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African trypanosomes cause sleeping sickness in humans, a disease
that is typically fatal without chemotherapy. Unfortunately, drug
resistance is common and melarsoprol-resistant trypanosomes
often display cross-resistance to pentamidine. Although melarso-
prol/pentamidine cross-resistance (MPXR) has been an area of
intense interest for several decades, our understanding of the un-
derlying mechanisms remains incomplete. Recently, a locus encod-
ing two closely related aquaglyceroporins, AQP2 and AQP3, was
linked to MPXR in a high-throughput loss-of-function screen. Here,
we show that AQP2 has an unconventional “selectivity filter.”
AQP2-specific gene knockout generated MPXR trypanosomes but
did not affect resistance to a lipophilic arsenical, whereas recombi-
nant AQP2 reversed MPXR in cells lacking native AQP2 and AQP3.
AQP2 was also shown to be disrupted in a laboratory-selected
MPXR strain. Both AQP2 and AQP3 gained access to the surface
plasma membrane in insect life-cycle-stage trypanosomes but, re-
markably, AQP2 was specifically restricted to the flagellar pocket
in the bloodstream stage. We conclude that the unconventional
aquaglyceroporin, AQP2, renders cells sensitive to both melarso-
prol and pentamidine and that loss of AQP2 function could explain
cases of innate and acquired MPXR.

aquaporin | major instrinsic proteins | transporter | Trypanosoma brucei |
trypanosomiasis

frican trypanosomes are tsetse fly-transmitted protozoan

parasites that cause a range of important human and animal
diseases. Human African trypanosomiasis (HAT), also known
as sleeping sickness, is caused by Trypanosoma brucei gambiense
or Trypanosoma brucei rhodesiense and is typically fatal without
chemotherapy (1, 2). The closely related, but human-serum sensi-
tive, Trypanosoma brucei brucei, causes a veterinary disease known
as nagana. 1. b. gambiense is responsible for the vast majority of
HAT cases and occurs in West and Central Africa. Chemotherapy
is of major importance due to the absence of a vaccine. During
the early stages of HAT, suramin and pentamidine, an aromatic
diamidine, are the only drugs available but, unfortunately, suramin
cannot be used in West Africa because of the risk of severe allergic
reactions if Onchocerca infection is also present (3).

As early-stage symptoms are relatively mild and nonspecific,
diagnosis is often late and reveals advanced infections, after
trypanosomes have invaded the central nervous system (CNS). In
these cases, eflornithine (alone or in combination with nifurti-
mox) or the melaminophenyl arsenical melarsoprol are needed
to target trypanosomes in the CNS. Among the limited options,
eflornithine or nifurtimox—eflornithine combination therapies
currently offer the most favorable clinical outcome for late-stage
disease therapy. However, because eflornithine is expensive,
difficult to administer, and ineffective against 7. b. rhodesiense
(4), melarsoprol is still widely used, despite the fact that it causes
a fatal reactive encephalopathy in around 5% of patients (2). Thus,
melarsoprol is the only drug active against CNS infections of both
T. b. gambiense and T. b. rhodesiense. This desperate situation is
made worse by the current and increasing incidence of melarsoprol
treatment failures, thought to be due to the emergence and spread
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of drug resistance, leading to 20-30% treatment failure rates in
Uganda, the Democratic Republic of Congo, and the Sudan (2).

