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Leishmania parasites are exposed to pronounced
changes in their environment during their life cycle as
they migrate from the sandtly midgut to the insect proboscis and then into the phagolysosomes of the vertebrate macrophages. The developmental transformations
that produce each life cycle stage of the parasite may be
signaled in part by binding of environmental ligands to
receptors which mediate transduction of extracellular
signals. We have identified a family of five clustered
genes in Leishmania donovani which may encode signal
transduction receptors. The coding regions of two of
these genes, designated rae-A and rae-B, have been sequenced and shown to code for proteins with an NH2 terminal hydrophilic domain, an intervening putative
transmembrane segment, and a COOH-terminal domain
that has high sequence identity to the catalytic domain
from adenylate cyclases in other eukaryotes. We have
expressed the receptor-adenylate cyclase protein (RAC)A protein in Xenopus oocytes and demonstrated that it
functions as an adenylate cyclase. Although RAC-B exhibits no catalytic activity when expressed in oocytes,
co-expression of HAC-A and HAC-B negatively regulates
the adenylate cyclase activity of HAC-A, suggesting that
these two proteins interact in the membrane. Furthermore, a truncated version of HAC-A functions as a dominant negative mutant that inhibits the catalytic activity of the wild type receptor. The rae-A and rae-B genes
encode developmentally regulated mRNAs which are expressed in the insect stage but not in the mammalian
host stage of the parasite life cycle.

Parasitic protozoa of the genus Leishmania experience
markedly different environments as they transit through their
life cycle. Promastigotes live in the midgut of the sandfly vector, infectious metacyclic parasites reside in the mouthparts of
the insect, and amastigotes live within the acidic phagolysosomal vesicles of the vertebrate host macrophages (1). As the
parasite migrates from the midgut to the mouthparts of the
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sandfly and subsequently into the phagolysosomes of the
macrophage, it must be able to sense its changing extracellular
milieu and respond by initiating a developmental transformation that culminates with the establishment of each successive
life cycle stage. Although the factors that induce these developmental transformations are not fully understood, it seems
likely that some environmental signals will act via binding of
ligands to specific receptors in the parasite membrane which
transduce the extracellular signal to the interior of the cell.
However, to date no such ligands or their receptors have been
identified in Leishmania parasites.
Nonetheless, a body of evidence suggests that the second
messenger cAMP is probably involved in signal transduction
events and in life cycle transformations in Leishmania and in
other related kinetoplastid protozoa. Thus, various life cycle
stages contain significantly different intracellular concentrations of cAMP in the related parasites Trypanosoma brucei (2)
and in Trypanosoma cruzi (3). Furthermore, cAMP analogs and
inhibitors of cAMP phosphodiesterase promote the in vitro
differentiation of non-infectious insect stage epimastigotes ofT.
cruzi into infectious metacyclic trypomastigotes (4), whereas
such reagents inhibit the transformation of amastigotes of
Leishmania donovani into promastigotes (5, 6) or of long slender bloodstream forms ofT. brucei into short stumpy forms that
are infectious to the insect (7). Perhaps the strongest case for
the involvement of cAMP in the differentiation ofkinetoplastid
parasites is the observation that peptides which are digestion
products of vertebrate a-globin, and which are found in the gut
of the triatomid insect vector following a blood meal, will activate a membrane-bound adenylate cyclase in non-infectious
epimastigotes of T. cruzi and promote the differentiation of
these epimastigotes into infectious metacyclic trypomastigotes
in vitro (8). These results underscore the importance for parasite development of environmental ligands which probably bind
to receptors and activate adenylate cyclase.
Although the cognate ligands and receptors involved in such
signaling processes have not been identified for any of these
kinetoplastid protozoa, a family of genes encoding adenylate
cyclases have been cloned in T. brucei (9) and in the related
parasite T. equiperdum (10). The proteins encoded by these
genes possess a large extracellular hydrophilic NH2 -terminal
domain which is separated by a putative transmembrane segment from a COOH-terminal domain that bears high sequence
homology to the catalytic domains of adenylate cyclases from
other eukaryotes. These trypanosome genes have been expressed in Saccharomyces cerevisiae where they complement a
temperature-sensitive defect in the yeast adenylate cyclase (10,
11). The structural organization of these trypanosome proteins
suggests that they may be receptors whose NH2 -terminal domains bind specific extracellular ligands that activate the intracellular adenylate cyclase domain. This suggestion is rein-
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forced by the structural similarity between these trypanosome
proteins and several well-characterized receptors from higher
eukaryotes (12). Thus, mammalian atrial natriuretic peptide
receptors bind their ligands via their NH 2 -terminal extracellular domains and activate the cytoplasmic guanylate cyclase
domain (13, 14). However, ligands for these putative trypanosome receptors have not yet been identified, and their specific
role in signal transduction is currently unknown.
The probable role of cAMP in life cycle transformations in
kinetoplastid protozoa has led us to investigate adenylate cyclases in L. donovani. In this paper, we demonstrate that L.
donovani parasites contain a family of genes that encode putative receptor-adenylate cyclases (RACs) 1 that are structurally very similar to the predicted proteins described in T. brucei
and T. equiperdum. Five of these genes are arranged in a
cluster in the L. donovani genome and are expressed as
mRNAs of different sizes. One of these genes have been expressed in Xenopus oocytes and shown to encode a protein that
functions as an adenylate cyclase. These results open the way
to investigating the role of the Leishmania RAC proteins in
signal transduction and their possible involvement in the life
cycle transformations of this parasite. Studies on the RAC
proteins of the intracellular Leishmania parasites may provide
interesting parallels and distinctions compared to the RAC
proteins identified in the extracellular parasites T. brucei and
T. equiperdum.
EXPERIMENTAL PROCEDURES

