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Abstract Trypanosomatid parasites containing a metabolically
unstable ornithine decarboxylase (ODC) are naturally resistant
to high levels of KK-difluoromethylornithine (DFMO) because this
ODC inhibitor, though causing a drastic reduction of intracel-
lular putrescine, elicits only a moderate decrease of the
spermidine endogenous pool. In this study we have used a
combination of DFMO with cyclohexylamine (CHA; bis-
cyclohexylammonium sulfate), an inhibitor of spermidine
synthase, to reach a more complete depletion of spermidine.
Under these conditions we have observed the arrest of prolifera-
tion not only in trypanosomatids with stable ODC but also in
parasites with an enzyme of high turnover rate. In all cases the
reinitiation of proliferation occurred only after the addition of
exogenous spermidine, and neither putrescine nor spermine were
able to induce the same effect. ß 2001 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Many studies carried out with prokaryotic and eukaryotic
organisms have conclusively shown that polyamines play es-
sential roles in cell growth and proliferation [1^3]. These cat-
ionic substances are implicated in multiple functions related to
macromolecular biosyntheses [4^9]; therefore, it is not surpris-
ing that intracellular levels of polyamines are accurately regu-
lated by di¡erent mechanisms [4,10]. In trypanosomatid pro-
tozoa, polyamines have the additional role of maintaining the
endogenous redox equilibrium through the compound bis-glu-
tathionyl spermidine (trypanothione) [11^13].

We have recently reported that Crithidia fasciculata and
some other parasites containing a metabolically unstable or-
nithine decarboxylase (ODC) are able to grow continuously
even at very high concentrations of K-di£uoromethylornithine
(DFMO) [14^16], a speci¢c and irreversible inhibitor of the
enzyme [17,18]. On the contrary, Leishmania mexicana and
Trypanosoma brucei, which have a rather stable ODC with a

half-life longer than 8 h [19,20], are susceptible to the drug
and stop their proliferation after repeated treatments with
DFMO [16,21]. The measurement of endogenous polyamine
pools of various parasites cultivated for a long time in the
absence and presence of the inhibitor has indicated that pu-
trescine was almost completely depleted by DFMO in Crithi-
dia as well as in Leishmania and Trypanosoma [16]. In con-
trast, the spermidine levels were only partially decreased by
the same treatment in all cases, but they were markedly re-
duced to values lower than 40% of the normal concentrations
in those parasites which stopped their multiplication after
several passages in the presence of the drug [16,21]. These
results seem to indicate that spermidine could be the essential
polyamine for the maintenance of normal proliferation in try-
panosomatid protozoa. This possibility was also supported by
the recent construction of Leishmania donovani cell lines de¢-
cient in the spermidine synthase gene [22]. The resulting para-
sites became auxotrophic for polyamines, and this require-
ment could only be ful¢lled by the addition of exogenous
spermidine to the culture medium but not by putrescine, sper-
mine or other polyamines.

In the present work we have used cyclohexylamine (CHA;
bis-cyclohexylammonium sulfate), a well known inhibitor of
spermidine synthase [23,24], to induce the depletion of sper-
midine intracellular pools in C. fasciculata and a Trypanosoma
cruzi cell line which expresses ODC enzymatic activity after
transfection with an exogenous ODC gene [25]. We were able
to demonstrate the inhibition of proliferation in both trypa-
nosomatids only when spermidine endogenous levels were re-
duced to one third or less of its normal values, independently
of the intracellular concentrations of putrescine.

2. Materials and methods

2.1. Chemicals
Minimal essential medium, fetal calf serum and amino acids were

obtained from Gibco BRL (Gaithersburg, MD, USA); vitamins,
bases, hemin, polyamines, aminoguanidine hemisulfate salt, HEPES
bu¡er, antibiotics and CHA were from Sigma (St. Louis, MO, USA).
Benzoyl chloride was purchased from Merck Schuchardt (Germany)
and [1,4-14C]putrescine dihydrochloride (110 mCi/mmol) was obtained
from NEN Life Science Products, Inc. (Boston, MA, USA). DFMO
was a gift from the Merrell Dow Research Institute (Cincinnati, OH,
USA).

2.2. Parasite cultures
C. fasciculata (ATCC 11745), T. cruzi strain Tul2 [26] and pODC-7

transformed T. cruzi (Tul7) [25] were cultivated with shaking at 28³C
in the semi-de¢ned medium SDM-79 [27] which contains only traces
of polyamines. Hemin (20 mg/l), 10% heat-inactivated fetal calf serum
and antibiotics (100 Wg/ml streptomycin and 100 U/ml penicillin) were
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added to the medium. Parasite growth was usually initiated at a con-
centration of 5^10U106 cells/ml and followed by cell counting. Some
cultures were supplemented with 0.1 mM spermidine or spermine. In
these cases 0.2 mM aminoguanidine was also added in order to inhibit
polyamine oxidase activity [28].

