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S-Adenosylmethionine (AdoMet) is an important methyl
group donor that plays a central role in many essential bio-
chemical processes. The parasite Leishmania can both syn-
thesize and transport AdoMet. Leishmania cells resistant to
the antifolate methotrexate due to a rearrangement in folate
biopterin transporter (FBT) genes were cross-resistant to sine-
fungin, an AdoMet analogue. FBT gene rearrangements were
also observed in Leishmania major cells selected for sinefungin
resistance. One of the rearranged FBT genes corresponded to
the main AdoMet transporter (AdoMetT1) of Leishmania as
determined by gene transfection and gene inactivation experi-
ments. AdoMetT1 was determined to be a high affinity plasma
membrane transporter expressed constitutively throughout
the growth phases of the parasite. Leishmania cells selected for
resistance or naturally insensitive to sinefungin had lower
expression of AdoMetT1. A new function in one carbon metab-
olism, also a pathway of interest for chemotherapeutic interven-
tions, is described for a novel class of membrane proteins found
in diverse organisms.

The parasite Leishmania is distributed globally and causes a
variety of clinical symptoms ranging from self-healing cutane-
ous lesions to visceral infections that are usually fatal if left
untreated (1, 2). Current first-line chemotherapy against leish-
maniasis relies on a rather limited arsenal of drugs, including
pentavalent antimonials, liposomal amphotericin B, or milte-
fosine (2). These drugs are associated with side effects, high
costs, and drug resistance, and therefore, the search for new
drugs and targets to control this parasite is warranted (3, 4).

S-Adenosylmethionine (AdoMet or SAM)® is an important
biological sulfonium compound recognized as the universal
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methyl donor for methylation of lipids, proteins, nucleic acids,
and xenobiotics in living cells (5). AdoMet is also a donor of
propylamine groups for the synthesis of polyamines and partic-
ipates in the reverse trans-sulfuration pathway where AdoMet
is converted into cysteine and glutathione and in Leishmania in
the spermidine-glutathione conjugate trypanothione (6, 7).
AdoMet is also used as a source of methylene groups, amino
groups, and ribosyl groups in the synthesis of fatty acids, biotin,
and the modified nucleoside epoxyqueusine of tRNAs (reviewed
in Ref. 8).

Most cells are capable of synthesizing AdoMet from L-methi-
onine and ATP, in a process requiring the enzyme methionine
adenosyltransferase (MAT). The gene coding for this enzyme is
present in most sequenced organisms (reviewed in Ref. 9).
However, in some Rickettsia strains, the MAT gene is inacti-
vated by a mutation (10), and in the fungus Pneumocystis cari-
nii, no MAT activity has been detected (11). These organisms
have the rare distinction of meeting their AdoMet needs by
importing it (12). The Rickettsia transporter is part of the drug/
metabolite transporter superfamily (10), and the identity of the
Pneumocystis transporter is not known. Transport of AdoMet
across the plasma membrane does not occur to a significant
extent in mammalian cells, but transport of AdoMet is essential
in several organelles. For example, the yeast (13) and human
(14) mitochondrial AdoMet transporters and the Arabidopsis
AdoMet plastid (and mitochondria) transporter (15, 16) have
been functionally characterized. They belong to the mitochon-
drial carrier protein family (MCF), a class of protein mediating
the transport of various substrates (reviewed in Ref. 17).

Other organisms, notably fungus and protozoa, have the abil-
ity to both synthesize and transport AdoMet. The only eukary-
otic plasma membrane AdoMet transporter characterized to
date is the Saccharomyces cerevisiae SAM3 protein (18) belong-
ing to the amino acid permease superfamily. Although SAM3
transports AdoMet, it also transports polyamines with high
affinity (19). Sinefungin (SNF) is an analogue of AdoMet with
antimicrobial activity, and yeast SNF-resistant mutants were
shown to have loss-of function mutations in SAM3 (20). In the
protozoan parasites Leishmania (21) and Trypanosoma brucei
(22), SNF and AdoMet were shown, on the basis of substrate
competition transport experiments, to share a common trans-
porter protein. We report here the cloning and functional char-
acterization of the unique high affinity AdoMet transporter of

carrier protein family; MTX, methotrexate; SNF, sinefungin; FA, folic acid;
UTR, untranslated region.
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Leishmania and show that it belongs to the FBT family, a class
of proteins present in diverse organisms.

