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ABSTRACT The enzymes glyoxalase 1 and 2 (Glo1 and Glo2) are found in most doi: 10.15698/mic2018.01.608

eukaryotes and catalyze the glutathione-dependent conversion of Receivedbriginally:04.10.2017;
2-oxoaldehydes to 2-hydroxycarboxylic acids. Four glyoxalases are encoded in fcgr',fggngoﬂggll7l'2017'

the genome of the malaria parasite Plasmodium falciparum the cytosolic Publishedz0.11.201'7

enzymes PfGlol and PfcGlo2, the apicoplast enzyme PftGlo2, and an inactive

Glo1-like protein that also carries an apicoplast-targeting sequence. Inhibition

or knockout of the Plasmodiumglyoxalases was hypothesized to lead to an Keywords Plasmodium falciparum,
accumulation of 2-oxoaldehydes and advanced glycation end-products (AGE) malaria, glyoxalase, drug target,
in the host-parasite unit and to result in parasite death. Here, we generated CRISPR/Cas9

clonal P. falciparumstrain 3D7 knockout lines for PFGLO4And PFcGLOdsing

the CRISPR-Cas9 system. Although 3D7Aglol knockout clones had an in- Abbreviations:

creased susceptibility to external glyoxal, all 3D7Aglo1 and 3D7Acglo2 knock- AGE Advanced glycation enrd
out lines were viable and showed no significant growth phenotype under products

standard growth conditions. Furthermore, the lack of PfcGlo2, but not PfGlo1, Glol-glyoxalase 1
Glo2- glyoxalase 2

increased gametocyte commitment in the knockout lines. In summary, PfGlo1 GSH reduced glutathione
and PfcGlo2 are dispensable during asexual blood-stage development while Pf- Plasmodium falciparum
the loss of PfcGlo2 may induce the formation of transmissible gametocytes.

These combined data show that PfGlo1 and PfcGlo2 are most likely not suited

as targets for selective drug development.

INTRODUCTION glycation endproducts (AGE) with implications for dieb

In 1990, Vander Jaget al. reported that Plasmodium tes, cancer and many other important diseadéd-19].
falciparuminfected erythrocytes do not only consume  However, 2o0xoaldehydes, gly@ases and AGE can also
much more glucose than uninfected erythrocytes, busoal have regulatory roles, and insular glyoxalases point to
produce up to 3@imes moreD-lactate owing to a highly alternative functiond5, 13, 18, 25].

efficient glyoxalase systerfl]. Since this seminal study, TheP. falciparungenome encodes four glyoxalases, two
the P. falciparumglyoxalases have gained considerable cytosolic and two apicoplast proteirf4, 8, 13] Cytosolic
attention as model enzymef-5] and as potential targets PfGlol and PfcGlo2 presumably constitute a functional
for rational drug developmenf6-10]. The glyoxalase sy glyoxalase systerfd, 7, 8] whereas the Glolike protein

tem, which usually consistsf glutathione (or trypanoth PfGILP is inactive in standard enzyme assays and cannot

one in kinetoplastida), the isomerase glyoxalase 1 (Glol) provide canonical substrates for apicoplast PftGlo2 b
and the thioesterase glyoxalase 2 (Glo2), is found in most cause of an altered active sifé, 5, 7, 8] In addition, -

eukaryotes and several prokaryotfs 11-13]. The system man erythrocytes harbour a functional hGlo1/hGlo2 couple
is considered to be relevant for the detoxifiaati of [8, 26, 27] We previously characterized the effects of ron
(glycolysigderived) methylglyoxal and other -&o- glutathione as well as glutathiorgerived inhibitors on the

aldehydes, thus preventing the formation of advanced two different active sites of recombinant PtGl[4, 9] Two
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FIGURE 1: Generation and validation of P. falciparum3D7Aglo1 and 3D7Acglo2 knockout strains. (A) and(B) Knockout strategy foPFGLC
and PFcGLOARsing the CRISREas9 system based on the method by Ghodiadl. [29]. Primer pairs and expected PCR produess fir
wild-type strain 3D7 and knockout parasite lines are indica{€)l.PCR aatrols with isolated genomic DNA from clonal parasite |
3D7hglol and 3Djicglo2 after transfection, selection and limited dilution. PCR produ&sfe shown for two clones (#1 and #2) from ¢
knockoutexperiment. Wildtype strain 3D7 served as artool. (D) Analysis of rabbit peptide antibodies against PfGlol and PfcB8ldald-
parumextracts from 2 10 cells were loaded per lane on a 15% gel, separated by reducin§/SBS and analyzed by western blotting.
expected sizes of PfGlol and PfcGlo2 are indicated by arrowheads. PS, S, Ab: Decoratiorimittupeeserum, serum and affindyurified
antibody, respectively(E) Western blot controls with extracts from wiiype strain 3D7 as well as two clonal 391 and 3Djicglo2 paa-
site lines from panel C using the purified antibodies from panel D. Decoration with an antibody against Hsp70 senestiras @htrol.

