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The drugs in clinical use against African sleeping sickness are toxic,
costly, or inefficient. We show that Trypanosoma brucei, which
causes this disease, has very low levels of CTP, which are due to a
limited capacity for de novo synthesis and the lack of salvage
pathways. The CTP synthetase inhibitors 6-diazo-5-oxo-L-nor-
leucine (DON) and a-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic
acid (acivicin) reduced the parasite CTP levels even further and
inhibited trypanosome proliferation in vitro and in T. brucei-
infected mice. In mammalian cells, DON mainly inhibits de novo
purine biosynthesis, a pathway lacking in trypanosomes. We could
rescue DON-treated human and mouse fibroblasts by the addition
of the purine base hypoxanthine to the growth medium. For
treatment of sleeping sickness, we propose the use of CTP syn-
thetase inhibitors alone or in combination with appropriate
nucleosides or bases.

p to 500,000 people are estimated to suffer from African

sleeping sickness (1, 2), a fatal disease caused by the
protozoan parasites Trypanosoma brucei gambiense or Trypano-
soma brucei rhodesiense. These pathogens are transmitted by
tsetse flies to their mammalian hosts, where they first establish
an infection in the blood and lymph. In the second stage of the
disease, the parasites invade the central nervous system. Most
drugs used to treat sleeping sickness do not cross the blood—
brain barrier; as soon as the trypanosomes have entered the
central nervous system, only eflornithine and arsenicals such as
melarsoprol are effective. However, the arsenicals are highly
toxic, whereas eflornithine is ineffective against 7. b. rho-
desiense (3) and is very expensive.

Purine metabolism has been extensively studied in trypano-
somes (4), and it is well established that they lack the ability to
form purines de novo. They therefore absolutely depend on
preformed purine bases or nucleosides for survival. Any purine
source is fine, because they have all of the enzymes needed to
interconvert IMP, AMP, and GMP. Much less attention has
been paid to the synthesis of pyrimidines in trypanosomes (4); so
far, no study of the pathways for CTP synthesis has been
published.

We have previously reported that cultured bloodstream T.
brucei have a very small CTP pool in comparison with other NTP
pools and the CTP pools of other cell types (5). In this paper, we
demonstrate that the low CTP pools are a consequence of slow
synthesis by the parasite CTP synthetase. We suggest that this
enzyme is an excellent target for chemotherapy, because we
found that the trypanosomes, unlike mammalian cells, cannot
compensate for the inhibition of CTP synthetase by the salvage
of cytidine. The rest of our work is focused on the use of two
irreversible glutamine analog CTP synthetase inhibitors,
6-diazo-5-oxo-L-norleucine (DON) and «-amino-3-chloro-4,5-
dihydro-5-isoxazoleacetic acid (acivicin). These drugs have been
used extensively in clinical trials against various cancers, and at
least acivicin is known to penetrate the blood-brain barrier (6).
We found that both drugs inhibited the proliferation of cultured
trypanosomes at much lower concentrations than the levels
measured in the blood of cancer patients. Furthermore, treat-
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ment of 7. brucei-infected mice with DON or acivicin reduced
the number of trypanosomes in the blood to undetectable levels.
We found that DON mainly affected de novo purine biosynthesis
in mammalian cells. Because this pathway is not the target in
trypanosomes, DON therapy can be combined with a purine base
to minimize side effects, without losing efficacy against 7.
brucei.V

Materials and Methods

Handling of Trypanosomes. Bloodstream forms of the pleomorphic
T. brucei brucei variant clone AnTat 1.1 (7) were grown in NMRI
mice. Long, slender trypanosomes were purified on day 3 after
infection, and short, stumpy trypanosomes were purified on day
5 after infection from blood by DEAE-cellulose chromatography
(8). The trypanosomes were confirmed to be long, slender forms
(33-35% of the cells had two kinetoplasts and one or two nuclei)
and short, stumpy forms (only 6—7% with two kinetoplasts and
one or two nuclei) by inspection of 4’,6-diamino-2-phenylindole-
stained cells with a microscope.

