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Resistance to diminazene aceturate (Berenil) is a severe problem in the control of African trypanosomiasis
in domestic animals. It has been speculated that resistance may be the result of reduced diminazene uptake
by the parasite. We describe here the mechanisms by which [*H]diminazene is transported by Trypanosoma
brucei brucei bloodstream forms. Diminazene was rapidly accumulated through a single transporter, with a K,
of 0.45 = 0.11 pM, which was dose dependently inhibited by pentamidine and adenosine. The K; values for
these inhibitors were consistent with this transporter being the P2/TbAT1 adenosine transporter. Yeast
expressing ThATI acquired the ability to take up [*H]diminazene and [*H]pentamidine. ThATI-null mutants
had lost almost all capacity for [*H]diminazene transport. However, this cell line still displayed a small but
detectable rate of [°H]diminazene accumulation, in a nonsaturable manner. We conclude that TbAT1 mediates
[*H]ldiminazene transport almost exclusively and that this explains the observed diminazene resistance
phenotypes of ThbATI-null mutants and field isolates.

African trypanosomiasis, caused by infection with any of
several members of the genus Trypanosoma, both as sleeping
sickness and as the livestock disease nagana, is currently re-
surgent across much of tropical Africa, reaching epidemic lev-
els in many places (25, 27, 28). Although this is partly due to
lack of surveillance and vector control in some countries, con-
trol of both the human and the veterinary condition is severely
affected by resistance to many of the first-line drugs (17, 18).
For human patients it is resistance to melarsoprol, for decades
the drug of choice for late-stage sleeping sickness (20), which
is particularly alarming. Treatment failure has exceeded 30%
in some foci (6, 23). In contrast, treatment failure with the
diamidine pentamidine, the first-line treatment for early-stage
West-African sleeping sickness (20), does not appear to be a
problem at present (5). Nagana is most commonly treated with
Berenil, the active ingredient of which is the diamidine dimi-
nazene, marketed as the diaceturate salt. The only other drugs
on the market are isometamidium and homidium, which also
have prophylactic properties. Resistance to each of these drugs
is a severe problem, particularly in eastern and southern Africa
1, 17).

Resistance to common drugs is a severe and increasing prob-
lem in the treatment of many infectious diseases. For African
trypanosomiasis, resistance to particular drugs is often associ-
ated with reduced uptake of the drug (11, 15, 16). In particular,
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the Trypanosoma brucei P2 transporter, encoded by the TbAT!
gene (21), has been implicated in the transport of the mel-
aminophenyl arsenical and diamidine classes of trypanocides
(3,4, 8,9). Recent research has focused on linking changes in
TbATT activity to resistance phenotypes. In laboratory-derived
strains the evidence strongly supports a correlation between
loss of P2 activity and drug resistance: point mutations have
been described in 7TbAT1I alleles from an arsenical-resistant 7.
brucei brucei strain (21), P2 activity was lost from a dimina-
zene-adapted T. equiperdum line (3). Moreover, P2 substrates
such as adenosine and adenine protect trypanosomes against
lysis by melaminophenyl arsenicals in vitro (9) and inhibit this
transporter with high affinity (9, 12). Moreover, some drug-
resistant laboratory strains have either lost the TbATI gene
altogether or no longer express it (R. Burchmore and M. P.
Barrett, unpublished data). However, no clear correlation be-
tween TbATI mutations and melarsoprol treatment failures
could be established in one clinical study (22), and we have
now established that, whereas P2 is involved in arsenical trans-
port, deletion of 7bAT1 causes only a minor loss of sensitivity
to these drugs (24). It is now clear that an additional transport
activity is involved in melarsoprol uptake and that the loss of
both transporters is necessary for high levels of resistance (24).
A similar situation exists with pentamidine, which is actually
taken up by three distinct transporters in 7. brucei brucei (10,
5).

It is therefore clear that a simple model of drug resistance
arising from the loss of a single plasma membrane transporter
protein is often too simplistic for trypanosomes, and so the
situation for each individual drug must be assessed carefully.
We describe here the first study assessing the transport of
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diminazene by trypanosomes. Whereas diminazene is capable
of inhibiting the P2 transporter activity (3, 12) and this activity
was lost in one diminazene-adapted trypanosome line (3), this
does not formally prove that TbAT1 transports diminazene,
nor does it establish whether transporter(s) in addition to P2
could be involved in diminazene uptake. Using a [*H]dimina-
zene of high specific activity, we confirm here that diminazene
is indeed a permeant for TbAT1 in 7. brucei brucei and for
TbAT1 expressed in Saccharomyces cerevisiae. No saturable
uptake of [*H]diminazene was observed in Thatl ~/~ trypano-
somes.