tight-binding Glol inhibitors ané variety of ester der assays. We found that PfGlol and PfcGlo2 are both dispe
vates were also characterized in cell culture experiments sable for asexual bloestage development while the loss
revealing micromolar kg values that were three to four of PfcGlo2 results in increased gametocyte commitment

orders of magnitude higher than the glCvalues with rates. Thus, PfGlol and PfcGlo2 are most likely not suited
recombinant PfGlo]9, 10] Whether the glyoxalase sy as targets for selective drug development and inhibition of
tem of the erythrocyteP. falciparumhostparasite unit is PfcGlo2 might even promote the spread of malaria.

indeed a suitable drug target remained to be shown. We

therefore analyzed in the present study the relevance of RESULTS

the cytosolicP. falciparunglyoxalases for parasite survival ~ Generation and validation of glyoxalase knockout strains
using acombination of reverse genetics and biochemical Initial attempts to disruptPFGLO#&Nnd PFcGLORBy double
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FIGURE 2: Growth curve analysis of P. falciparun
knockout strains 3D7Aglol and 3D7Acglo2. (A)
Growth curves of three clonal 3Ppg@lol parasite line
in

comparison to wiledype strain 3D7(B) Growth curve
of two clonal 3Djyicglo2 parasite lines in compaoiy
with wild-type strain 3D7. All strains were diluted
an initial parasitemia of 0.1% and monitored by cb
ing

parasites in Giemsstained blood smears. All de
points are the mean = S.D. from three indepenc

Y Sl

Time [Day] Time [Day]

crossover recombination using the plasmid pHa® were

not successful despite a variety of selection protocols
that combined positive selection with the dihydrofolate
reductase inhibitor WR99210 and negative selection with
the Herpes simplexhymidine kinase substrate ganciclovir
(data not shown). We therefore speculated that both
genes might be either essential ¢hat the loci might be
inaccessible to genetic manipulatidi3]. Following the
establishment of the CRISIRs9 system iR. falciparum

we were able to delete both genes using the method by
Ghorbalet al. [29] (Fig. 1A, B). Successful deletion by-do
ble crossover recombination was validated for clonal
3D7glol and 3Djicglo2 parasite lines by analytical PCR
(Fig. 1C). In addition, gene multiplications or other genetic
events that might have resulted in functional PfGlol or
PfcGlo2 wereexcluded by weern blot analysiswith spe-
cific antibodies (Fig. J)Prevealing that all clonal knockout

strains lackeetither PfGlol or PfcGlo2 as expected (Fig. 1E).

In summary PFGLO&nd PFcGLOare not essential for the
asexual blooestages of. falciparum

Phenotypic analysis and enzyme activities of glyoxalase
knockout strains

The phenotype of clonal 3pglol and 3Djicglo2 parasite
lines was analyzed for Giemstined blood smears by
light microscopy. None of the knockout strains had a susp
cious morphology during asexual blesthge development

6 experiments. Statistical analysis usitite one wa'
ANOVA method in SigmaPlot 12.5 did not reve
significant difference among strains (p > 0.05).

when compared to the wildype line (Fig. S1). Even though
growth rates @peared to be slightly reduced for single
knockout clones, differences to the witgpe strain were
not significant according tstatistical analyses (Fig. 2).

