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Abstract—Ornithine decarboxylase from Trypanosoma brucei brucei was inhibited by several substrate
(ornithine) and product (putrescine) analogs both in vitro and in vivo. Since a-difluoromethylornithine
is effective for the treatment of experimental and clinical African trypanosomiasis, it was possible that
the more potent ornithine and putrescine analogs might be more active in treating the disease. However,
only a-monofluoromethyldehydroornithine methyl ester was more potent than a-difturomethylornithine
against mouse trypanosomiasis and warrants further study in model infections.

Ornithine decarboxylase (ODC:L-ornithine car-
boxylyase, EC4.1.1.17) catalyzes the conversion of
ornithine to putrescine [1]. Putrescine was well as the
polyamines spermidine and spermine are important
regulators of cell growth, proliferation and dif-
ferentiation [2]. Inhibition of ODC activity and
consequent reduction in polyamine synthesis leads
to a reduction in cell proliferation in a wide variety of
cell types [3-6]. Inhibition of ODC in Trypanosoma
brucei brucei, a parasite of livestock in Africa, has
especially pronounced effects on cell proliferation
[7-10]. Murine laboratory infections of T. b. brucei
can be cured by the administration of a-difluo-
romethyl-ornithine (DFMO), an enzyme-activated.
irreversible inhibitor of ornithine decarboxylase
[7,10]. DFMO has also been used successfully in
the treatment of human trypanosomiasis [11, 12],
although large doses of the drug are required. Conse-
quently, it seemed desirable to find an agent which
was as effective as DFMO at a lower dose.

Recently, a number of other analogs of ornithine
and putrescine have been synthesized [13-17] in an
attempt to discover more potent irreversible inhibi-
tors of ODC. We detail here the characteristics of
these new compounds on 7. b. brucei ODC activity
in vitro and in whole cells and the effects of the drugs
on a model 7. b. brucei infection in mice.
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MATERIALS AND METHODS

Preparation and assay of trypanosomal ornithine
decarboxylase. Trypanosoma brucei brucei (EATRO
110) was maintained by passage through 250-300 g
male Wistar rats. Infected rat blood was collected in
EDTA by cardiac puncture from CO,/ether-anes-
thetized rats, and trypanosomes were separated from
blood elements on columns of DEAE-cellulose [18]
using a buffer containing 90 mM Tris (pH 7.8), 2%
glucose and 50 mM NaCl for equilibration and elu-
tion of the columns. Purified trypanosomes were
washed twice with the elution buffer and then son-
icated in a solution containing 50 mM Tris (pH 7.0),
2mM dithiothreitol, 1 mM EDTA and 50 uM pyri-
doxal phosphate. Broken cells were centrifuged for
60 min at 100,000 g and the supernatant fraction (6-
10 mg protein/ml), used for the determination of
ornithine decarboxylase activity, was stored frozen
at —20° without measurable loss of activity for up to 2
months. ODC activity was determined by measuring
13CO; release at 37° over a 60-min period as described
previously [3]. The standard assay mixture contained
80 mM Tris (pH 7.0), 1 mM ornithine, 2 mM dithio-
threitol, 50 uM pyridoxal phosphate, 2.5 uCi [1-'*C}
ornithine, and 100150 ug protein in a final volume
of 1 ml

Inhibition kinetics for ornithine decarboxylase.
Time-dependent, irreversible inhibition of ornithine
decarboxylase was determined as described [3]. Try-
panosomal ornithine decarboxylase was incubated at
20° or 37° in 100 mM Tris (pH 7.0), 1 mM dithio-
threitol., 50 uM pyridoxal phosphate with various
concentrations of inhibitor. At selected times, 67 ul
aliquots of the enzyme incubation were removed and
transferred to reaction vessels in which ornithine
decarboxylase activity was to be determined. These
flasks contained all the components of the ornithine
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Table 1. Activity of ornithine and putrescine analogs against 7. b. brucei ornithine decarhoxylase®
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Ornithine analogs
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Putrescine analogs
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* T. b. brucei ornithine decarboxylase was prepared and assayed as described in Materials and Methods.
“ Reference numbers refer to original references which detail the synthesis of the inhibitors and determination of

inhibitory activity using rat liver ornithine decarboxylase.

decarboxylase reaction (including unlabeled orni-
thine) except [1-"*Clornithine. The reaction vessels
were held at 0° until all time points were taken and
then the ornithine decarboxylase assay was initiated
by the addition of [1-!“Clornithine. Dilution of the
enzyme incubation into the reaction vessels at 0° was
assumed to stop the inhibition reactions.