MATERIALS AND METHODS

Trypanosomes. Trypanosomes of the following strains were propagated in
adult female Wistar rats by intraperitoneal injection: 7. brucei brucei strain 427
and the That1 ™/~ line derived thereof (24). Blood from infected rats was col-
lected at peak parasitemia by cardiac puncture under terminal anesthesia. The
parasites were isolated by using a DE52 (Whatman, Maidstone, United King-
dom) anion-exchange column (19) and washed twice in assay buffer (33 mM
HEPES, 98 mM NaCl, 4.6 mM KCl, 0.55 mM CaCl,, 0.07 mM MgSO,, 5.8 mM
NaH,PO,, 0.3 mM MgCl,, 23 mM NaHCO,, 14 mM glucose [pH 7.3]) prior to
use in transport experiments.

Diminazene transport in bloodstream trypanosomes. [ring->H|Diminazene
(83 Ci/mmol) was synthesized by Amersham Pharmacia Biotech UK. Transport
assays for [*H]diminazene were performed exactly as described for pentamidine
(10, 24) by using a rapid oil-stop protocol. Briefly, cells at 10% cells/ml were
incubated with the radioligand in the presence or absence of competitive inhib-
itor for a predetermined time as described in Results. Incubations were stopped
by the addition of 1 ml of ice-cold 1 mM diminazene in assay buffer (stop
solution) and spun through oil (30 s, 12,000 X g). The radioactivity in the cell
pellet was determined, after solubilization in 2% sodium dodecyl sulfate, by
liquid scintillation counting. For the determination of nonspecific association
with the cell pellet, cells and stop solution were added simultaneously, and the
cells were spun immediately through oil. The observed radioactivity was sub-
tracted from all other samples.

Transport assays in S. cerevisiae. The S. cerevisiae ade2 mutant strain RH2884
was transformed with the pRS416-Met25 vector containing the 7hAT1 gene as
described by Miser et al. (21) and grown at 30°C in complete minimal medium
lacking uracil and containing 20 g of glucose/liter to a density of 1 to 2 optical
density units at 600 nm. Yeast transport of [*H]diminazene were performed as
described for [*H]hypoxanthine (7) and essentially the same as for trypanosomes,
with yeast cells resuspended in assay buffer at ~3 X 10% cells/ml.

RESULTS

High-affinity transport of [*H]diminazene aceturate by
bloodstream forms of T. brucei brucei. Bloodstream trypano-
somes were isolated from infected rat blood and incubated
with a final concentration of 50 nM [*H]diminazene. Uptake
was rapid and linear over at least 120 s (Fig. 1). The accumu-
lation of [*H]diminazene was clearly transporter mediated
since it was completely inhibited by 1 mM unlabeled dimina-
zene aceturate (Fig. 1). Incubation with various concentrations
of unlabeled diminazene aceturate (10 nM to 1 mM) yielded a
classic sigmoid inhibition plot with a Hill slope of approxi-
mately —1 and submicromolar 50% inhibitory concentration
(ICsp) values (Fig. 2A). Michaelis-Menten kinetics yielded a
K, value of 0.45 = 0.11 pM and a V. of 0.049 = 0.010 pmol
107 cells™ ' s~' (n = 4) (Fig. 2A, inset). [’H]Diminazene trans-
port was also potently inhibited by pentamidine and adenosine,
with K; values of 0.21 = 0.02 (n = 3) and 0.25 = 0.08 pM (n =
4), respectively (Fig. 2B). These observations are all consistent
with the great majority of [*H]diminazene being taken up by
the P2 adenosine/adenine transporter. Adenosine and penta-
midine, at 1 mM, also inhibited [?’H]diminazene transport to a
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FIG. 1. [?H]diminazene aceturate uptake in bloodstream form 7.
brucei brucei. The uptake of 50 nM [*H]diminazene aceturate by T.
brucei brucei 427 (boxes) or Thatl '~ (circles) in the presence (solid
symbols) or absence (open symbols) of 1 mM unlabeled diminazene
aceturate was determined over various time intervals as indicated.
Uptake by strain 427 in the absence of unlabeled excess permeant was
0.0086 = 0.0005 pmol 107 cells™* s~! (linear regression, 7* = 0.96). In
the presence of 1 mM diminazene aceturate, uptake was not signifi-
cantly different from zero (P = 0.26 [F-test]). Although the slope for
diminazene transport by That! /™ was significantly different from zero
(P < 0.01), the rate of transport over 120 s was 98.9% reduced in this
line.

very similar extent, with apparent residual accumulations over
30 s measured at (1.7 = 0.4) X 10~* and (1.2 = 0.4) X 10~*
pmol 107 cells~1 s, respectively (n = 5; P > 0.05 [paired ¢
test]), presumably via a nonsaturable uptake mechanism (see
below).