MATERIALS AND METHODS

Cell Lines and Culture Conditions—Leishmania cells (Leishma-
nia infantum MHOM/MA/67/ITMAP-263, L. infantum JPCM5,
Leishmania tarentolae, Leishmania major Friedlin, and L. major
LV39) were grown in SDM-79 medium supplemented with 10%
heat-inactivated fetal bovine serum, 5 ug/ml hemin, and, when
required, 10 um biopterin (Sigma). The L. tarentolae methotrex-
ate (MTX)-resistant mutant TarM'TX1000.6 was described pre-
viously (23). The L. tarentolae and L. major LV39 SNF-resistant
mutants, named TarSNF.8 and LV39SNF4000.4, respectively,
were selected with SNF in a step-by-step manner as described
in details for other drugs (24). Cell growth was monitored by
measuring the absorbance of culture aliquots at 600 nm in a
multiwell scanning spectrophotometer. DNA transfection into
Leishmania promastigotes has been performed as described
previously (25).

AdoMetT1 Gene Transfection and Inactivation—The AdoMetT1
gene of L. infantum (LinJ10_V3.0370) was amplified from ge-
nomic DNA using primer pairs 1-2 and 3-4 (see supple-
mental Table S1). The PCR fragment was first ligated into the
pGEM T-easy vector (Invitrogen), digested with the appropri-
ate restriction enzymes, and cloned into the relevant restriction
sites within the Leishmania expression vectors pSP72aHYGa
(26) and pSPaNEO«-GFP (27).

The L. infantum AdoMetT1 null mutant was obtained by
targeted gene replacement. The AdoMetT1 inactivation cas-
settes were generated using a PCR fusion-based strategy as
described previously (28). Primers used to generate the inac-
tivation cassettes are listed in supplemental Table S1. Briefly,
the NEO inactivation cassette was generated by using the
primer pairs 5— 6 and 7— 8 to amplify DNA fragments of 730 bp
upstream and 680 bp downstream of the AdoMetTI gene,
respectively. The neomycin phosphotransferase (NEO) gene
was amplified from the plasmid pSPaNEOw using primers 9
and 10 and then fused to the upstream and downstream DNA
fragments of AdoMetT1 using PCR. The same strategy was used
to generate the ZEO cassette; primer pairs 5-11 and 12— 8 were
used to amplify the upstream and downstream fragments of
AdoMetT1, whereas primers 13 and 14 were used to amplify the
ZEO gene from the pSPaZEOa vector (29).

Cellular Transport Assays—TarMTX1000.6 expressing
the AdoMet transporter (AdoMetT1) and the folic acid
transporter (FT1) were harvested during the mid-logarith-
mic phase. 10° cells were washed and resuspended in folate-
deficient medium fdDMEL or AdoMet-deficient medium
with 115 nm [*H]folic acid (43.2 Ci/mmol) or 60 nm [*H]AdoMet
(83 Ci/mmol) (Moravek Biochemicals), respectively. Accumu-
lation was measured as described previously (30). Folic acid
uptake was normalized to cell number, and the background
transport value was removed by subtracting the accumulation
value obtained on ice. The transport kinetic parameters V, ..
and apparent K, values for AdoMet were measured while using
different [*H]AdoMet concentrations (3—3000 nm) during
the linear phase of accumulation (5 min). Transport kinetic
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parameters were determined by linear regression analysis and
Michaelis-Menten analysis.

The transport competition study was performed with 5 X
10”7 LV39SNF4000.4 cells expressing the AdoMetT1-GFP pro-
tein. Briefly, cells were incubated for 10 min in an assay buffer,
as described previously (31), containing 50 nm radioactive
AdoMet in the presence or absence of various concentrations
(100 nmand 1 and 10 um) of competing molecules. For all trans-
port experiments, the accumulation in cells incubated on ice
was subtracted.

Quantitative Real Time Reverse Transcription-PCR—Three
independent RNA preparations were used for each real time
PCR experiment. RNA extractions, cDNA synthesis, and
TagMan quantification of AdoMetT1 were performed as
described previously (27). Primers and Tagman probes are
listed in supplemental Table S2. Real time reverse transcrip-
tion-PCR for the MAT gene was performed as described previ-
ously (32) using GAPDH and actin genes as controls (supple-
mental Table S2).