Procyclic insect forms of 7. brucei brucei AnTat 1.1 (7) were
cultured at 27°C in SDM-79 medium (9) supplemented with 10%
heat-inactivated FBS. Culture-adapted bloodstream forms of the
T. brucei brucei cell line TC221 (10) were propagated at 37°C in
Hirumi’s modified Iscove’s medium-9 (11) supplemented with
5% FBS in a humidified atmosphere containing 7% COs,.

NTP Pools. Trypanosomes (1-3 X 108) were collected, and their
NTPs were determined as described (5). Briefly, the nucleotides
were extracted by a trichloroacetic acid precipitation procedure
and quantified by HPLC. A connection of the HPLC to a flow
scintillation analyzer (Radiomatic 150 TR; Packard) made it
possible to monitor radioactivity in the chromatographic peaks.

Ribonucleoside and Nucleobase Analysis. Two hundred microliters
of culture medium was centrifuged through a Nanosep 3K filter
(Pall Filtron, New York). Various amounts of the filtrate were
separated on a 4.6 X 150 mm Discovery HPLC column (Sigma-
Aldrich) that was run isocratically in 10 mM ammonium phos-
phate (pH 3.4) at 1 ml/min. The peaks were identified by their
Az60/A2s0 and by comparing their retention times with standard
nucleosides and bases mixed with culture medium. Finally, we
quantified the ribonucleosides and bases by comparing peak
heights with a standard curve.

Conversion of [3H]Uracil into UTP, CTP, Cytidine, Uridine, RNA, and
DNA. Logarithmically growing trypanosomes (2 X 10%) were
collected (5-min centrifugation at 3,000 rpm) and resuspended in
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isoxazoleacetic acid.
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Fig.1. NTPpoolsin T. brucei from different life cycle stages. The samples are
from procyclics (open bars), long slender (solid bars), short stumpy (hatched
bars), and in vitro-cultured bloodstream forms (cross-hatched bars). All values
are averages of two experiments, with standard deviations indicated by error
bars, except the value for the cultured bloodstream forms, which is an average
of 19 experiments. The values are represented relative (in %) to the total NTP
pool (CTP + UTP + ATP + GTP).

20 ml of fresh culture medium. After 30 min of preincubation
under standard growth conditions, they were incubated at a final
concentration of 0.13 uM [5,6-*H]uracil (39 Ci/mmol) in their
growth medium. Radioactivity in the UTP, CTP, cytidine, and
uridine pools was determined by HPLC coupled to a flow
scintillation analyzer (see above). Similar experiments were
performed with 0.34 uM [6-3H]cytosine (14.7 Ci/mmol) or 0.22
1M [5-3H(N)]cytidine (22.9 Ci/mmol). All tritiated compounds
were purchased from Moravek Biochemicals (Brea, CA). The
amount of radioactivity in the RNA and DNA was deter-
mined from trichloroacetic acid-precipitated cell material, as
described (12).

Glutamine Analogs. DON and acivicin (Sigma-Aldrich) were
stored as aqueous 5 mM solutions at —20°C. All experiments
performed with these drugs were comparable because we used
a physiological concentration of L-glutamine (0.584 g/liter) in all
growth media.

DON Treatment of T. brucei-Infected Mice. 7. brucei-infected
BALB/c mice (8 weeks old) were injected i.p. with 0.5 mg DON
(25 mg DON/kg) dissolved in 200 ul 0.9% sodium chloride
solution every third day. Control mice received only the vehicle.

Cultivation of Mammalian Cells. Mammalian cells were cultivated
as monolayers in DMEM (Sigma) supplemented with L-
glutamine (0.584 g/liter) and 10% heat-inactivated horse serum
at 37°C in a humidified atmosphere containing 7% CO,.