Melarsoprol has been suggested to act primarily by forming
a toxic adduct with trypanothione, known as Mel T (5, 6), whereas
pentamidine is a DNA-binding drug that becomes highly concen-
trated in trypanosomes and collapses the mitochondrial membrane
potential (7). Arsenical/diamidine cross-resistance was first repor-
ted over 60 y ago (8). In the 1990s, a trypanosome P2 adenosine
transporter (A77) was then identified that, when expressed in
Saccharomyces cerevisiae, conferred susceptibility to melarsoprol
and was also found to be mutated and defective in melarsoprol-
resistant trypanosomes (9, 10). The same P2/AT1 mediates pent-
amidine transport in trypanosomes (11, 12) and when expressed in
S. cerevisine (13). ATI gene knockout generated cells with ap-
proximately twofold increased resistance to both melarsoprol and
pentamidine (14) and ATI knockdown, using RNA interference
(RNAI), increased resistance to melarsoprol (5, 15) but has not
been shown to significantly increase resistance to pentamidine.
Additional T. brucei transporters, NT11.1 and NT12.1, can trans-
port pentamidine when expressed in a heterologous system (16)
and high and low-affinity pentamidine transporters (HAPT1 and
LAPT1, respectively) have been described (12, 17). Indeed, selec-
tion for increased resistance to either melarsoprol or pentamidine
in cells lacking AT leads to loss of HAPT1 activity (18), but a gene
encoding this activity has not yet been identified. Mel T efflux also
has an impact on melarsoprol accumulation as demonstrated by
a 10-fold increased resistance in trypanosomes overexpressing the
ATP-binding cassette (ABC) transporter, MRPA (19).

As detailed above, our understanding of the mechanisms un-
derlying MPXR remains incomplete (20). A recent set of high-
throughput, loss-of-function RNAI screens linked A77 and sev-
eral additional membrane-spanning transporters to melarsoprol
or pentamidine resistance (5). In particular, the plasma mem-
brane H*-ATPases, HA1-3, were linked to pentamidine re-
sistance, suggesting that at least one of the relevant pentamidine
transporters is a proton symporter. Most notably, however, the
screens linked just one locus, encoding a pair of closely related
aquaglyceroporins (A0QP2 and AQP3) to MPXR; knockout of both
the AQP2 and AQP3 genes increased resistance to melarsoprol and
pentamidine by >2-fold and >15-fold, respectively (5).

The AQPs are major intrinsic proteins (MIPs) that constitute
a superfamily of aquaporins and aquaglyceroporins, channels
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that facilitate the passive transport of water and small neutral
solutes across cell membranes in organisms from bacteria to
humans. Although they are absent in many microorganisms,
most eukaryotic genomes encode at least 1 of these channels;
several plants have >30, mammals have >10, and Plasmodium
spp. and other Apicomplexa typically have 1. The reader is re-
ferred to reviews dealing with AQPs generally (21), with human
AQPs (22), and with AQPs in protozoan parasites (23). The T.
brucei aquaglyceroporins, AQP1, AQP2, and AQP3, transport
water, glycerol, urea, dihydroxyacetone (24), and ammonia (25),
and AQP1 and AQP3 have been shown to be flagellar membrane
and plasma membrane proteins, respectively (26).

An improved understanding of the mechanisms underlying
MPXR in African trypanosomes will facilitate the development
of diagnostic tools and possibly also the development of im-
proved therapies. Here, we show that loss of AQP2, a channel
with an unusual selectivity filter, is specifically responsible for
MPXR. AQP2 is also specifically restricted to the flagellar
pocket in bloodstream-form cells. These unique findings estab-
lish a central role for T. brucei AQP2 in MPXR.

Results

T. brucei AQP2 Has an Unusual Selectivity Filter. The 7. brucei locus
recently linked to MPXR encodes the closely related proteins,
AQP2 and AQP3 (5). These proteins are also related to the
human aquaglyceroporins, AQPs 3, 7, 9, and 10 (22, 24). The
structural determinants for gating these channels are the focus of
intense interest, and because the selectivity of channels is central
to their function, we examined the conserved residues that
constitute the AQP2 and AQP3 “selectivity filter” (Fig. 14).
AQPs have six membrane-spanning a-helices and two half heli-
ces that fold into the center of the channel, with the termini
located on the cytoplasmic face of the membrane. The selectivity
filter is typically defined by two prominent constrictions in the
channel, one formed by the highly conserved “NPA” motifs
within the half helices, and the other, usually narrower, formed
by an “aromatic arginine” (ar/R) motif (27-29). Schematic rep-
resentations of AQP2 and AQP3 indicate the location of the
selectivity filter residues relative to the predicted membrane-
spanning domains (Fig. 14). Whereas AQP3 encodes a conven-
tional selectivity filter, as does AQP1, AQP2 lacks the NPA and
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Fig. 1.

