










FIG 3 (A) Schematic depiction of mutated ARM58 constructs used for panel B. The shaded boxes represent the 4 DUF1935 putative domains. The black box
signifies the putative transmembrane domain (TMD). The numbers indicate the positions relative to the wild-type amino acid sequence. (B) SbIII IC50s (�M) for
L. infantum carrying the indicated ARM58 mutants. *, P � 0.05 (n 	 4) relative to full-length ARM58. (C) Schematic depiction of ARM58rel, ARM58, and two
DUF1935-III domain swapping mutants, ARM58_3Drel and ARM58rel_D3. (D) As for panel B, but testing domain swapping mutants of ARM58 and AMR58rel
(n 	 4).
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FIG 4 Subcellular localization of mCH::ARM58 fusion proteins. (A) Schematic depiction of the episomal expression plasmid pCL2N-mCH::ARM58. (B) Functional
test of mCherry::ARM58 fusion protein. L. infantum overexpressing either ARM58 (solid squares) or mCH::ARM58 (diamonds) was subjected to a 72-h dose effect
growth experiment with various SbIII concentrations and compared to a control strain transfected with pCLN (vector). Dotted lines show IC50s; error bars show
standard deviations (n 	 4). (C to F) Fluorescence microscopy imaging of L. infantum(pCL2N-mCH::ARM58) showing differential inference contrast (DIC)
(C), DAPI (D), and mCherry (E) channels plus overlay of DAPI and mCherry (F). n, nucleus; k, kinetoplast. (G to K) Confocal laser microscopy imaging of L.
infantum(pCL2N-mCH::ARM58) showing DIC (G), DAPI (H), and mCherry (I) channels plus overlay of DAPI and mCherry (K). n, nucleus; k, kinetoplast. Size
bar, 5 �m.
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for ATPases. Nevertheless, it is conceivable that ARM58 may de-
pend in its function on P-glycoproteins or other energy-depen-
dent transporters. Therefore, we tested the effectiveness of
ARM58 overexpression both in the presence of the P-glycoprotein
inhibitor verapamil and in the presence of sodium vanadate, an
ATPase inhibitor. At 10 �M verapamil, both the control strain
(vector) and ARM58-overexpressing parasites showed slightly
lowered growth at the various SbIII concentrations. However, the
advantage of ARM58 overexpression during SbIII treatment re-
mained unchanged (Fig. 5C). We find no indication of a func-
tional dependence of ARM58 on P-glycoproteins.

In the presence of 50 �M sodium vanadate, L. infantum growth
is more sensitive to SbIII. This is true both for the vector control
and for the ARM58-overexpressing parasites (Fig. 5D). However,
ARM58 overexpression still protects L. infantum growth against
SbIII inhibition in the presence of sodium vanadate. Therefore,
ATPase inhibition does not abrogate the effect of ARM58, mean-
ing that we have no indication that ATP hydrolysis is critical for
ARM58-mediated antimony resistance.

DISCUSSION

In spite of decades of active research, the molecular basis of anti-
mony drug action and antimony drug resistance in Leishmania
spp. is not fully understood. The latter is likely due to a multitude
of mechanisms by which Leishmania spp. can counteract exposure
to and impact of antimonials. Among the chief strategies em-
ployed are the induction of antimony extrusion either by host cell
proteins (19) or by the parasite (35). It was shown by Brochu and
colleagues that intracellular SbIII accumulation can be lower in
resistant strains and that the difference to sensitive strains is de-
pendent on ATP hydrolysis—an indicator of an energy-depen-
dent extrusion system.

ARM58 does not display any sequence motifs of known ATP
binding sites. The DUF1935 (domains of unknown function
1935) of which ARM58 and ARM58rel are entirely composed are
not known to be part of energy-dependent transporter proteins.
The other proteins containing DUF1935 signatures are several
calpain-like cysteine peptidases and a receptor-type adenylate cy-
clase, which all contain only single DUF1935 motifs.

Other known mechanisms of Sb resistance appear to involve
general stress resistance effectors, such as heat shock proteins and
thiol pathways. ARM58 bears no structural resemblance to any
known stress response effector proteins. While the amplification
and overexpression of heat shock proteins have been reported to
correlate with Sb resistance (39, 40), we did not select any stress
gene loci in our original functional cloning screen (42). It may well
be that Hsp-mediated resistance plays a role in intracellular amas-
tigotes challenged with SbV, thus escaping our selection strategy.
Conversely, the relative stress resistance of ARM58 overexpressing
parasites should also be investigated, since it was shown recently
(41) that drug resistance in L. donovani is linked to general viru-
lence and fitness.

In this context, it may be interesting to test the overexpression
of ARM58 in the background of a trypanothione synthesis-defec-
tive strain of L. infantum or L. donovani. This should tell whether
ARM58 is functionally linked to the antioxidant pathways.