Western Blot Analysis—Total Leishmania proteins (30 ug)
were run on 12% polyacrylamide gels and transferred onto
nitrocellulose membranes as described previously (33). The
blots were blocked overnight in 5% skimmed milk in 1X phos-
phate-buffered saline (PBS). A monoclonal anti-a-tubulin anti-
body (Sigma) directed against a conserved amino-terminal pep-
tide of the bovine a-tubulin or an antibody against the green
fluorescent protein (GFP) (Invitrogen) was diluted 1:3000 in
PBS containing 0.1% Tween 20 (PBS/Tween) and incubated for
1 h with the membranes. The blots were washed three times
for 5 min in PBS/Tween and incubated with horseradish per-
oxidase-conjugated sheep anti-rabbit IgG for GFP or sheep
anti-mouse IgG for a-tubulin (Amersham Biosciences) diluted
1:10,000 in PBS/Tween. The blots were washed as above, incu-
bated with ECL Plus chemiluminescent substrate (Amersham
Biosciences), and exposed to x-ray films. The polyclonal rabbit
MAT antibody was kindly provided by Prof. Balana-Fouce
(University of Leon, Spain) and was used as described previ-
ously (34).

Southern Analysis—Leishmania total DNAs were isolated
using DNAzol reagent as recommended by the manufacturer
(Invitrogen). For Southern blots, genomic DNAs were digested
with Pvul to monitor rearrangement events of the FBT family
and with PstI for analysis of the AdoMetT1-null mutant. South-
ern blots, hybridizations, and washes were performed following
standard protocols (35), and all probes were obtained by PCR.
The FBT gene family was studied with a DNA probe spanning
the conserved coding sequences of the FBT genes (27), and
AdoMetT1I allele replacement was confirmed by using a probe
targeting the 3'-UTR of AdoMetT1I.

Fluorescence Microscopy—Live parasites were mounted under
poly-L-lysine-coated coverslips. Coverslips were sealed with
nail varnish and air-dried for 15 min. Bright field and fluores-
cence images were taken using a Nikon Eclipse TE300 inverted
microscope with a Photometrics coolSNAPfx camera. Visual-
ization of the GFP fluorophore was achieved using a 460/500-
nm excitation filter and 510/560-nm emission filter with a
100X objective. The images were processed using the Image-
Pro Plus software (version 5.0).
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FIGURE 1. Sensitivity of Leishmania cells to methotrexate and sinefungin.
Leishmania cells were incubated in SDM medium with varying concentrations
of methotrexate (A) and sinefungin (B), and their growth was monitored at
72 h by measuring the absorbance at 600 nm. @, L. tarentolae wild type; O, L.
tarentolae MTX1000.6; A, TarSNF.8; A, L. major Friedlin; B, L. major LV39; [,
LV39SNF4000.4. The average of triplicate measurements is shown.

RESULTS

Leishmania Methotrexate-resistant Mutant Is Cross-resis-
tant to Sinefungin—Folic acid (FA) and AdoMet are the one-
carbon metabolic donors in cells, and previous reports have
demonstrated that AdoMet metabolism is potentially changed
in Leishmania cells resistant to the FA analogue MTX (29, 36).
Indeed, the L. tarentolae MTX1000.6 mutant is resistant to
MTX (Fig. 1A) due to decreased accumulation of MTX or FA
(see Fig. 2A and data not shown). This reduced accumulation is
due to gene deletion and rearrangements of the FBT trans-
porter FT1 (37). Surprisingly, this mutant was also found to be
cross-resistant to the AdoMet analogue SNF (Fig. 1B). This
intriguing observation led us to further investigate SNF suscep-
tibility in Leishmania cells. L. tarentolae and L. major wild-type
cells were sensitive to MTX (Fig. 14). However, although L.
tarentolae and L. major LV39 were sensitive to SNF, L. major
Friedlin was intrinsically resistant to it (Fig. 1B and Table 1).
Similarly, whereas the L. infantum 263 strain was highly sensi-
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FIGURE 2. Folicacid and S-adenosylmethionine accumulation in Leishma-
nia cells. The accumulation of 115 nm [>H]folic acid (A) and 60 nm S-[>H]ade-
nosylmethionine (B) was measured in Leishmania cells. @, L. tarentolae wild

type; O, L. tarentolae MTX1000.6; A, TarSNF.8; A, L. major Friedlin; B, L. major
LV39; [], LV39SNF4000.4. The average of triplicate measurements is shown.

TABLE 1
Susceptibility to sinefungin and kinetic properties of
S-adenosylmethionine transport in Leishmania spp.

