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5'-Deoxy-5'-(methylthio)adenosine (MTA) is an S-adenosylmethionine metabolite that is generated as a
by-product of polyamine biosynthesis. In mammalian cells, MTA undergoes a phosphorolytic cleavage cata-
lyzed by MTA phosphorylase to produce adenine and 5-deoxy-5-(methylthio)ribose-1-phosphate (MTRP).
Adenine is utilized in purine salvage pathways, and MTRP is subsequently recycled to methionine. Whereas
some microorganisms metabolize MTA to MTRP via MTA phosphorylase, others metabolize MTA to MTRP
in two steps via initial cleavage by MTA nucleosidase to adenine and 5-deoxy-5-(methylthio)ribose (MTR)
followed by conversion of MTR to MTRP by MTR kinase. In order to assess the extent to which these pathways
may be operative in Plasmodium falciparum, we have examined a series of 5'-alkyl-substituted analogs of MTA
and the related MTR analogs and compared their abilities to inhibit in vitro growth of this malarial parasite.
The MTR analogs 5-deoxy-5-(ethylthio)ribose and 5-deoxy-5- (hydroxyethylthio)ribose were inactive at concentra-
tions up to 1 mM, and 5-deoxy-5-(monofluoroethylthio)ribose was weakly active (50% inhibitory concentration
= 700 pM). In comparison, the MTA analogs, 5'-deoxy-5'-(ethylthio)adenosine, 5’'-deoxy-5'-(hydroxyethylthio)
adenosine (HETA), and 5'-deoxy-5'-(monofluoroethylthio)adenosine, had 50% inhibitory concentrations of 80,
46, and 61 pM, respectively. Extracts of P. falciparum were found to have substantial MTA phosphorylase
activity. Coadministration of MTA with HETA partially protected the parasites against the growth-inhibitory
effects of HETA. Results of this study indicate that P. falciparum has an active MTA phosphorylase that can

be targeted by analogs of MTA.

Inhibitors of polyamine metabolism have emerged recently
as promising agents for the chemotherapy of cancer (16) and
of parasitic diseases (1). Polyamine biosynthetic enzymes which
serve as drug targets include ornithine decarboxylase, S-adeno-
sylmethionine decarboxylase, spermidine synthase, and spermine
synthase. In addition, enzymes which degrade the polyamine bio-
synthesis by-product, 5'-deoxy-5'-(methylthio)adenosine (MTA),
are potentially exploitable for chemotherapy, since MTA me-
tabolism in microorganisms (8, 13, 18) and tumor cells (20)
differs in significant ways from MTA metabolism in normal
mammalian cells.

In mammalian cells, MTA is rapidly cleaved by a highly
specific MTA phosphorylase to yield adenine and 5-deoxy-5-
(methylthio)ribose-1-phosphate (MTRP) (Fig. 1). Adenine is
then salvaged, and MTRP is converted into methionine. MTA
phosphorylase is absent in many solid tumors and leukemias
(6). It is also absent in microorganisms such as Giardia lamblia
(17) and Klebsiella pneumoniae (14, 15), which utilize an alter-
native pathway not present in mammalian cells for metabolism
of MTA to MTRP. In this alternate pathway, MTA is cleaved
to adenine and 5-deoxy-5-(methylthio)ribose (MTR) by MTA
nucleosidase. MTR, once formed, is phosphorylated to MTRP
by MTR kinase (Fig. 1). It has previously been reported that
Plasmodium falciparum utilizes the MTA nucleosidase-MTR
kinase pathway and, as a result, is sensitive to inhibition by
MTR analogs which are presumed to be phosphorylated by the
kinase to MTRP analogs (17, 18). In contrast, trypanosomes
contain MTA phosphorylase, but this enzyme differs from the
mammalian enzyme in that it has less stringent requirements
for substrate activity (8).
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We recently synthesized a series of 5'-alkyl-substituted ana-
logs of MTA (19) and found that they were excellent substrates
for MTA phosphorylase in trypanosomes and had significant
trypanocidal activity in vitro (2). The most active of these ana-
logs, 5’-deoxy-5’'-(hydroxyethylthio)adenosine (HETA), was
curative in mice infected with Trypanosoma brucei brucei. As
predicted, the trypanocidal activity of HETA was reversed by
exogenous methionine.

In this paper, we have compared the antimalarial activities
of a series of MTR and MTA analogs (shown in Fig. 2) as a
means to determine the relative importance of the MTA phos-
phorylase pathway, which was previously reported to be absent
in plasmodia (7, 17, 18).