The contribution of PfGlol and PfcGlo2 to the overall
Glol and Glo2 activities in purified paitasextracts was
determined by comparing the 3D7 witdpe strain with
clonal 3Dnglol and 3Djicglo2 parasite lines (Fig. 3). The
Glol activity of 3Dnglol parasites dropped by appiiex
mately 90% (Fig. 3A), whereas 3Qib2 parasites mak
tained about one third of the Glo2 activity (Fig. 3B). The
latter result might be explained by the presenck(poten-
tially dual localized)PftGlo2 in parasite extracts or the
presence of human Glo2 that is taken up into the parasite.
Aresidual Glol activity might either originate from a Ron
canonical parasite enzyme or from human Glol that ks ta
en up. It is also worttmentioning that the Glol activity
might be upregulated in 3Djicglo2 parasites, even though
averaged differences betvem strain 3D7 and the clonal
knockout lines were not significant according to statistical
analyses (Fig. 3A).

In summary, 3D7glol and 3Djicglo2 asexual bloed
stage parasites have an inconspicuous morphology and no
pronounced growth defect. The absent plaype might
be due to residual Glo1l and Glo2 activities that are detec
able in purified knockout parasites. While residual Glo2
activities around 30 40% are plausible in the presence of

*k FIGURE 3: Glyoxalase activity mea-
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surements of P. falciparum knockout
strains 3D7Aglol and 3D7Acglo2 after
erythrocyte removal by saponin lysis.
(A) Normalized Glo1 activity measuremen
at 240 nm with parasite extracts fror
approximately 16 trophozoites.
(B) Normalized Glo2 activity measuremen
at 240 nm with parasite extracts fror
approximately 1.7 x 10’ trophozoites.
All data points are the mean + S.D. frc
two to four independent triplicate mes
urements. Statistical analyses were rp¢
formed in SigmaPlotl2.5 using the one
way ANOVA method (ns, not significant;
p < 0.01#** p < 0.001).
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FIGURE 4: Growth inhibitory effects of exogenous 2-oxoaldehydes on synchronous ring-stage cell cultures of P. falciparum3D7 wild-type
strain and clonal 3D7Aglo1 and 3D7Acglo2 knockout strains. 1G values were determined in 9%ell plates using a SYBR green 1 afsx
bolus treatments with(A) glyoxal,(B) methylglyoxal andC) phenylglyoxal after 72 h incubation. The dose response curves are sh
Fig. S2All data points are the mean + S.D. from technical triplicate measurements of three to seven indepexpieninents. Statistic
analyses were performed in SigmaPlot 12.5 using the one way ANOVA method (ns, not significant; * p < 0.05; ** p < 00,001 )p

PftGlo2, a residual Glol activity around 10% is quite su
prising for 3Dhglol knockout parasites considering the
absence ofinother functional canonical Gleésoform inP.
falciparum
Susceptibility of knockout strains to
2-oxoaldehydes

Next, we analyzed the susceptibility of clonal D61 and
3D7hcglo2 parasite lineto external glyxal, methylglyoxal
and phenylglyoxal. Bolus treatments of rigijge parasites
revealed that the toxicity of the-Bxoaldehydes depended
on the size and/or polarity of the compounds with lowest
IG, values for glyoxal and highesd@alues ér phenylgy-
oxal (Fig. 4 and Fig. S2). Thg¥@lue for glyoxal decreased
by up to 60% for the 3nglol knockout parasites (Fig. 4A),
whereas no significant differences between wijge and
3D7hglol knockout parasites were observed for mdthy
glyoxal andphenylglyoxal (Fig. 4B, C). The susceptibility of
the clonal 3Djcglo2 knockout parasites towards external
2-oxoaldehydes was similar to witgpe parasites (Fig. 4
and Fig. S2). In summary, 3gibl knockout parasites
have an increased susceptibilitywards external glyoxal,
which is more toxic folP. falciparumthan methylglyoxal

andphenylglyoxal.

glyoxalase

AGE accumulation in glyoxalase knockout strains

In order to address a potential AGE accumulation in
glyoxalase knockout strains, we performed western blot
analyses with purified trophozoitetage parasite extracts
using a commercial polyclonal af{iGE antibody. Staining
patterns with this antibody revealed a few bands and
smears around 40, 70 and 180 &@Fig. 5). A general,
unspecific accumulation of modified proteins was not
detected. The staining patterns at 70 and 180 kDa were
more intense for the 3D1glol and 3Djicglo2 parasite
extracts than for wildtype parasite extracts. Band patterns
were sinilar under steadystate conditions in the absence
of external 2oxoaldehydes (Fig. 5A) and 6 h after a bolus
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treatment with 50 pM glyoxal (Fig. 5B)n summary,
western blot analyse support the accumulation of setec
ed modified proteins in glyoxalasexdckout strains. Hw-
ever, the growth of asexual bloegtage parasites appears
to be unaffected by these protein modifications.

