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INTRODUCTION

Therapeutic fatlure in human leishmaniasis is
a relevant problem in several countries (Bryce-
son et al. 1985). An important component in
treatment failure is the emergence of drug-
resistant parasites. Besides the conventional
treatment with antimonials, several other drugs
have been tested in this infection (Berman
1988). Before new therapeutic agents are devel-
oped against leishmaniasis, it is important to
investigate the possible mechanisms of resis-
tance that occur in Leishmania.

DNA amplification, usually as extrachromo-
somal circular DNA molecules, is a common
event found in many Leishmania species, and is
associated with drug resistance in several cell
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lines (reviewed by Beverley 1991). In most of
these systems, resistance to the drug is due to
overproduction of its target enzyme mediated
by an increase in copy number and, conse-
quently, in RNA being expressed from the tar-
get enzyme gene. Besides overexpression of
drug target enzymes, amplification of genes en-
coding PGP (P-glycoprotein)-like molecules in
Leishmaria has also been associated with the
development of drug resistance. The first gene
coding for a PGP homologue in Leishmania
{pgpA) was described in the H region of meth-
otrexate-resistant Leishmania tarentolae (Ouel-
lette et al. 1990) and is also present in the H
region of Leishmania major (Callahan and Bev-
erley 1991). The pgpA gene is distantly related
to the mammalian MDR genes and, accordingly,
its overexpression does not confer a typical
multidrug-resistance (MDR) phenotype but in-
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stead seems to confer low levels of resistance to
arsenite and antimony (Callahan and Beverley
1991). Another class of PGP coding genes in
Leishmania is exemplified by the mdr! genes of
Leishmania donovani (Henderson et al. 1992)
and Leishmania enriettit (Chow et al. 1993).
These genes share higher sequence homology
with the mammalian MDR genes and were
found to be amplified and overexpressed in vin-
blastine-selected, multidrug-resistant L. dono-
vani and L. enrieftii cell lines (Henderson et al.
1992: Chow et al. 1993). Furthermore, func-
tional assays by DNA transfection have con-
firmed mdrl as the gene responsible for the
MDR phenotype (Henderson et al. 1992; Chow
et al. 1993).

In mammalian cells the amplification and
overexpression of MDR genes leads to the mul-
tidrug-resistant phenotype. The MDR genes en-
code large (170-200 kDa)-membrane glycopro-
teins that function as efflux pumps of broad
specificity, extruding several unrelated hydro-
phobic natural compounds from the cytosol,
thereby preventing their cytotoxic effects (re-
viewed by Endicott and Ling 1989; Gottesman
and Pastan 1993). Several fluorescent dyes such
as rhodamine 123 (rhol23), which mimic the
interaction of PGP with its substrates, have been
used as molecular probes for the investigation
of an active efflux pump in MDR cell lines. A
strong correlation exists between decreased ac-
cumulation of these dyes and the MDR pheno-
type in mammalian cells (Neyfakh 1988;
Weaver et al. 1991; Ludescher et al. 1992).

In this paper, we report the characterization
of a vinblastine-resistant Leishmania amazo-
nensis cell line (RV100) which was also resis-
tant to adriamycin and verapamil. A sequence
homologous to Idmdr] and lemdr] genes was
overexpressed at the RNA level and amplified
as extrachromosomal DNA circles (V-circles)
in these cells. We also demonstrated that
RV 100 promastigotes extruded the fluorescent
dye rhodamine 123.

MATERIAL AND METHODS

Chemicals. Vinblastine (Velbam) was purchased from Eli
Lilly do Brasii Ltda. (Sio Paulo, SP, Brazil). Adriamycin,
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rhodamine 123, verapamil, and fetal calf serum were ob-
tained from Sigma Chemical Co. (St. Louis, MO). All re-
agents used in the culture medium were purchased from
Difco Laboratories (Detroit, MI). The restriction enzymes
were obtained from New England Biolabs (Beverly, MA).
All probes were labeled using [a-**P]dATP purchased from
Amersham International Inc. (UK).

Parasite maintenance and growth conditions. Promasti-
gotes of L. amazonensis (IFLA/BR/67/PH8) were kindly
provided by Dr. G. Grimaldi (Instituto Oswaldo Cruz,
FIOCRUZ, Brazil) and maintained in liver infusion-
trypticase (LIT) liquid medium supplemented with 10% fe-
tal calf serum at 25°C (Jaffe er al. 1984). The doubling time
was 12 h, and the cells were passaged weekly.

