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Background: pABA biosynthesis is a potential target for antifolate drugs.
Results: Rubreserine inhibits GAT-ADCS, an enzyme involved in pABA biosynthesis, and decreases the folate content in

Arabidopsis and Toxoplasma.

Conclusion: Specific inhibition of pABA synthesis induces growth limitation of plants and apicomplexan parasites.
Significance: GAT-ADCS is a valuable target in eukaryotes, and rubreserine is a novel scaffold for anti-parasitic drugs.

Glutamine amidotransferase/aminodeoxychorismate syn-
thase (GAT-ADCS) is a bifunctional enzyme involved in the syn-
thesis of p-aminobenzoate, a central component part of folate
cofactors. GAT-ADCS is found in eukaryotic organisms auton-
omous for folate biosynthesis, such as plants or parasites of the
phylum Apicomplexa. Based on an automated screening to
search for new inhibitors of folate biosynthesis, we found that
rubreserine was able to inhibit the glutamine amidotransferase
activity of the plant GAT-ADCS with an apparent IC;, of about
8 pm. The growth rates of Arabidopsis thaliana, Toxoplasma
gondii, and Plasmodium falciparum were inhibited by rubreser-
ine with respective IC;, values of 65, 20, and 1 um. The correla-
tion between folate biosynthesis and growth inhibition was
studied with Arabidopsis and Toxoplasma. In both organisms,
the folate content was decreased by 40 -50% in the presence of
rubreserine. In both organisms, the addition of p-aminobenzo-
ate or 5-formyltetrahydrofolate in the external medium
restored the growth for inhibitor concentrations up to the IC;,
value, indicating that, within this range of concentrations,
rubreserine was specific for folate biosynthesis. Rubreserine
appeared to be more efficient than sulfonamides, antifolate
drugs known to inhibit the invasion and proliferation of 7. gon-
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dii in human fibroblasts. Altogether, these results validate the
use of the bifunctional GAT-ADCS as an efficient drug target in
eukaryotic cells and indicate that the chemical structure of
rubreserine presents interesting anti-parasitic (toxoplasmosis,
malaria) potential.

Folates are a family of cofactors that are essential for cellular
one-carbon (C1) transfer reactions. They are involved in several
important metabolic pathways, such as the synthesis of nucle-
otides and the methylation cycle (1-3). Folate biosynthesis can
be divided into three branches (Fig. 14) as follows: the first one
is for the pterin ring synthesis; the second one is for the pABA®
synthesis, and the third one is for the assembly of these two
precursors plus glutamates to form the backbone of folate
derivatives (4—6). Blocking folate biosynthesis or turnover
leads to the arrest of cell division and eventually to cell death.
Antifolate drugs have been developed to exploit this feature in
therapies against cancer cells and microbial or parasitic infec-
tions. Biosynthesis of folate is mainly inhibited by two groups of
compounds, i.e. inhibitors of dihydropteroate synthase (DHPS)
and inhibitors of dihydrofolate reductase (DHFR). Inhibitors of
DHER are commonly used as therapeutic agents against cancer
(7), whereas a combination of these two types of inhibitors are

® The abbreviations used are: pABA, para-aminobenzoic acid; GAT-ADCS, glu-
tamine amidotransferase-aminodeoxychorismate synthase; ADCL, amino-
deoxychorismate lyase; AS, anthranilate synthase; GMPS, GMP synthetase;
GDH, glutamate dehydrogenase; THF, tetrahydrofolate; 5-FTHF, 5-formyl
tetrahydrofolate; GAT, glutamine amidotransferase; HFF, human foreskin
fibroblast; DHFR, dihydrofolate reductase; DHPS, dihydropteroate syn-
thase; ADC, 4-amino-4-deoxychorismate.

JOURNAL OF BIOLOGICAL CHEMISTRY 22367

8TOZ ‘ST auNC Uo anbiwouo.By 8Y2ieydey | ap feuoieN INISU| VN | 1 /61000 mmmy/:dny wouy pspeojumoq


http://www.jbc.org/cgi/content/full/M112.365833/DC1
http://www.jbc.org/

Inhibition of pABA Synthesis in Plants and Apicomplexans

A GTP GTP GTP
2! 3! Cho 1, Cho
3V 3v fis
H,Neopterin Cho H,Neopterin 5% H,Neopterin-PPP 57¢
&
4 }5 4Y;7 6 ? 67
H,Pterin : .
2 6 H,Pterin  pABA H,Pterin pABA
7
H,PterinPPi  PABA 7 7
8 *
S x * °
H,Pteroate H,Pteroate H,Pteroate
Y;] 9 V;] 9 Y? 9
H,F H,F HyF
YI]w* 1251710* o %
2
H,F H,F H,F
vg ? 1 ? 9
H,FGlu,, H,FGlu,, H,FGlu,
E. coli A. thaliana P. falciparum
B GAT
glutaminev» glutamate
NH,
OOH H,0 COOH pyruvate OOH
AD ADCL
Ho CH, CS HN CH,
COOH COOH
Chorismate ADC PABA