Cells lacking the unusual AQP2 are MPXR. (A) Schematic representation of AQP2 (Tb927.10.14170) and AQP3 (Tb927.10.14160). The selectivity filter
residues are indicated; NSA/NPS/IVLL in AQP2 and NPA/NPA/WGYR in AQP3. An AQP2-specific insertion is also indicated. (B) Homology models for AQP2 and
AQP3 showing the key amino acids that line the channel (colors as in A). The models were generated using SWISS-MODEL (51) and the Protein Data Bank
coordinates 1ldfA. (C) Schematic map (Left) and Southern blot (Right) showing AQP2 gene knockout. A indicates the region deleted and “flank” indicates
the 671-bp probe. Transcription is from left to right. Thicker black lines indicate the predicted untranslated regions. Genomic DNA was digested with Sacll (S)
before Southern blotting. (D) Bloodstream-form cells. Dose-response curves for melarsoprol and pentamidine. Wild-type (WT) cells are compared with agp2
null cells. ECsg values are shown. (E) Insect-stage (procyclic form) cells. Other details as in D above. (F) Bloodstream-form cells. ECsq values for other related

drugs. Average and SEM are shown (n > 10). *P < 0.0001 as determined using a one-way ANOVA test.
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ar/R motifs. Homology models (Fig. 1B) indicate how the un-
usual selectivity filter of AQP2 likely impacts the lining of the
channel. An analysis of more than 1,000 MIPs from 340 organ-
isms in the MIPModDB database (30) revealed T. brucei AQP2
as the only MIP with NSA/NPS or IVLL motifs; 78% contain
NPA/NPA and 89% contain the arginine of the ar/R motif. Thus,
AQP2 has a unique selectivity filter.

agp2 Null Cells Are Melarsoprol and Pentamidine Resistant. Cells
lacking both AQP2 and AQP3 were resistant to melarsoprol and
pentamidine (5). Because the analysis above indicated major
differences between AQP2 and AQP3 that may be of functional
significance, we wanted to determine what contribution each
protein makes to the drug susceptibility phenotype. We used
a gene knockout approach to test our hypothesis that AQP2 is
specifically required for drug susceptibility. An agp2 null strain
was generated by sequential transfection with constructs that
replace each AQP?2 allele with selectable marker genes, deleting
the entire AQP2 protein coding sequence but leaving the AQP3
gene intact (Fig. 1C). AQP2 knockout was confirmed by South-
ern blotting (Fig. 1C). Neither agp2 null cells nor agp2/agp3 null
cells displayed any detectable growth defect relative to wild-type
cells. Drug susceptibility analysis revealed that agp2 null cells
were resistant to both melarsoprol and pentamidine (Fig. 1D);
the 50% effective growth-inhibitory concentration (ECsy) was
increased almost 2-fold relative to wild-type cells for melarsoprol
and by more than 15-fold for pentamidine. Thus, agp2 null cells
are indistinguishable from agp2/agp3 null cells (5) in terms of
EC;s for either of these drugs.

Differentiation of African trypanosomes from the blood-
stream stage to the insect “procyclic” stage, during the life cycle,
involves major changes in surface architecture and energy me-
tabolism (31). To probe the function of AQP2 during and/or
following this developmental transition, we differentiated agp2
and agp2/agp3 null strains; triggered in vitro by reduced tem-
perature and by the addition of citric acid cycle intermediates to
the culture medium. We saw no evidence for a defect in the
process of differentiation in either agp2 null or agp2/agp3 null
cells. Dose-response curves revealed that the impact of AQP2
on drug sensitivity was similar in both stages. In agp2 null insect-
stage cells, the ECs, for melarsoprol was increased by approxi-
mately 3-fold compared with wild-type cells, whereas the ECs
for pentamidine was increased by more than 30-fold (Fig. 1E)
and we obtained similar results for agp2/agp3 null insect-stage
cells. We conclude that AQP2 is constitutively expressed and
renders both major life-cycle stages drug sensitive. However,
neither AQP2 nor AQP3 is required for viability of the blood-
stream or procyclic stage or for differentiation in vitro.