MATERIALS AND METHODS

Parasites. P. falciparum was cultured by the method of Trager and Jensen (22).
The FCR-3 strain was used for all experiments. For enzyme measurements,
parasites were isolated from infected erythrocytes by saponin lysis (5) and stored
at —70°C.

Measurement of antimalarial activity in vitro. Infected erythrocytes and var-
ious concentrations of drugs (5, 10, 20, 50, 75, and 125 pM) were aliquoted in
triplicate wells of a 96-well microtiter plate (Corning). Each well contained a
total volume of 200 pl with a final hematocrit of 1.5% and parasitemia of 0.5 to
1%. The microtiter plates were incubated at 37°C in candle jars. Drug effects on
parasite viability were next analyzed by one or both of the following methods.
The effects of MTR analogs were determined by method 1; the effects of MTA
analogs were determined by method 1 and by method 2. Fifty percent inhibitory
concentrations (ICs,s) represent the averages of triplicate determinations and
are within 10% of the standard error of the mean.

Method 1. [*H]hypoxanthine incorporation was measured by a modification of
the procedure of Desjardins et al. (4). [*H]hypoxanthine (0.5 wCi) was added to
each well at 24 h following treatment with various concentrations of drug (5, 10,
20, 50, 75, and 125 wM). After an additional 24 h of incubation, the parasites
were harvested with a PHD cell harvester (Cambridge Technologies). Filters
were immersed in Aquasol (New England Nuclear), and radioactivity was
counted with an LKB rack beta scintillation counter.

Method 2. Lactate dehydrogenase (LDH) activity was measured by the
method of Makler et al. (12). Reagents for the assay were supplied in kit form by
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FIG. 1. Pathways of methionine recycling from MTA.

Flow Incorporated (Portland, Oreg.). At 36 h after the addition of drug at
various concentrations (5, 10, 20, 50, 75, 125, 250, 500, and 1,000 pM), 20 ul of
erythrocyte suspension was withdrawn from each culture well, mixed with 100 .l
of Malstat (from the assay kit) in a 96-well enzyme-linked immunosorbent assay
plate, and covered with aluminum foil. Then 20 pl of an aqueous mixture (1:1
[volvol]) of nitroblue tetrazolium (2 mg/ml) and phenazine ethosulfate (0.1
mg/ml) was added to each well, and the plate was kept at room temperature for
20 min. A 100-pl aliquot of 5% acetic acid was then added to each well to stop
color development. The optical density in each well was read at 630 nm in an MR
600 Microplate Reader (Dynatech Laboratories). Optical density measurements
were used to construct curves from which IC5ys were determined.

Effect of MTA on the antimalarial activity of HETA. Infected erythrocytes
were treated with various concentrations of HETA in the presence or absence of
a fixed concentration of MTA (10 pg/ml) as described above. This was the
highest concentration of MTA that did not inhibit parasite growth. The effects of
HETA, with and without MTA, were determined by method 2.

Enzyme preparation and assays. P. falciparum was grown as described above,
and parasitized cells were isolated as described by Fairfield et al. (5). Cell pellets
(1 mg) were frozen and thawed three times in breakage buffer (0.05 M Tris-HCI,
0.1 mM EDTA, 1 mM 2-mercaptoethanol [pH 7.4]), cleared at 3,000 X g for 10
min, and dialyzed twice against two changes of breakage buffer (1 h). Enzyme
assays were done as described by Bacchi et al. (2).

MTA analogs. MTA, 5'-deoxy-5'-(ethylthio)adenosine (ETA), and HETA
were synthesized according to the method of Kikugawa et al. (10). 5'-Deoxy-5'-
(monofluoroethylthio)adenosine (MFETA) was prepared as described by us
previously (19). The stability of MFETA and HETA has been demonstrated
under conditions which are relevant to in vitro and in vivo biological assays (19).

MTR analogs. 5-Deoxy-5-(ethylthio)ribose (ETR) was synthesized according
to the method of Kuhn and Jahn (11). 5-Deoxy-5-(hydroxyethylthio)ribose
(HETR) was synthesized by our published procedure (2). The preparation of
5-deoxy-5-(monofluoroethylthio)ribose (MFETR) is described below.

MFETR. A solution of methyl 5-deoxy-5-hydroxyethylthio-2,3-O-isopropyli-
deneribofuranoside (2) (2.0 g) in dry methylene chloride (50 ml) was cooled to
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FIG. 2. Analogs of MTA and MTR.