FIGURE 1. Biosynthesis of THF. A, schematic representation of the pathways
found in E. coli, P. falciparum, and A. thaliana. The enzymes involved are as
follows: 1, GTP cyclohydrolase I; 2, NUDIX hydrolase; 3, unspecific phospha-
tase; 4, dihydroneopterin aldolase; 4’,6-pyruvoyltetrahydropterin synthase;
5, GAT-ADCS (PabA and PabBin E. coli); 6, ADCL; 7, 6-hydroxymethyldihydrop-
terin (H,Pterin) pyrophosphokinase; 8, dihydropteroate (H,Pteroate) syn-
thase; 9, dihydrofolate (H,F) synthetase; 70, dihydrofolate reductase; 11, folyl-
polyglutamate synthetase; 12, thymidylate synthase. Other abbreviations:
Cho, chorismate; pABA, p-aminobenzoate; H,PterinPP, 6-hydroxymethyldihy-
dropterin pyrophosphate; H,F, tetrahydrofolate; H,F-Glu,, the polyglutamy-
lated form of H,F. Merged symbols represent bifunctional enzymes. The activ-
ities 9 and 17 are catalyzed by a single enzyme in E. coli and Plasmodium. In
Plasmodium, the activity 6 remains to be identified. Above the broken line, the
activities are absentin animals. The black stars show the two enzymes actually
targeted by antifolate drugs. The white stars show the potential target studied
in this work. B, details of the two-step pathway required for pABA synthesis. In
all eukaryotes, the first step involves a bifunctional GAT-ADCS, whereas two
separate proteins PabA and PabB are found in most (but not all) prokaryotes
(19).

commonly used in clinical treatments against parasites of the
Apicomplexa phylum, such as Plasmodium falciparum or
Toxoplasma gondii (8, 9). However, the use of these drugs is
compromised by the emergence of resistance, and the currently
used chemical scaffolds and protein targets are actually over-
exploited. Nevertheless, the long established efficacy of folate
metabolism as a clinical target is strongly encouraging to iden-
tify new inhibitors acting against other enzymes of the folate
pathway comprising nine enzyme activities in addition to
DHPS and DHER (Fig. 14) (10-12).

Among potential targets, the enzymes involved in the pABA
branch of the pathway are of great interest (13). Indeed, they are
absent in animals, and the only known metabolic fate of pABA
is its commitment in folate synthesis. In addition, it was
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recently shown in plants that the production of pABA, together
with the production of pterins, is rate-limiting for the whole
folate pathway (4, 5). Also, it was shown in P. falciparum that
pABA was an effective salvage substrate in experiments using
antifolates, suggesting that pABA metabolism might offer
opportunities for chemotherapy (14). The pABA moiety is syn-
thesized in two steps from chorismate (a metabolite also
involved in aromatic amino acid synthesis (15)). First, choris-
mate is aminated to form 4-amino-4-deoxychorismate (ADC),
and ADC is then aromatized with loss of pyruvate (Fig. 1B). In
many bacteria such as Escherichia coli or Bacillus subtilis, ADC
synthesis requires two separate proteins, PabA (a glutamine
amidotransferase) and PabB (the ADC synthase) (16). In
eukaryotes, the situation appears different. Indeed, in plants
and lower eukaryotes, such as yeast and Apicomplexa, ADC
synthesis is catalyzed by a single bifunctional protein (Fig. 14)
containing two domains, the glutamine amidotransferase
(GAT) in the N-terminal part and the ADC synthase (ADCS) in
the C terminus (17). Based on sequence similarities with TrpG
(the component II of anthranilate synthase), GAT-ADCS is
classified as a member of the G-type group of amidotrans-
ferases (18, 19). There is only one gene coding for GAT-ADCS
in apicomplexan parasites and plants, and a mutation in the
plant gene is embryo-defective. The ADCS domain belongs to
the group of chorismate-utilizing enzymes, which also contains
salicylate synthase, isochorismate synthase, and anthranilate
synthase (20, 21). Until now, searches of inhibitors for this class
of enzymes were only achieved using prokaryotic systems. They
involved docking studies and design of chorismate analogous
compounds (22-25), combinatorial chemistry approaches (26,
27), and a specific screening of a microorganism extract collec-
tion using growth inhibition of test bacteria as a marker of
activity (28, 29). Several compounds were identified by these
different methods but appeared to be relatively weak inhibitors
of ADCS, although some of them could be quite potent against
other chorismate-utilizing enzymes (22-24, 26). The most
potent inhibitor of ADCS reported to date is an analog of cho-
rismate (2-hydroxy-4-amino-4-deoxychorismate), exhibiting a
K; value of 38 um against the purified enzyme (23). To our
knowledge, the in vivo effects of these ADCS inhibitors have not
been investigated.

In this report, using a purified recombinant plant GAT-
ADCS as a model enzyme for bifunctional GAT-ADCS, we
screened a chemical library for new inhibitors of pABA synthe-
sis. We identified one compound exhibiting a K; < 10 um and
measured the impact of this molecule on a plant (Arabidopsis
thaliana) and two apicomplexan parasites (7. gondii and P.
falciparum).

EXPERIMENTAL PROCEDURES

Materials—A. thaliana (ecotype Columbia) seedlings were
grown on plates containing Murashige and Skoog medium, 15%
agar, plus the various molecules to be tested. Seeds were first
sterilized by soaking for 15 min in a solution containing 0.095%
Tween and 0.57% sodium hypochlorite before placing on the
agar medium. The plates were conserved in the dark at 4 °C for
48 h and then transferred in a greenhouse (20 °C, 80% humidity,
150 wmoles photon m~>s™ ', 12 h light period). The number of
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seedlings at the two leaf stage (rosette stage) was counted after
2 weeks.