In bloodstream-form cells, the resistance phenotype was spe-
cific for pentamidine and melaminophenyl arsenicals, with little
or no effect on sensitivity to the veterinary diamidine, dimina-
zene aceturate (Berenil), or the phenanthridine trypanocides,
isometamidium and ethidium (Fig. 1F). In addition, wild-type
and agp null cells were equally sensitive to the lipophilic arsen-
ical, phenylarsine oxide, which is known to diffuse across mem-
branes (18). Thus, the deletion of AQP2 renders T. brucei MPXR
but resistance does not extend to all diamidines or arsenicals.

AQP2 Restores Drug Sensitivity to agp2/agp3 Null Cells. The results
above suggest that AQP2 plays an important role in rendering
T. brucei sensitive to melarsoprol and pentamidine. To deter-
mine whether AQP3 is required for this effect, we reintroduced
an inducible copy of AQP2 into agp2/agp3 null cells. In the ab-
sence of AQP2 induction, these strains displayed a similar drug
sensitivity phenotype to agp2 or agp2/agp3 null cells (compare
Fig. 1F with Fig. 2 A and B). In striking contrast, induction of
AQP2 expression restored sensitivity to both melarsoprol (Fig.
24) and pentamidine (Fig. 2B). Importantly, drug sensitivity is

10998 | www.pnas.org/cgi/doi/10.1073/pnas.1202885109
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Fig. 2. AQP2 is required for drug sensitivity, whereas AQP3 is neither nec-
essary nor sufficient. (A) ECsq values for melarsoprol following recombinant
AQP expression in bloodstream-form cells. agp2/agp3 null cells with a tetra-
cycline-regulated (Tet-on) copy of either AQP2 or AQP3 were grown in the
absence (black bars) or presence (gray bars) of tetracycline. Error bars, SEM
derived from two independent triplicate assays. *P < 0.0001 as determined
using nonlinear regression analysis. (B) ECso values for pentamidine. Other
details as in A. (C) Tet-regulated expression of GFP-tagged AQPs. Western
blots reveal tightly regulated inducible expression of both SFPAQP2 and
GFPAQP3. Both proteins migrated below their predicted molecular mass of
~60 kDa but proteins with extensive transmembrane regions often display
aberrant migration. (D) Both SFPAQP2 and "PAQP3 are membrane associated.
Western blots show supernatant (S), wash (W), and pellet (P; membrane-
fraction) following hypotonic lysis. “PAQPs are expressed in an agp2/agp3
null background. (E) ECso values for melarsoprol. agp2/agp3 null cells with
a Tet-on copy of “PAQP2 or ®PAQP3. Other details as in A. (F) ECs, values for
pentamidine. Other details as in E. (G) The KO-B48 strain encodes an AQP2/
AQP3 chimeric sequence. Schematic illustrates the AQP2/AQP3 locus before
and after the emergence of pentamidine resistance. Selectivity filter residues
are indicated; six residues are specific to the AQP3 sequence (underlined) and
four of these are found in the predicted chimeric protein (Fig. S1).

restored in the absence of AQP3, indicating that AQP3 expres-
sion is not required for melarsoprol and pentamidine sensitivity.
A similar experiment, but involving the reintroduction of a copy
of AQP3, failed to show any impact on MPXR (Fig. 2 4 and B),
confirming that AQP3 expression does not confer sensitivity to
melarsoprol or pentamidine. AQP2 also restored drug sensitivity
in an agp2 null strain with an intact AQP3 gene. We conclude
that, whereas AQP2 is required, AQP3 is neither sufficient nor
required for drug sensitivity.

We also used the approach described above to reintroduce
AQPs with green fluorescent protein (GFP) fused to the N ter-
mini. This approach allowed us to confirm inducible expression of

Baker et al.
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GFPAQP2 and “FPAQP3 by Western blotting (Fig. 2C) and also
to show that both S"FAQP2 and “"PAQP3 partition pre-
dominantly into the membrane fraction, as expected (Fig. 2D).
STP40P2 tully restored drug sensitivity in both agp2 and agp2/
agp3 null strains, whereas ““AQP3 failed to restore drug sensi-
tivity in either strain (Fig. 2 E and F), confirming the results above
and indicating that AQP2 remains functional when fused to GFP.