The IC,, values are 50% inhibitory concentrations of sinefungin. The means *+ S.D.
of at least three independent experiments are given.

IC;, value of K

Strains R . Vi
sinefungin m max

nm nm pmol/10°

cells/min
L. infantumm MHOM/MA/67/ 80 = 18 167 =27 0.56 = 0.17

ITMAP-263

L. infantum JPCM5 2000 =300 180 =82 0.05=* 0.01
L. major LV39 50 * 4 25210 0.57*0.13
L. major Friedlin >6000 3207 0.03*0.01
LV39SNF4000.4 + AdoMetT1-GFP 10*+2 284 £72 0.58 +0.24

tive to SNF, the genome strain L. infantum JPCM5 was intrin-
sically resistant (Table 1). L. tarentolae and L. major LV39 cells
were selected in a step-by step fashion for resistance to SNF,
and these cells were indeed resistant to SNF (Fig. 1B) but not
cross-resistant to MTX (Fig. 1A).

Resistance to MTX in L. tarentolae MTX1000.6 is due to a
reduced uptake of the drug (23), which is paralleled by a
reduction in the uptake of the analogue FA (Fig. 24).
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FIGURE 3. Identification of the S-adenosylmethionine transporter (AdoMetT1) of Leishmania. A, Southern
blot analysis of L. major LV39 and LV39SNF4000.4. Total DNAs of Leishmania cells were digested with Pvul,
transferred to a nylon membrane, and hybridized to a 700-bp probe derived from the conserved regions of the
FBTs. B, susceptibility of Leishmania cells to sinefungin. G, susceptibility of Leishmania cells to methotrexate. ¢,
TarMTX1000.6 transfected with AdoMetT1; &, TarMTX1000.6 transfected with FT7; \/, LV39SNF4000.4 trans-
fected with AdoMetT1. The average of triplicate measurements is shown (for B and ().
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FIGURE 4. Functional characterization of AdoMetT1. A, fluorescence microscopy analysis of LV39SNF4000.4
cells expressing AdoMetT1-GFP. LV39SNF4000.4 cells were transfected with a plasmid where the AdoMetT1
gene and the GFP gene were fused in-frame. Analysis of transfectants by fluorescence microscopy indicated
that the fusion protein was localized mainly in the plasma membrane of the parasite. B, transport of 60 nm
S-[*Hladenosylmethionine in L. major cells. A, L. major Friedlin; B, L. major Friedlin transfected with AdoMetTT;
[J, LV39SNF4000.4; V, LV39SNF4000.4 transfected with AdoMetT1-GFP; ¥, LV39SNF4000.4 transfected with
AdoMetT1. C, transport of 60 nm S-[*Hladenosylmethionine in L. tarentolae cells. O, TarMTX1000.6 transfected
with GFP; ¢, TarMTX1000.6 transfected with AdoMetT1-GFP; <, TarMTX1000.6 transfected with FT7; A,
TarSNF.8; ¥, TarSNF.8 transfected with AdoMetT1-GFP. D, transport of 115 nm [*HIfolic acid in L. tarentolae cells.
4, TarMTX1000.6 transfected with AdoMetT1-GFP; &, TarMTX1000.6 transfected with FT1-GFP. The average of
triplicate experiments are shown (B-D).

accumulation of FA and AdoMet
(Fig. 2). Because there are rear-
rangements of the FBT gene family
in this mutant (30), we hypothesized
that the lack of AdoMet transport
in this mutant could be correlated
with FBT gene rearrangements.
This was also investigated in L.
tarentolae and L. major cells made
resistant to SNF where the genomic
DNAs of the mutants were digested
with Pvul and hybridized to a FBT
probe. There were no clear rear-
rangements in the L. tarentolae-re-
sistant mutant SNF8 (results not
shown). However, there was a clear
rearrangement of some of the FBT
family members in the L. major-re-
sistant LV39SNF4000.4 mutant
compared with its parental wild-
type SNF-sensitive isolate (Fig. 3A).
According to the published genome
sequence of L. major, the high
molecular weight (>12 kb) rear-
ranged band most likely encodes
three FBT genes (LmjF10.0350,
LmjF10.0360, and LmjF10.0370).
The corresponding L. infantum or-
thologues LinJ10_V3.0.0360, LinJ10_
V3.0.0370, and LinJ10_V3.0.0380
were cloned into expression vectors
and transfected in the SNF-resistant
cells L. tarentolae MTX1000.6 and
LV39SNF4000.4. Cells transfected
with LinJ10_V3.0370 but not the
other two constructs became highly
sensitive to SNF (Fig. 3B and results
not shown). This transporter clearly
did not correspond to FT1 (Linj10_
V3.0400). Indeed, L. tarentolae
MTX1000.6 transfected with FT1
was still highly resistant to SNF (Fig.
3B) but became highly sensitive
to MTX (Fig. 3C). L. tarentolae
MTX1000.6 transfected with LinJ10_
V3.0370 remained resistant to MTX
(Fig. 3C). Because LinJ10_V3.0370