Growth of Parasites and Isolation ofNucleic Acids-Promastigotes of
either the DI700 (15) or the LV9 strain of L. donouani were cultured in
Dulbecco's modified Eagle's-L medium (15) containing 5% heat-inactivated fetal calf serum (Life Technologies, Inc.) and 5% bovine embryonic
fluid (Sigma) at 27 °C. For preparation of LV9 amastigotes, J774-G8
macrophage-like cells were cultured in plastic tissue culture flasks
containing RPMI medium supplemented with 20 mM HEPES (Sigma),
pH 7.3, and 20% heat-inactivated fetal calf serum at 37 oc in the
presence of 5% C0 2 and were infected with promastigotes at a multiplicity of -10 parasites/cell. After 24 h the medium and remaining
promastigotes were aspirated, the adherent cells were washed twice
with sterile phosphate-buffered saline, fresh medium was added to the
culture, and the infection was continued for a further 24 h. Cells were
removed from the tissue culture flask by scraping with a rubber policeman and were lysed by passage through a 30-gauge needle 20 times to
achieve -95% breakage of cells, as monitored by staining with Trypan
Blue. The liberated amastigotes were purified on a Percoll gradient as
described (16), and RNA was prepared immediately. Total parasite RNA
was prepared by the guanidinium isothiocyanate-phenol method (17).
Polymerase Chain Reaction-Degenerate oligonucleotides were purchased from Oligos Etc. and utilized in the PCR to amplify regions of the
adenylate cyclase conserved catalytic domain from genomic DNA of L.
donouani. The conserved peptide sequences and the oligonucleotides
(bases in parentheses represent degenerate positions) designed from
them were: peptide 1, TLIFTDI; oligonucleotide 1, AC(T/G/CJCT(T/C/
G)AT(TIC)TT(T/CJAC(T/G/C)GA(T/C)AT; peptide 2, EVKTVGD; oligonucleotide 2, GA(G/A)GT(T/G/CJAAGAC(T/G/C)GT(T/GIC)GG(T/G/CJGA; peptide 3, GDSFMIA; oligonucleotide 3 (reverse complement),
GCCNGJATCAT(NG)AA(G/NC)(G/C)(T/A)(NG)TC(G/C/AlCC; peptide
4, RVGIHTG; oligonucleotide 4 (reverse complement): CC(G/NC)GT(N
G)TG{NG)AT(GINC)CC(G/NC)AC(G/NC)C(G/T). The degeneracies in
these oligonucleotides were selected on the basis of the codon biases of
previously sequenced Leishmania genes (18). The PCRs were performed
in a total volume of 50 ,..,1 and contained 10 mM Tris, pH 8.3, 50 mM KCl,
3 mM MgCl 2 , 200 ILM each dNTP, 2 ILM each oligonucleotide, 2 ILg of
genomic DNA from the Dl700 strain of L. donouani, and 1 unit of Taq
Polymerase (Promega). Each PCR was performed on a Perkin Elmer
DNA Thermal Cycler utiHzing 30 cycles with a 95 oc melting temperature for 1 min, a 30 oc annealing temperature for 90 s, a 72 oc extension
temperature for 1 min, with a final incubation at 72 oc for 5 min.
1
The abbreviations used are: RAC, receptor-adenylate cyclase protein; rae, receptor-adenylate cyclase gene or mRNA; PCR, polymerase
chain reaction; bp, base pairs; CFTR, cystic fibrosis transmembrane
conductance regulator; kb, kilobase(s).