AQP2 Is Disrupted in a Pentamidine-Resistant Strain. We next asked
whether exposure to pentamidine could select for mutations that
disrupt AQP2 function, thereby producing drug-resistant strains.
To address this question, the A QP2 gene was sequenced in the well-
characterized KO-B48 strain, which lacks HAPT]1 activity, displays
reduced pentamidine uptake, and is MPXR (18). Strikingly, an
AQP2/AQP3 chimeric gene was found in place of AQP2 (Fig. 2G);
a 272-nucleotide segment was replaced by an AQP3-derived se-
quence that alters four of the predicted residues (underlined) of
the selectivity filter described above, from NSA/NPS/IVLL in
AQP2 to NSA/NPA/IGYR in the chimera (Fig. S1).

AQP2 Is Restricted to the Flagellar Pocket Specifically in Bloodstream-
Form Cells. AQP3 is known to be dispersed over the plasma
membrane (26) but AQP2 localization has not been de-
termined. We used the strains expressing GFP-tagged AQPs
described above to determine AQP subcellular localization and
observed GFP fluorescence directly to eliminate potential arti-
facts associated with immunofluorescence detection of mem-
brane proteins following detergent-based permeabilization. In
bloodstream-form cells, the two proteins displayed strikingly
different localizations; “*PAQP2 localized to a focal region
adjacent to the kinetoplast (mitochondrial DNA) (Fig. 34,
Upper), whereas “"PAQP3 localized to this region and also to
the plasma membrane (Fig. 34, Lower), as demonstrated pre-
viously for native AQP3 (26). These results were confirmed by
confocal microscopy and were indistinguishable in an agp2/agp3
or agp2 background. Because AQPs typically form tetramers,
these results suggest little or no physical interaction between
AQP2 and AQP3 and the formation of primarily or exclusively
AQP2 and AQP3 homotetramers.

We demonstrated above that AQP2 confers melarsoprol and
pentamidine sensitivity to both bloodstream- and insect-stage
cells. To determine whether AQP2 localization differs in these
two life-cycle stages, the ““"AQP2 and “"FAQP3 strains were
differentiated to the insect stage. Both proteins localized to the

A

plasma membrane in insect-stage cells (Fig. 3B), indicating that
the mechanism blocking access of AQP2 to the plasma mem-
brane is bloodstream-stage specific and developmentally regu-
lated. The focal structure identified by the AQP2 signal in
bloodstream-form cells is adjacent to the kinetoplast and may
represent the flagellar pocket, an invagination of the pellicular
membrane, which is inaccessible to host innate immune effectors
and the exclusive site for endocytosis, exocytosis, and specific
receptors (32). To test this hypothesis, we stained invariant
surface glycoprotein 65 (ISG65), known to identify the flagellar
gocket (33), and visualized both proteins by microscopy.

FPAQP2 displayed almost complete colocalization with the
flagellar pocket marker (Fig. 3C). We conclude that all three
T. brucei AQPs display distinct subcellular localization in
bloodstream-form 7. brucei, with AQP2 displaying specific se-
questration in the flagellar pocket.

Discussion

Genome-scale RNAI screening linked a pair of closely related
aquaglyceroporins to MPXR (5), suggesting that these channels
play the dominant role in controlling susceptibility to these
drugs. We have shown here that one of these proteins, AQP2,
restricted to the flagellar pocket in bloodstream-form cells, is
specifically responsible for MPXR. In support of this conclusion,
an agp2 null strain that retains AQP3 displays MPXR, whereas
AQP?2 expression in an agp2/agp3 null strain restores sensitivity.
In addition, AQP2 is shown to be disrupted in the well-charac-
terized MPXR strain, KO-B48. Thus, AQP2 may correspond to
the long-sought high-affinity pentamidine transporter (HAPT1)
(20). Indeed, pentamidine and cymelarsan were previously
identified as HAPT1 substrates (18), whereas diminazene
transport is primarily via AT1 (34). The observations that wild-
type and agp2 null strains are equally sensitive to a lipophilic
arsenical and that the KO-B48 strain displays reduced pentam-
idine uptake (18) suggest that melarsoprol and pentamidine
uptake are both AQP2 dependent. We present a model (Fig. 4)
to explain the role of all four transporters now linked to the
control of melarsoprol (MRPA), pentamidine (HA1-3), or
melarsoprol and pentamidine (AT1 and AQP2) susceptibility.
AQP1, AQP2, and AQP3 have been reported to transport
a similar set of substrates (24, 25) but the roles of AQPs in try-
panosomes have not been clearly defined. It seems likely that
they play roles in osmoregulation and metabolism, such as in
the efflux of glycerol from the bloodstream form (35). So what