—74°C. Diethylaminosulfur trifluoride (3.0 ml) was injected under argon, and
after 2.5 h, the reaction mixture was cautiously treated with saturated sodium
bicarbonate solution and then extracted with methylene chloride. The organic
extract was washed with saturated aqueous NaCl, dried over MgSO,, filtered,
and evaporated under vacuum to give 1.9 g of crude product. This material was
dissolved in a minimum amount of diethyl ether and applied to a silica gel
column which was eluted with diethyl ether-petroleum ether (1:1). Methyl 5-de-
oxy-5-monofluoroethylthio-2,3-O-isopropylidene-ribofuranoside (677 mg) was
the first component to be eluted from the column: '°F nuclear magnetic reso-
nance (CDCl;) 8 —208.6 to —210.2 (triplet of triplets, centered at —209.4,J = 48
and 21 Hz). The protected riboside (215 mg) was dissolved in a solution con-
taining 0.1 N sulfuric acid (2875 pl) and dioxane (1400 wl) and heated at 80°C for
2.75 h. The solution was cooled to room temperature, neutralized with solid
barium hydroxide, filtered, and evaporated to dryness under vacuum. The
167-mg residue was dissolved in a minimum amount of methanol and applied to
a Florisil column. The column was eluted with ethyl acetate, and the first com-
ponent which emerged was the desired product (19 mg). MFETR: '°F nuclear
magnetic resonance (D,0) 8 —211 to —213.4 (multiplet). Thin-layer chroma-
tography on silica gel (ethyl acetate—-methanol [23:2], visualized with iodine) was
performed to determine that no appreciable decomposition of MFETR occurred
(i) upon long-term storage below freezing temperatures, (ii) in a solution of
dimethyl sulfoxide kept at room temperature for several days, or (iii) in aqueous
solution kept at 37°C for 24 h.

RESULTS

Three MTR analogs were tested for in vitro antimalarial
activity (Fig. 3). Neither ETR nor HETR had any antimalarial
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FIG. 3. Effects of MTR analogs on in vitro growth of P. falciparum. Growth
at various concentrations of compounds is expressed as percentages of the
growth observed in untreated control cultures. [, ETR; ¢, HETR; A, MFETR.
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TABLE 1. Susceptibility of P. falciparum FCR-3 to
MTA analogs in vitro

ICsy (M) as determined from”:

Analog
[*H]hypoxanthine incorporation LDH activity
MTA ND* 80
ETA 30 80
HETA 22 46
MFETA 30 61

“ Antiproliferative activity of MTA analogs was determined by two different
methods. One assay measured [*H]hypoxanthine incorporation, and the second
assay measured LDH activity, under conditions described in the text. ICss
(averages of triplicate determinations) are within 10% of the standard error of
the mean and indicate the concentrations of analog that produced levels of
[*H]hypoxanthine incorporation or LDH activity equal to 50% of those for
control cells in the respective assays.

» ND, not determined.

activity at concentrations up to 1 mM. MFETR was weakly
active (IC5, = 700 nM). In comparison, the three MTA ana-
logs, ETA, HETA, and MFETA, were more effective than
their corresponding carbohydrate analogs (Table 1). Antipro-
liferative activity of these nucleosides was determined by two
different methods. The assay which measures [*H]hypoxan-
thine incorporation is a widely used method for determining
drug activity. However, for the nucleoside analogs ETA,
HETA, and MFETA, which are presumed to generate adenine
by enzyme cleavage, it is possible that the observed inhibitory
effects reflect competition for uptake between hypoxanthine
and a nucleoside inhibitor or are simply a dilution effect on
[*H]hypoxanthine incorporation. For this reason, the growth-
inhibitory effects of the MTA analogs were also determined by
using LDH activity as a measure of their ability to affect pro-
liferative activity. This assay for screening antimalarial activity
has shown good correlation with the [*H]hypoxanthine assay
(12). When the LDH assay was used as a measure of the
antiproliferative activity of these analogs, ETA, HETA, and
MFETA were found to have IC,s of 80, 46, and 61 pM,
respectively (Table 1). These ICs,s were closely comparable to
those obtained by using [*’H]hypoxanthine incorporation as a
measure of viability (Table 1). The greater activity of the
nucleosides ETA, HETA, and MFETA versus the correspond-
ing MTR analogs, ETR, HETR, and MFETR, is consistent
with the idea that these three MTA analogs are metabolized by
MTA phosphorylase in P. falciparum. The slight differences in
the ICsys of the nucleoside analogs may reflect differential
behavior by their corresponding S5-methylthioribose-1-phos-
phate analogs, presumed to form in situ.