Selection of Leishmania drug-resistant cell lines. L. am-
azonensis promastigotes were selected by gradual increases
in the concentration of the drug as described (Coderre er al.
1983). The RVI100 cell line was grown for 2 weeks in
medium supplemented with 10 uM vinblastine. The cells
were then transferred to medium containing 20 puM vinblas-
tine and allowed to grow for 2 weeks. This process was
repeated every 2 weeks until the promastigotes were able to
grow at 100 uM vinblastine. The RAS000 cell line was also
selected as described above, starting with 0.1 uM adriamy-
cin, and it was selected in steps until it grew normally at a
concentration of 5 uM. Continuous drug pressure was main-
tained during all experiments.

The effective concentration of drug which inhibited the
growth of the cells by 50% (ECs,) was calculated at late
stages of exponential growth for both the wild-type and
resistant cell lines (Ullman er al. 1989).

Reversal of drug resistance. Verapamil was used as a
reversal agent at 5 uM, which did not inhibit promastigote
growth. The ECy, value for vinblastine of RV100 cell line
was obtained by means of simultaneous incubation of cells
with verapamil and varying concentrations of vinblastine.

Rhodamine 123 staining and analysis. All experiments
were performed with promastigote cells collected on the
third day of cell growth (exponential phase). The wild-type
strain, RV100, and RAS000 cell lines were incubated in
liquid medium with 5 pg/m! of rhol23 for 60 min a1 25°C
and washed with PBS (pH 7.4). The cell population analysis
was performed with a Coulter EPICS 751 flow cytometer.
Rho123 was excited at 488 nm by an argon ion laser and the
fluorescence was collected through a 575-nm band pass
filter. The cells were also observed by fluorescence and
differential interference contrast (DIC) under a Zeiss Axio-
plan light microscope using a silicon intensifier target TV
camera (SIT 66—DAGE MTI) attached to a digital image
processing system (IBAS-Zeiss). The gain control of the TV
camera was adjusted to a constant value to allow for direct
comparison between different fluorescence intensities. The
prints were obtained using identical conditions of light and
developing time for different samples.

Analysis of fluorescent dve extrusion. The wild-type
strain, RV100, and RA5000 cell lines were incubated for 5
min at 25°C with 20 pg/ml of rthol123 and then washed with
PBS (pH 7.4). The samples were resuspended in medium
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without rhol23 followed by flow cytometry at different
time poiats (0, 15, 30, and 60 min) to observe cell staining.
Further characterization of dye efflux was obtained by su-
pernatant transfer of the wild-type and resistant cell lines.
After 60 min of incubation as described above, the cells
were collected by centrifugation and the supernatant of each
sample was transferred to nontreated wild-type cells, which
were incubated for 60 min and washed before analysis.

Nucleic ucid extraction. Total DNA and RNA were iso-
lated from promastigotes according to Landfear and Wirth
(1985). Circular extrachromosomal DNA was purified by
the alkaline lysis procedure followed by CsCI-EtBr density
gradient centrifugation (Sambrook er af. 1989; Katakura
and Chang 1989).

Southern and Northern blot analysis. Southern blot anal-
ysis was performed using standard procedures (Sambrook et
al. 1989). For Northern analysis, total RNA was fraction-
ated in formaldehyde agarose gels and blotted onto nitro-
cellulose membranes according to Sambrook er al. (1989).
Prehybridization was carried out at 42°C for at least 12 hr in
a solution containing 10% dextran sulfate, | M NaCl, 1%
SDS, and 50% formamide. Hybridization was carried out in
the same solution in the presence of no more than 5 x 10°
cpm/ml of probe. Final washes were done at 50°C with 0.1x
SSC and 0.5% SDS. The probe LEMDRO6 corresponded to
one of the conserved nucleotide binding sites of lemdr],
originally obtained by PCR amplification of L. enriettii ge-
nomic DNA (Henderson et al. 1992). Nucleic acid loading
in Northern and Southern analysis was standardized using
an unrelated gene, the promastigote-specitic glucose trans-
porter Pro G (Bradley et ¢f. 1989), as an internal control,
All probes were labeled using [a-**P]JdATP by the random
primer method (Feinberg and Vogelstein 1983).

