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JGOFS Planning and Coordination Office, Woods
Hole, MA, 1998), pp. 247-253.

17. Our in situ measurements of spectral downwelling
irradiance in the APFZ indicated that the 0.1% level
of surface irradiance at 490 nm is, on average, 94 m.
To a first approximation, we assume the 100 m depth
delimits the upper layer where most organic carbon
production by photosynthesis occurs. From vertical
profiles of POC concentration, we established the
relation between the water column POC integrated
from the surface to 100 m depth (in milligrams per
square meter) and the surface concentration of POC
(in milligrams per cubic meter), which is: POC (water
column—integrated) = 53.36 (+3.83) - POC (surface
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concentration) + 2341.41 (+£361.56). The standard
errors of the regression coefficients are given in
parentheses, the squared correlation coefficient is
0.894, and the number of observations is 25.

18. The inherent optical properties (IOPs) are those prop-
erties that depend only on the medium, and not on the
geometric (directional) structure of the ambient light
field within the medium. In the ocean, the IOPs (which
include the backscattering coefficient b, ) depend on the
concentration and composition of optically significant
constituents of seawater. The apparent optical proper-
ties (AOPs) are those properties that depend both on
the medium (the IOPs) and on the geometric structure
of the ambient light field, and that display enough

A Nucleoside Transporter from
Trypanosoma brucei Involved in
Drug Resistance
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Drug resistance of pathogens is an increasing problem whose underlying mech-
anisms are not fully understood. Cellular uptake of the major drugs against
Trypanosoma brucei spp., the causative agents of sleeping sickness, is thought
to occur through an unusual, so far unidentified adenosine transporter. Sac-
charomyces cerevisiae was used in a functional screen to clone a gene (ThATT)
from Trypanosoma brucei brucei that encodes a nucleoside transporter. When
expressed in yeast, ThATT enabled adenosine uptake and conferred suscepti-
bility to melaminophenyl arsenicals. Drug-resistant trypanosomes harbor a
defective ThATT variant. The molecular identification of the entry route of
trypanocides opens the way to approaches for diagnosis and treatment of

drug-resistant sleeping sickness.

Reduced drug uptake has emerged as a com-
mon characteristic of drug-resistant trypano-
somes [(/); reviewed in (2)], rendering the
molecular identification of drug transport
systems crucial for the understanding of the
underlying resistance mechanisms. The main
clinical trypanocides are the melaminophenyl
arsenical melarsoprol and diamidines. As cel-
lular uptake of these agents has been suggest-
ed to occur through a transport system spe-
cific for adenosine and adenine [(3—5); re-
viewed in (6)], we decided to functionally
clone the trypanosomal gene or genes encod-
ing an adenosine transporter or transporters.
We took advantage of the fact that the yeast
Saccharomyces cerevisiae do not take up ex-
ogenous adenosine and cannot use it as a
purine source (Fig. 1, A and B). Yeast cells
defective in purine biogenesis (ade2) (7)
were transformed with a Trypanosoma brucei
brucei bloodstream form c¢DNA expression
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library (8) and selected for growth in media
containing adenosine as sole purine source.
Library plasmids conferring the ability to
proliferate were isolated (9) and found to
encode a putative transporter, designated
TbAT1. When expressed in yeast, ThATI
enabled growth on adenosine as sole purine
source (Fig. 1A) and cellular uptake of aden-
osine (Fig. 1B). Adenosine transport was sat-
urable (Fig. 1C) and conformed to Michaelis-
Menten kinetics with an apparent Michaelis
constant (K_ ) of 2.2 pM (10).
Trypanosoma brucei brucei salvage
adenosine from their mammalian hosts
through two high-affinity transport activi-
ties, P1 and P2, that differ in substrate
specificity. P1 is specific for adenosine and
inosine, whereas P2 transports adenosine,
adenine, melaminophenyl arsenicals, and
diamidines (3, 4). To determine whether
ThATI encodes the P1 or P2 activity, we
assessed substrate specificity by the ability
of potential substrates to inhibit TbATI1-
mediated adenosine transport in yeast (/7).
Adenine caused a strong reduction, where-
as inosine, hypoxanthine, guanosine, gua-
nine, uridine, and uracil had no effect (Fig.
2A). Moreover, radioactively labeled ino-
sine was not taken up, and neither inosine
nor guanosine could support growth of