The ICs, values reported here for the inhibition of [*H]di-
minazene uptake by adenosine and pentamidine are very sim-
ilar to those reported previously for the inhibition of [*H]ade-
nosine transport by P2 (8, 9, 12). However, the K,,, value for
[*H]diminazene transport was lower than previously reported
K; values for diminazene inhibition of P2 (2.4 = 0.5 puM in T.
brucei brucei [12] or 3.9 puM in T. equiperdum [3]). The appar-
ent K; values, however, can be strongly influenced by different
translocation rates for the substrate-transporter and substrate-
inhibitor complex, in which case K; values do not equal K,,
(14). Since diminazene is a di-cation and is adenosine neutral,
different translocation rates across a lipid bilayer would not be
unexpected.

In order to verify that [*H]diminazene transport in 7. brucei
brucei is indeed mediated by P2, we made use of a line in which
the encoding gene, ThAT1, has been deleted (24). Uptake of 50
nM [*H]diminazene was barely detectable in TbATI-null mu-
tants (Fig. 1) with a rate of (9.7 = 2.7) X 10~° pmol 107 cells .
This is only 1.1% of the rate in the wild-type control, but it was
significantly nonzero (P < 0.01) and not significantly different
in the presence of 1 mM unlabeled diminazene aceturate.

Uptake of diamidines by yeast expressing ThATI. The
TbATI gene encoding the P2 transporter was expressed in S.
cerevisiae. An earlier study was unable to demonstrate the
transport of the related diamidine trypanocide pentamidine in
yeast expressing TbAT1 (21), even though P2 clearly mediates
pentamidine transport in 7. brucei brucei (8, 10). This led to
speculation that TbAT1 recognition of diamidines requires a
cofactor that is not present in yeast. We found that diamidines
and, in particular, pentamidine appear to bind to the outside of
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FIG. 2. Inhibition plots of [*H]diminazene aceturate transport in 7. brucei brucei 427. (A) Transport of 50 nM [?H]diminazene aceturate in the
presence of increasing concentrations of unlabeled diminazene aceturate. (Inset) Conversion to Michaelis-Menten plot. The K,, value for this

experiment was 0.40 = 0.07 uM; the V

max

0.057 = 0.003 pmol 107 cells~! s~ . (B) Inhibition of 20 nM [*H]diminazene aceturate by up to 1 mM

adenosine (m) or pentamidine (). The ICs, values were 0.58 = 0.11 and 0.24 = 0.02 wM, respectively.

the yeast cell, regardless whether it expresses ThAT1, and that
this leads to a very high background, against which small in-
creases are impossible to measure. This seems to amount to 1.5
to 2 pmol 107 cells™' as determined from the radioactivity
associated with the cell pellet when cells and stop solution were
simultaneously added to the label (all ice-cold) and immedi-
ately spun through oil. We therefore measured the accumula-
tion of radiolabeled diamidines over longer periods of time,
which do not necessarily represent true initial rates of trans-
port, and subtracted binding at 0°C. Nevertheless, 2.5 pM
[*H]diminazene was clearly accumulated by yeast cells express-
ing ThAT1I, with a rate of 0.0083 = 0.0007 pmol 107 cells s~ *,
and this process was completely inhibited by the presence of 1
mM unlabeled diminazene aceturate (Fig. 3A). In a parallel
experiment with control cells transformed with the same vector
but without the ThAT1 insert, no significant uptake of [*H]di-
minazene was observed over 3 h (P > 0.4, linear regression
[data not shown]). [°’H]pentamidine was similarly accumulated
by yeast expressing TbAT! (Fig. 3B) but not in the parallel
experiment expressing empty vector (not shown). However, a
slight accumulation was observed even in the presence of 1
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mM unlabeled permeant (Fig. 3B), possibly due to diffusion or
an endogenous yeast transporter.