Transverse alternating field electrophoresis (TAFE).
Letshmania chromosomes were separated using the TAFE
apparatus (GeneLine, Beckman). Cell plugs were prepared
according to the manufacturer’s protocol.

In order to investigate the physical structure of the am-
plified DNA molecules, chromosome plugs of the RV100
cell line were subjected to gamma irradiation (Beverley
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1989). The radiation doses ranged from 3-100 krad. An
ICN GR9 irradiator, with a *'Co source, was employed for
these experiments.

REsuLTS

Characterization of the drug resistance phe-
natype in the selected cell lines. ln order to in-
vestigate the phenomenon of multidrug resis-
tance in L. amazonensis, two independent cell
lines, one resistant to vinblastine (RV100) and
the other to adriamycin (RAS5000), were se-
lected by a stepwise procedure. As shown in
Table 1 the RVI100 cell line is 15-fold more
resistant to vinblastine than the wild-type strain,
whereas the RAS000 cell line is 16-fold more
resistant to adriamycin. We tested RV100 for
resistance to adriamycin and found it to be
6-fold more resistant than the wild-type parental
strain (Table I). Moreover, RV 100 cells are also
8-fold more resistant to verapamil than the wild-
type strain (Table I). These data suggested that
the RV100 cell line exhibits a MDR phenotype.
In contrast, the RA5000 cell line did not exhibit
significant cross-resistance to the unrelated
drug vinblastine (Table I).

Multiple drug resistance mediated by PGP
can be reversed by some calcium channel block-
ers such as verapamil. We thus tested the effect
of verapamil on the resistance of RV 100 to vin-
blastine. When verapamil was used in conjunc-
tion with vinblastine, a 2.5-fold decrease in the
resistance to this drug was observed (Table I).
The verapamil concentration used in these ex-
periments was lower than the ECy, levels esti-

TABLE 1
Drug Resistance in Leishmania amazonensis Cell Lines®

Drug Vinblastine
Cell lines selection EC,,” (fold)
Wild-type — 12 uM
RVI100 Vinblastine 180 uM (15)
RAS5000 Adriamycin 18 uM (1.5)

Reversion of
drug resistance
EC,, (foldy

Adriamycin
EC.," (fold)”

Verapamil
ECs,” (fold)

4 uM —

0.3 uM
1.7 uM (6) 30 uM (8) 80 uM (6
4.8 uM (16) ND ND/

“ These results are representative of two sets of different experiments.

# Effective concentration of drug which inhibits the cell growth by 50%.

“ Fold of drug resistance when compared with wild-type strain.

4 Effective concentration of drug which inhibits the cell growth by 50% in presence of 5 uM verapamil.

“ Verapamil concentration did not inhibit the cell growth.

/Not determined.
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mated for RV 100 cells (Table I). In fact, RV100
cell line growth in the presence of 5 uM vera-
pamil exhibited only 5% of inhibition (data not
shown).

Drug accumulation studies using the fluores-
cent probe rhol23. We used the hydrophobic
fluorescent dye rhol23 to investigate whether
the drug-resistant phenotypes of RV100 and
RAS000 were associated with reduced accumu-
lation of this dye. When incubated with 5 pwg/ml
of rho123 both wild-type and resistant L. ama-
zonensis cells accumulated the dye in a time-
dependent manner until saturation. Maximal ac-
cumulation was achieved after 15 min in the
case of the wild-type cells (data not shown).
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Fluorescence microscopic analysis of cells
treated with 5 ug/ml of rho123 for 60 min dem-
onstrated a remarkable difference in rhol23
staining between wild-type and RV100 cells
(Fig. 1). However, such a difference was not
observed between the wild-type and RAS5000
cell lines (data not shown). A more quantitative
analysis of rhol23 accumulation was obtained
with flow cytometry, which demonstrated that
only 19% of RVI100 cells exhibited fluores-
cence above the baseline compared to the wild-
type and RAS000 promastigotes at 95% and
91%, respectively (Fig. 2).