A. thaliana (ecotype Columbia) cell suspension cultures
were grown and subcultured as described previously (30). For
measurements of metabolites, cells were collected after 7 days
of treatment, rapidly washed with distilled water, weighted, fro-
zen in liquid nitrogen, and stored at —80 °C for later analyses.

T. gondii tachyzoites from the RH-YFP, strain (kindly pro-
vided by B. Striepen, Athens, GA) were propagated in human
foreskin fibroblasts (HFF) under standard procedures as
described previously (31). Invasion and proliferation assays
were performed on HFF cells grown to confluence on glass
coverslips in 4- or 24-multiwell plates. For the invasion assay,
freshly egressed RH-YFP, parasites were incubated for 5 h with
or without the different drugs. To perform synchronized inva-
sion, 10° parasites/well were centrifuged for 30 s at 1300 rpm
onto HFF monolayers, and wells were incubated for 15 min in a
water bath at 37 °C. Wells were further washed three times with
cold PBS to eliminate extracellular parasites. Infected cells were
fixed in 5% formaldehyde/PBS for 30 min and stored in PBS at
4 °C until staining. To distinguish intracellular from remaining
extracellular parasites, coverslips were incubated with the pri-
mary antibody mAb Tg05-54 against the major Toxoplasma
surface protein SAG1 (TgSAG1) and then with Texas Red-con-
jugated goat anti-mouse secondary antibody (Molecular
Probes). Intracellular parasites exhibiting a faint red color can
easily be distinguished from extracellular parasites that are
bright red. Nuclei were stained with Hoechst 33258 (Molecular
Probes). The number of intracellular parasites was determined
from 12 randomly selected fields per coverslip and per experi-
ment with a Zeiss Axioplan 2 microscope equipped for epifluo-
rescence and phase contrast. Invasion was expressed as percent
of the number of intracellular parasites recorded in nontreated
cells.

To assess the effect of the drugs on intracellular growth of T.
gondii (proliferation assay), HFF monolayers were infected with
10° parasites/well (cf. invasion assay). Wells were then washed
three times with PBS to eliminate extracellular parasites, and
drugs were added. After 24 h at 37 °C in a humidified atmo-
sphere containing 5% CO,, cells were fixed and stained with
Hoechst 33258 as described above. For each drug concentra-
tion, the number of parasites was determined from at least 100
individual vacuoles.

To determine folate concentrations, parasites were grown
for 24 h in HFF cells in the presence or absence of 20 or 40 um
rubreserine. The infected HFF monolayers were washed three
times with PBS, harvested with a cell scraper, and passed four
times through a 27-gauge needle to break the cells. Broken cells
and released parasites were washed three times with PBS, and
then parasites were purified by filtration through a 3 wm
Nucleopore membrane, further washed two times in PBS, con-
centrated by centrifugation, and frozen at —80 °C until use.

Plasmodium falciparum (3D7) was maintained in human O
erythrocytes as described previously (32). The in vitro anti-plas-
modial activity of the rubreserine was determined using the
malaria SYBR Green I fluorescence assay as described previ-
ously (33, 34). In vitro ring-stage intra-erythrocytic P. falcipa-
rum parasites (1% hematocrit and 1% parasitemia) were incu-
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bated with specific concentrations of rubreserine in complete P.

falciparum culture medium, with chloroquine disulfate used as
a positive control (0.5 um) or vehicle (1X PBS) as a negative
control. Fluorescence was measured after 96 h under drug pres-
sure (excitation 485 nm and emission 538 nm). The data, after
subtraction of background (chloroquine disulfate-treated
infected RBCs and no parasite growth), were expressed as per-
centage of untreated control to determine cell proliferation.

Rubreserine Preparation—Rubreserine was prepared from
(—)-eseroline fumarate salt (Sigma). Stock solutions of esero-
line (10 mm) were made in 50 mMm P, (pH 8), 50 mm Tris (pH 8),
or 1X PBS (pH 7.5) buffers, depending on the experiment.
Under these conditions, eseroline is spontaneously oxidized
into rubreserine, a process completed in about 6 h at room
temperature. The formation of rubreserine was controlled
through the appearance of a characteristic peak of absorption at
475 nm. These stock solutions were stored at 4 °C for 48 h or at
—20 °C for 1 week. They were serially diluted before use.

Expression and Purification of Recombinant Arabidopsis
Enzymes—AtGAT-ADCS and EcADCL proteins were ex-
pressed and purified as described previously (19). Arabidopsis
¢DNAs encoding GMPS, B-subunit of AS starting at Ala-51 to
remove the plastid transit peptide, and a-subunit of AS starting
at Ala-61 were amplified by PCR and cloned into the expression
vector pET28 (Novagen). E. coli BL21-CodonPlus (DE3)-RIL
cells (Stratagene) were transformed and grown using the same
protocol as for AtGAT-ADCS. Cells were disrupted, and His-
tagged recombinant proteins were purified as described previ-
ously (19).