Results

Determination of Intracellular NTP Pools during the Various Stages of
the T. brucei Life Cycle. First, we wanted to check whether the low
CTP level we had reported for cultured bloodstream forms (5)
also appears in vivo. The NTP pools in long, slender (prolifer-
ating stage) and short, stumpy trypanosomes (nondividing
stage), which were purified from 7. brucei-infected mice (Fig. 1),
were compared with the pools of in vitro cultured procyclic
trypanosomes (corresponding to the midgut forms in the tsetse
fly) and in vitro-cultured bloodstream forms. Again we observed
that the CTP pools were much lower than the pools of UTP,
ATP, and GTP (Fig. 1), especially in the three bloodstream
forms of T. brucei.
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Fig. 2. Incorporation of tritium label into CTP, UTP, and nucleic acids in the
T. brucei brucei cell line TC221. [3H]Uracil was added to cultivated blood-
stream forms, and aliquots were collected and analyzed at various times (see
Materials and Methods). (A) Incorporation of tritium into UTP (A) and CTP (m).
The values are plotted as specific activities (dpm/nmol of each nucleotide). (B)
Incorporation of label into RNA + DNA (m) and DNA only (A), shown as
absolute values (dpm).

T. brucei Lacks Salvage Pathways for CTP Synthesis. Generally, CTP
can be synthesized de novo from UTP or from salvage of cytidine.
A few organisms, such as Giardia lamblia, also can salvage
cytosine through a phosphoribosyltransferase (13). When we
added up to 15 mM cytidine or 1 mM cytosine in the culture
medium and harvested the trypanosomes 1 h later, there was no
change in the size of the CTP pool. Similarly, if we gave the
trypanosomes tritiated cytidine or cytosine, the CTP pool was
not labeled. We confirmed by HPLC chromatography that the
added cytidine was not degraded to uridine during the course of
the experiment. We can conclude that there is no salvage of
cytidine or cytosine in 7. brucei.

The Synthesis of CTP Is Slow in T. brucei. We wanted to investigate
why the CTP pool is so low in the bloodstream form of T. brucei.
This low level of CTP could be the consequence of deficient
synthesis or of excessive degradation of CTP. First, we deter-
mined the rate of de novo CTP synthesis. Trypanosomes that
were offered tritiated uracil in the culture medium incorporated
label into both the UTP and the CTP pools (Fig. 24). Thus we
can conclude that trypanosomes have a de novo pathway for CTP
synthesis. The accumulation of label in the UTP pool was rapid
and was almost saturated after 5 min, whereas the CTP pool was
labeled at a much slower rate. This observation suggested that
slow de novo synthesis could be responsible for the low CTP
level.

We also wanted to know whether the size of the CTP pool was
controlled by a high degradation rate. We therefore checked the
label in the first two degradation products of CTP catabolism,
cytidine and uridine, by HPLC chromatography. No radioactiv-
ity was detectable in these compounds. On the contrary, label
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Fig.3. Effect of CTP synthetase inhibitors on cultured bloodstream T. brucei

brucei (TC221) CTP pools and proliferation. (A) Analysis of CTP (main graph)
and GTP (Inset) pools from trypanosomes treated with DON (m) or acivicin (A)
for 1 h. (B) The effect of DON on trypanosome proliferation. The parasites
were treated with no drug (m), 1 uM DON (A), or 5 uM DON (#), and the
number of trypanosomes was recorded over time. (C) Effect of acivicin on
trypanosome proliferation. The trypanosomes were treated with no drug (m),
1 wM acivicin (A), or 5 uM acivicin (#). (D) The trypanosomes were treated with
DON for 1 h, washed, and resuspended in drug-free medium. The number of
trypanosomes was counted at various time points after the release (A). A
control experiment was performed, in which the trypanosomes were not
exposed to DON but were otherwise treated in exactly the same way as the
drug-treated trypanosomes (m). Each point is an average of two experiments,
with the standard deviation indicated by error bars.

was readily incorporated into nucleic acids (Fig. 2B). Consider-
ing the detection limit of our experiments, we can conclude that
at least 95% of the CTP and UTP in trypanosomes was used for
nucleic acid synthesis, whereas less than 5% was degraded. A
rapid degradation is therefore not responsible for the low CTP
pool in T. brucei.