Isolation of Adenylate Cyclase Cosmid Clones-A library generated
from a Sau 3A partial digest of genomic DNA from L. donouani strain
Dl700 and cloned into the cosmid vector SuperCos1 (Stratagene) was
obtained from Dr. Buddy Ullman (Oregon Health Sciences University,
Portland, OR) and screened with the 175-bp PCR product obtained
using oligonucleotides 1 and 3. The product of this PCR was purified by
phenol-chloroform extraction, and -150 ng was radiolabeled with
[a-32 [P]dATP (New England Nuclear) using random oligonucleotide
priming (19). Four nylon filters (Schleicher and Schuell) containing
approximately 2,000 colonies each were screened by filter hybridization
(20) uitlizing the radiolabeled PCR fragment at a concentration of 2 X
105 counts/min ml- 1 , and eight positive clones were colony purified for
further analysis. Two of these positive cosmid clones, AC6 and AC9,
which contained between them the entire rae gene family, were selected
for detailed analysis.
DNA Sequencing-Segments ofthe AC6 and AC9 cosmids containing
the coding regions of the rae-A and rac-B genes were subcloned into the
plasmid vector Bluescript SK + (Stratagene), and nested deletions were
prepared by digestion with exonuclease III as described previously (21).
Single-stranded DNA was prepared from these deletions (22) and sequenced by the dideoxy chain terminating method (23), as described
(21). In addition, some regions were sequenced utilizing synthetic oligonucleotides complementary to known regions of sequence. All sequences were obtained from both strands of the DNA. The partial
sequences of RAC-C and RAC-D were obtained from double-stranded
plasmid DNA using an A.L.F. automated DNA Sequencer (Pharmacia),
and RAC-E partial sequence was obtained from double-stranded DNA
by manual sequencing.
Adenylate Cyclase Probes-The AC-B probe was a 1.9-kbPstl restriction fragment from rac-B encoding amino acids 545-1174 (Fig. 1). This
probe contains part of the conserved adenylate cyclase catalytic domain
and part of the extracellular domain ofRAC-B. The 1.4-kb AC-CD probe
representing the conserved adenylate cyclase catalytic domain of
RAC-A was prepared using the PCR and a forward primer (20-mer)
initiating immediately downstream from the second putative transmembrane segment (II in Fig. 1) and a reverse primer initiating at the
RAC-A stop codon and proceeding upstream for 20 nucleotides. The
probes for the 3'-untranslated regions of rae-A and rac-B were a 1.0-kb
EcoRI!Sali fragment and a 410-bp NheiiXhoi fragment, respectively,
initiating -100 bp downstream from each stop codon. Hybridizations of
Southern and Northern blots were performed in 50% formamide, 5 xx
SSC, 10 x Denhart's solution, 0.1% SDS, 5 mM EDTA at 42 °C, and
washes were performed in 0.1 x SSC, 0.1% SDS, 5 mM EDTA at 55 °C.
Expression of rae-A and rac-B mRNAs in Xenopus oocytes-For expression of rae mRNAs, the protein coding regions of rae-A and rac-B
were subcloned into the oocyte expression vector pL2-5 (24). Capped
transcripts were synthesized from these vectors utilizing T7 RNA polymerase as described previously (25). Approximately 0.5 ng of each
transcript, as well as 2.5 ng of transcript from a similar plasmid containing the coding region of the CFTR chloride channel, were injected
into defolliculated stage V-VI oocytes from X. laeuis as detailed previously (25). After 4-5 days of incubation at 17 oc in ND-96 buffer
containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCI 2 , 1 mM MgCl 2 , 5 mM
HEPES, pH 7.4, membrane currents were measured from each oocyte
using the two-microelectrode voltage clamp technique (26).
Construction of a Dominant Negative Deletion Mutant of rae-A-For
expression of a dominant negative version of the RAC-A protein, RACAA, the plasmid containing the rae-A insert within the pL2-5 plasmid
was digested with Xhol, religated, and transformed into bacteria. Plasmids prepared from individual colonies were tested by restriction digestion to identify those which were missing the terminal 0.7-kb Xhol
fragment and hence were missing the sequence encoding the 218
COOH-terminal amino acids of RAC-A. This plasmid was transcribed
with T7 RNA polymerase, and the RNA was microinjected into oocytes
as described above.
cAMP Assays-Quantitation of cAMP was performed using the radioimmunoassay kit from Biomedical Technologies Inc. and the manufacturer's instructions. Oocytes were injected with 5 ng of either RAC-A
or RAC-B cRNA and incubated in ND-96 for 3 days. Lysates were
prepared from 15 oocytes containing each RNA and from 15 uninjected
oocytes as follows. Each batch of oocytes was homogenized in 270 ,..,1
10% trichloroacetic acid using a pestle and a microcentrifuge tube. This
homogenate was clarified by centrifugation for 5 min in an Eppendorf
microcentrifuge (Brinkmann Instruments, Inc.) for 5 min at 14,000
revolutions/min. The supernatant was extracted three times with 5 volumes of water-saturated ether, residual ether was removed by heating to
50 oc for 30 min, and the samples were stored at -20 °C. Aliquots of each
lysate were diluted and assayed in duplicate by radioimmunoassay.
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Predicted (42) transmembrane segments
I and II are indicated by underlining. The
alignments were generated using the program PILEUP (43).
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I

FIG. 1. Comparison of deduced
amino acid sequences for RAC-A and
RAC-B and alignment with T. brucei
GRESAG4.3. Numbers at the right specify the last amino acid in each line. Vertical lines indicate identical amino acids.
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RESULTS

Cloning and Sequencing of Adenylate Cyclase Genes from
Leishmania donovani-A PCR-based strategy was used to
clone receptor-adenylate cyclase genes from L. donovani based
on the assumption that they would contain sequences related
to those found in the highly conserved catalytic domains of the
trypanosome proteins (9, 10). We chose four highly conserved
peptides (see "Experimental Procedures") present in the
trypanosome cyclases in order to design degenerate oligonucleotide primers (oligonucleotides 1-4). When these oligonucleotides were used in the PCR (27) in conjunction with
genomic DNA from L. donovani, L. mexicana, or L. enriettii,
they amplified DNA fragments of sizes 175 bp (oligonucleotides
1 and 3), 275 bp (oligonucleotides 2 and 4), and 400 bp (oligonucleotides 1 and 4) (data not shown). These are the sizes of
fragments that would be predicted for PCR amplification from
DNA sequences closely related to the catalytic adenylate cyclase domains of the trypanosome genes, and these results
suggested that L. donovani does contain genes related to the
trypanosome adenylate cyclases.