2.3. In vivo labeling with radioactive putrescine
Exponentially growing parasites were incubated overnight in the

absence and presence of 3 mM CHA. Cells were collected by centri-
fugation (3000Ug, 10 min) and resuspended in fresh SDM-79 medium
at a concentration of 2U108 parasites/ml with or without the addition
of CHA. [1,4-14C]Putrescine (0.3 WCi/ml) was added and after incu-
bation for 24^60 h at 28³C, parasites were sedimented, washed with
PBS and resuspended in 100 Wl of 0.2 M perchloric acid. Cell extracts
were neutralized with KOH and precipitates discarded after centrifu-
gation. The supernatant £uids were analyzed by paper chromatogra-
phy using a mixture of n-butanol, acetic acid, pyridine and water (15/
3/10/12, v/v) as running solvent. The radioactive spots were detected
with a radiochromatogram scanner and identi¢ed by using internal
polyamine standards.

2.4. Polyamine analysis
Parasites were harvested, washed with PBS and resuspended in 10%

TCA. After centrifugation, cell extracts were treated with benzoyl-
chloride as described by Morgan [29]. The benzoyl derivatives were
separated by high-performance liquid chromatography (HPLC) on a
Beckman system equipped with a C18 reversed-phase column and
analyzed spectrophotometrically.

3. Results and discussion

3.1. E¡ect of DFMO and CHA on the growth of C. fasciculata
and ODC-transformed T. cruzi

Previous studies carried out in our laboratory with L. mexi-
cana promastigotes have shown that when this parasite was
cultivated in a polyamine-free medium, the addition of
DFMO decreased the growth rate and proliferation was com-
pletely arrested after several passages in the presence of the
drug.

The ability of Leishmania cultures to resume proliferation
after the inhibition correlated with the intracellular concen-
trations of spermidine, and this fact led us to assume that the
parasite multiplication can not occur when spermidine de-
creases below a critical level of around 40% of normal values
[21]. Recent results have indicated that monogenetic trypano-
somatids as C. fasciculata were naturally resistant to DFMO
even at drug concentrations of 20 or 50 mM [16]. This prop-
erty was related to the high turnover of Crithidia ODC; the
continuously synthesized new molecules of active enzyme
seem to produce enough putrescine rapidly converted into
spermidine, thus avoiding a too drastic depletion of the latter
polyamine in the presence of the inhibitor. This possibility
would also indicate that spermidine is indeed the essential
polyamine needed to maintain the normal proliferation of
trypanosomatids. In order to con¢rm this hypothesis we
have now followed the proliferation of C. fasciculata and
ODC-transformed T. cruzi in the presence of 5 mM DFMO
with or without the addition of 3 mM CHA. Fig. 1A shows
that Crithidia growth was not a¡ected by DFMO, as previ-
ously reported [16], but the parasite multiplication was halted
after cultivation for a few passages in the presence of both
inhibitors, DFMO and CHA. A similar behavior was ob-
served with ODC-transformed T. cruzi cultures (Fig. 1B),
although in this case the arrest of proliferation could also
be obtained with DFMO alone, as it was observed previously

Fig. 1. E¡ects of DFMO and CHA on the growth of C. fasciculata
(A) and ODC-transformed T. cruzi (Tul7) epimastigotes (B). (b)
Control; (a) 5 mM DFMO and (R) 5 mM DFMO+3 mM CHA.
SDM-79 medium was used in all cases. At the times indicated by
the black arrows, cultures were diluted with fresh medium in the ab-
sence or presence of the corresponding inhibitors. The white arrows
indicate the addition of 0.1 mM spermidine to the cultures contain-
ing DFMO and CHA. (E) Growth curves after spermidine supple-
mentation. In B, the curves corresponding to control and DFMO-
containing cultures during the last two passages are not shown.

Fig. 2. Chromatographic analysis of C. fasciculata extracts obtained
from parasites incubated with radioactive putrescine in the absence
(A) or presence (B) of 3 mM CHA. All conditions as described in
Section 2.3. Shaded spots show the position of standard putrescine
(Put) and spermidine (Spd).

FEBS 25480 20-11-01
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[25]. The inhibition of growth elicited by the mixture of
DFMO and CHA could be overcome by the addition 0.1
mM spermidine (Fig. 1A,B). Neither spermine nor putrescine
were able to reinitiate parasite proliferation, and several days
after the addition of these polyamines to the cultures, both
Crithidia and T. cruzi were lysed (results not shown). On the
other hand, we have con¢rmed that spermidine cannot be
converted to putrescine in these parasites (unpublished re-
sults).