FPAQP3
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Fig. 3. AQP2 is restricted to the flagellar pocket specifically in bloodstream-form cells. (A) Fluorescence microscopy reveals the location of " AQP2 and
GFPAQP3 in bloodstream-form cells. DNA is stained with DAPI and the nucleus (N) and mitochondrial genome (kinetoplast, K) are indicated. (B) Fluorescence
microscopy reveals the location of "PAQP2 and fPAQP3 in insect-stage cells. (C) Immunofluorescence microscopy reveals the location of *"PAQP2 colocalized
with the flagellar pocket (FP) marker, ISG65 in bloodstream-form cells. "PAQPs are expressed in an agp2/agp3 null background. (Scale bars, 10 um.)
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Fig. 4. Model to explain melarsoprol and pentamidine transport in T. brucei.
Four T. brucei transporters have been linked to the control of melarsoprol and
or pentamidine susceptibility. Both drugs enter the cell through AT1/P2
(Tb927.5.286b) and AQP2. HA1-3 (Tb927.10.12500-10, only two annotated
in the reference genome) is specifically linked to pentamidine susceptibility
and generates the proton motive force required for pentamidine symport
via AQP2. Efflux of the toxic melarsoprol adduct, Mel T, is via MRPA
(Tb927.8.2160). The AT1/P2 and AQP2 channels transport the drugs with dif-
ferent efficiencies as indicated by the weighted arrows. AT1/P2 and MRPA have
not been localized. FP, flagellar pocket; Mel T, melarsoprol-trypanothione
adduct. The homology model for AT1/P2 is restricted to residues 340-454.

property of AQP2 allows this porin to specifically contribute to
drug susceptibility? With molecular masses of 398 Da and 340
Da, respectively, melarsoprol and pentamidine are substantially
larger than glycerol, with a mass of only 92 Da, or other com-
pounds known to be transported by AQPs (36). Inorganic tri-
valent arsenic and antimony (in the form of arsenite or potassium
antimonyl tartrate) are transported by AQPs, such as Leishmania
sp. AQP1 (37), whereas AQP-mediated transport of large met-
alloorganic compounds or diamidines has not been reported. It
will therefore be important to consider whether melarsoprol or
pentamidine preparations contain or form lower molecular mass
toxins. However, both drugs appear to enter trypanosomes intact
(6, 38) and it may be the unique selectivity filter of AQP2 that
allows the passage of these large molecules. In addition, the
arginine (R) of the ar/R filter, not present in AQP2, is thought to
repel protons, and AQPs lacking this residue display enhanced
proton conductance (29, 39, 40). We therefore propose direct
passage of melarsoprol and pentamidine via AQP2 and proton
symport in the case of pentamidine (Fig. 4).

AQP3 is dispersed over the plasma membrane, whereas AQP1 is
predominantly restricted to the flagellum (26). We have now shown
that AQP2 displays a distinct localization that is specific to blood-
stream-stage cells, being retained in the flagellar pocket. Thus, all
three T. brucei AQPs display distinct subcellular localization
in bloodstream-stage cells. Although our analysis of insect-stage
cells indicates that pocket sequestration is not strictly required for
the protein to confer drug sensitivity, it will be of interest to identify
the features of AQP2 that retard transit from the flagellar pocket
to the cell surface plasma membrane in a stage-specific manner.