I II

II

I I

To determine the detailed structure of the Leishmania genes,
we radiolabeled the 175-bp PCR fragment and used this reagent as a probe to screen a cosmid library of L. donovani
genomic DNA. Two hybridizing cosmid clones, designated AC6
and AC9, were chosen for detailed structural analysis. The
results of this analysis (see below and Fig. 3B) reveal that these
two overlapping clones contain five clustered adenylate cyclase
genes. Two of these genes, designated rae-A and rac-B, were
then chosen for complete sequence analysis. The DNA sequence
for each of these genes has been entered into the GenBank data
base (rae-A and rae-B), and deduced protein sequences of rae-A
and rac-B and their alignments with the T. brucei receptoradenylate cyclase GRESAG4.3 (9) are shown in Fig. 1. The
sequences of the RAC-A (1380 amino acids) and RAC-B (1331
amino acids) proteins clearly reveal that they are members of
the receptor-adenylate cyclase family and are closely related in
sequence and structure to the trypanosome proteins that are
members of this family. RAC-A and RAC-B both contain: (i) a
putative transmembrane segment near the NH 2 terminus (underlined sequences marked I in Fig. 1), (ii) a large (approxi-
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mately 830 amino acid) hydrophilic domain that follows this
first transmembrane segment, (iii) a second putative transmembrane segment (underlined sequence marked II in Fig. 1),
and (iv) a COOH-terminal hydrophilic domain with a high
degree of identity to the conserved catalytic domain of eukaryotic adenylate cyclases. In addition to these structural similarities, there is a high degree of sequence identity between the
trypanosome proteins and the RAC-A and RAC-B proteins.
Direct comparison between each of the three proteins indicates
that RAC-A is 30.6% identical to the T. brucei GRESAG4.3
receptor-adenylate cyclase, RAC-B is 31.2% identical to this
trypanosome protein, and RAC-A is 55.5% identical to RAC-B.
The highest degree of identity occurs over the conserved catalytic domains which are 52.7% identical between RAC-A and
GRESAG4.3, 52.4% identical between RAC-B and GRESAG4.3, and 88.0% identical between RAC-A and RAC-B.
Within the putative extracellular domains, the identities between the RAC-A, RAC-B, and GRESAG4.3 are clustered in
islands of high identity separated by stretches of low identity.
There are several other structural features that are worthy
of comment. First, it is not clear whether the first putative
transmembrane segment is retained in the mature proteins
and tethers the NH 2 terminus to the membrane or whether it
is cleaved during maturation of the polypeptide, as is the case
in the structurally related atrial natriuretic peptide receptor
(14). However, analysis of these sequences using von Heijne's
algorithm (28) reveals a high similarity to known signal sequence cleavage sites at residue 53 ofRAC-A and 59 ofRAC-B,
suggesting that these NH 2 -terminal hydrophobic sequences
may be removed during processing. Second, RAC-A and RAC-B
both contain multiple consensus sequences for asparaginelinked glycosylation (29) (not shown), both in the putative
extracellular domains and within the RAC-A conserved catalytic domain. However, the extent to which the RAC-A and
RAC-B proteins are modified by glycosylation is currently unknown. Finally while the adenylate cyclase catalytic domains
are highly conserved, the extreme COOH terminus of RAC-A
(amino acids 1307-1380) and RAC-B (amino acids 1315-1331)
bears no similarity to each other, suggesting that antibodies
directed against these sequences should be able to specifically
recognize each distinct isoform and may be useful for studies on
subcellular localization of each protein.
Functional Expression of RAC-A and RAC-B Proteins in Xenopus oocytes-Although the rae-A and rac-B genes encode
proteins with pronounced sequence similarity to known adenylate cyclases, it is nonetheless important to demonstrate experimentally that these Leishmania proteins possess adenylate
cyclase activity. A strategy that was employed successfully
with the adenylate cyclase genes from T. brucei and T. equiperdum was to complement a temperature sensitive adenylate
cyclase mutant of S. cerevisiae by transformation with the
trypanosome gene and demonstrate the ability of the recombinant yeast to grow at the non-permissive temperature. However, in similar experiments, we were unable to complement
either temperature-sensitive or missense mutants of the yeast
cyr1 adenylate cyclase gene; hence, we attempted expression of
rae-A and rac-B in Xenopus oocytes. This novel approach involves co-expression of the rae gene with -the human CFTR
gene, which encodes a chloride channel that is stimulated by
phosphorylation of its regulatory domain via the cAMP-activated protein kinase A (30). Hence, if the rae genes encode
functional adenylate cyclases, their co-expression in oocytes
with CFTR will increase the intracellular cAMP, activate protein kinase A, stimulate the chloride channel activity of CFTR,
and induce an increased current of Cl- ions that can be measured by voltage clamping the oocytes. The results of one such
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FIG. 2. Adenylate cyclase activity of rae-A expressed in Xenopus oocytes. A, the cAMP-mediated activation of the CFTR Cl- chan-

nel was measured by a two-electrode voltage clamp experiment. Oocytes were injected with RNA encoding CFTR alone (squares), RAC-A
alone (open circles), RAC-A plus CFTR !filled circles), or uninjected
controls (crosses). After incubation for 4-5 days, each oocyte was impaled with two electrodes and continually superfused with ND96 buffer.
Each data point represents the steady state current (mean ± S.E., n =
3-4) at the indicated potential. Currents were recorded during a 250 ms
pulse from a holding potential of -60 mV to the indicated test potential.
B, the level of cAMP present in uninjected (nude) oocytes or in oocytes
injected with 5 ng of cRNA encoding RAC-A (RAC-A), RAC-B (RAC-B),
or RAC-AL\ (RAC-AL\), or with cRNAs encoding both RAC-A and RAC-B
(RAC-A + RAC-B), or RAC-A and RAC-M (RAC-A + RAC-AL\) was
measured by radioimminoassay. The measurements were performed on
lysates from 15 pooled oocytes of each type and represent the averages
of two cAMP determinations. The largest difference between duplicates
was in the RAC-A expressing oocytes, where the standard deviation was
135 pmol oocyte_,_