Determination of rhol23 efflux in wild-trype
and drug-resistant cell lines. Reduced drug ac-

FiG. 1. Staining analysis of wild-type strain (A and B) and RV 100 cell line (C and D), incubated with 5 pg/ml
of rho123 for 60 min. (A and C) DIC images of a suspension of free promastigote cells. (B and D) Corresponding
tfluorescence images of the same fields. All the images were obtained digitally by averaging two video frames,
normalizing the 255 grey value to the brightest cell of B. Arrows in A and B indicate the corresponding cells.
Bar, 10 um for A-D.
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F1G. 2. Rhol23 fluorescence histograms showing the dye
staining of L. amazonensis promastigotes: wild-type strain
(A), RAS000 (B), and RV 100 (C) cell lines, incubated with
5 png/ml of rhol23 for 60 min. The fluorescence intensity
was analyzed by flow cytometry.

cumulation in MDR cells is caused by an in-
creased drug efflux mediated by PGP. There-
fore, we tested the ability of RVI00 cells to
extrude rhol23. Wild-type, RAS5000, and
RV 100 promastigotes were initially loaded with
20 pg/ml of rhol23 for 5 min. After washing
and transferrence to rhol23-free medium, the
level of fluorescence was determined at differ-
ent time points. A dramatic reduction of rho123
staining was observed at 30 and 60 min in
RV100 cells (from 73% at time 0 to 25% and
22%, respectively) (Fig. 3A). However, wild-
type and RASO00 cells sustained high levels of
fluorescence comparable to the initial staining
at all time points tested. The efflux of rho123 by
RV 100 cells was confirmed by means of trans-
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ferrence of supernatant from wild-type,
RAS000, and RV 100 cell lines to wild-type pro-
mastigotes. As predicted, the supernatant of
treated RV 100 cells stained 39% of wild-type
promastigotes, while only 8 and 13% of naive
cells were stained by wild-type and RAS000
supernatant, respectively (Fig. 3B).

Analysis of DNA amplification and RNA
overexpression of a Leishmania mdrl gene.
Southern blot analysis of Sacl-digested DNA
derived from the wild-type, RAS5000, and
RVI00 cell lines with the probe LEMDRO06
demonstrated a stronger 1.7-kb band for
RV100, indicating the amplification of a
lemdr1/ldmdr] homologue (Fig. 4). The amount
of DNA from each line loaded in the gel was
similar, as shown by rehybridization of the filter
with the control probe Pro-Gl.

To evaluate the expression of the mdrl gene
in L. amazonensis wild-type and resistant cell
lines, Northern blot analysis was performed. As
shown in Fig. 5A, the LEMDRO6 probe recog-
nized a 12-kb RNA expressed at high levels in
the RV100 cell line, similar in size to the one
overexpressed in MDR L. donovani and L. en-
riettii (Henderson et al. 1992; Wong ef al.
1994). The membrane was subsequently hybrid-
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Fi1G. 3. Rhol23 efflux experiment of L. amazonensis drug-sensitive and drug-resistant cell lines. (A) Wild-
type strain (@), RA5000 (A), and RV 100 (W) cell lines were incubated with 20 pg/ml of rhol23 for 5 min,
washed with PBS (pH 7.4), and resuspended in rho123-free medium followed by incubation for increasing time
points. (B) The cell-free conditioned medium at the 60-min time point of A, from wild type (filled bar), RA5000
(hatched bar), and RV 100 (open bar), were transferred to recipient untreated wild-type promastigotes which were
incubated for a further 60 min. The fluorescence intensity was analyzed by flow cytometry. These results are

representative of two sets of different experiments.
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FiG. 4. Southern blot analysis of wild-type and drug-
resistant L. amazonensis. Total DNA (5 pg) was digested
with Sacl and separated by 0.8% agarose gel. The gel was
biotted onto a nylon membrane and hybridized, at high
stringency, with the PGP-specific probe LEMDRO06 and
subsequently with the Pro-G1 DNA fragment. W, wild type:
A, RA5000; V, RV100. Pro-G1 and LEMDROG6 indicate the
specific bands recognized by these probes. The molecular
weight markers (kb) are indicated on the right.