Determination of Enzyme Activities—GAT activity can be
determined by measuring the production of glutamate and
ADCS activity by the production of pABA (19). Standard assays
contained 100 mm Tris/HCI (pH 8.0), 5 mm MgCl,, 5% v/v glyc-
erol, 0—0.5 mm L-glutamine, 0—0.02 mM chorismate, and 9 ug
ml ™" of the recombinant plant enzyme. The presence of an
excess of ECADCL (20 pug ml™%, 600 nm) is required for the
production of pABA. Reactions (final volume 80 ul) were run in
96-well microplates (Greiner), and changes in fluorescence
were continuously monitored with a microplate scanning spec-
trophotometer Safir* (Tecan). To monitor glutamate produc-
tion, an excess of GDH (100 ug ml~ %, 4.2 units ml~*) and 1 mm
NAD were added to the assay, and NADH production was fol-
lowed by its emission at 450 nm (excitation 340 nm). Concen-
tration of pABA was monitored by its fluorescence emission at
340 nm (excitation 290 nm) in the presence of ECADCL.

The activities of GMPS and AS (B- plus a-subunits) were
measured monitoring glutamate production. In both condi-
tions, the final volume was 500 wl. For GMPS, the assay
medium contained the following: 200 um XMP, 1 mm ATP, 0.5
mMm L-glutamine, 10 ug GMPS, 1 mm NAD, 4.2 units ml™*
GDH. For AS, the assay medium contained the following: 50 um
chorismate, 0.5 mM L-glutamine, 10 ug each of a- and B-sub-
units, 1 mm NAD, 4.2 units ml~* GDH and various concentra-
tions of rubreserine. The reactions were started by addition of
glutamine, and the change in absorbance at 340 nm was moni-
tored with a UV-visible spectrophotometer (Safas).

High Throughput Screening—The screening was conducted
at the Center for the Screening of Bio-Active Molecules located
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at the Commissariat a 'Energie Atomique-Grenoble, France.
The library of compounds was purchased from The Prestwick
Chemical Library®. This library contains 1200 molecules
selected for their high chemical and pharmacological diversity.
They are marketed and 100% Food and Drug Administration-
approved compounds, supplied in the library at a 10 mm con-
centration in DMSO. The final concentration used in the enzy-
matic assay was 100 uM, and we verified in separate control
experiments that 2% DMSO had no effect on the activity. The
enzymatic test used for primary and secondary screenings was
identical to the one described above for the GAT activity. Qual-
ity of the assay was assessed based on the calculation of the Z’
factor, as defined by Zhang et al. (35). After optimization of the
assay, the Z' factor was 0.76 = 0.08 (a good assay must display a
Z' factor of >0.5). The assay was conducted as follows: 50 ul of
a mixture containing 0.1 m Tris (pH 8), 5 mm MgCl,, 5% glyc-
erol, 40 uM chorismate, 1 mm NAD, 0.4 unit of GDH, 0.7 ug of
GAT-ADCS, and 100 uM of the various molecules were added
in each well (in control wells, molecules were omitted). The
reaction was started by injection in each well of 30 ul of a solu-
tion containing 1.3 mMm Gln, and the fluorescence changes
(excitation 340 nm and emission 450 nm) were recorded at 0,
15, and 25 min. The most promising molecules were purchased,
and their inhibitory properties were manually confirmed.

Measurements of Metabolites—Determinations of folates
and pABA were essentially performed as described previously
(36-38). Briefly, the extract corresponding to 3—-5 X 107 para-
sites or 0.5 g (fresh weight) of plant material was subjected to
separation using UPLC (for folates) or HPLC (for pABA), fol-
lowed by tandem mass spectrometric detection on an API 4000
(Applied Biosystems, Foster City, CA), using electrospray ion-
ization, in the multiple reaction monitoring mode. For folates,
the final quantitative data reflect the sum of six different folate
monoglutamates as follows: tetrahydrofolate (THF), 5-methyl-
THEF, 10-formyl-folic acid, 5,10-methenyl-THF, folic acid, and
5-formyl-THF (5-FTHF). ['*C]Folate derivatives and 3-NH,-4-
CH,-benzoic acid were added in the extraction buffers as inter-
nal standards for folates and pABA, respectively.

RESULTS

GAT-ADCS Assay, High Throughput Screening, and GAT-
ADCS Inhibition—The search for enzyme inhibitors by global
approaches requires methods to determine the activity that are
accurate, robust, and compatible with the automated platforms
used for screening of chemical libraries. When coupled with
GDH, GAT activity was easily measurable with a UV-visible
spectrophotometer (340 nm) or a fluorimeter (excitation 340
nm and emission 450 nm) monitoring NADH accumulation
(19, 39). Also, it was convenient to use the same procedure to
test the inhibitors on GDH alone and to discard molecules that
were specific for this last activity. Based on this protocol, we
designed a miniature assay easily reproducible and optimized
for the identification of active drugs, with a screening coeffi-
cient Z' (a statistical parameter measuring the quality of the
screening assay (35)) of 0.76 = 0.08 (see “Experimental Proce-
dures”). Because all our attempts to produce active recombi-
nant GAT-ADCS from apicomplexan parasites failed, we used
the recombinant plant enzyme as a model for this bifunctional

22370 JOURNAL OF BIOLOGICAL CHEMISTRY

MG 0, pH>7 o HaC
N N
BTN ) S “oHy
{ A
CHs CHz
Eseroline Rubreserine

FIGURE 2. Chemical structures of eseroline and rubreserine. Oxidation of
eseroline into rubreserine is spontaneous and strongly increased at pH >7.

