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Background: Purine salvage in Leishmania is an indispensable nutritional process.

Results: Adenine aminohydrolase, a key purine enzyme in Leishmania, has been characterized biochemically and genetically.
Conclusion: Adenine aminohydrolase is a unique enzyme in purine salvage that converts 6-aminopurines into 6-oxypurines.

Significance: Functional characterization of key enzymes is crucial for understanding purine salvage and ultimately for target-

ing the pathway with drugs.

Adenine aminohydrolase (AAH) is an enzyme that is not pres-
ent in mammalian cells and is found exclusively in Leishmania
among the protozoan parasites that infect humans. AAH plays a
paramount role in purine metabolism in this genus by steering
6-aminopurines into 6-oxypurines. Leishmania donovani AAH
is 38 and 23% identical to Saccharomyces cerevisiae AAH and
human adenosine deaminase enzymes, respectively, catalyzes
adenine deamination to hypoxanthine with an apparent K,,, of
15.4 pM, and does not recognize adenosine as a substrate. West-
ern blot analysis established that AAH is expressed in both life
cycle stages of L. donovani, whereas subcellular fractionation
and immunofluorescence studies confirmed that AAH is local-
ized to the parasite cytosol. Deletion of the AAH locus in intact
parasites established that AAH is not an essential gene and that
Aaah cells are capable of salvaging the same range of purine
nucleobases and nucleosides as wild type L. donovani. The Aaah
null mutant was able to infect murine macrophages in vitro and
in mice, although the parasite loads in both model systems were
modestly reduced compared with wild type infections. The
Aaah lesion was also introduced into a conditionally lethal
Ahgprt/ Axprt mutant in which viability was dependent on phar-
macologic ablation of AAH by 2’-deoxycoformycin. The Aaah/
Ahgprt/Axprt triple knock-out no longer required 2'-deoxyco-
formycin for growth and was avirulent in mice with no
persistence after a 4-week infection. These genetic studies
underscore the paramount importance of AAH to purine sal-
vage by L. donovani.

Leishmania donovani is the etiologic agent of visceral leish-
maniasis, a devastating and invariably fatal disease if untreated.
L. donovani, like all Leishmania species, is a digenetic parasite
that exists as flagellated extracellular promastigotes in the phle-
botomine sandfly vector and as immotile intracellular amastig-
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otes within phagolysosomes of macrophages and reticuloendo-
thelial cells of the infected mammalian host (supplemental Fig.
1). There is no effective vaccine against leishmaniasis, and the
armamentarium of antileishmanial drugs is far from ideal.
These drugs are expensive, toxic, and cumbersome to adminis-
ter, and the emergence of drug resistance renders these thera-
peutic protocols too often ineffective (1-3). Thus, the exigency
for new drugs, as well as new drug targets, is acute. The devel-
opment of rational, selective, and effective anti-parasitic drug
therapies depends upon the exploitation of fundamental bio-
chemical and/or metabolic disparities between parasite and
host. Possibly the most striking metabolic discrepancy between
Leishmania and their mammalian hosts is the pathway for the
synthesis of purine nucleotides. Leishmania, like all protozoan
parasites studied to date, cannot synthesize the purine ring de
novo (4—6). Consequently, each genus of parasite expresses a
unique complement of nutritionally indispensable salvage and
interconversion enzymes that enable the acquisition of host
purines.

The purine pathway of Leishmania is particularly convoluted
and capable of incorporating virtually any purine nucleobase or
nucleoside from the culture medium or host environment into
the parasite nucleotide pool (4—7). The parasite accommodates
the following four enzymes that can convert preformed host
purines to the nucleotide level: 1) hypoxanthine-guanine phos-
phoribosyltransferase (HGPRT)? 2) xanthine phosphoribosyl-
transferase (XPRT); 3) adenine phosphoribosyltransferase
(APRT); and 4) adenosine kinase (AK) (Fig. 1) (4, 8-11).
HGPRT and XPRT are sequestered within the glycosome (12,
13), a peroxisome-like subcellular microbody that is unique to
trypanosomatid parasites (14 -16), and APRT is located in the
cytosol (13). Leishmania also express numerous purine inter-
conversion enzymes, most of which have human counterparts