The observation that each of the MTA analogs inhibited
growth more effectively than its corresponding MTR analog
suggested that the malarial parasites used in this study lack
MTR kinase and preferentially utilize MTA phosphorylase to
produce MTRP. Indeed, malarial extracts were found to have
substantial MTA phosphorylase activity (37 nmol/mg of pro-
tein/30 min with 200 uM MTA as the substrate). This activity,
as expected, was enhanced 175% (to 65 nmol/mg of protein/30
min) by added phosphate (50 mM PO,). Interestingly, HETA
(200 uM) was also a good substrate for this enzyme (activity =
34.5 nmol/mg of protein/30 min) but was cleaved at about 65%
of the MTA rate. The K,,, for MTA (plus PO,) in this system
was 27.4 pM, and that for HETA (plus PO,) was 18.4 uM.
Enzyme activity with HETA as the substrate was also increased
(to 42.5 nmol/mg of protein/30 min) in the presence of phos-
phate (50 mM PO,).

Since the parasites used in these studies were isolated by
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methods that retain small numbers of erythrocytes as contam-
inants, there exists the possibility that these blood cells, rather
than the parasites, were the source of MTA phosphorylase
activity. However, our previous studies (19) of HETA in cul-
tured murine L5178Y cells suggest otherwise: HETA is not
only poorly metabolized by mammalian MTA phosphorylase,
but it is only modestly growth inhibitory, with an ICs, of 500
1M, in the presence of a full cellular complement of the mam-
malian enzyme. Thus, the significant antimalarial effects that
we observed for HETA cannot reasonably be attributed to the
contaminating presence of MTA phosphorylase from eryth-
rocytes. We cannot rule out the possibility that the growth-
inhibitory effects of ETA, HETA, and MFETA result from
interactions of these nucleosides with a nucleosidase and a phos-
phorylase that are both derived from P. falciparum. This notion
is supported by the data presented above which show signifi-
cant MTA cleaving activity of P. falciparum extracts in the
absence of added phosphate.

To examine the possibility that HETA was acting by inter-
fering with recycling of methionine from MTA, we looked for
possible competitive inhibition of its activity by MTA and de-
termined that to a small but appreciable extent, MTA can
protect the parasites from the effects of HETA (Fig. 4).

DISCUSSION

Polyamine pathway inhibitors exhibit considerable activity as
antitumor and antiparasitic agents, but these effects are me-
diated by two distinct biochemical mechanisms. Polyamine
inhibitors such as a-difluoromethylornithine exert their antitu-
mor effects by lowering endogenous levels of cellular poly-
amines (16). In contrast, the antiparasitic effects of a-difluoro-
methylornithine and related inhibitors may be mediated
primarily through interference with methionine and S-adeno-
sylmethionine (AdoMet) metabolism (3, 25).

Methionine is an essential amino acid which is a constituent
of proteins. In addition, it has a unique role in cellular growth
and function, originating in its metabolic conversion to AdoMet
and the subsequent participation of this key biochemical inter-
mediate in polyamine biosynthesis and methylation reactions.
The ultimate conservation of methionine is an integral part of
AdoMet metabolism and underscores the importance of main-
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FIG. 4. Effects of HETA on in vitro growth of P. falciparum in the absence
and presence of MTA. Growth at various concentrations of HETA in the ab-
sence of added MTA is compared with growth at various concentrations of
HETA in the presence of a fixed concentration of MTA (10 pg/ml). Growth
inhibition was confirmed by an LDH assay as described in the text. ], HETA; #,
HETA plus MTA.



2514 SUFRIN ET AL.

taining adequate supplies of this amino acid for its diverse
participation in physiological functions. Thus, when AdoMet is
utilized in methyl transfer reactions, the product formed, S-
adenosylhomocysteine, is further metabolized to homocysteine
and adenosine. In mammalian cells, homocysteine can then be
converted to methionine via enzymatic catalysis by betaine-
homocysteine methyltransferase or S-methyltetrahydrofolate-
homocysteine methyltransferase. When AdoMet is utilized in
polyamine biosynthesis, it is first converted to decarboxylated
AdoMet, which subsequently donates its aminopropyl group to
form spermidine and spermine and concomitantly the nucleo-
side by-product MTA. Methionine is then regenerated via the
multistep metabolism of MTA (Fig. 1). It is of interest that
maintenance of methionine recycling is essential for the via-
bility of P. falciparum, despite the presence of methionine in
both hemoglobin and parasite cultivation media (RPMI 1640).
It may be that methionine is poorly transported into the par-
asite.