system. We screened the registered Prestwick® Chemical
Library (1200 compounds) against the GAT activity of the plant
GAT-ADCS. After primary and secondary screenings, we iden-
tified only four molecules exhibiting IC,, values that were
below 50 um. They were manually tested, and we found
that rubreserine (1,34,8-trimethyl-1,2,3,34,8,84-hexahydro-
pyrrolo[2,3-b]indole-5,6-dione, an oxidative product of esero-
line (40-42) that spontaneously forms at alkaline pH (Fig. 2
and supplemental Fig. S1)) exhibited the best inhibitory prop-
erties. Eseroline itself had no effect, indicating that the carbonyl
functions resulting from eseroline oxidation were essential for
the inhibition. The rate constant of inhibition was rather low
(about 0.1 min~ '), and a 20-min period of incubation with
rubreserine was required to obtain maximal inhibition. We
observed GAT-ADCS inhibition independently of the presence
or position of the His tag that was added for purification con-
venience, indicating that such a tag was not involved in the
inhibition process. We previously showed that the GAT activity
was maximal in the presence of chorismate (the substrate of the
ADCS domain) but could also operate independently (19). We
observed inhibition of glutamate production in both condi-
tions, i.e. with and without chorismate, and we also observed
inhibition of pABA synthesis when GAT-ADCS was coupled
with non limiting amounts of ADC lyase (Fig. 3, A and B). In
separate control experiments, we verified that rubreserine did
not impact ADC lyase activity. In all situations, rubreserine
decreased the V,, and increased the K, for glutamine, indicat-
ing a mixed type inhibition (Fig. 3C). Apparent equilibrium
constants K, (representing the ratio [E][I]/[EI], where E is
enzyme; I is inhibitor; and S is substrate) and aK; (representing
the ratio [ES][I]/[ESI]) calculated from such pattern of curves
(43) were estimated to be respectively 3 = 1 and 8 = 1 uMmin the
different conditions, i.e. measuring either glutamate or pABA
productions.

In Vivo Effects of Rubreserine on A. thaliana Growth and
Folate Content—When Arabidopsis seedlings were grown on
agar plates in the presence of rubreserine concentrations rang-
ing from 50 to 100 uMm, we observed a dose-dependent growth
inhibition (Fig. 4). Interestingly, when the agar plates were sup-
plemented with pABA, the growth was restored for inhibi-
tor concentrations up to 50 um and partially restored for higher
concentrations, the maximal effect being obtained with pABA
concentrations =100 um (Fig. 4). This suggests that for low
rubreserine concentrations, at least, the growth inhibition was
due to a limitation of pABA synthesis. Because pABA is
required for folate biosynthesis, we also measured the potential
impact of 5-FTHF on rubreserine-treated plants (Fig. 4). As
shown, this folate derivative had similar effect than pABA.

VOLUME 287 +NUMBER 26+JUNE 22, 2012

8TOZ ‘ST auNC Uo anbiwouo.By 8Y2ieydey | ap feuoieN INISU| VN | 1 /61000 mmmy/:dny wouy pspeojumoq


http://www.jbc.org/cgi/content/full/M112.365833/DC1
http://www.jbc.org/

Inhibition of pABA Synthesis in Plants and Apicomplexans

o 0.14 ey s

012} C S
01} 16 um]
0.08[ i r

2 g >
~ o0l Y ]
o 8 uM
0.04 oA =]

7 ¢ o 4uM
A |xa -
0.02[ e 0 M 1
/

. — 80 et
a0l A ] n
— ~ 60
£ 200 ou i3
E j £ S0
5 e — 5
gw fo AT e £
- e Jep— <L 30
(=) -k [11]
B fs o e 1 @
I 2
SOy 4 ] 10
;
08700500300 400" 500 600

Glutamine (M)

100 200 300 400 500 600
Glutamine (uM)

0 L t L L
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
1/GIn (uM™)

FIGURE 3. Effect of rubreserine on GAT-ADCS kinetics. A, glutamine-dependent glutamate production (GAT activity alone, no chorismate) in the presence of
rubreserine. GAT-ADCS was first incubated with the various concentrations of rubreserine for 20 min, and then the kinetic was started by the addition of GIn,
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ADCL. GAT-ADCS was first incubated with the various concentrations of rubreserine for 20 min, and then the kinetic was started by the addition of GIn,
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were fitted with the hyperbolic equation of Michaelis-Menten (A and B) and linear regression (C). All our assays were made in triplicate and expressed = S.D.
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FIGURE 4. Effect of rubreserine on the development of Arabidopsis seed-
lings. Seedlings were grown in agar plates without (controls) or with 50, 75, or
100 uM rubreserine. The estimated number of seedlings at the rosette stage
after 2 weeks is expressed as % of the conditions without rubreserine. The
presence in the culture medium of 200 um pABA or 200 um 5-FTHF partially
reversed the growth inhibition. Results are the average of at least three inde-
pendent experiments * S.D. Asterisks mark datasets showing statistical dif-
ference with the condition containing rubreserine alone in a Student’s t test
(p < 0.05).