Gametocytogenesis of glyoxalase knockout strains

In a final set of experiments, we aimed to investigate how
the loss of PfGlolor PfcGlo2 activity as well as the
accumulation of AGE would affect gametocyte commi
ment, thus the ability of theP. falciparunblood stages to
enter the sexual pathway and to form transmissible gam
tocytes. Gametocyte cultures were set up for the clonal
3D7hglol and 3Djicglo2 parasite lines as well as tha-p
rental wildtype 3D7 line used as control. Notably, tha-p
rental 3D7 linein general was a low gametocyte producer
compared to standard gametocyymoducing strains such
as NF54because 3D7 has not been selected in the past for
the ablity to develop gametocytes. Parasite lines 8Dlo1
and 3DTncglo2 were both able to underggametocyte
commitment and to develop mature gametocytes, and the
gametocyte stages formed during maturation exhibited
morphologies comparable to the wilype strain (Fig. S1).
Compared to its parental line, 3Pglol parasites formed
reduced numbers of @metocytes in more than three
independent experiments, when these were quantified 14
days after setting up the gametocyte cultures. It wasenot
worthy, though, that 3Djicglo2 parasites had an increased
gametocytemia compared to the parental line in alltiog
experiments (Fig. 6), indicating that the lack of PfcGlo2
results inincreased gametocyte induction.

DISCUSSION

The cytosolicP. falciparumglyoxalases are dispensable
during asexual blocdtage development in contrast to
previous analysis usingHTK vector$l3], and glyoxalase
knockout parasites have no significant growth defect. Our
study exemplifiesthat negative results from traditional
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FIGURE 5: AGE detection by western blot
analysis of parasite extracts from P. fd-
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ciparum knockout strains 3D7Aglo1 and
3D7Acglo2 after erythrocyte removal by
saponin lysis. Wild-type parasites served
as a control. (A) AGE detection unde
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2-oxoaldehydes(B) AGE detection after
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knockout attempts irP. falciparumare difficult to interpret
because of methodological limitations, even when positive
and negative selections are appli¢a8]. Some of these
limitations can be overcome by the targeted introduction
of DNA doublestrand breaks with the help of the CRISPR
Cas9 systeni29]. Nevertheless, also the CRISP&&9 sy-
tem has limitations and four attempts of our laboratory to
generate 3Djitglo2 and 3Dfpgilp knockout parasites
(PlasmoDB

annotations PF3D7_1205700 and PF3D7_0604700) using at micromolar

pL7 plasmids have failed toatt (data not shown). We
consider the selection of the guide RNA or of the extremely
AT-rich homology regions foPFtGLO2nd PFGILRs likely
methodological causes for the negative outcome of these
knockout attempts rather than essential roles of both
genes. This interpretation is also supported by a recent
study in the rodent parasit®. bergheirevealing that the
homologs PBtGLO2 (PBANKA_0604400) andBGLO1
(PBANKA _0933900) are dispensable and that knockout
parasites have no growth defef30] (the genes PBcGLO2
(PBANKA_1004000) arrBGILRPBANKA_0103400) were
not covered in the genetic screen).

The dispensability o0PFGLOZor parasitesurvival also
explains the high kgvalues of tightbinding Glolinhibitors
in previous cell culture experimenf&0] in contrast to low
nanomolar inhibition constants against recombinant
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lyzed form three independent expiel
ments using ImageJ and statistical &n
yses were performed in SigmaPlot 1.
using the one way ANOVA metho
(* p < 0.05** p < 0.001).

N N
'\§ \0'\% \0’&9’ \0"?‘ \6]?“"
RO

PfGlo1[9]. In accordance with these results, a singlg IC
experiment with 3Dfiglo1 and 3Djicglo2 knockout strains
and the Glol inhibitors compound 3 and 7 of our previous
study [10] showed very similar kg values compared to
wild-type parasites (data not shown). If human GloIneo
pensated for the loss of PfGloa the 3Dhglol knockout
strains, one would expect alteredslGralues because the
inhibitors can also slowly inactivate the human enzyme
[10]. Thusparasite killing of wildype and knockout strains
instead of nanomolar Glol inhibitor
corcentrations can be attributed to offirget effects. B-
garding the dispensability ?fFcGLO®r parasite survival,

it might be necessary to also deleRFtGLOzand/or to
inactivate human Glo2 to cause a growth defect. However,
this means that an inhibitowould have to target not only
one but two or even three enzymes at once. Altogether our
data suggest thaPfGlol and PfcGlo2 are most likely not
suited as targets foselective drug development.

