Eukaryortic CELL, Oct. 2003, p. 1003-1008
1535-9778/03/$08.00+0 DOI: 10.1128/EC.2.5.1003-1008.2003

Vol. 2, No. 5

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Mechanisms of Arsenical and Diamidine Uptake and Resistance in

Trypanosoma brucei

Enock Matovu,'t Mhairi L. Stewart,” Federico Geiser,! Reto Brun,® Pascal Miser,’
Lynsey J. M. Wallace,” Richard J. Burchmore,” John C. K. Enyaru,* Michael P. Barrett,>
Ronald Kaminsky,” Thomas Seebeck,' and Harry P. de Koning**

Institute of Cell Biology, CH-3012 Bern," Swiss Tropical Institute, CH-4002 Basel,® and Novartis Animal Health,
CH-1566 St. Aubin,> Switzerland; Institute of Biomedical and Life Sciences, University of Glasgow,
Glasgow GI12 8QQ, United Kingdom? and Livestock Health Research Institute, Tororo, Uganda®

Received 24 April 2003/Accepted 17 July 2003

Sleeping sickness, caused by Trypanosoma brucei spp., has become resurgent in sub-Saharan Africa. More-
over, there is an alarming increase in treatment failures with melarsoprol, the principal agent used against
late-stage sleeping sickness. In T. brucei, the uptake of melarsoprol as well as diamidines is thought to be
mediated by the P2 aminopurine transporter, and loss of P2 function has been implicated in resistance to these
agents. The trypanosomal gene ThAT1 has been found to encode a P2-type transporter when expressed in yeast.
Here we investigate the role of 7hbAT1 in drug uptake and drug resistance in 7. brucei by genetic knockout of
TbATI. That1-null trypanosomes were deficient in P2-type adenosine transport and lacked adenosine-sensitive
transport of pentamidine and melaminophenyl arsenicals. However, the null mutants were only slightly
resistant to melaminophenyl arsenicals and pentamidine, while resistance to other diamidines such as dimi-
nazene was more pronounced. Nevertheless, the reduction in drug sensitivity might be of clinical significance,
since mice infected with zbat1-null trypanosomes could not be cured with 2 mg of melarsoprol/kg of body weight
for four consecutive days, whereas mice infected with the parental line were all cured by using this protocol.
Two additional pentamidine transporters, HAPT1 and LAPT1, were still present in the null mutant, and
evidence is presented that HAPT1 may be responsible for the residual uptake of melaminophenyl arsenicals.

High-level arsenical resistance therefore appears to involve the loss of more than one transporter.

Sleeping sickness is caused by Trypanosoma brucei, and the
disease is endemic throughout tropical Africa. Sleeping sick-
ness is fatal if untreated, and vaccination is impossible due to
antigenic variation of the parasites. The main chemotherapeu-
tics for treatment of sleeping sickness are still the melamino-
phenyl arsenical melarsoprol and the diamidine pentamidine,
drugs that were introduced more than 50 years ago. Cross-
resistance between melamine-based arsenicals and diamidines
has been repeatedly observed in trypanosomes with laboratory-
induced drug resistance (14-16, 24, 26). Cellular uptake of
both classes of trypanocide has been shown to occur via the P2
adenosine/adenine transport activity in 7. brucei bloodstream
forms, and loss of P2 has been implicated in drug resistance (5,
6). Subsequently, a trypanosome gene (7bAT1) that exhibited
P2-like transport activity when expressed in yeast was cloned
(19). The function of TbATI in trypanosomes, however, re-
mained to be investigated.

No clear correlation was found between mutations in 7bAT1
and relapses after melarsoprol treatment in sleeping sickness
patients in Uganda (22), and 7. brucei isolated from melarso-
prol-refractory patients did not show high levels of in vitro
arsenical resistance (4, 21). [°’H]pentamidine transport in T.
brucei was only partially blocked by adenosine (5, 7, 11), and
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adenosine transport in Saccharomyces cerevisiae expressing
TbATI was not inhibited by pentamidine (19). The situation is
further complicated by the fact that nucleoside transporters
comprise a multigene family in 7. brucei (28). Thus, a model
whereby the loss of a single transporter (TbAT1) could medi-
ate cross-resistance to all diamidines and melamine-based ar-
senicals appears overly simplistic.