experiment are shown in Fig. 2A. Oocytes that were injected
with both rae-A and CFTR mRNAs (filled circles) exhibited
increased transmembrane conductance compared to oocytes
that were uninjected (crosses), injected with CFTR mRNA only
(squares), or injected with rae-A mRNA only (open circles). This
conductance increase exhibited a reversal potential of -25 to
-30 mV, corresponding to the Cl- equilibrium potential in
Xenopus oocytes. This result strongly suggests that the RAC-A
protein does possess adenylate cyclase activity which results in
a CFTR-mediated Cl- conductance increase. It is noteworthy
that this adenylate cyclase activity is present in the absence of
any exogenous ligands which might bind to the RAC-A extracellular domain and stimulate catalytic activity. A similar observation of enzymatic activity in the absence of added ligands
was also reported for the trypanosome proteins expressed in
yeast (10, 11). Co-injection of several batches of oocytes with
mRNAs encoding the rac-B protein and the CFTR protein produced no statistically significant increase in Cl- conductances.
These results suggest the possibility that there is no basal
enzymatic activity ofRAC-B in the absence of ligand or that it
is significantly lower than that of RAC-A.
To confirm the results obtained by electrophysiology, we
have assayed oocytes expressing RAC-A and RAC-B by a more
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conventional radioimmunoassay (Fig. 2B). This quantitation
reveals that rae-A-injected oocytes accumulate significantly
more cAMP than control uninjected oocytes but that cAMP
levels are not elevated in rac-B injected oocytes. Furthermore,
co-expression of RAC-A and RAC-B in the same oocytes led to
a marked attenuation of the adenylate cyclase activity compared to the level observed in RAC-A expressing oocytes. To
confirm that attenuation of RAC-A activity was not simply due
to some contaminant in rac-B RNA which either degraded
rae-A cRNA or inhibited its translation, we co-expressed rac-B
RNA with cRNA encoding a Leishmania myo-inositol transporter. The co-expressing oocytes exhibited myo-inositol transport activity that was equivalent to that of oocytes injected with
the transporter RNA only (data not shown); hence, the rac-E
RNA does not contain an inhibitor t hat prevents expression of
other co-injected RNAs. The inhibition or the RAC-A adenylate
cyclase by RAC-B has been confirmed in three independent
experiments and suggests that the RAC-B protein may interact
with the RAC-A protein to negatively regulate its adenylate
cyclase activity.
Expression of a Dominant Negative Form of RAC-A- Dominant negative forms of many signal transduction receptors can
be prepared by expressing truncated proteins containing deletions in the cytoplasmic domain involved in transducing the
signal (3 1). Thus, deletion of part of the guanylate cyclase
domain of the ANP receptor generates a truncated receptor
that oligomerizes with the wild type protein and inhibits the
guanylate cyclase activity of the complex (32). We have prepared a truncated version of the rae-A gene that encodes a
receptor, the RAC-M protein, that terminates at amino acid
1162 of the RAC-A protein and which is missing the last 218
amino acids of the adenylate cyclase catalytic domain. Coexpression of this truncated receptor with the wild type RAC-A
protein (Fig. 2B, RAG-A + RAC-A6.) markedly inhibits the
adenylate cyclase activity of RAC-A. In control experiments
similar to those described above, the co-expression of rac-A6.
RNA with inositol transporter RNA failed to inhibit functional
expression of the transporter protein. Hence RAC-A6. functions
as a dominant negative receptor, strongly suggesting that the
wild type and deleted proteins physically interact in the oocyte
membrane.
Genomic Arrangement of rae Genes-The existence of related
but distinct rae-A and rac-B genes raises the question of how
many members there are within this gene family. Since the
catalytic domains of rae-A and rac-B are highly conserved, as is
the case for adenylate cyclase genes in other eukaryotes (33), a
probe containing this domain should be able to detect other
family members. Consequently, we utilized a 1.9-kb Pstl fragment from rac-B (AC-B probe) containing part ofthis conserved
domain to probe a Southern blot containing Pstl digests of L.
donouani genomic DNA and of AC6 and AC9 cosmid DNA. This
blot (Fig. 3A) reveals five distinct bands of hybridization in
genomic DNA marked A through E; bands A-D are also present
in AC9 DNA, and bands B, C, and E are present in AC6 DNA.
(In this nomenclature, the bands designated A and B are those
derived from the rae-A and rac-B genes, respectively.) These
results imply that the AC6 and AC9 inserts overlap, .and that
these cosmids contain between them all five hybridization
bands present in the genomic DNA. This pattern suggests that
the L . donouani genome contains at least five a deny late cyclase
genes which are clustered together and hence present on two
overlapping cosmid clones. Clustered arrays of functionally
related genes are common among the kinetoplastid protozoa
such as Leishmania and Trypanosoma and appear to comprise
single transcription units which are synthesized as polycistronic precursor RNAs (34).
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FIG. 3. Genomic arrangement of rae genes in L. donovani. A,
Southern blot showing Pstl digested DNA from L. donouani strain
DI700 genomic DNA (genomic) or from cos mid clones AC9 and AC6. The
blot was probed with the 1.9-kb Pstl fragment of rac·B encoding part of
the conserved adenylate cyclase catalytic domain (AC-B probe, "Experimental Procedures"). Numbers (kilobase pairs) at the left indicate
the mobility of DNA molecular weight markers. Letters A-E indicate the
five hybridizing Pstl fragments present in both genomic DNA and in the
cosmid inserts. B , restriction map of the rae gene cluster indicating
the exact (rac·A and rac·B ) or approximate (rac-C, rac·D and rac-E)
locations of the rae gene coding regions. The restriction map wa generated from single and multiple digestions with different restriction
enzymes (A, Asel; B, Bglii; D, Dral; E , EcoRI; N , Notl; P, Pstl ; S , Spel).
Sites with asterisks denote a pat"tial restriction map for this enzyme,
indicating that other sites exist within the insert which have not been
mapped. Hatched bars at the top of the figure indicate the positions of
the inserts for the AC6 and AC9 cosmid clones. The open letters A·E
underneath the restriction map define the location of the rae-A through
rac-E ge nes. The positions of the coding regions of rae-A and rac·B (open
boxes ) are known precisely from the restriction maps and the DNA
sequence of these coding region . The arrows underneath these boxes
indicate the direction of transcdption for these genes. The position of
the 2.7-kb Pstl fragment containing the adenylate cyclase conserved
catalytic domain of rac·E (black box ) is known because a Pstl restriction
fragment of this size that hybridi zes to an a denylate cyclase catalytic
dom ain probe (AC-CD probe, "Experimental Procedures") is present at
this location in the restriction ma p. Hence, this box defines the approximate position of the adenyl ate cyclase domain of rae· E. The 1.6-kb Pstl
fragment from rac-C is located between the EcoRI site and the right
hand terminus of AC6; this region is shown as a cross· hatched box. The
1.2-kb Pstl restriction fragment from rac-D that hybridizes to the adenylate cyclase probe is contained within the EcoRI!Bglii restt;ction
fragment of AC9, but is not present in AC6; hence, its approximate
location is also hown as a cross-hatched box.