One significant difference between witdpe and
glyoxalase knockout parasites was observed fory@jhvl
parasites that were treated with external glyoxal, whereas
methylglyoxal or phenylglyoxal had similar effects on wild
type and knockout parasites. The results might be e
plained by different kineticdor the transport of glyoxal,
methylglyoxal and phenylglyoxal across the threenme
branes that surround the parasite cytosol or by different

Microbial Cell | JANUARY 2018 | Vol. 5 No. 1
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FIGURE 6: Gametocyte
development of the
14 1 P. falciparum knockout
12 - strains  3D7Aglol  and
2 3D7Acglo2.  Gametocyte
5 10 4 commitment was induced
Fy 8 3D7hglol, 3D7hcglo2 an
] wild-type 3D7 paraites ant
g 6 - the gametocytemia we
] determined per 1000 re
‘2 4 blood cells in Giems
=, stained blood smears
days postinduction. Al
0- data points are the mean
\‘S\ - 2 S.D. fromtriplicate mea-
N A
A vcb o) urements. Results showr
":o v are

representative of thre

independent experiments.

glyoxalase efficiencies of the hegsarasite unit regarding
the conversion of these-8xoaldehydes. A third explan
tion could be that other enzymes of the hegsarasite unit,
such as xoaldehyde reductases or dehydrogenases, are
able to metabolize methylglyoxal and phenylglyoxal but
not glyoxal with sufficient efficiencies in the knockout
strains.

An interesting observation was that the loss of PfcGlo2
in the asexual blood stages resulted in increased gamet
cyte formation. Commitment to gametocyte development
is believed to take place at some point before schizogony,
when individual schizontsroduce merozoites that develop
into gametocytes after invasion of red blood c¢84, 32]

A number of recent studies have demonstrated that the
switch between asexual blood stage replication and gam
tocyte formation inP. falciparumis epigenetically eguld-
ed, involvingP. falciparumheterochromatin protein 1 and
histone deacetylase 2, as well as destream transcip-
tion factors such as Ap2{33-36]. Gametocyte comr
ment is assigned to a variety of internal and external stress
factors such as highapasitemia, anemia, host immune
response or drug treatment, but also endoplasmic netic
lum stresqg36-43]. AGE accumulation appeared to beisim
lar in 3Dhglol and 3Djicglo2 knockout parasites and the
lack of functional PfGlol did not trigger gametocytenco
mitment. We therefore speculate that the accumulation of
SbD-lactoylglutathione or another thioester substrate of
PfcGlo2[1, 3, 8] might have caused the induction of
gametocyte commitment. AlteredSb-lactoylglutathione
concentrations were previously eported to activate
Escherichia colpotassium channels that share properties
with cationtranslocating channels in eukaryot¢20, 24,
44]. Furthermore, alteredSD-lactoylglutathione conae-
trations might also affect the uptake of glutathione into
organdles as previously reported for isolated rat livei-m
tochondria [25]. Whether similar Sb-lactoylglutathione
dependent mechanisms play a role in gametocytenco
mitment remains to be studied.
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MATERIALS AND METHODS

Materials

The Cas®ncoding plasmid pUFTas9 and plasmid pL6,
containing the single guide RNA (sgRNA) with a-Biasing
sequence, were generously provided by Jdsan Lopez
Rubio[29]. Cloning vector pCRTIOPO was from Life techoel
gies.Primers were fromMetabion andTaqg DNA polymerase
and restriction enzymes were from New England Biolabs. The
In-Fusion HD cloning kit was from Clontech. RR640 med+

um and albumax Il were from Gibco Life Technologies.
Hypoxanthine and gentamicin were from C.C.Pro GrobH
Gibco Life Technologies. Peptides and rabbit peptide adtibo
ies against PfGlol (MELKYQTDEDYENFKQSWIEMNH)

and PfcGlo2 (NHMCSAYEPTPGVNEKVYDOGEH) were ga-
erated byPineda Antibody Service. SulfoLink resin was from
Pierce. The polyclonal amdCE antibody (ab23722) was from
Abcam and thegoat antiRabbit IgG (HHERP conjugate was
from BioRad Saponin,blotting-grade milk powder, glyoxal,
methylglyoxal and phenylglyoxal weirem Sigma.