Meanwhile, the problem of drug resistance in 7. brucei ap-
pears to be increasing in the field. Sleeping sickness has re-
cently become resurgent in sub-Saharan Africa, and the emer-
gence of drug resistance is hindering efforts to control the disease.
Melarsoprol treatment failures have reached alarming levels in
several foci (4). In addition, resistance to the diamidine dimina-
zene aceturate has also been reported from multiple foci (17, 23).
Pentamidine resistance, in contrast, has so far not been reported
from the field. The understanding of resistance mechanisms in
bloodstream-form trypanosomes is crucial to circumventing exist-
ing resistance problems and avoiding the emergence of resistance
to the next generation of drugs.

To investigate whether TbAT! alone contributes to P2 ac-
tivity in Trypanosoma brucei brucei, we have constructed a
TbATI knockout clone by targeted gene replacement. We have
further used this null mutant to resolve the role of 7TbATI in
the uptake of, and resistance to, the diamidine and melamino-
phenyl arsenical classes of drugs.

MATERIALS AND METHODS

Propagation of trypanosomes. Bloodstream-form 7. brucei brucei strain 427
(s427; also known as MiTat 1.2/221 or BS 221) parasites were used to construct
the TbAT1~'~ line. They were cultured in minimal essential medium modified
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according to the work of Baltz et al. (1), supplemented with 5% fetal bovine
serum. For transport experiments, adult female Wistar rats were infected by
intraperitoneal injection. At peak parasitemia, blood was collected by cardiac
puncture under terminal anesthesia. The parasites were isolated by using a DE52
(Whatman, Maidstone, United Kingdom) anion-exchange column (18) and
washed twice in assay buffer (33 mM HEPES, 98 mM NaCl, 4.6 mM KClI, 0.55
mM CaCl,, 0.07 mM MgSO,, 5.8 mM NaH,PO,, 0.3 mM MgCl,, 23 mM
NaHCOj3, 14 mM glucose [pH 7.3]).

Constructs for the ThAT1 gene deletion. TbAT] alleles were replaced sequen-
tially with resistance markers for the antibiotics neomycin and puromycin. Flank-
ing sequences upstream (700 bp) and downstream (300 bp) of the TbATI open
reading frame were amplified by PCR and cloned into plasmids so that they
flanked NEO or PAC genes. The resulting deletion constructs were released from
plasmid DNA by restriction digestion, purified by phenol extraction, and resus-
pended to 0.2 wg/ul in water.

Transfection of trypanosomes. Bloodstream-form trypanosomes (s427) were
cultured to a density of 2 X 10° ml~!. A total of 10°® cells were washed in 15 ml
of ZMG buffer (132 mM NaCl, 8 mM KCI, 8§ mM Na,HPO,, 1.5 mM KH,PO,,
0.775 mM magnesium acetate, 0.063 mM calcium acetate [pH 7.5]) and resus-
pended in 450 wl of ZMG and 50 .l of deletion construct DNA solution. The cell
suspension was electroporated by using a Bio-Rad Genepulser at 1.5 kV, 25 uF,
and 200 QF and was transferred to culture medium. Drug selection was applied
after 24 h, and trypanosomes were cloned in vitro after 7 days of selection.
Neomycin (1.5 pg/ml) was used for the first-round knockout, and neomycin plus
puromycin (0.15 pg/ml) was used for the second-round knockout.

Southern blotting. Genomic DNAs of the wild-type s427, two first-round
knockout clones, and two second-round derivatives of each were digested with
EcoRI and Ndel. Southern blotting was performed by standard protocols. TbAT1
and neomycin and puromycin resistance genes were labeled by using the DIG
system (Roche Diagnostics, Basel, Switzerland).

Transport assays. Transport assays for [*H]adenosine (NEN) and [*H]penta-
midine (Amersham) were performed exactly as described previously (7, 31) by
using a rapid oil stop protocol. Briefly, trypanosomes were harvested, washed
twice with the assay buffer, and resuspended at 10% cells/ml. Cells were then
incubated with the radioligand in the presence or absence of a competitive
inhibitor and were spun through oil (for 30 s at 12,000 X g) after a predetermined
time as indicated in Results. Radioactivity in the cell pellet was determined, after
solubilization in 2% sodium dodecyl sulfate, by liquid scintillation counting.