In vitro polyamine synthesis. Polyamine synthesis
in blood stream trypomastigotes was determined as
described [9]. Trypanosomes, separated as above,
were washed twice in PSG (70 mM phosphate-buf-
fered 43 mM saline + 1% glucose, pH 8.0 [18]); and
resuspended to 2 X 10% celis/ml in PSG + 1% bovine
serum albumin + 50 umoles penicillin + 50 ug/ml
streptomycin sulfate (PSG-BSA). The formation of
putrescine and spermidine was measured at 37° in
PSG-BSA by incubating 2 x 10% trypanosomes/ml in
the presence of 3.3 uCi/ml [*H]ornithine. After 1 hr
of incubation the cells were collected by centrifu-
gation, washed and extracted with 0.4 N perchloric
acid, and polyamines were determined as described
{19].

Protein concentrations in all experiments were
determined by the method of Lowry er al. [20}.

Chemicals. The ODC inhibitors were synthesized
at the Merrell Dow Research Institute, Strasbourg,
France. Their inhibitory properties towards rat liver
ODC have been described [13-17]. D,L-[1-"*CJorni-
thine (56 mCi/mmole) was purchased from Amer-
sham (Arlington Heights, IL) and -{2.3-*H(N)]orni-
thine from New England Nuclear Boston, MA ).

RESULTS

Kinetics of ornithine decarboxylase inhibition. Kin-
etic analysis of ODC inhibition by the ornithine and
putrescine analogs studied was done as described
[21,22]. From plots of half-life of enzyme activity
versus the inverse of concentration of an inhibitor it
was possible to determine an apparent dissociation
constant (K;) for each inhibitor and half-life (7)) of
the enzymes activity at an infinite concentration of
inhibitor (Table 1). Inhibition of enzyme activity by
each analog was time dependent and irreversible.



Ornithine decarboxylase inhibitors and trypanosomiasis

Table 2. Inhibition of putrescine and spermidine synthesis in intact trypanosomes by inhibitors of
ornithine decarboxylase*

% Inhibition

Inhibitor Concen (uM) Putrescine Spermidine
a-Difluoromethylornithine 50 61 42
100 73 54
a-Monofluoromethyldehydroornithine 50 52 19
100 70 47
a-Monofluoromethyldehydroornithine, 50 56 34
methyl ester 100 63 39
a-Monofluoromethyldehydroornithine, 50 65 S0
ethyl ester 100 75 38
(R,R)-6-Methyl-a-acetylenicputrescine 0.5 40 40
1.0 60 53
2.5 77 75
5.0 85 83
10.0 91 92

* Trypanosomes (2 x 10%ml) were incubated for 1 hr at 37° in the presence of [*H]ornithine,
and the formation of [*H]putrescine and [*H]spermidine was determined as detailed in Materials
and Methods. Putrescine formation in cells not exposed to inhibitors was 4 x 10° cpm/hr/mg
trypanosomal protein. Spermidine formation in control cells was 1 x 10° cpm/hr/mg trypanosomal

protein.

The most potent compound was (R,R)-d-methyl-a-
acetylenicputrescine with a K; =5 yM. a-Difluoro-
methylornithine was found to be a less potent inhibi-
tor of trypanosomal ODC (K; = 130 uM).