Cloning of pL7 constructs

The pL7 transfection plasmidsntaining the single guide RNA
(SgRNA) expressigbl a8 a SG 4GS -H WR-hdo@Sgy p Q
regions of PFGLOland PFcGLOZPlasmoDB annotations
PF3D7_1113700 and PF3D7_0406400) were generated from
plasmid pL6 by multiple cloning steps. First, to generats-pla
mid pL6PFGLOBL i KISy Reh@mdogy regions oPFGLO1
were PCRamplified from P. falciparumstrain 3D7 genomic
DNA using primer sets P1/P2 and P3/P4, respectively (Table
S1). PCR products were initially cloned into pCRRPO. The
p{ y R-homdbgy egions were subsequently excised from
the TOPO vector, usingcRINcd.  F 2 Ndragnie® and Q
Sadl/Xbd.  F 2 Nftagmiérs, ama @oned into pL6, using the
restriction sitesEcRINcd. T 2 Nffagmiér$ andS@dl/Spe

for the p -ftagment. Plasmid pl-BFcGLO%vas cloned anat
gouslyusing primers set P5/P6 and P7/P8 (Table S1). Plasmids
pL7-PFGLOBNd pL7PFcGLO%Rvere subsequently generated

by replacing theBtgZladaptor of pLEPFGLOland pL6
PFcGLO#%vith the guide RNA (gRNA) fragment using the In
Fuson HD cloning kit. Briefly, the pL6 plasmids were digested
stepwise withAvil andBtgZIfor 2 h at 37°C and 2 h at €D°
respectively. The 2Base gRNA fragments for each target
were designedusing the Protospacer software, flanked with
15 bases for husion cloning and purchased as compleme
tary oligonucletidesP9/P10 and P11/P12 for plPFGLO#And
pL7-PFcGLQ2respectively (Table S1). The complementary
oligonucleotides were mixed, annealethd ligated with the
purified linearized pL6 plasmids in theflrsion reaction. Ste

lar chemicalcompetent cells were subsequently transformed
with the In-Fusion reaction products. Correct sequences for
i K SI ¥ Rhomdbgy regions as well as the $ifRcassettes

of pLZPFGLO&Nd pL7PFcGLO®Rere confirmed by comnre

cial DNA sequencing at GATC Biotech.

Parasite culture and transfections

AsexualP. falciparumblood-stage parasites were cultured in
fresh human A+ erythrocytes according to Trager and Jensen
[45] at 36.5T, 5% @ 5% C@and 80% humidity in RPNMB40
medium supplemented with 0.45% albumax II, 0.2 mMdiyp
xanthine and 2.7ug/ml gentamicin. The hematocrivas 3.5%
and the standard culture volume was 14l.nSynchronised
parasite cultures were obtained after treatment with
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5% sorbitol[46]. Transfections were conducted by elextr
poration (preloading) of uninfected erythrocytes with 100 ug
pUFXCas9 or pLat 0.3 kV and 950 u#ellowed by the infe-
tion with P. falciparum3D7 parasite$47, 48] Parasites were
first transfected with plasmid pUFCas9 and selectedith
100 nM atovaquonefollowed by transfection with plasmid
pL7-PFGLOlor pL#PFcGLO2and seletion with 2.7 nM
WR99210. Thedrug pressure was applied 20 h pest
transfection. For the first 7 days, drug and medium wege r
newed every 24 h. Ther&ar, drug and medium wereer
newed every other day, and 70 gf fresh erythrocytes were
added to the culture once every week until parasites were
detected in Giemsatained blood smears. #egative selection
against parasites with neimtegrated pL7 plasmids was rco
ducted with 40puM 5-flourocytosine. Clonal cellnis were
obtained by limited diition in 96well plates.