ized with the Pro-G1 probe (Fig. 5B). Thus, the
MDR phenotype in the RV100 cell line seems
to be associated with amplification and overex-
pression of the L. amazonensis homologue of
mdrl, hereafter designated lamdrl.
Pulsed-field analysis and purification of the
amplified DNA. Amplified DNAs in drug-
resistant Leishmania are frequently found as ex-
trachromosomal circles (Beverley 1991). These
molecules display a particular eletrophoretic
profile in pulsed-field electrophoresis and there-
fore can be easily identified in chromosome gels
(Beverley 1988). The chromosomal location
and physical nature of the amplified DNA in the
RV 100 cell line was investigated using TAFE
gels. Two high-molecular-weight class chromo-
somes of 1.05 and 0.915 Mb hybridized with the
LEMDRO6 probe in the wild-type, RA5000, and
RV100 cell lines (Fig. 6A). In RV100 DNA an
additional hybridization band migrated between
the 0.375 and 0.45-Mb molecular weight mark-
ers. This band showed a pattern of smeared hy-
bridization with material retained in the gel siot
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compatible with the one displayed by extra-
chromosomal circular DNA (Fig. 6A). To con-
firm the structure of the amplified DNA, chro-
mosomal plugs of RV100 were submitted to
increasing doses of gamma irradiation and an-
alyzed by TAFE. A shift in the mobility of the
bands hybridizing to LEMDRO06 was observed
consistent with the conversion of closed circular
to linear DNA (Fig. 6B). Figure 6B also shows
that the circular amplified DNA of RV100 is
composed of two species: one faster and less
abundant and one slower and more abundant.
The two species are also seen in shorter expo-
sures of the blot in Fig. 6A (data not shown).
These may represent either circles of different
sizes or multimers. The size of the lighter band
(Fig. 6B, 100 krad), around 27 kb, is approxi-
mately half the size of the heavier band, 50 kb.

The circular DNA molecules, named V-cir-

FIG. 5. Analysis of lamdr! expression level. Total RNA
(15 png) of L. amazonensis cell lines was extracted and
separated on a 0.9% agarose—formaldehyde (1.2%) gel. The
gel was blotted onto a nylon membrane and hybridized, at
high stringency, with LEMDRO6 (A), striped. and rehybrid-
ized with Pro-G1 (B). W, wild type; A, RAS000; V, RV100.
The migration of molecular weight markers (kb) is indi-
cated.
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FIG. 6. (A) Chromosomal Southern blot of L. amauzonensis cell lines hybridized with LEMDRO6. Chromo-
somes of L. amazonensis were separated by TAFE electrophoresis for 22 hr, with 1” pulse time. W, wild type;
A, RAS000; V, RVI100. The DNAs marked by arrows correspond to the lamdr! chromosomal copies. SC
indicates the position of the circular DNAs (supercoiled). Yeast chromosomes size markers are indicated on the
left (Mb). (B) Southern blot of TAFE electrophoresis of irradiated chromosome blocks of RV 100, hybridized
with LEMDRO06. Numbers above the lanes correspond to radiation dose (krad). Electrophoresis was carried out
for 12 hr, with a 4-s pulse time. Molecular weight markers are indicated on the right (kb). Chromosomes position

(chr).

cles, were purified by the alkaline lysis method,
followed by a CsCI-EtBr gradient. The super-
coiled fraction was collected, digested with
Bglll, and then separated in a 0.7% agarose ge)
(Fig. 7A, left panel, lane C). The restriction di-
gestion profile of the purified circle matched
that of the extra bands shown in the Bg/II-
digested total DNA, derived from the RVI100
cell line (Fig. 7A, left panel, lane V). The size of
the amplicon, as measured by the sum of the
restriction fragments of the circle digested with
Bglll (Fig. TA, left panel, lane C) and other
restriction enzymes {(data not shown), is calcu-
lated to be approximately 25 kb, in agreement
with the size found above, after the gamma ir-
radiation. The gel in Fig. 7A (left panel) was
transferred and hybridized to LEMDRO6 in or-
der to confirm that the purified circular DNA
corresponded to the amplified DNA of RV100
(Fig. 7A, right panel). Purified circular DNA
and cloned fragments derived from it were used
for the construction of the restriction site map of
the V-circle shown in Fig. 7B.