Nonsaturable uptake of [*H]diminazene. The experiments
described above clearly establish that TbAT1 efficiently trans-
ports diminazene with high affinity and that low concentrations
of this trypanocide are salvaged exclusively by this carrier.
However, these studies used very low concentrations of radio-
labeled permeant, and any low-affinity uptake mechanism
might not be detectable under these conditions. We therefore
conducted an experiment with 2 uM [*H]diminazene and in-
creasing concentrations of unlabeled diminazene aceturate.
TbATI1-mediated uptake has reached saturation under these
conditions; thus, a lower-affinity transporter might be detect-
able under these conditions if its capacity were sufficient to
distinguish it from background levels. No evidence for such a
transport component was found (data not shown). However, it
was still conceivable that a minor flux of [*H]diminazene was
masked by TbAT1 under these conditions. In order to test
uptake in an absolutely TbAT1-deficient background, further
studies were performed with the T. brucei brucei Thatl ~'~ line.
At 20 pM [’H]diminazene, some diminazene uptake was evi-
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FIG. 3. Uptake of diamidines by S. cerevisiae expressing ThATI. (A) Yeast cells of strain RH2884 transformed with pRS416-MET25 were
incubated with 2.5 uM [*H]diminazene in the presence ((J) or absence () of 1 mM unlabeled diminazene. Uptake rates were calculated by linear
regression and found to be not significantly different from zero (P = 0.12) or very significantly different from zero (P < 0.0001), respectively, in
the presence or absence of excess permeant. (B) Accumulation of 2.5 wM [?H]pentamidine by RH2884/pRS416-MET25 in the presence (C]) or

absence (m) of 1 mM unlabeled pentamidine.
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FIG. 4. [*H]|Diminazene transport in 7ThATI-deficient trypano-
somes. Transport of 20 wM [*H]diminazene by ThatI '~ in the pres-
ence ([J) or absence (m) of 1 mM unlabeled diminazene. The two
curves were not significantly different.

dent, but this was not inhibited by 1 mM unlabeled diminazene
aceturate (Fig. 4). It was concluded that any non-TbTA1-me-
diated uptake of diminazene either occurs by nonspecific pro-
cesses such as diffusion or endocytosis or is mediated by a
transporter with such low affinity for diminazene as to make it
virtually irrelevant at therapeutic concentrations in plasma.

DISCUSSION

We describe here the mechanism by which trypanosomes
may become resistant to diminazene. It has been speculated
that resistance is the result of loss of a particular purine trans-
porter, P2/TbAT1 (3, 11). The same transporter was impli-
cated in the transport of the main sleeping sickness drugs,
melarsoprol and pentamidine (8-10, 13, 26, 29). In the pro-
posed model, the loss of TbAT1 would induce cross-resistance
to all three drugs (4). Although such a phenotype is sometimes
observed, it has become clear that cross-resistance does not
always occur (2, 5, 18) and that pentamidine was transported
by two additional T. brucei brucei transporters, HAPT1 and
LAPT1 (10), making resistance much less likely to occur (5).
Recently, we have also shown that deletion of TbATI caused
only a two- to threefold resistance to melaminophenyl arseni-
cals and that an additional, as-yet-unidentified transporter is
capable of accumulating melaminophenyl arsenicals, albeit less
efficiently than P2 (24). Although P2/TbAT1 is clearly involved
in the transport of melaminophenyl arsenicals and pentami-
dine, it is evidently not the only route of uptake for these
compounds. Since the loss of TbAT1 did yield relatively high
levels of diminished sensitivity to diminazene aceturate, it
seemed likely that P2/TbAT1 is the principal route of entry of
this compound.

We have now thoroughly investigated the transport of
[*H]diminazene by T. brucei brucei and found that this is over-
whelmingly mediated by TbAT1. TbATI clearly mediated the
uptake of both diminazene and pentamidine when expressed in
yeast, and [*H]diminazene transport was almost completely
absent in Thatl '~ trypanosomes. However, [*H]diminazene
did enter the cells, at a very low rate, in a TbAT1-independent
fashion. The mechanism for this is currently unclear, but it was
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not saturable by 1 mM unlabeled diminazene. We would spec-
ulate that, in the absence of TbAT1, diminazene enters the cell
at a very slow rate through a transporter for which it is has very
low affinity (>1 mM). This model explains why 7bATI-null
mutants display a much higher resistance to diminazene than
to pentamidine (19- versus 2.4-fold) (24) but do remain sensi-
tive to high diminazene concentrations in vitro. However, we
acknowledge that other instances of nonreciprocal cross-resis-
tance between diminazene and pentamidine or melaminophe-
nyl arsenicals could be the result of alterations in intracellular
targets rather than (or in addition to) transport.

In summary, we demonstrated that diminazene is almost
exclusively accumulated by the 7. brucei brucei P2 transporter
and that loss of this single transport activity is sufficient to
explain high levels of resistance observed in laboratory strains
and veterinary isolates.
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