In vitro drug sensitivity assays. In vitro drug sensitivity was determined by
using the Alamar Blue assay (25). Trypanosomes (10*) were exposed to doubling
dilutions of drugs for 2 days at 37°C before Alamar Blue reagent (Bio-Source,
Camarillo, Calif.) was added. After a further 24 h of incubation, fluorescence was
determined in a fluorimeter (Perkin-Elmer LS55B). Fifty percent inhibitory
concentrations (ICs,) were determined by nonlinear regression using the Prism
(GraphPad) software package. For in vitro lysis assays (14), trypanosomes were
exposed to 10 M melarsen oxide or cymelarsan in the presence or absence of
potential inhibitors of drug uptake. Lysis was monitored spectrophotometrically
by determination of absorbance at 750 nm at 60-s intervals.

In vivo experiments. Twenty-eight NMRI outbred mice (young adults, female,
weighing around 25 g) were inoculated intraperitoneally with 10° trypanosomes.
Seven groups of four mice each were infected as follows: groups A, D, and G
received wild-type s427, groups B and E received knockout clone 12, and groups
C and F received knockout clone 21. Three days postinfection, all mice showed
strong parasitemia and were treated with melarsoprol at 2 mg kg of body
weight™! (groups A, B, and C) or 10 mg kg™! (groups D, E, and F) for four
consecutive days. Group G comprised untreated controls. Melarsoprol (3.6%
solution in propylene glycol) was diluted with phosphate-buffered saline to 60
and 300 pg/100 pl, and mice were treated by intraperitoneal injection of 100 .l
for the 2- and 10-mg kg™! doses, respectively. The mice were monitored twice a
week for parasitemia by examination of smears of tail blood.

Data analysis. All experiments were performed in triplicate or more. Kinetic
data, given as means and standard errors, were determined in at least three
independent experiments and calculated by nonlinear regression using the Prism
(GraphPad) software package from a minimum of 8 points over the relevant
range. All uptake data are presented as “mediated uptake,” defined as total
uptake minus diffusion. Diffusion is taken to be uptake in the presence of
saturating concentrations of unlabeled permeant.

RESULTS

Construction of thatI-null mutants. The ThATI gene was
replaced in two steps, by sequential transformation of 7. b.
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brucei s427 bloodstream forms with constructs containing the
neomycin and puromycin resistance markers. To investigate
whether the constructs had correctly integrated and replaced
TbATI, genomic DNAs from several first- and second-round
antibiotic-resistant transformant clones, as well as from the
parental wild-type trypanosomes, were analyzed by Southern
blotting. Hybridization with probes for 7ThAT1 or resistance
marker genes revealed heterozygous and homozygous tbatI-
null clones as expected (data not shown).

The thatl '~ trypanosomes did not exhibit any obvious dif-
ferences in morphology or motility from the wild-type parent
strain s427. The population doubling time in culture was not
significantly different, remaining at around 8 h for both strains.
that] '~ trypanosomes remained fully infective to mice (data
not shown). Thus, ThATI is not essential for cell survival,
cell-cycle progression, or the course of infection in rodents,
presumably because of the presence of additional purine trans-
porters in bloodstream-form trypanosomes (6, 9, 10, 13).

Adenosine transport in tbhatl-null mutants. 7. b. brucei
bloodstream forms possess two adenosine transporter activi-
ties, P1 and P2, which are selectively inhibited by inosine and
adenine, respectively (6, 10). The underlying genes encoding
each activity have not been determined conclusively so far. In
tbatI-null trypanosomes, uptake of 0.1 wM [*H]adenosine was
completely inhibited by inosine (Fig. 1), with an ICy, of 0.74 +
0.09 uM, very similar to values reported previously for the P1
activity (6, 10, 12). In contrast, as much as 100 uM adenine
failed to inhibit [*H]adenosine transport (Fig. 1). This result
indicates that the P2 adenosine transport activity has been
completely deleted in the tbat/-null mutant, as adenosine
transport mediated by P2 has been shown to be sensitive to
adenine with a K; of ~0.2 uM (6, 10).

Pentamidine transport in tbatI-null mutants. [*H]pentami-
dine transport in tbatl-null bloodstream forms was not inhib-
ited by as much as 1 mM adenosine (Fig. 2). This is in marked
contrast with transport in wild-type 7. b. brucei, where an
adenosine-sensitive pentamidine transporter (ASPT1) is re-
sponsible for about 50% of total pentamidine uptake (7, 11).
The absence of an adenosine-sensitive pentamidine flux in the
thbatl-null mutants clearly demonstrates that 7hAT1 encodes
the previously described ASPT1 activity (7, 11). The reported
failure of pentamidine to inhibit adenosine uptake by 7bAT!
expressed in yeast (19, 20) raises the question as to whether
auxiliary factors, present in the trypanosome plasma mem-
brane, are required to confer diamidine transport by TbATI.