regular features and stability to be useful descriptors of
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ade?2 yeast expressing ThAT1 (12). Among
the trypanocides tested for inhibition of
adenosine transport, the melaminophenyl
arsenicals (melarsoprol and melarsen ox-
ide) and isometamidium (a phenanthridine
used in veterinary medicine) were most
effective (Fig. 2B), suggesting that these
drugs are TbAT1 substrates. The experi-
mental compound tubercidin (7-deazaade-
nosine) produced a smaller but substantial
reduction. The diamidines (pentamidine
and diminazene aceturate) had no substan-
tial effect. Thus, the apparent substrate
specificity of TbAT1 closely matches that
of the reported P2 transport activity (3-5),
except for the insensitivity to diamidines.
TbAT1 expressed in yeast may lack a
trypanosomal cofactor or modification re-
quired for diamidine recognition. Future
studies of TbAT!1 function in genetically
engineered trypanosomes will elucidate the
role of this transporter in diamidine uptake.

As labeled melaminophenyl arsenicals are
unavailable, we could not directly measure
transport of these drugs by TbATI. Instead,
we determined whether TbAT1 could medi-
ate uptake of melarsen oxide into cells, mea-
sured as susceptibility to the drug (/3). Ex-
pression of ThAT! in yeast rendered cell
growth sensitive to melarsen oxide (Fig. 2C),
suggesting that TbDAT1 indeed transports this
drug. As expected for competing substrates,
the presence of adenosine or adenine in the
media abrogated TbAT1-mediated melarsen
toxicity (/2).

Sequencing of the cDNA revealed a pro-
tein of 463 amino acids (Fig. 3A) with a
predicted structure of 10 transmembrane
a-helices, cytosolic NH;- and CO,-termini,
and a large, negatively charged cytosolic loop
between transmembrane domains 6 and 7
(Fig. 3B). Recently, two nucleoside trans-
porter genes (LdNTI.l and LdNTI.2) have
been cloned from the protozoan parasite
Leishmania donovani (14). LdNTI.1 and
LdNT1.2 are 99.5% identical and tandemly
linked (14, 15). In contrast, ThAT! appears to
be a single-copy gene, as determined by
Southern (DNA) blot analysis (/2). The
LdNT1 transporters belong to the ENT
(equilibrative nucleoside transporter) family,
feature 11 predicted transmembrane domains,

9 JULY 1999 VOL 285 SCIENCE www.sciencemag.org



and accept a broad range of substrates includ-
ing pyrimidine nucleosides (/6). LdNT1 and
TbATI are of similar length and share 30%
identical amino acid residues (/5). Thus,
TbAT1 may also be a member of the ENT
family, albeit a distant one that shows re-
stricted substrate specificity and, possibly, a
distinct membrane topology.