3.2. Inhibition of in vivo conversion of putrescine into
spermidine by CHA

Radioactive putrescine was added to trypanosomatid cul-
tures in order to follow the synthesis of spermidine from pu-
trescine. Fig. 2A shows that working with C. fasciculata cul-
tivated in the absence of the spermidine synthase inhibitor,
about 50% of labelled putrescine was transformed into sper-
midine. In addition, a small amount (about 8% of total radio-
activity) of another compound not yet identi¢ed appeared in
the chromatogram. When CHA was present in Crithidia cul-
tures spermidine synthesis decreased markedly and the third
radioactive spot was not detected (Fig. 2B). We have per-
formed a similar experiment with several strains of wild-type
and ODC-transfected T. cruzi. In the absence of CHA, pu-
trescine was totally converted to spermidine and other un-
known compounds which account for 30% of total radioac-
tivity (Fig. 3A); upon the addition of the inhibitor, the
formation of spermidine was drastically reduced and the
other related compounds completely disappeared (Fig. 3B).
The described results demonstrate that the biosynthesis of
spermidine from putrescine could be strongly inhibited by
CHA in C. fasciculata as well as in T. cruzi. It is worthwhile
to point out that the radioactive compounds with lower mo-
bilities than spermidine in the chromatograms depicted in
Figs. 2A and 3A should presumably be spermidine deriva-
tives, since they disappeared when spermidine synthase was
inhibited by CHA.

3.3. Intracellular pools of polyamines
Analyses of endogenous polyamine pools in C. fasciculata

cultivated for repeated passages under di¡erent conditions
during 3^4 weeks have been performed by HPLC after ben-
zoylation of the parasite extracts. The monogenetic trypano-
somatid cultures were carried out in the absence and presence
of DFMO or with a mixture of the ODC inhibitor and di¡er-
ent levels of CHA. Only the Crithidia cultures containing both
inhibitors at the same time stopped their proliferation, as
shown in Fig. 1A. Although our data of polyamine internal
pools were somewhat variable, we have consistently observed
that in the presence of DFMO alone, the intracellular putres-
cine was depleted almost completely (Fig. 4A), while spermi-
dine concentrations decreased only about 10^30% (Fig. 4B).
Upon addition of increasing levels of CHA to cultures con-
taining DFMO, a stepwise reduction of the internal spermi-
dine was detected, with a concomitant accumulation of pu-

Fig. 3. Chromatographic analysis of ODC-transformed T. cruzi ex-
tracts prepared from parasites incubated with labelled putrescine in
the absence (A) or presence (B) of 3 mM CHA. All other details
are as in Fig. 2 and Section 2.3.

Fig. 4. Polyamine intracellular levels in C. fasciculata after cultiva-
tion for several passages with 5 mM DFMO in the absence and
presence of di¡erent concentrations of CHA. A,B: The endogenous
levels of putrescine and spermidine, respectively. All data are ex-
pressed as percentages of polyamine concentrations in Crithidia cul-
tivated without any inhibitor (control). Values are the mean þ S.D.
of three experiments.
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trescine which reached concentrations markedly higher than
the normal values (Fig. 4A,B). Crithidia proliferation was
partially decreased at 1 mM CHA and completely arrested
at 3 mM or higher concentrations of the spermidine synthase
inhibitor. Under the latter conditions, spermidine endogenous
levels were reduced to one third or less of the values found in
parasites cultivated in the absence of inhibitors (Fig. 4B).

The results described in the present study demonstrate that
the polyamine requirement for normal proliferation of trypa-
nosomatid protozoa can be ful¢lled exclusively by spermidine,
probably due to its unique role as substrate for trypanothione
synthesis [11^13]. This conclusion was con¢rmed by the fact
that Crithidia and ODC-transformed T. cruzi cultures inhib-
ited by a mixture of DFMO and CHA can resume their nor-
mal growth and multiplication after supplementing the me-
dium with exogenous spermidine (Fig. 1A,B). Neither
spermine nor putrescine were able to replace spermidine in
the restoration of normal proliferation.

In addition, we have found that after inhibition of Crithidia
growth with a combination of DFMO and CHA, spermidine
was markedly depleted with a simultaneous accumulation of
putrescine. This fact strongly supports the idea previously
suggested by several authors that parasites with an ODC of
high turnover are tolerant to DFMO because they always
contain a fraction of newly synthesized and active enzyme
[30] su¤cient to produce small amounts of putrescine rapidly
converted into spermidine (and eventually into trypano-
thione), which can support protozoan proliferation.
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