Increasing concentrations of unlabeled pentamidine inhib-
ited uptake of 15 nM [*H]pentamidine in a biphasic manner
(Fig. 2), revealing the presence of a high-affinity and a low-
affinity component of pentamidine transport, termed HAPT1
and LAPTI, respectively (7). At 15 nM, [*H]pentamidine
transport by HAPT1 and LAPT1 in thatI-null trypanosomes
was inhibited by unlabeled pentamidine, with ICs, of 29 + 8
nM and 50 * 17 uM (n = 3), respectively, consistent with
values reported previously for wild-type trypanosomes (7, 11).
HAPT1 and LAPT1 can be further distinguished by the fact
that only HAPT1 is inhibited by propamidine (7). Propamidine
inhibited the high-affinity uptake of [*H]pentamidine in that1-
null trypanosomes with an ICs, of 13 = 3 uM (n = 4) (Fig. 2)
but had no effect on the low-affinity uptake phase.
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FIG. 1. Uptake of [*H]adenosine by the thatI-null mutant. Uptake of 20 nM [*H]adenosine was inhibited by inosine (filled squares) with an ICs,
of 1.1 = 0.1 wM. Adenine failed to inhibit [*H]adenosine at concentrations as high as 100 uM when it was added alone (open squares). The
inhibition induced by 1 mM adenine is attributable to a low-affinity inhibition of P1.

Drug resistance profiles of batl-null mutants. In order to
test the hypothesis that loss of ThAT! causes drug resistance,
thbatI-null and wild type trypanosomes were cultured in vitro in
the presence of serial dilutions of trypanocidal diamidines and
melaminophenyl arsenicals. The assays for both strains were
performed in parallel in order to minimize the influence of
interassay variation. As summarized in Table 1, tbatI-null mu-
tants indeed showed decreased drug sensitivity. Resistance to
melaminophenyl arsenicals (melarsoprol, melarsen oxide,

cymelarsan), however, was consistently only two- to threefold
relative to the s427 parent strain. Pentamidine resistance was
in the same range. In contrast, that/-null mutants showed
markedly higher levels of resistance to stilbamidine, propami-
dine, and in particular diminazene aceturate (Berenil).

The low levels of resistance to melarsoprol in the null mu-
tant were confirmed in vivo. Mice infected with s427 were all
cured after treatment with 2 or 10 mg of melarsoprol/kg for
four consecutive days. In contrast, all mice infected with one of
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FIG. 2. Uptake of [*H]pentamidine by the thatI-null mutant. The uptake of 15 nM [*H]pentamidine was unaffected by as much as 1 mM
adenosine (filled circles) but was inhibited to a maximum of 64% by propamidine (open squares), with an ICs, of 6.5 wuM. When increasing amounts
of unlabeled pentamidine (filled squares) were added, [*H]pentamidine uptake was inhibited in a biphasic manner (P < 0.0001 by the F test), with
the high-affinity component (ICs, = 25.1 nM) contributing 62% of total [*H] pentamidine transport. The ICs, of the low-affinity component was

19.5 pM for this experiment.
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TABLE 1. Drug resistance phenotype of the that/-null mutant
compared to the parental wild-type strain

IC5¢" (ng/ml)

Resistance
Drug

Wild type ThATI~'~ mutant factor
Melarsoprol 21 =3 49 *9 2.3
Melarsen oxide 3.7x0.1 11 0.1 3.0
Cymelarsan 6.1*+1 12+3 2.0
Pentamidine 51x2 12+3 24
Diminazene 120 = 30 2,300 = 500 19
Propamidine 67 =7 750 =20 11
Stilbamidine 680 = 70 5,000 = 1,300 7.4

“1Cs were determined in vitro by using the Alamar Blue assay. Values are
means from at least three independent experiments * standard errors.

the two knockout clones relapsed after treatment with 2 mg of
melarsoprol/kg and died due to parasitemia by day 20 post-
treatment. The 10-mg/kg dosage of melarsoprol still effectively
cured mice infected with tbatI-null trypanosomes.