To further investigate the arrangement of the multiple rae
genes, we have constructed a restriction map of the AC6 and
AC9 inserts, and we have mapped the locations of the adenylate cyclase genes by hybridization of restriction fragments to a
second probe (AC-CD probe) derived exclusively from the conserved catalytic domain (Fig. 3B). This restriction map confirms that AC6 and AC9 do overlap and defines the precise
location of rae-A and rac-B as well as the approximate locations
of three other rae genes, designated rac-C, rac-D, and rac-E.
Thus the open boxes in Fig. 3B represent the protein coding
regions of rae-A and rac-B , as defined by the sequences of the
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FIG. 4. Partial deduced amino acid
sequences derived from cloned Pstl
fragments encoding RAC-C, RAC-D,
and RAC-E. Each subcloned Pstl insert
was partially sequenced from each terminus, and the deduced amino acid sequences were aligned with either RAC-A
or RAC-B. In addition, an internal segment of the RAC-E insert was sequenced
using an internal oligonucleotide primer.
Amino acid identities are indicated by
vertical lines. These sequences aligned
with either the extracellular domain
(RAC-C aligned maximally with RAC-A,
whereas RAC-D and RAC-E aligned maximally with RAC-B) (A) or the catalytic
adenylate cyclase domain ofRAC-B (B). A
schematic diagram (C) shows the regions
ofRAC-A and RAC-B that are homologous
to the sequenced segments of RAC-C,
RAC-D, and RAC-E. ECD refers to the
extracellular domain, TMD to the transmembrane domain, and ACD to the adenylate cyclase catalytic domain.
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subclones and the locations of specific restriction sites. These
results also define the direction of transcription for these two
genes (arrows under each gene) and the probable direction for
transcription of the gene cluster. Together, these results suggest that there are five related rae genes located within this
single cluster.
To confirm the existence of three additional rae genes, we
subcloned the Pstl fragments containing rac-C, rac-D, and
rac-E and obtained partial DNA sequence from the termini of
these subclones. The deduced amino acid sequences derived
from one terminus of each subclone show pronounced similarity to the extracellular domains ofRAC-A and RAC-B (Fig. 4A),

whereas the deduced amino acid sequence derived from the
other terminus of each clone shows identity to the adenylate
cyclase catalytic domain of RAC-B (Fig. 4B). The similarities
between each of the RAC proteins is shown schematically in
Fig. 4C. These results confirm that each of these genomic
fragments represents another rae gene and that there are five
tandemly arrayed genes in this cluster. The limited sequence
from RAC-E is identical to the corresponding regions ofRAC-B,
suggesting that these two proteins may be very closely related
to each other; however, the presence of an additional Pstl site
in rac-B reveals that there is at least one polymorphism at the
DNA level that generates the two differently sized rac-B and
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FIG. 5. Northern blots showing expression of rae mRNAs in
promastigotes and amastigotes of L. donovani. Total RNA (10 !J-g)
from promastigotes (P ) and amastigotes (A ) of the LV9 strain of L .
donouani was separated on a 1.2% agarose-formaldehyde gel , blotted
onto a nylon filter, and hybridized with probes representing the adenylate cyclase conserved catalytic domain (AC, hybridized with the AC-CD
probe), or the 3' -untranslated regions of rae-A (rae-A ) or rac-B (rae-B ).
To demonstrate that lanes contained similar amounts of total RNA, one
of these blots was rehybridized with a rRNA (44) probe (rRNA ). Numbers at the left indicate the mobility of RNA molecular weight markers
indicated in kilobases.

rac-E Pstl fragments observed on the genomic Southern blot
(Fig. 3A).
Furthermore, the concordance between the five hybridizing
Pstl fragments present in genomic DNA (Fig. 3A) and the five
hybridizing Pstl fragments present in the AC6 and AC9 cosmid
clones suggests t hat either: (i) this cluster contains all the
adenylate cyclase genes present in the L. donovani genome, or
that (ii) any other adenylate cyclase genes that might exist do
not hybridize to the probe containing the conserved catalytic
domain under the hybridization conditions used here and
h ence are relatively divergent in sequence. Another result
which is consistent with a single clustered arrangement of
adenylate cyclase genes is the observation (not shown) that
Southern blots from pulsed-field gels (35) of L. donouani chromosomes reveal a single band of hybridization to the adenylate
cyclase probe representing a chromosome of - 850 kilobase
pairs.
Expression of rae mRNAs during the Leishmania Life Cycle- To define the expression of the rae-A and rac-B mRNAs
during the parasite life cycle, we have hybridized Northern
blots containing equal amounts of total promastigote and
a mastigote RNA with probes representing the conserved adenylate cyclase catalytic domain and t he unique 3' -untranslated regions of each mRNA (Fig. 5). These blots reveal that the
rae-A ( - 9 kb) and rac-B (- 5 kb) mRNAs are expressed in
promastigotes but are not detectable in amastigotes; hence,
these are developmentally regulated mRNAs. Rehybridization
of these blots with a rRNA probe confirms that similar amounts
of promastigote and amastigote RNA were present in each
lane. The conserved adenylate cyclase catalytic probe hybridizes to bands of sizes - 5, - 7, and - 9 kb, revealing that there
are at least three different adenylate cyclase mRNAs. This
probe also hybridizes to a - 5 kb band present at a low level in
the amastigote RNA, suggesting that one of the rac-C, -D , or-E
mRNAs may be expressed in amastigotes and may comigrate
with the rac-B mRNA.
DISCUSSION