Next, we investigated the effect of rubreserine on the folate
content. We used Arabidopsis cell cultures for these experi-
ments to dispose of enough material for metabolite determina-
tions. For rubreserine concentrations within the range 25-100
M, the cell division came to an arrest after about 7 days. Similar
results were obtained in the presence of sulfanilamide, a well
known specific inhibitor of DHPS that blocks pABA utilization
in the folate pathway (Fig. 14). After 7 days, the pools of folate
in rubreserine- and sulfanilamide-treated cells (Table 1)
decreased by about 40 and 60%, respectively. However, the dis-
tributions of folate derivatives were not markedly modified (in
all situations, the various representative pools of folates were
roughly 50% 5-methyl-THF, 35% 10-formyl-THF plus 5,10-
methenyl-THF, 8% 5-FTHEF, 7% THF plus 5,10-methylene-
THEF, and 0.3% folic acid (30)). Interestingly, when 100 um
PABA were present in the culture medium, the folate content in
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TABLE 1

Effect of rubreserine (Rubre) on the folate content of Arabidopsis cells
and comparison with sulfanilamide (Sulfa)

Cells were cultivated for 7 days with the various compounds before folate determi-
nations. The total folate contents of control cells cultivated with or without 100 um
pABA were 11.8 = 2 and 10 * 1.5 nmol g~ ' fresh weight, respectively. Measure-
ments are the average = S.D. of 4 — 6 determinations from two to three independent
set of experiments. Results for each set of experiment are expressed as % versus the
corresponding control.

Conditions Total folates
% versus control

Rubre 25 um 60 + 10
Rubre 25 um + pABA 100 um 85+9
Rubre 50 um 66 = 3
Rubre 50 um + pABA 100 um 116 =12
Rubre 100 pum 54 +9
Sulfa 25 um 42 +3
Sulfa 100 um 39+6

TABLE 2

Effect of rubreserine (Rubre) on the pABA contents of Arabidopsis cells
and comparison with sulfanilamide (Sulfa)

Cells were cultivated for 7 days with the various compounds before pABA determi-
nation. The total and free pABA concentrations found in control cells were 8.5 * 2
and 1.1 = 0.4 nmol g ! fresh weight. respectively. Measurements are the average =
S.D. of eight determinations from four sets of experiments. Results for each set of
experiments are expressed as % versus the corresponding control.

PABA
Conditions Total Free
% versus control
Rubre 100 um 90 =5 73+ 8
Sulfa 100 um 128 * 16 132 + 18

both control and rubreserine-treated cells were almost identi-
cal (Table 1), which was clearly indicative of a protective effect
of pABA. Because rubreserine inhibited the pABA branch of
the folate pathway, we also attempted to measure the pABA
content of Arabidopsis cells. In plants, pABA was found either
as free acid or as a glucose ester conjugate. This last form (>80%
of total pABA) is sequestered in vacuoles and does not directly
contribute to folate synthesis (44, 45). This makes the determi-
nation of free pABA quite difficult because, as previously shown
(44), breakdown of the esterified form of folate during sample
workup is very difficult to avoid and contributes, sometimes
quite significantly, to the amount of free pABA. However, in the
presence of 100 uMm rubreserine, we observed a small but signif-
icant decrease of free pABA by about 30% (Table 2). In contrast,
the total amount of pABA did not markedly change, suggesting
that the glucose ester conjugate in the vacuole and the free acid
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FIGURE 5. Effect of rubreserine (Rubre) on invasion and proliferation of T. gondii and comparison with sulfanilamide (Sulfa) and sulfadiazine (SDZ2).
A, invasion of human fibroblasts. The parasites were first incubated with the various drugs for 5 h and then placed in contact with HFF cells for 15 min. The
number of intracellular parasites is expressed for each experiment as % of the number recorded in nontreated cells. B, intracellular growth of the parasites.
Proliferation was estimated 24 h after the invasion process and expressed as the number of parasites present in the parasitophorous vacuoles. Results from
invasion and proliferation experiments are the average of three to four independent experiments = S.D.

form in the cytosol are not in rapid equilibrium. In sulfanil-
amide-treated cells, free and total pABA slightly increased by
about 30% (Table 2), an expected result taking into account that
PABA utilization was blocked (46).

Effect of Rubreserine on the Proliferation of Apicomplexan
Parasites—Before testing the effect of rubreserine on T. gondii,
we first verified with the [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide] cytotoxicity assay (47) that rubre-
serine concentrations up to 50 um had no toxicity on confluent
HFF cells. Indeed, after 48 h of exposure to 50 um rubreserine,
the cell viability was still 95 = 5% of the control. We then eval-
uated the effect of rubreserine on Toxoplasma parasites in two
different situations as follows: invasion of confluent HFF by the
parasites on the one hand, and intracellular development of the
parasites within confluent HFF on the other hand. As shown in
Fig. 54, invasion of human cells strongly decreased when the
parasites had been previously incubated with rubreserine. This
effect was dose-dependent, and the number of intracellular par-
asites were reduced 2-fold in the presence of 20 um rubreserine
(IC4). Likewise, when infected cells were placed in the pres-
ence of the inhibitor, the number of parasites in parasito-
phorous vacuoles decreased after 24 h in comparison with
untreated infected cells, which was indicative of a slowing down
of the parasite’s intracellular division (Fig. 5B). In both situa-
tions, rubreserine appeared much more efficient than sulfanil-
amide and sulfadiazine, and this last sulfonamide drug was
widely used in the treatment of toxoplasmosis. To correlate the
inhibitory effect with folate biosynthesis, we attempted to
determine the folate concentration in 7. gondii cells. To our
knowledge, there was no report about the intracellular concen-
tration of folates within proliferating T. gondii parasites. We
measured folates in parasites grown for 24 h in HFF cells placed
in the presence of either 20 or 40 uMm rubreserine (Table 3).
Interestingly, in both conditions the total folate concentration
decreased by a factor of 2. Also, similar to what was observed in
plants, the distributions of folate derivatives were not signifi-
cantly changed in the presence of the drug (in these cells the
various representative pools of folates were as follows: 18%
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TABLE 3