Loss or alteration of the P2-type adeno-
sine transporter has been proposed as a mech-
anism of resistance to melaminophenyl ar-
senicals (3) and diamidines (4, 5) in trypano-
somes. To investigate whether TbAT! is in-
volved in drug resistance, we cloned and
sequenced the genes from T. brucei brucei
STIB 7778, a drug-sensitive clone (/7), and
STIB 777R, a melarsenoxide cysteamine—re-
sistant clone derived from STIB 777S by
subcurative treatment in mice (/8). Particular
care was taken to avoid the artificial intro-
duction of mutations during cloning of the
respective genes (19). TbAT! from STIB
777S was identical in sequence to the origi-
nally cloned gene. Sequencing of the ThAT!
allele from STIB 777R (TbATI") revealed 10
nucleotide differences, six of which manifest
at the amino acid level (Fig. 3, A and B),
resulting in the changes Leu’! — Val (L71V)
and Leu*8° — Pro (L380P) (transmembrane),
Ala!'”® — Thr (A178T) and Gly'®¥! — Glu
(GI81E) (extracellular), and Asp?*° — Gly
(D239G) and Asn?8¢ — Ser (N286S) (cyto-
solic). Introduction of ThATI" into yeast did
not enable usage or uptake of exogenous
adenosine (Fig. 1, A and B) and did not
confer sensitivity to melarsen oxide (Fig.
2C), suggesting that TbAT1" cannot import
adenosine and melaminophenyl arsenicals. In
addition, yeast carrying ThATI” could not
grow on other nucleosides as purine source
(guanosine, inosine, xanthosine, and purine
ribofuranoside) and did not take up radioac-
tively labeled adenine, hypoxanthine, or ino-
sine (12), suggesting that TbDAT1" may be a
nonfunctional rather than an altered sub-
strate-specificity variant. Not having an anti-
body against TbAT1, we cannot determine
yet whether the amino acid changes in
TbAT1" affect transport activity or proper
expression of the protein.

Early diagnosis of drug-resistant strains
with a simple, sensitive assay would be of
great benefit for successful chemotherapy.
TbATI and ThATI" are distinguishable by
digestion with the restriction endonuclease
Sfa NI. While the mutation causing A178T
abrogates a Sfa NI site, the mutation under-
lying N286S creates one (Fig. 3C). Amplifica-
tion of a fragment of the purine transporter gene
by polymerase chain reaction (PCR) followed
by Sfa NI digestion (20) may serve as a conve-
nient means for rapid identification of TbAT1"-
type drug-resistant trypanosomes. A 7. brucei
gambiense isolate from a patient refractory to
melarsoprol treatment exhibited the Sfa NI di-
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gestion pattern typical of TbATI” (Fig. 3C),
suggesting that ThAT1"-like alleles are present
in the field. The presence of Thr'’® and Ser?%®
was confirmed by direct sequencing of the gene
from the T. brucei gambiense field isolate. Se-
quencing also showed that the T. brucei gam-
biense allele differs from both 7hATI and
TbATI" by the absence of the trinucleotide re-
peat encoding Phe®!®. This sequence difference
rules out the possibility of a contamination with
DNA from STIB 777R. Larger studies will be
necessary to determine the prevalence of spe-
cific ThATI alleles and their correlation with
melarsoprol treatment failures.

Our findings support the idea that T7bAT!
encodes an adenosine transporter mediating up-
take of, and thus susceptibility to, melamino-
phenyl arsenicals and that defects in TbAT1
contribute to resistance to these agents in T.
brucei spp. The cloning of ThAT! opens pros-
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Fig. 1. Adenosine utilization (A), uptake (B), and
transport (C) mediated by TbAT1 in S. cerevi-
siae. (A) TbAT1 permits utilization of exoge-
nous adenosine. Yeast carrying a control (1),
TbAT1 (2), or the variant TbAT1" (3) expression
vector were grown on synthetic minimal media
containing 150 pM adenine (left) or 150 pM
adenosine (right). (B) TbAT1 mediates uptake
of adenosine. The uptake of 1 wM exogenous
[®H]adenosine was measured at the indicated
times in yeast carrying a control (CJ), TbAT1
(A), or ThAT1" (®) expression vector. TbAT1-
mediated uptake was linear for 40 s; TbAT1"
showed no activity. (C) Adenosine transport by
TbAT1 is saturable. Transport of [*H]adenosine
was measured in yeast carrying a control ((J) or
TbATT (A) expression vector. Specific transport
by TbAT1 (transport in TbAT1 expressing cells
minus transport in control cells, A) conformed
toak, of 22 £ 0.8 pM.