PCR analysis of parasite strains
The uptake of pUFCas9 and the targeted disruption of the
glyoxalases by the insertion of the dihydrofolate reductase

P. falciparunglyoxalase knockout parasites

milk powder in0.9% (w/v) NaCl, 10 mM Tris/HCI, pH 7.4
(milk/TBS)and incubated withpreimmune serum, serum or
purified anibodies in milk/TBS at 4°C overnightr the dete-
tion of PfGlo1, PfcGlo2 and AGE, the purified peptide adtibo
iesh t TDf 2o FIODR 21 & ¢St f -AGE
antibody werediluted 1:500, 1:1000 and 1:500, respectively.
The secondargoat antiRabbit antibody was diluted 1:10000
in 5% milk/TBSAt least three biological replicates wererpe
formed for each western blot analysis. Signal intensities were
analyzed withmageJ52].

iKS

Growth curve analysis

The growth phenotype of three clonéD7hglol and two
clonal 3DJicglo2knockout strains was analysed in comparison
with the 3D7 wildtype strain.Asynchronous standard cultures

of each strain were adjusted to a starting parasitemia of 0.1%
and maintained for six days. The medium was changed once
every 24 h for the first threelays and then twice every 24 h.
Parasite morphology and parasitemia of each culture were
daily assessed by light microscopy. Approximately 73600

gene were verified by PCR analysis using primer pairs P13/P14 erythrocytes were analyzed per Gierssiained blood smear.

for pUF1Cas9, P15/P16, P15/P17, and P18/P16 for the
disruption of PFGLO#&Nd P19/P20, P19/P17, and P18/P20 for
the disruption of PFGLO2(Table S1). Genomic DNA for PCR
analysis was isolated with phenol/chloroform from late
schizont/early ringstage parasites at approximately 8%
parasitemia as described previoughg].

Purification of peptide antibodies

Rabbit peptide antibodies againgtfGlol and PfcGlo®ere
purified from sera of immunized animals by affinity chromato
graphy. In brief, cysteireontaining peptides (1 mg/thwere
reduced with 25 mM borohydride in 50 mM Tris/HCI, 5 mM
EDTA, pH 8.5 at 4%@ernight. The reduced peptides were
coupled for 45 min to 1 ml SulfoLink resin. Unspecific binding
sites were subsequently blocked with 50 mM cysteine in 50
mM Tris, 5 mM EDTA, pH 8.5. Peptide antibodies were affinity
purified from rabbit serat O02 NRAy 3 {2 &KS
protocol. Antibodycontaining eluate fractions were identified
after SD$olyacrylamide gel electrophoresis (SBSGE) on
Coomassiestained 15% gels.

Western blot analysis

Trophozoite extracts were prepared by saponindys0, 51]
from 35 micultures with 5% parasitemia. Briefly, after centri
fugation at room temperature for 5 minutesat 755 g,
erythrocytes were resuspended in iceld phosphate buf
ered saline (PBS) containing 0.05% (w/v) saponin and itkcuba
ed for 60sec on ice. Therythrocyte lysate was centrifuged at
4°C for 10 min at 1800. The supernatant was discarded and
the parasite pellet was washed twice with PBS and once with
PBS containing Roche complete protease inhibitor (PBS/PI).
Puified parasites wer resuspended in 5@l of PBS/PI and
disrupted by four freezehaw cycles comprising 5 min freezing
in liquid nitrogen, 1 min thawing in a 37°C water bath and 30
sec of mixing on a vortex. The parasite extract was sdppl
mented with50 pl of 2 x Laemmli luffer containing 30% (v/v)
2-mercaptoethanol and boiled at 95°C for 5 miRrotein -
tracts of approximately 10’ purified trophozoitesper lane
were separated by SBBAGE and subsequenthansferred to

a nitrocellulose membrane by serdry blotting. The men-
brane was blocked for 1 h at room temperature with 5% (w/v)
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The average parasitemia was calculated facke time point
from three independent biological replicates. Statistical
analysis was performed in SigmaPlot 12.5 using the one way
ANOVA method. Growth inhibition synchronous ringtage
wild-type as well as 3D0iglol and 3Djicglo2 knockout
parasitesby exogenous glyoxal, methylglyoxal or phenylglyo

al was determined in 9@vell plates using a SYBR green 1 assay
as described previousfp3, 54] Briefly, 72 h after the bolus
treatments, the SYBR green fluorescence was measured in a
microplate reader (BIG Latech, Germany), andsdGalues
were computed from sigmoidal dosesponse curves using
the four parameter Hill function in SigmaPlot 12.5.