Inhibition of ornithine decarboxylase in intact
cells. The effects of DFMO, (R,R)-6-methyl-a-
acetylenicputrescine, a-monofluoromethyldehydro-
ornithine,  a~monofluoromethyldehydroornithine
methyl ester and a~-monofluoromethyldehydroorni-
thine ethyl ester on the formation of putrescine
and spermidine were determined in suspensions of
intact trypanosomes (Table 2). Marked inhibition of
putrescine and spermidine synthesis was obtained
with all the compounds tested, but again the most
potent was (R,R)-8-methyl-a-acetylenicputrescine
which was 40% inhibitory at 0.5 uM.

Effects of inhibitors in murine trypanosomiasis. o-
Difluoromethylornithine at 2% in drinking water
protected 100% of mice with the acute laboratory
strain of trypanosomiasis (Table 3). DFMO was also
effective at 0.75% in drinking water, curing four of
five animals. The only other compound giving a
significant percentage of cures was a-monofluoro-
methyldehydroornithine methyl ester. The latter
compound at 0.5% in drinking water cured fourteen
of seventeen animals and five of five animals when
given at 0.75% in drinking water. Administration of
(R,R)-6-methyl-a-acetylenicputrescine by intu-
bation resulted in a prolongation of life but did not
effect cures. Doses of (R,R)-d-methyl-a-acetylen-
icputrescine higher than 25 mg/kg proved to be too
toxic for evaulation of antitrypanosomai effects.
Large doses of any of the compounds administered
by intraperitoneal injection four times a day were
uniformly ineffective.

DISCUSSION

Trypanosoma brucei brucei is exquisitely sensitive
to DFMO [7] and represents a major nove! lead to

chemotherapy of African trypanosomiases based on
its lack of significant toxicity even when administered
in large doses (up to 30 g/day) to comatose sleeping
sickness patients [11,12]. The analogs of DFMO
described in this paper are potent inhibitors of mam-
malian ornithine decarboxylase activity [13-17] and
were studied to determine their potential to inhibit
trypanosomal ornithine decarboxylase and to assess
their efficacy against a model trypanosome infection.

The kinetics of inhibition showed that the try-
panosomal ODC is not drastically different from
mammalian ODC. The most potent of the com-
pounds tested, (R,R)-d-methyl-a-acetylenicputre-
scine, had an apparent dissociation constant (K;) of
5 uM which is quite similar to that obtained with rat
liver ODC {17]. The apparent K, obtained for DFMO
was 130 uM, significantly higher than previously
reported [23] and somewhat higher than the K; of
39 uM reported for rat liver ODC [24].

It appears, then, that the apparent activity of
DFMO in growth inhibition of trypanosomes is not
related to a uniquely sensitive enzyme in the parasite.
Rather, the inhibitory effects of DFMO appear to
center on the likelihood of mediated drug uptake by
trypanosomes [9] with a resultant rapid intracellular
concentration of drug (up to 2.5 mM; not shown).
Mammalian cells take up DFMO by passive diffusion
only and attain millimolar intracellular concen-
trations of drug only after prolonged incubation with
high extracellular concentrations of DFMO [25].
Trypanosomes may also be more dependent on poly-
amines than most mammalian cells because of their
extremely rapid doubling time in the blood stream
(6-8 hr).

Kinetic differences among the ODC inhibitors
were not necessarily reflected in the potency of the
compounds when polyamine synthesis was studied
in vitro using intact trypanosomes. DFMO was as
potent as a-monofluoromethyldehydroornithine in
inhibiting putrescine and spermidine formation in
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Table 3. Effects of ornithine decarboxylase inhibitors on 7. b, brucei infections in mice™