Additional pathways for arsenical uptake. The comparably
small reduction of melarsoprol sensitivity in thatI-null trypano-
somes suggests the presence of further, TbAT1-independent
pathways for drug uptake. Transport of melaminophenyl ar-
senicals cannot be studied directly for lack of a radiotracer, but
the lytic effect of these compounds on trypanosomes in vitro
can serve as a bioassay for arsenical uptake (14, 29, 33). Treat-
ment with 10 .M melarsen oxide or cymelarsan induced rapid
lysis of wild-type s427 bloodstream forms, with onset typically
occurring at 15 to 30 min and complete lysis within 1 h (Fig.
3a). Simultaneous incubation with adenosine, adenine, or pen-
tamidine prevented lysis, while inosine, guanosine or hypoxan-
thine had no effect (Fig. 3a and data not shown). For the
tbatI-null mutant, however, the onset of melaminophenyl ar-
senical-induced lysis was significantly delayed (typically to 4 h)
and lysis was much slower (Fig. 3b). This is consistent with
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TbATI representing the transporter responsible for the fast
component of melaminophenyl arsenical uptake.

Adenosine and other purines had no effect on the slow lysis
of thatl-null cells by melaminophenyl arsenicals (data not
shown), but lysis was fully prevented by diamidines, most po-
tently by pentamidine. Fifty percent effective concentrations
were 30 nM for pentamidine, 300 nM for propamidine, and
approximately 10 wM for stilbamidine (Fig. 3b). To investigate
whether this counteracting effect of diamidines was caused by
competition for a common transporter or occurred at the site
of arsenical action, phenylarsine oxide was used as an arsenical
trypanocide that diffuses rapidly across the cell membrane and
therefore does not rely on transporters for its trypanocidal
action (6, 29). Treatment of tbatl-null mutants with 0.5 pM
phenylarsine oxide caused rapid lysis (Fig. 3c, trace b). Neither
adenosine (10 mM), hypoxanthine (4 mM), pentamidine, stil-
bamidine, nor propamidine (the last three at 100 wM) pre-
vented lysis; only a very high concentration of pentamidine (1
mM) did have some effect (Fig. 3c). The most likely explana-
tion for the counteracting effects of diamidines on the slow
cymelarsan-induced lysis of thatI-null trypanosomes is there-
fore the inhibition of a transport mechanism. Furthermore,
this transporter is likely to be HAPT1, as half-maximal diami-
dine concentrations for inhibition of cymelarsan-induced lysis
correlate well with K; values of the respective diamidines for
HAPT1 (7). The observation that melarsen oxide exhibits low
affinity for HAPT1 (ICs,, ~250 uM [data not shown]) is con-
sistent with this hypothesis.

DISCUSSION

Since Carter and Fairlamb showed that adenosine and ade-
nine protect 7. b. brucei from melarsen-induced lysis in vitro
(6), several studies have pointed to a role for the P2 transport
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FIG. 3. Invitro sensitivities of bloodstream-form trypanosomes to arsenical trypanocides. (a) Wild-type 7. b. brucei s427 parasites were incubated with
or without 10 uM melarsen oxide in the presence of potential inhibitors. Traces: a, control (no arsenical); b, melarsen oxide only; ¢, melarsen oxide plus
4 mM adenosine; d, melarsen oxide plus 1 mM pentamidine; e, melarsen oxide plus 4 mM hypoxanthine. (b) Cells of the tbat1-null mutant were incubated
with or without 10 uM cymelarsan. Traces: a, control (no arsenical); b, cymelarsan only; ¢, cymelarsan plus 0.1 wM pentamidine; d, cymelarsan plus 0.03
M pentamidine; e, cymelarsan plus 0.01 WM pentamidine; f, cymelarsan plus 10 wM stilbamidine; g, cymelarsan plus 1 uM propamidine; h, cymelarsan
plus 0.3 uM propamidine; i, cymelarsan plus 0.1 uM propamidine. (c) Cells of the tbat-null mutant were incubated with or without 0.5 uM phenylarsine
oxide. Traces: a, control (no arsenical); b, phenylarsine oxide only; ¢, phenylarsine oxide plus 10 mM adenosine; d, phenylarsine oxide plus 4 mM
hypoxanthine; e, phenylarsine oxide plus 1 mM pentamidine; f, phenylarsine oxide plus 100 pM pentamidine; g, phenylarsine oxide plus 100 pM
propamidine; h, phenylarsine oxide plus 100 M stilbamidine. Arrow indicates time of phenylarsine oxide addition.
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activity in the resistance of African trypanosomes to both mel-
aminophenyl arsenicals and diamidines (2, 5, 27, 29, 30). A T.
b. brucei gene, TbATI, was found to encode an adenine-sensi-
tive adenosine transporter when expressed in yeast (19), but
formal proof that ThAT1 encodes the P2 activity in trypano-
somes has awaited the gene deletion study presented here. The
total absence of P2-type transport in thatl-null bloodstream-
form trypanosomes proves that TbAT1 is the P2 transporter.
We found that loss of 7bAT1 did indeed reduce the sensitivity
of trypanosomes to melaminophenyl arsenicals, but only by
factors of 2 to 3 (Table 1). However, even such a limited loss
of sensitivity could be significant in a clinical setting, since the
drug levels in the cerebrospinal fluid of melarsoprol-treated
patients are at the threshold of those needed to kill trypano-
somes (reviewed in reference (8)). A small reduction in drug
sensitivity could therefore lead to survival of some parasites in
the central nervous system or other extravascular sites and
cause clinical relapse in an increased percentage of patients.
This model is in agreement with the lack of high-level arsenical
resistance in clinical isolates from melarsoprol-refractory pa-
tients (4, 21).