Testing CTP Synthetase Inhibitors on Cultured Bloodstream Forms of
T. brucei. The absolute dependence of 7. brucei on de novo
synthesis for CTP production might be exploited for chemother-
apy purposes, because the host can be rescued by cytidine. We
tested two glutamine analog CTP synthetase inhibitors, DON
and acivicin, and we measured how the NTP pools of cultured
bloodstream forms of 7. brucei changed during the 1-h incuba-
tion period. DON specifically lowered the CTP pool, and acivicin
also lowered the GTP pool (Fig. 34). None of the drugs affected
the ATP or the UTP pools (data not shown). The inclusion of
160 uM guanine in the growth medium abolished the effect by
acivicin on the GTP pool. Because the CTP level was still low,
we conclude that the inhibition of CTP synthesis by acivicin was
direct and was not due to an allosteric effect by GTP. The result
with acivicin is in agreement with the situation in mammalian
cells, where it is established that the main targets are CTP
synthetase and GMP synthase (6). Trypanosomes lack the
enzymes in the de novo purine biosynthesis pathway up to IMP
but contain later enzymes such as GMP synthase (4). It is
therefore not surprising that GTP synthesis was affected by
acivicin. The inclusion of 5 mM cytidine or 1 mM cytosine in the
growth medium did not affect the inhibition of CTP synthesis by
DON or acivicin (data not shown).

Next, we wanted to know how the drugs affected the growth
of cultured bloodstream trypanosomes. DON and acivicin were
both very active (Fig. 3 B and C, respectively); DON completely
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Fig. 4. Effects of DON on trypanosome-infected mice. Mice were infected
with the pleomorphic T. brucei variant clone AnTat 1.1 on day 0, and the
number of trypanosomes in the blood was counted (16) every third day,
starting at day 4. Two of the mice (m and @) were exposed to DON on days 4,
7,10, and 13. These days are marked with arrows. Two other mice treated with
vehicle alone served as controls (¢ and A). The dashed line at the bottom of
the graph represents the detection limit.

blocked proliferation, even at a concentration of only 1 uM.
DON also inhibited the proliferation of 7. b. rhodesiense (1Csy =
0.36 uM), which is a human pathogenic subspecies of 7. brucei
resistant to eflornithine. Cytidine (up to 5 mM) or cytosine (1
mM) could not rescue the trypanosomes from the proliferation
block imposed by 1 uM DON (data not shown). Similarly,
trypanosomes treated with 1 uM acivicin were not rescued by the
combination of 160 uM guanine with 5 mM cytidine or 1 mM
cytosine (data not shown). We confirmed by HPLC that the
added cytidine and cytosine were not degraded to a significant
extent in these experiments.

DON is not stable in the mammalian bloodstream and has a
half-life of only 1.5-3 h in humans (14, 15). We therefore tested
the effect of a short pulse of DON (5 uM DON for 1 h) on
trypanosome proliferation (Fig. 3D). Control trypanosomes
received the same treatment, except that the 1-h incubation was
completed without DON. Inhibitor-treated trypanosomes re-
quired ~20 h to recover from 1 h of DON exposure.

Treatment of Trypanosome-Infected Mice with DON. We tested DON
on mice infected with the pleomorphic 7. brucei strain Antat 1.1
(Fig. 4). This strain (7) gives a chronic infection in mice similar
to that in humans, with the number of parasites increasing and
decreasing in a cyclic manner. Four mice were given 2 X 10*
trypanosomes i.p. on day 0. Four days later, two of the mice
started to receive 25 mg/kg DON i.p. every third day. Whereas
the parasitemia of the control mice was increasing and decreas-
ing in a periodic pattern, the number of trypanosomes in the
DON-treated mice was low at the first inspection (day 7) and
below the detection limit by day 10. The trypanosomes remained
undetectable as long as therapy continued, and they did not
appear again until 6 days after the last dose of DON. Thereafter,
the DON-treated mice developed parasitemias similar to those
of the controls. The strong trypanocidal effect of DON is rather
surprising, considering that the half-life of DON is only 5-8 min
in the mouse bloodstream (17).