Accordingly, we tested whether cross-resistance to SNF in L.
tarentolae MTX1000.6 correlated with a reduced accumula-
tion of AdoMet and whether cells intrinsically resistant (L.
major Friedlin or L. infantum JCPM5) or made resistant to
SNF also exhibited a reduced accumulation of AdoMet. Wild-
type L. tarentolae and L. major LV39 accumulated AdoMet, but
all strains not susceptible to SNF, regardless of whether resis-
tance was intrinsic or acquired, did not (Fig. 2B).

AdoMet Transporter Is a Member of the FBT Family—The
L. tarentolae MTX1000.6 mutant was resistant to both MTX
and SNF (Fig. 1), a phenotype accompanied by a reduced
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sensitized cells to SNF, we tested whether it could correspond
to a plasma membrane AdoMet transporter. Plasma membrane
localization was examined by fusing the FBT open reading
frame containing the gene of interest to GFP and analyzing the
resultant transfectants by fluorescence microscopy (Fig. 4A4).
The LV39SNF4000.4 mutant and L. major Friedlin did not
transport AdoMet (Figs. 2B and 4B). However, when these cells
were transfected with LinJ10_V3.0370, we observed an accu-
mulation of AdoMet (Fig. 4B). These results suggested that
LinJ10_V3.0370 may catalyze the transport of AdoMet, and it
was thus renamed AdoMetT1. L. tarentolae MTX1000.6 or
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the AdoMetT1/NEO cells exhibited

intermediate sensitivity to SNF (Fig.
5C) and accumulated less AdoMet
(Fig. 5, C and D). The NEO/ZEO
AdoMetT1I null mutant was insensi-
tive to SNF and did not accumulate
any measurable AdoMet (Fig. 5, C
and D). We confirmed that these
phenotypes were indeed due to the
lack of AdoMetT1, because trans-
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fection of an episomal add-back
construct encoding AdoMetT1 into
the null mutant rescued both the
susceptibility to SNF and the trans-
port of AdoMet (Fig. 5, C and D).
AdoMetT1 Is a Specific High Af-
finity AdoMet Transporter Expressed
Counstitutively—The kinetic proper-
ties of AdoMetT1 were studied, and
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FIGURE 5. Generation and characterization of L. infantum AdoMetT1 null mutant. A, genomic organization
of the AdoMetT1 locus. The AdoMetT1 upstream and downstream fragments used for the integration of the NEO
and ZEO cassettes are shown. P, Pstl. UTR, untranslated region. B, Southern blots of L. infantum genomic DNA
digested with Pstl and hybridized to a AdoMetT1-3" UTR probe. Lane 1, L. infantum wild type; lane 2, L. infantum
with one AdoMetTT1 allele disrupted with the NEO cassette; lane 3, L. infantum with one AdoMetT1 allele dis-
rupted with a ZEO cassette; lane 4, L. infantum AdoMetT1 null mutant with integrated NEO and ZEO cassettes.
G, sinefungin susceptibility of Leishmania cells. D, transport of 60 nm S-[*H]ladenosylmethionine by Leishmania
cells. @, L. infantum wild type; O, L. infantum AdoMetT1 with one inactivated allele; A, L. infantum AdoMetT1 null
mutant; A, L. infantum AdoMetT1 null mutant transfected with a add-back AdoMetT1 plasmid. The average of

triplicate measurements is shown for Cand D.

SNE8 cells did not accumulate AdoMet, but the same cells
transfected with AdoMetT1 were capable of transporting
AdoMet (Fig. 4C). However, L. tarentolae MTX1000.6 cells
transfected with AdoMetT1 did not transport FA, whereas the
same cells transfected with FT1 did (Fig. 4D).