The results presented here demonstrate that Leishmania
parasites possess a family of putative receptor-adenylate cyclases that are related in structure to those described in th e
trypanosomes and that bear structural similarities to receptors
with known ligands and functions from higher eukaryotes.
Consequently, this family of probable receptors exists in kinetoplastid parasites that exhibit an intracellular mode of existence within their mammalian hosts and is not restricted to
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trypanosomes that live free in the bloodstream or to Kinetoplastida such as T. brucei and T. equiperdum that undergo
antigenic variation as a mode of immune evasion. The two most
significant questions that now require examination are: (i)
what specific role do these putative receptors play in signal
transduction, and (ii) what ligands do they recognize?
One possible role for the RAC proteins in signal transduction
could be to bind ligands present in the insect vector or inside
the host macrophages and induce a life cycle switch by elevating intracellular cAMP. The potential analogy to T. cruzi,
where peptide ligands present inside the insect gut activate
parasite adenylate cyclase and promote the developmental
transformation between non-infectious epimastigotes and infectious metacyclics (8), is obvious. It may be possible to assess
the role of the RACs in development or in other physiological
processes by genetic approaches, either by performing targeted
gene disruptions (36) of individual rae genes, or by generating
dominant negative mutants of these genes and overexpressing
these altered polypeptides within the parasites. Finally, extensive studies on various RAC family members will be required to
determine whether they all function in closely related signal
transduction pathways and recognize different but possibly related ligands, or whether each RAC transduces a different signal
with a distinct effect on parasite biochemistry and physiology.
The observation that co-expression of RAC-B markedly inhibits the adenylate cyclase activity of RAC-A (Fig. 2B) suggests an intriguing mechanism for receptor function. These two
proteins may oligomerize in the membrane to maintain the
innate adenylate cyclase activity ofRAC-A in a repressed state.
This repression might then be relieved by binding of ligand to
the hetero-oligomer. If this interpretation is correct, it should
be possible to detect complexes between RAC-A and RAC-B
using specific antibodies against each protein or by epitope
tagging individual receptors (32). Furthermore, the observation that the truncated RAC-M protein functions as a dominant negative receptor (Fig. 2B) strongly suggests that these
proteins oligomerize within the membrane and can affect the
catalytic function of oth er members of the complex. The development of a dominant negative mutant of the rae-A gene also
provides a genetic tool which may be used to illuminate the
biological function of these receptors in the pa rasite.
Ligands for orphan receptor-guanylate cyclases have been
identified in several higher eukaryotes (37-40), usually by
assaying crude extracts for ability to stimulate guanylate cyclase activity in a target tissue followed by biochemical purification of the active peptide. By analogy, it may be possible to
search for potential ligands for the RAC proteins by applying
extracts of macrophages or of sandflies to intact parasites or to
a heterologous system expressing individual rae genes and
assaying for an increase in adenylate cyclase activity. The
assay that we have used for detection of RAC-A adenylate
cyclase activity involving activation of the co-expressed CFTR
channel, or the more conventional radioimmunoassay, may be
useful for identifying ligands for each putative receptor. Thus
application of a mixture containing a ligand to oocytes expressing RAC-A or RAC-B or co-expressing both proteins may increase the cAMP level above that observed in the absence of
ligand.
The observation th at rae-A and rac-B mRNAs are detectable
in promastigotes but not amastigotes implies that these putative receptors function either in the insect or during the transformation between the insect and the macrophage stage of the
parasite life cycle. If these proteins are involved in developmental transitions, they could function in the switch between noninfectious procyclic and infectious metacyclic promastigotes (41),
or they could promote the differentiation of promastigotes to
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amastigotes by interacting with a ligand present in macrophages.
Clearly many questions remain to be answered concerning
the functions of the rae genes and their protein products. At
present, the RACs represent orphan receptors identified by
molecular genetics but with unknown biological functions.
However, as the first putative signal transduction receptors
identified in Leishmania or related kinetoplastids (9, 10), these
proteins provide the opportunity to study signal transduction
and its potential role in the life cycle of these medically important and biologically interesting parasites.

15.
16.
17.
18.
19.
20.
21.
22.
23.

Acknowledgments-We thank Weibin Zhang for isolation and injection of Xenopus oocytes, Mark Drew for performing control experiments
involving inositol transport assays on oocytes, and Richard Burchmore
for culturing amastigotes of L. donovani. We also thank Buddy Ullman
for thoughtful comments on this manuscript.

24.

REFERENCES

27.