Preliminary results suggest that not only DON but also acivicin
is active in vivo. T. brucei-infected mice received a daily dose of
5 mg/kg acivicin for 12 days. By day 12, we could detect no
trypanosomes in the blood of these mice. At this point the
therapy was discontinued and the trypanosomes reappeared 3
days later. We conclude that acivicin is active in vivo, but more
studies are needed to see whether acivicin at a higher dose or

Hofer et al.
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Fig.5. Proliferation of humanWs1 fibroblasts (ATCC no. CRL-1502) or mouse
BALB/3T3 fibroblasts (ATCC no. CCL-163) in the presence of DON and hypo-
xanthine. The cells were seeded at a low density (10° cells per 5-cm dish),
incubated with the drug to be studied, and collected 3 days later (before
confluency). The cell density (OD260-310) Was then determined by a procedure
based on NaOH lysis (18). (A) Human WS1 fibroblasts were grown at various
concentrations of DON in the absence (m) or presence of 2.5 uM (A) or 10 uM
(®) hypoxanthine. The open symbols represents experiments where 1 mM
cytidine was present alone (CJ) or together with 10 uM hypoxanthine (©). (B)
Mouse BALB/3T3 cells were grown at various concentrations of DON in the
absence (m) or presence of 10 uM (®) or 160 uM hypoxanthine (A). The dashed
line at the bottom of the graphs represents the initial cell density (day 0).

given for a longer exposure time eventually would eradicate the
parasites completely.

Effects of Combinations of DON and Nucleosides/Bases on Mammalian
Cells. DON also inhibits the proliferation of mammalian cells. It
would be advantageous to reduce the antiproliferative effect on
mammalian cells and still retain the trypanocidal activity. The
main target of DON in mammalian cells has not been completely
determined, but one candidate is de novo purine synthesis (6).
We could minimize the inhibition of de novo purine biosynthesis
by adding hypoxanthine (a purine base) to the growth medium.
In the human cells (Fig. 54) there was a strong and saturating
effect already at 2.5 uM hypoxanthine; increasing the concen-
tration to 10 or 160 uM gave similar results (the 160 uM curve
is not shown). In contrast, very high levels of hypoxanthine were
needed to achieve a saturating effect on the mouse cells (Fig.
5B). We therefore analyzed the growth medium of mouse
fibroblasts cultivated in the presence of 10 uM hypoxanthine by
HPLC and found that the purine base was completely degraded
during the course of the experiment. Xanthine oxidase, which is
expressed in most tissues and cell types in mice, but is limited to
the intestine and the liver in humans (19), is probably the cause
of this degradation. In addition to hypoxanthine, other purine
bases such as guanine rescued the human cells from DON
cytotoxicity (data not shown); the addition of cytidine, however,
had no effect whether it was used alone or in combination with

Hofer et al.
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Fig.6. The targets of DON and acivicin in T. brucei and mammalian cells. All
pathways shown for the synthesis of UTP, CTP, ATP, and GTP exist in mam-
malian cells, whereas the trypanosomes lack salvage pathways for CTP syn-
thesis (left shaded box) and de novo purine biosynthesis (right shaded box).
DON targets the CTP synthetase in the trypanosomes, whereas it mainly
targets de novo purine biosynthesis in mammalian cells. A combination
therapy of DON and any of the purine bases (adenine, guanine, or hypoxan-
thine) would bypass the block on de novo purine biosynthesis, and it therefore
would spare the human cells, whereas the trypanosomes would still be tar-
geted. Acivicin is targets the CTP synthetase and GMP synthase in trypano-
somes as well as in mammalian cells. However, the trypanosomes cannot
compensate for the block on CTP synthetase by salvaging cytidine. Therefore,
a combination therapy of acivicin with cytidine and guanine should spare the
mammalian cells and kill the trypanosomes. For simplicity, we have not
included purine nucleosides in the scheme; in principle, adenosine, guanosine,
and inosine can replace adenine, guanine, and hypoxanthine. The salvage
pathways for UTP synthesis are also omitted, because they are not relevant to
our work.

hypoxanthine (Fig. 54). We conclude that CTP synthetase,
which was the main target of DON in 7. brucei, is not an
important target in mammalian cells. Instead, de novo purine
biosynthesis seems to be the main pathway affected.