Effect of rubreserine (Rubre) on the folate content of T. gondii cells
Parasites were grown for 24 h in confluent HFF cells in the presence of 20 or 40 um
rubreserine. The results are expressed as nmol/10” parasites. Measurements are the
average * S.D. of two (40 um Rubre), three (20 um Rubre), and four (control)
independent set of experiments.

Conditions Total folates
nmol/107 parasites

No drug 10.2 £ 2.6

Rubre 20 um 38*+1

Rubre 40 um 4+2

5-methyltetrahydrofolate; 25% 10-formyltetrahydrofolate plus
5,10-methenyl-tetrahydrofolate; 42% 5-FTHEF; 8% tetrahydro-
folate plus 5,10-methylene-tetrahydrofolate; and 7% folic acid).
In addition, for a rubreserine concentration of 20 um (IC,,
value), the parasite growth was largely restored in the presence
of either pABA or 5-FTHF (Fig. 6A4), and the maximal protec-
tive effect was obtained for concentrations =25 um. Thus, for
such inhibitor concentration (20 uMm), the inhibitory process
largely relied on the inhibition of pABA and folate biosynthesis.
However, for rubreserine concentrations higher than 20 um,
pABA and 5-FTHF had only little effect (Fig. 6B), suggesting
that high concentrations of the inhibitor had other non-folate-
specific actions. Because antifolate drugs (anti-DHPS and anti-
DHFR) are often used in combination, we tested the effect of
rubreserine in combination with an anti-DHFR (Fig. 6C). When
20 uM rubreserine and 0.4 um pyrimethamine were combined,
the inhibition was slightly but significantly increased compared
with rubreserine alone. Interestingly, rubreserine alone
appeared in our experimental conditions as efficient as a mix-
ture combining 50 uM sulfadiazine and 0.4 um pyrimethamine.

Additionally, rubreserine was also tested on the in vitro pro-
liferation of P. falciparum. As shown in Fig. 7, rubreserine
exhibited anti-malarial properties because the intraerythro-
cytic growth of the parasite was strongly inhibited by rubreser-
ine, with an IC,, of 1 £ 0.04 um (n = 5). Whether folate bio-
synthesis is also a primary target in these organisms is currently
under investigation.

Specificity of Inhibition by Rubreserine—At low rubreserine
concentrations, folate biosynthesis appeared as a main target in
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FIGURE 7. Effect of rubreserine on the growth of P. falciparum. Parasites
were maintained under normal culture conditions and exposed to serial dilu-
tions of rubreserine from 10 mm, and parasite proliferation was determined as
a measurement of DNA content with SYBR Green | fluorescence after 96 h of
exposure. Data are averaged from five independent experiments performed
in triplicate (= S.D.).

Arabidopsis and Toxoplasma. However, at high rubreserine
concentrations, the growth activity could not be fully restored
by the presence of pABA or 5-FTHF, raising the question of the
inhibitor specificity. GAT-ADCS belongs to the family of class I
glutamine amidotransferases (18, 48), which contains six other
members. The GAT domain of GAT-ADCS does not share
strong homologies with the GAT domains of the other mem-
bers of this class, and the best scores were obtained with AS
(about 28% identity) GMPS (about 13% identity) and carbamoyl
phosphate synthetase II (involved in UMP synthesis, about 15%
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TABLE 4

Effect of rubreserine on the GAT activities associated with recombi-
nant Arabidopsis GAT-GMPS, AS, and GAT-ADCS

Activities were estimated measuring the glutamate production through a GDH-
coupled assay, as described under “Experimental Procedures.” Rubreserine concen-
trations up to 50 uM had no detectable effect on GDH activity alone. Assays were
made in triplicate and expressed = S.D.

Enzymes Specific activity IC,,
wmol min~ ! mg ! UM
AtGAT-GMPS 0.30 25+ 10
AtAS (a- + B-subunits) 0.16 7+2
AtGAT-ADCS 0.40 8+2

GDH (type II from bovine liver) 44 Not measurable, =>50

identity). To test the effect of rubreserine on other members of
this group, we attempted to produce these recombinant Arabi-
dopsis activities. We failed to produce active recombinant car-
bamoyl-phosphate synthetase, but we produced AS (a het-
erodimeric protein combining the activities of B- and
a-subunits, respectively, equivalent to TrpG and TrpE in pro-
karyotes (49)) and GMPS (a bifunctional enzyme with fused
GAT and synthase domains (50), like GAT-ADCS). We deter-
mined these activities with the same GDH-coupled assay that
we used for GAT-ADCS. As shown in Table 4, rubreserine also
inhibited GMPS and AS activities, although inhibition of GMPS
required higher concentrations of inhibitor. Toxoplasma, but
not Plasmodium, is an auxotroph for tryptophan because of the
lack of AS activity (51, 52). However, the enzymes involved in
the synthesis of GMP (GMPS, a bifunctional enzyme, as in
plants (53)) and UMP (carbamoyl-phosphate synthetase II, a
heterodimer in plants (54), but a single protein in apicomplexan
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parasites (55)) was present in these organisms. When a mixture
containing pABA, anthranilate, UMP, and GMP (50 um each)
was added to the culture medium of rubreserine-treated plants
or was present in the proliferation assay of Toxoplasma, the
growth recovery for both organisms was not markedly
improved compared with that obtained with pABA or 5-FTHF
alones (see Fig. 6B for the experiments with T. gondii).