The P2 transporter, when analyzed in trypanosomes, dis-
plays high affinity for several trypanocidal diamidines, includ-
ing pentamidine, as judged by their ability to inhibit adenosine
uptake (2, 5, 7, 10). [°H]pentamidine transport, however, was
only partially blocked by adenosine in 7. brucei (5). Here we
show that adenosine-sensitive pentamidine transport (ASPT1)
is completely lost in tbatI-null trypanosomes. Nevertheless,
thatI-null trypanosomes are only about twofold more resistant
to pentamidine than wild-type trypanosomes, while resistance
to other diamidines such as diminazene is much more pro-
nounced. This can be explained by the presence of two addi-
tional, adenosine-insensitive transporters specific for pentam-
idine: the high-affinity pentamidine transporter HAPT1 and
the low-affinity pentamidine transporter LAPT1 (7). We show
here that both activities are retained in the tbat/-null mutants.
The veterinary trypanocide diminazene, though structurally
related to pentamidine, is not an effective substrate for HAPT1
or LAPT1 (7, 11) and may not enter trypanosomes, to an
appreciable extent, by routes other than 7bAT1. This may
explain why trypanosomes have not developed resistance to
pentamidine in the field while resistance to diminazene is
much more common (17, 23), although both drugs have been
used extensively over several decades (3, 32).

Some laboratory strains of 7. brucei, selected for arsenical
resistance by prolonged exposure to subcurative doses, have
been shown to be deficient in P2 activity, but, unlike the that!-
null trypanosomes, exhibit high levels of resistance to mel-
aminophenyl arsenicals (14, 29). This indicates that besides
loss of TbAT1, further events are required for high-level ar-
senical resistance. At least part of this is likely to occur at the
level of plasma membrane transport, as the in vitro lysis assays
showed that the thatI-null trypanosomes remained fully sensi-
tive to phenylarsine oxide, which is lipophilic and diffuses
across membranes without the need for transporters (6, 29).
This arsenical contains the same trivalent toxophore as me-
larsen oxide, differing only in the presence of an extra mel-
amine haptophore in the latter arsenical at the para position of
the phenyl ring. It is therefore probable that the cause for
high-level melaminophenyl arsenical resistance, like that for
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low-level resistance, is associated with the uptake of the drug
over the plasma membrane. The in vitro lysis assays with tbat1-
null trypanosomes also revealed a slow, adenosine-insensitive
uptake of melaminophenyl arsenicals. Inhibitor analysis indi-
cated that this transporter could be HAPT1. These data need
to be interpreted with some caution, since the possibility that
these diamidines inhibit an additional transport mechanism
with affinities similar to those they exhibit for HAPT1 cannot
be discounted. In this scenario, pentamidine might well be an
inhibitor rather than a permeant for any such putative trans-
port protein for melaminophenyl arsenicals, as there is cur-
rently no evidence of pentamidine transporters in addition to
HAPTI, LAPT1, and TbAT1 (7, 11). However, if HAPT1 and
TbAT1 do both mediate cellular uptake of melaminophenyl
arsenicals, loss of both may be necessary for high-level drug
resistance.

In conclusion, genetic knockout of TbATI in T. b. brucei
bloodstream forms revealed a major role for TbAT1 in the
uptake of clinically important trypanocides. Loss of TbAT1
activity appears to cause loss of sensitivity to melaminophenyl
arsenicals and diamidines and is an obligatory component of
high-level resistance. ThatI-null trypanosomes further allowed
the characterization and possible identification of additional
drug transport activities. The exploitation of alternative path-
ways for drug uptake will be crucial for the development of
new-generation trypanocides that do not share cross-resistance
with P2 substrates.
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