2 The abbreviations used are: HGPRT, hypoxanthine-guanine phosphoribo-
syltransferase; XPRT, xanthine phosphoribosyltransferase; APRT, adenine
phosphoribosyltransferase; AK, adenosine kinase; AAH, adenine aminohy-
drolase; dCF, 2'-deoxycoformycin; ADA, adenosine deaminase; DME-L,
Dulbecco’s modified Eagle-Leishmania; BSD, blasticidin deaminase; PAC,
puromycin acetyltransferase; HYG, hygromycin phosphotransferase; NEO,
neomycin resistance; PHLEO, phleomycin resistance; IMPDH, inosine
monophosphate dehydrogenase; PTS1, peroxisomal targeting signal 1;
PTS2, peroxisomal targeting signal 2; Ni*"-NTA, nickel-nitrilotriacetic acid.
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FIGURE 1. Theoretical model of the purine salvage pathway of L. don-
ovani.The purine salvage and interconversion enzymes predicted to be pres-
ent in the L. donovani purine salvage pathway are depicted. 7, nucleoside
hydrolase; 2, adenine aminohydrolase; 3, guanine deaminase; 4, adenine
phosphoribosyltransferase; 5, hypoxanthine-guanine phosphoribosyltrans-
ferase; 6, xanthine phosphoribosyltransferase; 7, adenosine kinase; 8, AMP
deaminase; 9, inosine monophosphate dehydrogenase; 10, GMP synthetase;
11, GMP reductase; 12, adenylosuccinate synthetase; 73, adenylosuccinate
lyase.

(4, 6,17, 18). One leishmanial purine interconversion enzyme,
however, that lacks a mammalian equivalent is adenine amino-
hydrolase (AAH) (EC 3.5.4.2) (19), an enzyme that catalyzes the
effectively irreversible deamination of adenine to hypoxanthine
(17). The central role of AAH in purine metabolism in L. don-
ovani was underscored by the isolation and characterization of
a conditionally lethal mutant deficient in both HGPRT and
XPRT (20). The Ahgprt/Axprt null mutant, unlike wild type
parasites, cannot salvage 6-oxypurines and can only survive and
grow in vitro when AAH is pharmacologically blocked with
2’-deoxycoformycin (dCF) and either adenine or adenosine is
provided as the purine source (20). Thus, AAH in the promas-
tigote funnels adenine and adenosine into hypoxanthine, a
dead-end substrate for purine salvage by the Ahgprt/Axprt
knock-out. Moreover, the Ahgprt/Axprt strain is highly but
incompletely compromised in its capacity to sustain a visceral
infection in mice (20) implying a central role for AAH in purine
salvage by amastigotes as well.

AAH is a member of the aminohydrolase superfamily and is
commonly found among bacteria (21-24), but it has thus far
only been described in a few lower eukaryotes, including Leish-
mania (17), Crithidia (25), Saccharomyces cerevisiae (26), and
Aspergillus (27). The genomes of Trypanosoma brucei and
Trypanosoma cruzi, parasites that are phylogenetically related
to Leishmania, lack an AAH homolog (28 —30), and AAH activ-
ity is not found in plants (31), mammals (19), or any other pro-
tozoan parasite that infects humans (32). Mammals and several
other genera of protozoan pathogens express an adenosine
deaminase (ADA) activity, and the sequences of ADA and AAH
enzymes are homologous (33—35). ADA in humans is notably
critical for immune function because ADA deficiency in
humans results in a severe combined immunodeficiency dis-
ease in which both the T and B limbs of the immune system are
severely debilitated (33, 36 —38).

Previous studies on AAH enzymes from prokaryotes and
yeasts have shown that the enzyme is selective for adenine
among the naturally occurring purines, although AAH can also
metabolize and be competitively inhibited by a variety of purine
analogs (26, 33, 39). However, investigations on AAH from pro-
tozoan parasites are virtually nonexistent. Nolan and co-work-
ers (17, 25) first identified AAH in extracts from Crithidia fas-
ciculata and four Leishmania species and demonstrated that
AAH is inhibited by two potent inhibitors of mammalian ADA,
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coformycin and dCF (17, 36, 37). AAH measurements in cellu-
lar extracts prepared from L. donovani promastigotes and
amastigotes strongly intimated that AAH was a promastigote-
specific activity (6). However, later experiments from our labo-
ratory demonstrated robust adenine metabolism in Aaprt L.
donovani axenic amastigotes that was strongly inhibited by dCF
implying that AAH was active in amastigotes (40).