pects for the therapy of sleeping sickness. Cur-
rent chemotherapy is unsatisfactory because of
both the severe side effects of the currently used
trypanocides and the considerable fraction of
patients that fail to respond to treatment. Func-
tional expression of 7hAT! in yeast provides a
tool for the development of drug derivatives
with an increased tropism to the parasite (27)
and possibly a larger therapeutic window. Iden-
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a x € € g & £
g § & 5 2 £ ©
s

Generations/5 hours €
N

|

TbAT1

3
1 l_IA‘
0

TbAT1

Fig. 2. Specificity of TbAT1-mediated transport
in yeast. (A) Adenosine and adenine but not
other physiological nucleosides and bases com-
pete for adenosine transport. [*H]Adenosine (1
uM) transport was measured in yeast express-
ing TbAT1, in the presence of the indicated
compounds (Ar, adenosine; A, adenine; |, ino-
sine; H, hypoxanthine; Gr, guanosine; G, gua-
nine; Ur, uridine; U, uracil; all at 100 uM).
[®H]Adenosine transport in the presence of the
potential substrates is presented as the per-
centage of transport in the absence of compet-
itive substrate. (B) Melaminophenyl arsenicals
and isometamidium inhibit adenosine trans-
port. [3H]Adenosine (1 uM) uptake was mea-
sured in yeast expressing ThAT7, in the pres-
ence of the indicated drugs (MelB, melarsoprol;
MelOx, melarsen oxide; Pent, pentamidine;
Dim, diminazene aceturate; Iso, isometa-
midium; Tub, tubercidin; Sin, sinefungin; at 100
.M except for melarsoprol, which was added at
72 pM). (C) TbAT1 expression in yeast renders
the cells sensitive to melarsen oxide. Cells car-
rying ThAT1, TbATT", or vector only (control)
were grown in minimal media containing 1 mM
hypoxanthine, either in the presence of 100 pM
melarsen oxide (open bars) or without drug
(solid bars). Cell growth was quantified as num-
ber of generations during 5 hours of incubation
time.

control
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Fig. 3. Sequence and pre- A 1
dicted structure of TbAT1 61
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and TbAT1". (A) Deduced
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amino acid sequence; pre-
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point mutations in TbAT1" 301
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are indicated in bold above

the TbAT1 sequence (22). P
(B) Predicted TbAT1 topog- 121
raphy based on hydropathy

and distribution of charges. g
Potential transmembrane

domains are numbered. Hy-
drophobic residues (Val,
Leu, lle, Phe, and Trp) are
represented in black and po-
lar residues (Ser, Thr, Asn,
and Gln) in white; positive
(Lys, His, and Arg) and neg-
ative (Asp and Glu) charges
are indicated by symbols.
The point mutations in
TbAT1" are indicated. (C)
Distinction between TbATT
alleles by restriction digest.
PCR with the primers sfa-s
and sfa-as amplifies 677 bp
of the purine transporter C
gene. A diagnostic digest
with Sfa NI produces frag-
ment sizes of 566 and 111
bp in the case of TbAT7
(from STIB 777S; lane 1, un-
digested; lane 2, digested)
and 435 and 242 bp in the
case of TbATI" (from STIB
777R; lane 3, undigested;
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lane 4; digested). STIB 777S and STIB 777R are homozygous for the respective mutations. The same digestion
pattem as STIB 777R was exhibited by a T. brucei gambiense isolate from an Angolan patient refractory to
melarsoprol treatment (lane 5, undigested; lane 6, digested). S, Sfa NI site present only in TbAT7 (encoding
Ala'78); R, Sfa NI site present only in TbAT1" (encoding Ser°%6).

tification and characterization of the remaining
trypanosomal purine transporters (candidate
genes homologous to Th4 T/ are present among
trypanosome expressed sequence tags) will en-
able the rational design of drugs and drug com-
binations that either circumvent drug resistance
by using different entry routes or compromise
the ability of the parasite to salvage purines.
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