Riscoe et al. (18) highlighted methionine recycling from
MTA in protozoa as a target for drug development based on
the existence of the two-step metabolism of MTA to MTRP,
unique to certain protozoa. However, their particular strategy
excludes those protozoa which metabolize MTA via MTA
phosphorylase. Indications that MTA phosphorylase may also
be a selective therapeutic target for interfering with methio-
nine recycling in parasites have come from observations of
potentially exploitable differences in the substrate specificities
of the mammalian and trypanosomal enzyme forms (8, 13).
These indications have been substantiated in our recent studies
of the MTA analog HETA, which is trypanocidal in vivo and
yet nontoxic to the infected or cured animal (2). The apparent
basis for this selectivity is the excellent activity of HETA as a
substrate of trypanosomal MTA phosphorylase (2) and its poor
activity against the mammalian enzyme (19).

The ability to exploit the pathways of methionine recycling
from MTA as selective chemotherapeutic targets in protozoa
will ultimately require a more extensive, systematic classifica-
tion of microorganisms as MTA phosphorylase utilizing or
MTA nucleosidase and MTR kinase utilizing, with respect to
their metabolism of MTA. In this regard, it remains to be
determined whether pathogens contain either MTA phosphor-
ylase or MTA nucleosidase-MTR kinase activities, exclusive of
each other, or whether both enzyme pathways to MTRP can be
present but with substantially different degrees of activity.
Whereas previous studies (7, 17, 18) have been supportive of
the either/or classification, our present studies utilizing P. fal-
ciparum suggest otherwise. Thus, P. falciparum has been re-
ported to contain significant MTA nucleosidase and MTR
kinase activity but to be essentially devoid of MTA phosphor-
ylase activity (7, 17, 18); consistent with the presence of MTA
nucleosidase and MTR kinase, all four strains tested were
sensitive to the effects of ETR, with ICss in the range of 100
to 200 wM. It was therefore entirely unexpected when we
found that ETR and the related analogs MFETR and HETR
were inactive in a concentration range of 100 to 500 pM
against P. falciparum (strain FCR-3) (Fig. 3) and instead that
the corresponding nucleoside analogs, ETA, MFETA, and
HETA, were the more active species (Table 1). These results
suggested that MTA phosphorylase was present in P. falcipa-
rum, and this conclusion was confirmed by an enzyme assay.
Since ETR and the FCR-3 strain of P. falciparum were com-
mon components of both studies, this discrepancy between our
results and those of Fitchen et al. (7) may reflect differences in
culture conditions and/or parasite staging. It is noteworthy that
Tower and coworkers (21) have found that the specific activity
of MTR kinase changes in K. pneumoniae when the concen-
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tration of L-methionine is varied. Thus, it is possible that MTR
kinase activity is similarly controlled in P. falciparum and that
the growth-inhibitory activities of MTR and/or MTA analogs
may be affected in part by the methionine concentration in the
medium.

Trager et al. (23, 24) examined the antimalarial effects of the
MTA analogs 5'-deoxy-5'-S-isobutyladenosine (SIBA) and 5'-
deoxy-5'-S-isobutyl-3-deazaadenosine (deaza-SIBA). SIBA
was not significantly inhibitory at concentrations below 300 puM
in P. falciparum cultures (23), and deaza-SIBA was only slightly
more active (24). These earlier studies, done when possible
interactions of these analogs with enzymes of MTA metabo-
lism were not considered important, did not encourage further
pursuit of MTA analogs as antimalarial agents. More recently,
Houston et al. (9) examined the effects of several fluorinated
intermediates of the methionine salvage pathway on P. falci-
parum (strain FCB1) and, consistent with our results, found
that growth-inhibitory activity was displayed by MTA analogs
rather than MTR analogs.

Our results, together with those of three other studies (7, 9,
21), suggest to us the possibility that both pathways of MTA-
to-MTRP metabolism can be present in P. falciparum, that
their relative levels in different strains may vary, and that these
variations may be regulated in part by the end product, methi-
onine. If this is indeed the case, in vivo studies will be invalu-
able in further defining the potential of MTR and MTA ana-
logs as antimalarial agents.
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