To further link AdoMetT1 to AdoMet transport, we attempted
to generate an L. infantum AdoMetT1 null mutant. Two replace-
ment cassettes were made, which allowed AdoMetT1 to be
replaced by either the NEO or ZEO genes (Fig. 54). These con-
structs were transfected independently in wild-type cells
and selected for resistance to either G418 or Zeocin. Leish-
mania is diploid, and when its DNA is digested with PstI
and hybridized to a 3'-UTR AdoMetT1 probe, the resulting
hybridized fragment should be 6.2 kb in length (Fig. 54). Inte-
gration of either the NEO or ZEO cassette and digesting with
Pstl and hybridizing to the same probe should lead to fragments
of 5.5 and 5.7 kb, respectively (Fig. 5A4). Analysis of wild-type
cells and AdoMetT1/NEO or AdoMetT1/ZEO transfectants
digested with PstI and hybridized with the 3'-UTR probe were
completely consistent with the above scenario (Fig. 5B, lanes
1-3). The ZEO cassette was introduced in an AdoMetT1/NEO
clone, and molecular analysis of the resulting transfectant was
consistent with the generation of an AdoMetT1 null mutant.
Indeed, the 6.2-kb band corresponding to the intact AdoMetT1
gene disappeared, whereas bands corresponding to the integra-
tion of NEO and ZEO inactivation cassettes were observed (Fig.
5B, lane 4). The L. infantum-263 wild-type cells were sensitive
to SNF (Fig. 5C) and accumulated AdoMet (Fig. 5D). However,
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'I‘}ime (mﬁ) 8 10 inthe 150-300 nm range for both L.

major and L. infantum (Table 1).
The V., values was calculated to
be at least 10 times higher in cells
sensitive to SNF compared with
cells intrinsically less susceptible to
SNF (Table 1). We tested whether
AdoMetT1 was specific for AdoMet
by challenging the accumulation of
[PH]AdoMet with related sub-
strates. AdoMet itself and SNF were shown to inhibit the accu-
mulation of the radioactive substrate but neither adenosine nor
adenine, cysteine, ornithine, methionine, or homocysteine
competed with AdoMet uptake (Fig. 6). Only S-adenosylhomo-
cysteine, at a high concentration, was able to compete with the
accumulation of AdoMet (Fig. 6).

The transport of FA mediated by the FBT member FT1 is
stage-regulated in Leishmania, with maximal activity in the log-
arithmic phase of growth (38). Indeed, during the progression
of the parasite toward its stationary phase, there is increased
FT1 protein degradation (37). We tested whether AdoMetT1
and AdoMet transport were under similar stage regulation.
AdoMet transport increased during log phase, but in contrast
to FA, it remained constant during the stationary phase (Fig. 7).
Consistent with these results, AdoMetT1-GFP fusions were
not degraded in the stationary phase of growth with the fusion
protein migrating at the expected 100-kDa size. Moreover,
AdoMetT1-GFP was at the level of the plasma membrane in
stationary cells as deduced from fluorescence microscopy (Fig.
7). The same lack of growth stage regulation was observed for
both L. major and L. infantum (Fig. 7 and results not shown).

Molecular Basis for Intrinsic and Acquired Resistance to
Sinefungin—L. major Friedlin and L. infantum JPCM5 were
intrinsically resistant to SNF, whereas L. major LV39 and L.
infantum-263 were sensitive to it. This correlates with a
decrease in the transport of AdoMet (Fig. 2 and Table 1) and
most likely SNF (Fig. 6). We sequenced the AdoMetTI gene
in cells incapable of AdoMet transport, and we found that
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the coding sequence of the gene
was identical to the published
sequence. We next measured the
expression of AdoMetT1 by quan-
titative reverse transcription-PCR
and found that its expression was 20
times higher in L. major LV39 com-
pared with L. major Friedlin (Fig.
8A). The expression of the MAT and
FT1 genes was similar in the two L.
major strains (Fig. 84). The expres-
sion of AdoMetT1 was also higher
(3-fold) in the AdoMet-transport-
ing strain L. infantum-263 com-
pared with L. infantum JPCM5 (Fig.
8B). The expression of the MAT
gene was similar in the two L. infan-
tum strains, but the FT1 gene was
also expressed at higher level in L.
infantum-263 (Fig. 8B). Inciden-
tally, we found that L. infantum-263
was more sensitive to MTX com-
pared with strain JPCM5 (results
not shown), an observation that
could be attributed to the difference
in FT1 expression.