Discussion

Intrigued by the low levels of CTP in the bloodstream forms of
T. brucei, we took a closer look at the metabolism of CTP in the
trypanosomes. During these studies, we made two discoveries
suggesting that CTP synthetase could be an Achille’s heel in
trypanosome metabolism. First, the CTP levels are controlled by
synthesis rather than by degradation. Thus inhibition of CTP
synthesis should have a direct effect on CTP levels. Second, there
is no salvage of cytidine or cytosine in trypanosomes. This
finding implies that 7. brucei cannot use the salvage mechanism
to compensate for the inhibition of CTP synthetase. In this
paper, we have focused on two CTP synthetase inhibitors, the
glutamine analogs acivicin and DON, that both inhibited try-
panosome proliferation and CTP synthesis.

It is well established that acivicin passes through the blood-
brain barrier in humans (6); such passage is an absolute require-
ment for treatment in the second stage of sleeping sickness. The
extent to which DON can enter the central nervous system
remains to be established; DON has at least been shown to have
an affinity similar to that of acivicin for the protein that
transports neutral amino acids through the blood—brain barrier
(20). The pharmacological properties of acivicin and DON have
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been extensively studied as cancer drugs, and the steady-state
levels in cancer patients receiving tolerable doses were 58 uM for
DON applied as a 4-h continuous infusion (14) and 16 uM for
acivicin applied as a 24-h continuous infusion (21). Although
these levels are much higher than the dose required to block the
proliferation of mammalian cells, efficacy against various tumors
was limited. In the case of acivicin, the low response level has
been explained as follows: tumors (22), as well as tissue-cultured
mammalian cells (23, 24), compensate for the inhibition of CTP
synthetase and GMP synthase by increasing the salvage of
cytidine and guanine/guanosine that are present in extracellular
space. Similarly, we could show that mouse and human cells can
be rescued from DON inhibition by purine bases. In contrast,
trypanosomes cannot compensate for the inhibition of CTP
synthetase by salvage, and they are severely inhibited by both
glutamine analogs, even at a concentration of only 1 uM. We
suggest that DON therapy against 7. brucei can be combined
with a purine base to reduce the reported side effects (14, 15, 25)
(Fig. 6). Similarly, cytidine and guanine/guanosine may reduce
acivicin-associated side effects (Fig. 6). Unfortunately, these
suggestions cannot easily be studied in trypanosome-infected
mice, because mice degrade purines at a much faster rate than
humans.

The relapse of trypanosomes after drug removal observed in
our short-term DON/acivicin-treated mice indicate that, like
eflornithine, the glutamine analogs only block the proliferation
of the parasites. A functional immune response is then required
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to eradicate the growth-arrested trypanosomes (26). More ex-
periments would be needed to investigate whether the relapse
can be prevented in mice. However, because the pharmacoki-
netics of the glutamine analogs are very different in humans and
mice, we believe that this information would be of only limited
value for the treatment of sleeping sickness.

We also have tested DON against the malaria parasite,
Plasmodium falciparum, which was grown in cultured human
erythrocytes (27); DON efficiently inhibited parasite prolifera-
tion with ICs values ranging from 0.36 uM (strain NF54) to 0.52
uM (strain K1). Furthermore, preliminary results on P. berghei-
infected mice confirm that DON is also active in vivo against
rodent malaria. Like 7. brucei, the malaria parasite lacks de novo
purine biosynthesis and salvage pathways for CTP synthesis (4).
Thus the glutamine analog CTP synthetase inhibitors, alone or
in combination with relieving substances such as hypoxanthine
or cytidine, might prove useful against both sleeping sickness and
malaria.
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