DiscussioN

We have developed two independent L. ama-

zonensis cell lines: RV100 and RAS000, resis-
tant to vinblastine and adriamycin, respectively
(Table I). The RV 100 cell line exhibited cross-
resistance to the chemically unrelated drug
adriamycin and was also resistant to the
chemosensitizing agent verapamil. In contrast,
the RA5000 lineage was solely resistant to
adriamycin (Table I). Verapamil is a substrate
for PGP and seems to share closely related bind-
ing sites with antitumor drugs (Cornwell et al.
1987; Kiyama et al. 1988; Safa 1988). It has
also been demonstrated that MDR cell lines ex-
hibit a reduced intracellular accumulation of ve-
rapamil, and collateral resistance against this
calcium channel antagonist has been observed
in MDR mouse tumor cells (Yusa and Tsuruo,
1989; Reeve et al. 1989). Our data are in good
agreement with these findings.

The RV100 cells demonstrated a partial re-
versal of resistance by verapamil at 5 uM (Ta-
ble I). The 2.5-fold reversal of drug resistance
observed in RV100 cells was comparable to
those described in MDR mammalian cell lines,
in which verapamil exhibits a wide range of
chemosensitizing activity (reviewed by Ford
and Hait 1990). The fact that in those assays we
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Fi1G. 7. (A) Alkaline lysis purification of the V-circle. The V-circle was isolated by alkaline lysis followed by CsCl-EtBr gradient
centrifugation digested with Bg/ll and separated on a 0.7% agarose gel (left panel). The ge! was blotted onto a nylon membrane and
hybridized. at high strigency, with the LEMDROG6 probe (right panel). W, wild-type total DNA; V, RV100 total DNA; C, alkaline lysis
purified fraction of RV100 DNA. Minicircles that contaminate the V-circle preparation (mc) are indicated. Molecular weights (kb) are
indicated on the right. (B) Restriction site map of purified V-circle. Note that not every site for PstI and Sacl enzymes could be assigned.
The recombination site (novel junction) and localization of lamdr/! gene are indicated.
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used a concentration of verapamil well below
the ECs. (30 uM) exhibited by RV 100 suggests
that the reversal is not due to combined toxicity
of the two drugs used in the experiment. Our
data, however, cannot rule out that the verapam-
il effect is due to an inespecific alteration in the
permeability of RV 100 cells. It is interesting to
note that other groups which described MDR
Leishmania strains could not find this
chemosensitization effect, and the toxic effect
of verapamil in these selected lineages has been
emphasized (Henderson et al. 1992; Chow et al.
1993). However, reversal of drug resistance by
verapamil in kinetoplastids is not unprece-
dented and has been observed in Trypanosoma
cruzi and L. donovani (Neal et al. 1989). This
apparent contradiction may reflect differences
between our L. amazonensis MDR line and the
species and strains used in such studies.
Neyfakh (1988) demonstrated the extrusion
of hydrophobic fluorescent dyes such as rho123
from mammalian drug-resistant cell lines.
Moreover, transfection of human MDR/ gene in
NIH3T3 cell lines leads to the extrusion of
rhol23 by PGP (Weaver et al. 1991). In fact,
rhol23 seems to be an excellent PGP substrate
(reviewed by Gottesman and Pastan 1993). Re-
cently, Nare et al. (1994), using a photoactive
derivative of rhol23, demonstrated the direct
binding of this compound to PGP and mapped
the binding region as a 6-kDa peptide which is
also targeted by other hydrophobic PGP sub-
strates such as vinblastine and verapamil. Using
rho123 as a model substrate, we could clearly
demonstrate that the MDR phenotype of RV100
promastigotes correlates with a very poor accu-
mulation of rho123 (Figs. ! and 2). The reduced
accumulation of rhol23 in RV100 cells is
caused by an increased efflux of this dye, as
determined by the fluorescence levels of
rhol123-loaded cells at several time points after
incubation in dye-free medium (Fig. 3A). Con-
firming that the decrease in staining of RV100
cell lines was due to efflux and not to some type
of metabolization of the dye, the supernatant of
RV100 cells stained untreated wild-type cells
(Fig. 3B). Taken together, these data demon-
strated that the MDR phenotype exhibited by
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RV100 is likely to be caused by increased ex-
trusion of hydrophobic compounds.