We also sequenced the AdoMetT1
open reading frame in the SNF-
resistant mutant LV39SNF4000.4,
and we compared that sequence
with that of the L. major LV39 strain
and found that they were identi-
cal (results not shown). However,
the expression of AdoMetT1 was
down-regulated 11-fold in cells
in which resistance was induced
compared with the wild-type cells
as determined by quantitative re-
verse transcription-PCR (Fig. 8C).
The reduction in AdoMetT1 expres-
sion correlated with a decrease of
the V_ ., value in the transport of
AdoMet (Table 1). Unfortunately,
this quantitative reverse tran-
scription-PCR assay could not be
applied to SNF-sensitive and -re-
sistant L. tarentolae, possibly be-
cause the sequence of AdoMetT1 in
this species was too divergent.

DISCUSSION

The first indirect evidence for
an AdoMet transporter in Leish-
mania came from the observation
that SNF, an AdoMet analogue,
had inhibitory effects against the
parasite (39). Biochemical evidence
was later obtained that demon-
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strated both the capacity of Leishmania to accumulate AdoMet
(40) and that AdoMet and SNF shared the same uptake system
(21). Our study now identifies the high affinity AdoMet trans-
porter in Leishmania as AdoMetT1, a membrane protein in the
FBT family. The FBT family is a novel class of membrane pro-
teins, which is part of the major facilitator superfamily (41, 42).
They were first characterized in Leishmania (30, 43) but are
present also in other kinetoplastid parasites (27) or in Apicom-
plexa parasites such as malaria and Toxoplasma (44, 45), in
plants, and in cyanobacteria (46). So far, the only function
attributed to these proteins was the transport of unconju-
gated (47, 48) or conjugated pterins such as FA (30, 37, 46, 49).
With 14 members, Leishmania has the largest number of FBTS,
but the function of only three members, BT1, FT1, and FT5
is known. The remaining 11 Leishmania proteins in the FBT
family are unlikely to correspond to plasma membrane FA
transporters (27). The function of a fourth member of the FBT
family, namely AdoMetT1, has now been revealed. As such, it
would be of interest to investigate the role of AdoMetT1 homo-
logues in other organisms containing FBTs, to determine
whether they too can transport AdoMet. This would be partic-
ularly important in Trypanosoma brucei, the parasite responsi-
ble for sleeping sickness. Indeed, based on the unique biochem-
ical properties of AdoMet transport in 7. brucei, it was
suggested that the transporter could serve as a novel route for
the delivery of drugs (50). T. brucei has seven FBT homologues
(27) and determining if any of these function in AdoMet trans-
port would be an important endeavor. In particular, several
S-adenosylmethionine decarboxylase inhibitors are being
developed against parasites (51-53), and some of these may
enter through an AdoMet transporter. Sinefungin, but none of
the individual AdoMet building blocks, can inhibit AdoMet
uptake in 7. brucei (22), and this is consistent with our obser-
vations for Leishmania AdoMetT1 (Fig. 6). The K, value of the
T. brucei AdoMet transport was reported to be in the millimo-
lar range (54) indicating a lower affinity than Leishmania
AdoMetT1, which is in the nanomolar range (Table 1).

FBTs have also been described in plants with nine members
in Arabidopsis, one of which transports FA (46). The plastid
AdoMet transporter, named SAMT1, is not a member of the
FBT family but is part of the MCF (15, 16). MCF proteins are
also responsible for AdoMet transport in yeast (13) and human
mitochondria (14). Interestingly, Leishmania also encodes
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MCEF proteins, one of which appears to be an orthologue of the
mitochondrial AdoMet transporter (55). Disruption of the Ara-
bidopsis SAMT1 gene led to a severe growth defect, but because
the plants remained viable, it was suggested that other proteins
could be implicated in AdoMet transport (15). It is possible that
one of the plant FBT's could be involved as a secondary organel-
lar AdoMet transporter.

The Leishmania AdoMetT1 transports AdoMet specifically
in the low nanomolar range, whereas FT1, also a FBT mem-
ber, exclusively transports FA in the nanomolar range (37, 43).
Other FBTs highly homologous to either AdoMetT1 or FT1
transport neither AdoMet nor FA. Because AdoMetT1 and FT1
are 80% identical (27), it should be possible to find key regions
and eventually amino acids involved in substrate specificity.
Interestingly, AdoMetT1 and FT1 are regulated very differently
at the post-translational level with FT1 being degraded in sta-
tionary phase (37), whereas AdoMetT1 is expressed constitu-
tively (Fig. 7). Although the signals implicated in the degrada-
tion of FT1 are unknown, the production of AdoMetT1/FT1
fusion proteins could aid in identifying motifs involved in pro-
tein degradation in Leishmania.