The selective pressure associated with widespread drug use,
including mass pentamidine chemoprophylaxis in the 1940s,
could have contributed to the selection and spread of MPXR
parasites (17, 34, 41). ATI has been found to be mutated, de-
leted, or down-regulated in melarsoprol-resistant trypanosomes

1. Malvy D, Chappuis F (2011) Sleeping sickness. Clin Microbiol Infect 17:986-995.

2. Pépin J, Milord F (1994) The treatment of human African trypanosomiasis. Adv Par-
asitol 33:1-47.

3. Brun R, Blum J, Chappuis F, Burri C (2010) Human African trypanosomiasis. Lancet 375:
148-159.
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(10, 42) but AT! knockout generated cells with only a twofold
increased resistance to both melarsoprol and pentamidine (14),
and there is evidence for resistance that is independent of A7/
disruption (43, 44). Our results now show that AQP2, when
defective, could explain cases of innate MPXR and/or acquired
MPXR of clinical relevance.

These unique findings offer potential explanations for many
earlier observations and establish a central role for 7. brucei
AQP2 in MPXR. Our prospects for understanding cases of in-
nate and acquired MPXR are now greatly improved. Aqua-
glyceroporins typically transport water and small solutes but
AQP2 may be an exception in terms of an ability to transport
larger cargo. It will now be important to investigate the status of
AQP?2 in drug-resistant isolates and to establish whether AQP2
status is predictive of clinical outcome.

Experimental Procedures

Strains. Bloodstream-form T. brucei, Lister 427, MiTat 1.2, clone 221a, and
derivatives were maintained as previously described (45); 2T1 (46), KO-B48
(18), and agp2/aqp3 null strains (5) were described previously. Strains were
transfected using a Nucleofector apparatus (Lonza) in conjunction with
cytomix or T-cell nucleofection solution. Transformants were selected with
blasticidin (10 pg/mL), G418 (2 pg/mL), or hygromycin (2.5 pg/mL). Southern
blotting was carried out according to standard protocols. Differentiation to
the insect stage was triggered by transferring the cells to glucose-free DTM
medium (47) supplemented with citrate and cis-aconitate at 27 °C. AQP and
GFPAQP expression was induced by exposing cells to 1 pg/mL tetracycline for
24 h. ECsq assays were carried out using alamarBlue as described (48, 49).
The insect-stage cells were analyzed >6 d after differentiation was initi-
ated. The AQP2/AQP3 chimera was PCR amplified from KO-B48 genomic
DNA using a high-fidelity polymerase; two independent products were
sequenced using standard procedures.

Plasmid Construction. The AQP2 locus was disrupted in 2T1 cells by re-
placement of a 2,535-bp fragment with NPT and BLA selectable markers (the
T. brucei genome is diploid). Briefly, AQP2-flanking sequences were inserted
on both sides of the selectable marker cassettes and, before transfection, the
plasmids were linearized by cleaving at the distal ends of these AQP2 tar-
geting regions. The pRPa™™ construct (46) was modified to express native
or GFP-tagged AQPs under the control of a Tet-regulated RRNA promoter.
Both AQP2 constructs were checked for the presence of the expected Sacll
cleavage site. Primer sequences are available upon request.

Protein Analysis. Subcellular fractionation by hypotonic lysis was carried out as
described (5). All protein samples were stored in the presence of a protease
inhibitor mixture (Roche) and were not boiled. Whole cell lysates and hypo-
tonic lysis fractions were separated by SDS/PAGE and electroblotted according
to standard protocols. For immunoblotting, we used an enhanced chemilu-
minescent kit (GE Healthcare), according to the manufacturer’s instructions.
GFP was detected on Western blots and by fluorescence microscopy using
polyclonal rabbit a-GFP (Europa; 1:2,000). Immunofluorescence was carried
out according to standard protocols. Briefly, cells were permeabilized and
I1SG65 was detected using rabbit a-I1SG65 (1:1,000) primary antibody (50) and
a rhodamine-conjugated o-rabbit secondary antibody (1:100). Cells were
settled on slides and mounted in Vectashield (Vector Laboratories) containing
the DNA counterstain, 4,6-diamidino-2-phenylindole (DAPI). Images were
captured using a Nikon Eclipse E600 epifluorescence microscope in conjunc-
tion with a Coolsnap FX (Photometrics) charge-coupled device (CCD) camera
and processed in Metamorph 5.0 (Photometrics).
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