Molecular analysis of the RV100 cell line
demonstrated a DNA amplification containing a
gene homologous to the Leishmania mdrl genes
which were found amplified in MDR L. dono-
vani and L. enriettii cell lines initially selected
with vinblastine (Henderson et al. 1992; Chow
et al. 1993) (Fig. 4). This amplified DNA is not
related to other amplifications such as the R and
H regions identified in methotrexate-resistant
Leishmania (Beverley et al. 1984) (data not
shown). The characterization of the L. amazon-
ensis mdrl counterpart, lamdrl, is being carried
out and the partial sequence analysis of this gene
revealed a high homology (85-90% at the amino
acid level) with the other Leishmania mdrl
members (Araripe and Lopes, unpublished).

The DNA amplification observed in the
RV 100 cell line is a circular extrachromosomal
element. This was determined by migration in
TAFE gels under different pulse conditions and
after gamma irradiation (Fig. 6). The estimated
molecular weight of the smallest amplified spe-
cies after linearization by gamma rays is basi-
cally the same as the molecular weight esti-
mated by restriction analysis of purified circular
DNA (27 vs 25 kb). This strongly suggests that
the two species of amplified DNA detected in
pulsed-field gels are monomers and dimers of
an amplification unit. Furthermore, it indicates
that the V-circle is a direct amplification, sim-
ilar in overall structure to most of the amplified
DNAs found in Leishmania (Beverley 1991).
The V-circle of L. enriertii contains 35-40 kb of
amplified DNA (Chow et al. 1993), whereas the
V-circle of L. amazonensis characterized here
encompasses only 25-27 kb of chromosomal
DNA. It is currently unknown how much ho-
mology exists between these amplified ele-
ments beyond the mdr! genes.

Northern blot analysis demonstrated the
overexpression of a 12-kb RNA molecule in
RV100 cells which hybridized with the
LEMDRO6 probe. This transcript was also de-
tected at low levels in both wild-type and
RAS5000 RNAs, suggesting expression of this
gene in wild-type Leishmania cells. Strikingly,
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this RNA is larger than the 4.5- to 5.0-kb tran-
scripts encoding mammalian MDR genes (Chen
et al. 1986; Gros et al. 1986). A similarly large
(10.5—12 kb) mdrl transcript was also found in
vinblastine-resistant L. donovani (Henderson et
al. 1992) and L. enriettii (Wong et al. 1994). In
Plasmodium falciparum, pfmdrl transcripts are
also much larger than the predicted coding re-
gion of the gene (8 vs 4.5 kb) (Foote er al. 1989;
Wilson et al. 1989). The nature of these large
mdr RNAGs in protozoan parasites is unclear and
may contain extensive noncoding sequences.
The coding region of the mdr/ gene in L. enri-
ettii is 3.84 kb (Chow et al. 1993).

The amplification of distinct PGP sequences
found in Leishmania is associated with different
drug-resistant phenotypes. Transfection experi-
ments with the L. major counterpart of pgpA
showed that this gene, when overexpressed, is
able to confer resistance to oxyanions such as
arsenite and trivalent antimony, but not to meth-
otrexate or vinblastine (Callahan and Beverley
1991). The ldmdr! and lemdrl genes, on the other
hand, were implicated by transfection as respon-
sible for the resistance to hydrophobic natural
compounds such as Vinca alkaloids and anthra-
cyclins shown by MDR L. donovani and L. en-
riettii (Henderson et al. 1992; Chow et al. 1993).
Despite the lack of transfection assays for
lamdrl function, we assume, based on the sim-
ilarity between the phenotype of RV100 and the
phenotype of the other MDR Leishmania and on
the high level of homology between the three
mdri genes, that lamdrl overexpression is ulti-
mately responsible for the RV100 MDR pheno-
type. In addition, using probes of other putative
Leishmania mdr genes, such as the PCR-ampli-
fied nucleotide binding sites pLa08 (Gueiros-
Filho et al. 1992) and LEMDRF2 (Henderson ez
al. 1992), we did not detect any other mdr am-
plification in the RV100 genome that could ex-
plain its resistance profile (data not shown).

The adriomycin-resistant RA5S000 cell line
did not demonstrate cross-resistance to the un-
related drug vinblastine and did not extrude the
fluorescent probe rho123. Furthermore, this re-
sistant cell line did not exhibit amplification or
overexpression of any known mdr-like Leish-
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mania genes. The resistance of RAS000 cell line
to adriamycin, which is also a substrate for PGP,
could be due to a PGP-independent mechanism
described in other systems (Deffie er al. 1988).
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