Sinefungin has been found to be active against several Leish-
mania species (39, 56) but also against other parasites, includ-
ing malaria (57), and the trypanosomes (58). It was suggested to
have the potential to serve as a lead compound for a novel anti-
parasitic drug (59). However, some Leishmania strains were
found to be intrinsically resistant to SNF (60), a finding sup-
ported here with the intrinsic SNF resistance observed in L.
major Friedlin or L. infantum JPCM5 (Table 1). This phenom-
enon can now be plausibly explained by the defect in AdoMet
transport (Fig. 2B), which is also related to lower AdoMetT1
expression (Fig. 8) and to areduced V,,, for AdoMet transport
(Table 1). The disruption of AdoMetT1 also leads to SNF resis-
tance (Fig. 5). Interestingly, the selection for resistance to SNF
in Leishmania was also correlated to a decrease in the expres-
sion of AdoMetT1 (Fig. 8). The mechanism by which this hap-
pens is not yet clear, but it could be related to the gene rear-
rangement observed in our study (Fig. 34). Reduced RNA levels
in Leishmania are usually due to a decrease in gene copy num-
ber (61, 62), although other mechanisms may also occur (63).
Interestingly, in the yeast S. cerevisiae that also transports
AdoMet, resistance to SNF was shown to correlate with loss of
function mutations in the AdoMet transporter Sam3 (20).
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Although the overexpression of MAT was shown to confer
resistance to SNF in Leishmania (64), it is not involved in the
decreased susceptibility observed here because the expression
of MAT was not changed in our resistant cells at either the RNA
(Fig. 8C) or protein level (result not shown). The expression of
MAT was also not increased in cells with reduced expression of
AdoMetT1I (Fig. 8) or in cells in which AdoMetT1 was disrupted
(results not shown). Leishmania strains can be sensitive to
SNF in the low nanomolar range (Fig. 1), but several strains
demonstrated no intrinsic susceptibility (Table 1) (60) possibly
because of lower AdoMetT1 expression. We could nonetheless
envisage using more lipophilic analogues of SNF, which may
not require a specific transporter, as novel chemotherapeutic
agents against Leishmania.

Pneumocystis appears to depend exclusively on AdoMet
uptake to meet its AdoMet needs (11), but Leishmania can
either synthesize it or salvage it from its environment. We
have inactivated AdoMetT1 in L. infantum (Fig. 5), and the
resultant cells were viable, showed no obvious growth defect,
and retained the ability to infect macrophages (results not
shown). Several organisms use synthesis as their main source
of AdoMet, so the presence of proteins implicated in the
uptake of exogenous AdoMet in major classes of parasites
(kinetoplastids and apicomplexa) is perplexing. Leishmania
cycles in various environments (insect vectors and mammalian
hosts) with varying concentrations of metabolites that could
serve as building blocks for AdoMet synthesis. It may thus be
advantageous, under limiting concentrations of metabolic pre-
cursors, to import AdoMet directly from the environment.
Leishmania is a purine auxotroph with numerous salvage path-
ways (65), and one could envision that under purine-poor con-
ditions, the uptake of AdoMet could serve as a purine source.
Synthesis of AdoMet is energetically expensive because for each
molecule of AdoMet synthesized, the three high energy phos-
phodiester bonds of ATP are hydrolyzed (9). When AdoMet is
present in the environment, and under energetic constraint, it
may thus be advantageous for the parasite to import AdoMet
instead of synthesizing it. The Leishmania MAT activity is
maximal during logarithmic phase of growth and negligible in
the stationary phase (7). If AdoMet is required during other
growth phases of the parasite, it could also be useful for the
organism to import it to compensate for a reduced rate of syn-
thesis. Although cells without AdoMetT1 (Fig. 5) or cells with
low AdoMetT1 expression (Fig. 8) thrive well under laboratory
conditions, it is possible that under specific conditions they
may be at a disadvantage or that the expression of the gene is
induced. The identification of the AdoMet transporter will now
allow the testing of some of these hypotheses in Leishmania and
also in other organisms.
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