Nevertheless, our results mostly indicate that ARM58 partici-
pates in an extrusion pathway. Its dependence on a putative trans-
membrane domain, its main localization close to the flagellar
pocket, and its effect on intracellular antimony levels all point at

FIG 5 Intracellular Sb concentration following SbIII exposure. L. infantum(p-
CLN) and L. infantum(pCLN-ARM58) were incubated for 48 h with 0 �M or
at 400 �M SbIII. Cells were then counted (A). From each culture, 5 � 107

promastigotes were precipitated, washed, and lysed in nitric acid. Sb concen-
tration in each lysate was measured by inductively coupled plasma mass spec-
trometry (ICPMS) (n 	 3) (B). (C and D) Induction of SbIII resistance in
strains receiving 10 �M verapamil (C) or 50 �M sodium vanadate (D). Vector
controls and ARM58 overexpressing L. infantum were grown for 72 h. Cell
densities were measured and plotted against the indicated SbIII concentrations.
Values are the medians from 4 independent experiments. V, verapamil; SV,
sodium vanadate.
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such a role. We assume for now that ARM58 may interact with and
modulate the activity of actual extrusion proteins. However, the
inhibition of P-glycoproteins by verapamil or the inhibition of
ATPase activity cannot abrogate the effect of ARM58 overexpres-
sion. Therefore, we have no indication if and what partners are
stimulated by ARM58.

Alternatively, ARM58 could be involved in the intracellular or
intravesicular sequestration of antimony. Sequestration would ex-
plain the protective effects even during inhibition of ATPase-de-
pendent pathways. However, such sequestration must be subse-
quently linked to extrusion pathways, since the nitric acid
extraction used to determine the intracellular antimony concen-
tration will also pick up a sequestered drug.

We can also conclude that the localization of ARM58 is not
dependent on N-terminal signal sequences. This is evidenced by
the specific localization of the fusion protein with the N-terminal
mCherry domain. The mCH::ARM58 fusion protein also induces
SbIII resistance with the same efficiency as ARM58 itself, meaning
that it is fully functional in spite of an N-terminal mCherry do-
main. This argues against a Golgi-dependent transport of ARM58.

We repeatedly tried to raise ARM58-specific antibodies. While
the IgY faithfully recognized the bacterially expressed ARM58, no
such detection was observed in Western blotting or indirect im-
mune fluorescence microscopy, in spite of a substantial overex-
pression in the recombinant parasites. By contrast, expression as
an mCH::ARM58 fusion protein yielded good detectability. We
have to assume that ARM58 may be modified in vivo, thus escap-
ing detection by antibodies raised against bacterially expressed
protein. We plan to perform a more thorough analysis, applying
deglycosylation prior to antibody detection. The inability to raise
effective anti-ARM58 antibodies is also a hurdle for the identifi-
cation of interacting protein factors. The availability of the mCH::
ARM58 fusion protein, however, should enable us to look into the
subcellular localization using high-resolution immune electron
microscopy.

The structure of ARM58 and ARM58rel with four semicon-
served DUF1935 modules is so far unique and found only within
the kinetoplastid protozoa. The domain swapping experiment
whose results are shown in Fig. 3C and D indicates a close rela-
tionship between both genes, a notion that is further supported by
a phylogenetic analysis. ARM58 is present in all Leishmania spe-
cies, of both Old World and New World origin. Syntenic copies of
ARM58rel are found both in Leishmania spp. and in African try-
panosomes. This indicates a specific function of ARM58 in Leish-
mania parasites.

We have repeatedly attempted to generate ARM58-null mu-
tants in L. infantum by homologous recombination. We could
indeed obtain single-allele gene replacement mutants with three
different selection marker genes that were flanked by 1 kb each of
ARM58 5= and 3= flanking sequences. The single allele gene re-
placement mutants already showed morphological irregularities,
including incomplete cell division and an enlarged flagellar
pocket. All attempts to replace the second alleles did not result in
selectable cells (D. Zander, unpublished data), leading to the con-
clusion that ARM58 plays a crucial role in Leishmania spp. apart
from antimony detoxification.

Our results further underscore the notion that gene amplifica-
tion is one of the mechanisms by which Leishmania parasites
counter the effect of drugs. The original functional cloning screen
used cosmid-based genomic DNA libraries from drug-resistant

and drug-sensitive field isolates. The ARM58 gene locus was se-
lected in both cases, showing that at least in laboratory settings,
episomal gene amplification is more powerful than possible se-
quence variations between isolates.

The next step will have to be the analysis of ARM58 expression
rates in field isolates from resistance hot spots, such as northeast-
ern India, to test whether modulated ARM58 expression corre-
lates with either resistance or sensitivity.
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