Average survival
beyond control

Inhibitor Dose (days) No. cured'No. treated
a-Difluoromethylornithine 0.2 i (U
0.5% 13.2 220
0.75¢ 27 43
2.0% 30 24024
375 me/keop. 73 0720
a-Monofluoromethylornithine 1 1 Do
03¢ 2 06
e 4 06
2.0 13 1A
a-Monoftuoromethyldehvdroornithine A 5.5 (TN
(120 7.0 (s
().5% 7.A 020
0.753% 34 (VN
375 me/kg. i.p.t 47 01
a-Monofluoromethyldehydroornithine. (UR RS 3 (UN
methyl ester 0.2¢ 13.8 15
26.6 417
30 A5
1.6 1.5
a-Monofluoromethyldehydroornithine. 0 05
ethvl ester 8 (UN]
6.8 W10
1.8 16
6.2 014
{R.R)-0-Methyl-a-acetylenicputrescine [} VN
0.25% 1 010
1) mg/kg. i.p. 1.2 0-30
25 mg/kg. i.p. 0 1720
25 mefke. ipt 4] 0;s
10 mg/kg. p.o. 11.3 16
25 mg/kg. p.o. () /s
10 ma/kg, p.o.t 15 1S
10 mg/ke. iv. 1.3 10
25 my kg, iy 25 0's

* Mice were injected intraperitoneally with 2-3 » 10° trvpanosomes and the infection was allowed to develop tor 24 hr.
Animals were then divided into groups and the administration of drugs was begun and continued for 72 hr. Anitmals
surviving longer than 30 days were confirmed to have no parasitemia and were considered cured. The average survival
time beyond controls was calculated using only those mice that died before 30 days. Doses listed as percentages represent
the percent (w/v) of drug dissolved in the drinking water. Each mouse drank approximately 5 mi of water/day so total
dosages of each drug can be calculated. Drug doses administered intraperitoncally (i.p.). intravenously (i.v.) or per oy
(p.0.) were given once a day for 3 consceutive davs cxcept those doses designated with a dagger () which were given

every 6 hr for 3 consecutive days.

whole cells even though the apparent K; for DFMO
was 9-fold greater than the apparent K; for a~-mono-
fluoremethyldehydroornithine. (R,R)-a-Methyl-a-
acetylenic putrescine, on the other hand. had both a
lower K, than DFMO (5 ¢M vs 130 uM) and was
distinctly more potent against polyamine biosyn-
thesis in the whole cell.

Two other compounds, a-monofluoromethylde-
hydroornithine methyl ester and a-monofiuoro-
methyldehydroornithine ethyl ester [13], appeared to
be equal in potency to DFMO in the intact parasite.
No kinetic data are presented in Table 1 for the two
esters of a-monofluoromethyldehydroornithine
because these compounds do notinhibit ODC activity
in a time-dependent manner in vitro, but probably are

prodrugs which are dependent on hydrolysis to the
active acid.

When the inhibitors were tested for their effects on
the progression of trypanosome infections in mice,
marked disparity between in vitro data and in vivo
potency was evident. Only one compound other than
DFMO was consistently curative. a-Monofluoro-
methyldehydroornithine methyl ester appeared to be
more effective than DFMO in the model infection,
with a cure rate of 829% at .5% in drinking water.
a dose at which DFMO was only 10% curative. a-
Monofluoromethylornithine and (R.R)-d-methyl-a-
acetylenicputrescine which  were approximately
equal to DFMO or much more potent than DFMO.
respectively. against ODC in vitro were not effective
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against trypansosome in vivo, even when various
doses were administered by several routes.

Several specific comments can be made concerning
the activities of DFMO and its analogs: (1) T. b.
brucei ODC is kinetically similar to mammalian
ODC with respect to the inhibitors tested, (2) the
apparent K of an inhibitor does not necessarily indi-
cate its potency with respect to inhibition of poty-
amine synthesis in whole cells or in curing trypano-
some infection in mice, and (3) a-
monofluoromethyldehydroornithine methyl ester is
apparently more active than DFMO against 7. b.
brucei in vivo and further investigations into its
usefulness as an alternate antiparasitic drug are war-
ranted. A final general point is that the in vivo
bioavailability of a particular compound is probably
of crucial importance. Thus, for example, the ethyl
and methyl esters of a-monofluoromethyldehy-
droornithine was well as the potent irreversible
inhibitors a-monofluoromethyldehydroornithine
and 6-methyl-a-acetylenicputrescine all effectively
inhibit putrescine biosynthesis in the 7. b. brucei
cell, but only the methyl ester of a-monofluoro-
methyldehydroornithine was curative in vivo.
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