes are important
for CQ resistance. Mutant PfCRTs revealed glutathione transport
activity, indicating an increased transport of GSH into the digestive
vacuole in CQ resistant parasite lines [41].

The involvement of glutathione in the mechanism of action of
ART has, however, been more difficult to demonstrate although the
conversion of GSH to GSSG under ART treatment was already pro-
posed in 2001 [43] and there is consent that ART generates free
radicals upon interaction with iron [44]. Later hypotheses include
Fe-ART adducts that bind the PfATP6, a SERCA homolog, prevent-
ing calcium binding and as a consequence resulting in a loss of
function of the Ca2* pump as a mode of drug action [45]. Further-
more, the ART resistance marker K13 is linked to oxidative stress
[46]. It was also observed that ART activity depends on hemoglobin

uptake and hydrolysis in the digestive vacuole, while at the same
time ART inhibits hemoglobin uptake [17]. Not long ago, exported
protein 1 (EXP1), which is located mainly to the parasitophorous
vacuolar membrane and to cytosolic compartments in iRBCs, was
shown to have glutathione S-transferase activity, conjugating glu-
tathione onto toxic hematin, and on top of that it was evidenced to
be inhibited by the ART-derivative artesunate [47].

In conclusion, we believe that it is of great interest to further
study the changes in intracellular thiol and glutathione levels of P.
falciparum under drug treatment. Particularly the hGrx1-roGFP2
probe offers great potential for sensitive monitoring of the glu-
tathione redox potential in living cells and a combination with
the other biochemical and fluorescence-based methods presented
here can greatly help interpreting and cross-validating the obtained
results. To study detailed mechanisms of drug action and enhance
reproducibility of the data, ideally highly synchronized cell lines
with isogenic background should be tested in at least 3-4 indepen-
dent biological replicates with standardized protocols taking into
account the specific demands of the different methods. Further-
more, employing the hGrx1-roGFP2 probe in Plasmodium would
greatly benefit from stable transfection of parasites and targeting
of the redox probe to subcellular compartments, which is presently
followed up in our laboratory in collaboration with other expert
groups.
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