Gametocyte formation assay

Wild-type as well as3D7hglol and 3Djicglo2 kockout
parasites were cultured as described above except for the
replacghuzit lofCalbaaie® W 10% inactivated A+ serum as
described previousl{t5]. Two days after synchronization with
5% sorbitol, gametocyte commitment was induced by setting
up the culture at 2% parasitemia and a haematocrit of 10% in
5 ml of the human A+ medium. The medium was replaced
daily and Giemsatained blood smears were analyzed 14 d
postinduction of gametocyte commitment. The gamet
cytemia was determined per 1000 red blood cells ahd
gametocyte stages-W were counted in triplicate. Data agal

sis was pgormedusing MS Excel 2010 and GraphPad Prism 5.

Glyoxalase activity assays

Parasite lysates for glyoxalase activity measurements were
prepared from 35 ml cultures of synchronous trophozoite
stage parasites using a slightly modified lysis protd@dl
Briefly, infected erythrocytes were first pelleted and then
resuspemded and lysed in 20 volumes of modified PBS cantai
ing 7 mM KHPQ, 1 mM NaHPQ,, 11 mMNaHC@ 58 mM KCl,
56 mM NaCl, 1 mM Mgg£l114 mM glucose and 0.02% (w/v)
saponin(pH 7.5 at 25°C). After incubation for 10 min at 37°C,
erythrocyte lysates were centrifuged at 25°C for 3 min at 1500
g and the pellet was washed three times with modifieBI?
About 5x 107purified trophozoites were resuspended in 150
>| of modified PBS and disrupted Ifgur freezethaw cycles
The parasite lysate was centrifuged at 4°C for 60 min at 20800
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g and the supernatant was transferred to a fresh precooled
reaction tube and stored on ice for immedia®ol and Glo2
activity assaysThe protein content of the parasite lysate-s
pernatant was subsequently determined in a Bradford assay at
595 nm with bovine semm albumin as a standaf86].

Glol activities form parasite extracts were determined
25°C using ahermostatted Jasco 850 UWvis spectropb-
tometer by following the formation oSp-lactoylglutathione
and the consumption of the hemithioacethbtween methy-
glyoxal and reduced glutathione (GSH) at 240 nm using an
extinction®2 ST F A QS Z.86mMEm™[10, 57] Brid-
ly, gock solutions 0f100 mM GSH and 100 mM methylglyoxal
were freshly prepared in wateand stored on ice. Theeh
mithioacetal substrate was formed by mixing 100 ¢f pre-
warmed1l MKHPQ, pH 7.0and 100 i1 M KCI with 10 |of
100 mM GSH and 20 af 100 mM methylglyoxal in 740 pf
pre-warmed double distilled water in a 1llrouvette. he mi-
ture was incubatedor 15 min at 25°CAfter 14 min incub-
tizys GKS YSI adz2NBuoSsfddand & Baselmd
was recorded after 14.5 min for 30 sec before adding Bof u
parasite lysate supernatant from approximately’ t®phozo-
ites to the mixture. After thorougtmixing, the change inta
sorbance a4, was immediately monitoredThe slope of the
initial increase of absorbance over timeAgdy/dt), was cb-
termined and the activity of Glo1 £g;) was calculated using
agio1= (dAo4d/dt)e/2.86 [MM/min].

Glo2 activities weremeasured analogously at 25°C by
following the consumption o&D-lactoylglutathione at 240 nm
dza A y 3
57]. Briefly, 100 mM Tris/HCI, pH 7.4 at 25°C &ndnM
Sob-lactoylglutathionein Tris buffer were freshly prepared and
stored on ice. The assay setup comprised mixing [HOOf
pre-warmed Tris buffer, 100l of 3 mM Sb-lactoylglutathione
and 350ul of prewarmed water in a 1 frcuvette at 25°CThe
YSFadiNBYSyid ¢gla asa a2
recorded for 30 seconds before adding Sfiparasite lysate
supernatant from approximately 1710’ trophozoites to the
mixture. After thorough mixing, the change in absorbance at
Axyo Was immediatly monitored. The slope of the initial
decrease of absorbance over timeA¢g/dt),was determined
and the activity of Glo2 @@, was calculated using
8glo2= «(dAgad/dt)o/3.1 [MM/min].
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