1. Chang, K.-P. (1990) in Modern Parasite Biology (Tyler, D. J., ed) pp. 79-90, W.
H. Freeman and Co., New York
2. Mancini, P. E., and Patton, C. L. (1981) Mol. Biochem. Parasitol. 3, 19-31
3. Rangel-Aldao, R., Allende, 0., Triana, F., Piras, R., Henriquez, D., and Piras,
M. (1987) Mol. Biochem. Parasitol. 22, 39-43
4. Gonzales-Perdomo, M., Romero, P., and Goldenberg, S. (1988) Exp. Parasitol.
66,205-212
5. Walter, R. D. (1981) in The Biochemistry of Parasites (Slutzky, G. M., ed) pp.
152-167, Pergamon Press, New York
6. Walter, R. D., and Opperdoes, F. R. ( 1982) Mol. Biochem. Paras ito/. 6, 287-295
7. Reed, S. L., Fierer, A. S., Goddard, D. R., Colmerauer, M. E. M., and Davis, C.
E. (1985) Infect. Immun. 49, 844-847
8. Fraidenraich, D., Pena, C., Isola, E. L., Lamme!, E. M., Coso, 0., Anel, A. D.,
Pongor, S., Baralle, F., Torres, H. N., and Flawia, M. M. (1993) Proc. Natl.
Acad. Sci. U.S. A. 90, 10140-10144
9. Alexandre, S., Paindavoine, P., Tebabi, P., Pays, A., Halleux, S., Steinert, M.,
and Pays, E. (1990) Mol. Biochem. Parasitol. 43, 279-288
10. Ross, D. T., Raibaud, A., Florent, I. C., Sather, S., Gross, M. K., Storn, D. R.,
and Eisen, H. (1991) EMBO J. 10, 2047-2053
11. Paindavoine, P., Rolin, S., Van Assel, S., Geuskens, M., Jauniaux, J., Dinsart,
C., Huet, G., and Pays, E. (1992) Mol. Cell. Bioi. 12, 1218-1225
12. Garbers, D. L., Koesling, D., and Schultz, G. (1994) Mol. Bioi. Cell 5, 1-5
13. Chinkers, M., Garbers, D. L., Chang, M.-S., Lowe, D. G., Chin, H., Goedde!, D.
V., and Schulz, S. (1989) Nature 338, 78-83
14. Chang, M.-S., Lowe, D. G., Lewis, M., Hellmiss, R., Chen, E., and Goedde!, D.

28.
29.
30.

25.
26.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

V. (1989) Nature 341, 68-72
Iovannisci, D. M., and Ullman, B. (1983) J. Parasitol. 69, 633-636
Chang, K.-P. (1980) Science 209, 1240-1242
Chomczynski, P., and Sacchi, N. (1987)Anal. Biochem. 162, 156-159
Langford, C. K., Ullman, B., and Landlear, S. M. (1992) Exp. Parasitol. 74,
360-361
Feinberg, A. P., and Vogelstein, B. (1983) Anal. Biochem. 132, 6-13
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A
Laboratory Manual, 2nd Ed., Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY
Cairns, B. R., Collard, M. W., and Landfear, S.M. (1989) Proc. Nat/. Acad. Sci.
U.S.A. 85,2130-2134
Viera, J., and Messing, J. (1987) Methods Enzymol. 153, 3-11
Sanger, F., Nick! en, S., and Coulson, A. R. (1987) Proc. Nat/. Acad. Sci. U. S. A.
74, 5463-5467
Arriza, J. L., Kavanaugh, M. P., Fairman, W. A., Wu, Y.-N., Murdoch, G. H.,
North, R. A., and Amara, S. G. (1993) J. Bioi. Chem. 268, 15329-15332
Langford, C. K., Little, B. M., Kavanaugh, M. P., and Landlear, S. M. (1994)
J. Bioi. Chem. 269, 17939-17943
Kavanaugh, M. P., Arriza, J. L., North, R. A., and Amara, S. G. (1992) J. Bioi.
Chem. 267, 22007-22009
Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R., Horn, G. T.,
Mullis, K. B., and Erlich, H. A. (1988) Science 239, 487-491
von Heijne, G. (1986) Nucleic Acids Res. 14, 4683-4690
Bause, E. (1983) Biochem. J. 209, 331-336
Tilly, B. C., Winter, M. C., Ostedgaard, L. S., O'Riordan, C., Smith, A. E., and
Welsh, M. J. (1992) J. Biol. Chem. 267, 9470-9473
Lemmon, M.A., and Schlessinger, J. (1994) Trends Biochem. Sci. 19,459-463
Chinkers, M., and Wilson, E. M. (1992) J. Bioi. Chem. 267, 18589-18597
Tang, W.-J., and Gilman, A. G. (1992) Cell 70, 869-872
Clayton, C. (1992) Prog. Nucleic Acids Res. Mol. Bioi. 43, 37-66
Chu, G., Vollrath, D., and Davis, R. W. (1987) Science 234, 1582-1585
Cruz, A., Coburn, C. M., and Beverley, S. M. (1991) Proc. Nat!. Acad. Sci.
U.S. A. 88,7170-7174
Goy, M. F., Madelbrot, D. A., and York, C. M. (1987) J. Neurochem. 48,
954-966
Pavloff, M.S., and Goy, M.S. (1990) J. Neurochem. 55, 788-797
Schulz, S., Green, C. K., Yuen, P. S., and Garbers, D. L. (1990) Cel/63, 941-948
Currie, M.G., Fok, K. F., Kato, J., Moore, R. J., Hamra, F. K., Duffin, K. L., and
Smith, C. E. (1992) Proc. Natl. Acad. Sci. U.S. A. 89, 947-951
Sacks, D. L., and Perkins, P. V. (1984) Science 223, 1417-1419
Engelman, D. M., Steitz, T. A., and Goldman, A. (1986) Ann. Rev. Biophys.
Chem. 15, 321-353
Devereux, J., Haeberli, P., and Smithies, 0. (1984) Nucleic Acids Res. 12,
387-395
Comeau, A. M., Miller, S. I., and Wirth, D. F. (1986) Mol. Biochem. Parasitol.
21, 161-169