DISCUSSION

Two main conclusions can be drawn from this study: first,
our data validate for the first time the use of the bifunctional
GAT-ADCS as an efficient drug target in eukaryotic cells, and
second, we identified a new scaffold that inhibits plant growth
and proliferation of apicomplexan parasites.

The screening test we used appeared efficient to select active
compounds from Prestwick® chemical library, and we found
that an oxidative product of eseroline, rubreserine, was inhib-
iting the GAT activity of AtGAT-ADCS. Eseroline and rubre-
serine were identified a long time ago as metabolites of physo-
stigmine (eserine), an alkaloid present in the Calabar bean
(Physostigma venenosum), and previously used for its potent
anticholinesterase activity. To our knowledge, rubreserine and
eseroline have no current use in any medical purpose. Pharma-
cological studies indicated that these two molecules were poor
inhibitors of cholinesterase (56), but there was no reports indi-
cating that rubreserine could affect folate biosynthesis and
inhibit the growth of plants and the proliferation of parasites.
Thus, we describe for this compound a new biological effect
with interesting therapeutic potentialities.

When GAT-ADCS was coupled with ADC lyase, the appar-
ent constant of inhibition (K;) for pABA formation was esti-
mated to be <10 uMm, which is the best constant of inhibition
obtained so far for the biosynthesis of pABA. How rubreserine
affects the protein activity is not yet understood, however, and
is currently under investigation. The obvious difference
between the chemical structures of eseroline and rubreserine is
the presence of two carbonyl functions on the aromatic ring of
the latter compound. Thus, these carbonyl functions were pre-
sumably at the origin of the inhibitory effect. It must be noted
that many other natural quinonoid compounds were shown to
display antimalarial properties (57), although the targets and
modes of action were not described for most of them.

The rubreserine-dependent growth inhibitions of Arabidop-
sis and Toxoplasma were specifically associated with an inhibi-
tion of folate biosynthesis for concentrations <IC,,, although
higher concentrations might also inhibit other activities. The
correlation between rubreserine and folate biosynthesis was
observed by direct and indirect approaches. The direct
approach indicated that Arabidopsis cells exhibited folate and
free pABA contents lowered by 45 and 25%, respectively, in the
presence of the inhibitor. In addition, when pABA was present
in the culture medium of rubreserine-treated plant cells, the
folate level was almost identical to the control, indicating a pro-
tective role of pABA. Likewise, the folate level in Toxoplasma
cells was two times lowered by rubreserine. The impact of
rubreserine on folate biosynthesis was also shown indirectly.
Indeed, for rubreserine concentrations close to the IC, values,
the rubreserine-dependent growth inhibitions of Arabidopsis
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and Toxoplasma were for a large part reversed by the addition
of pABA or 5-FTHEF, indicating that the biosynthesis of pABA
displayed a particular sensitivity to rubreserine and that the
resulting decrease of folate biosynthesis contributed to the
inhibitory process. The mode of action of rubreserine in Plas-
modium is currently under investigation to determine to what
extent folate biosynthesis is inhibited in this organism and the
contribution of such an inhibition to the whole inhibitory
process.

It is interesting to compare the effects of GAT-ADCS and
DHPS inhibitors because both types of drugs impact pABA
metabolism. Interestingly, rubreserine appeared in our experi-
mental conditions much more efficient against 7. gondii than
sulfadiazine, a sulfonamide widely used for the treatment of
severe toxoplasmosis. Indeed, the IC,, value calculated for
rubreserine was significantly lower than the IC,, for sulfadia-
zine estimated from this study (>50 um). The IC,, for sulfadi-
azine may fluctuate widely depending on the parasite strain,
from about 20 M to more than 200 um, and is generally >30
M (58). Such a variation presumably illustrates the occurrence
of resistance within the numerous Toxoplasma strains. Sulfon-
amide drugs are normally not used alone against parasites of the
Apicomplexa phylum because of their limited activity (8). How-
ever, they are potent synergizers of DHER inhibitors (exempli-
fied in Fig. 6B), which is the reason why these molecules are
used in combination. Indeed, inhibition of DHPS decreases the
de novo synthesis of dihydropteroate, which, in turn, leads to
reduction of dihydrofolate, the substrate of DHFR. Because the
amount of dihydrofolate is decreased, the efficiency of DHFR
inhibitors increases, and lower doses of these toxic molecules
are required. When rubreserine was used in combination with
pyrimethamine in Toxoplasma, we also observed a small but
significant synergistic effect, and such an association appeared
as efficient as a mixture combining sulfadiazine and pyrimeth-
amine. Thus, molecules with a hexahydropyrrolo[2,3-b]indole-
5,6-dione scaffold, such as rubreserine, could be interesting
structures to develop novel drugs that could represent alterna-
tives to sulfonamides.
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