To characterize the L. donovani AAH enzyme and evaluate
AAH function in intact parasites, we cloned and sequenced L.
donovani AAH and generated Aaah knock-outs in both wild
type and Ahgprt/Axprt backgrounds by homologous gene
replacement. The Aaah lesion in the Ahgprt/Axprt genetic
background alleviated the requirement for dCF, and the growth
and virulence phenotypes of this null mutant indicated a pivotal
role for AAH in purine metabolism in both promastigotes and
amastigotes. AAH was also determined to be cytosolic, unlike
HGPRT and XPRT, and a biochemical analysis of the purified
recombinant enzyme revealed AAH to be specific for adenine
and a target for dCF inhibition. Furthermore, although the
Aaah mutation in the wild type background did not profoundly
affect parasitemias in macrophages or mice, introduction of
this lesion into the Ahgprt/Axprt line reduced the parasite level
in macrophages to zero, and there were no persistent Aaah/
Ahgprt/Axprt parasites recovered from mice after a 4-week
infection underscoring the potential utility of this triple knock-
out strain as a live attenuated vaccine candidate.

EXPERIMENTAL PROCEDURES

Materials, Chemicals, and Reagents—[8-'*C]Adenosine (53
mCi/mmol), [8-'*Cladenine (50 mCi/mmol), and [8-'*C]hy-
poxanthine (51 mCi/mmol) were purchased from Moravek
Biochemicals (Brea, CA), and [a-**P]dCTP was bought from
MP Biomedicals (Irvine, CA). Unlabeled purine bases, nucleo-
sides, and nucleotides were procured from Sigma or Fisher, and
dCF was obtained from Tocris Bioscience (Ellisville, MO).
Restriction enzymes were purchased from New England Bio-
labs (Beverley, MA). The TOPO® TA Cloning® kit, pCR®2.1-
TOPO® vector, Champion™ pET200/D-TOPO® expression
vector, BL21 Star™ (DE3) One Shot™ competent cells, and
the goat anti-rabbit Oregon Green-conjugated and goat anti-
guinea pig Rhodamine Red-conjugated secondary fluorescent
antibodies were bought from Invitrogen. Goat anti-rabbit HRP-
conjugated and goat anti-mouse HRP-conjugated secondary
antibodies were purchased from Thermo Scientific (Waltham,
MA). The Complete Mini EDTA-free protease inhibitor tablets
were procured from Roche Diagnostics; the Ni*"-NTA-aga-
rose beads were from Qiagen (Valencia, CA), and the Biosafe™
Coomassie and protein assay kits were from Bio-Rad. All other
chemicals and reagents were of the highest quality commer-
cially available.

Axenic Parasite Culture—The 1S2D (41, 42) strain of wild
type L. donovani that originated with Dr. Dennis Dwyer
(National Institutes of Health) was adapted for growth as axenic
amastigotes as reported previously (43). The LdBob cell line
that was cloned from the adapted 1S2D parasites was provided
by Dr. Stephen Beverley (Washington University, St. Louis)
(44). LdBob promastigotes were cultured at ambient tempera-
ture in modified Dulbecco’s modified Eagle’s medium-Leish-
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mania (DME-L) (45), as described previously (40), and supple-
mented with 5% FBS, whereas axenic amastigotes were
propagated at 37 °C as detailed previously (43, 44). Plating
methods and single cell cloning protocols for L. donovani pro-
mastigotes are outlined (45). Wild type, Aaah, and Aaah/
Ahgprt/ Axprt[pXPRT] parasites were routinely maintained as
both promastigotes and axenic amastigotes (44) in 100 um xan-
thine as the purine nutrient, whereas the Aaah[pAAH] strain
was supplemented with 100 um xanthine and 50 pg/ml phleo-
mycin. Aaah/Ahgprt/ Axprt promastigotes were grown in mod-
ified DME-L supplemented with 100 um adenine. Attempts to
continuously propagate the Aaah/Ahgprt/ Axprt strain as amas-
tigotes were unsuccessful. Ahgprt/Axprt parasites were grown
as described previously (20).

Cloning of AAH from L. donovani—The AAH gene was iso-
lated from an L. donovani cosmid library that had been gener-
ated in the Supercos 1 cosmid vector (Stratagene, La Jolla, CA)
(46) using the following strategy. First, the S. cerevisiae Aahlp
AAH protein (NP_014258) was used as a query sequence to
search the L. major genome (47) for homologs, and a single
putative LmjFAAH ORF (LmjF35.2160) was identified that
matched the query sequence with a smallest sum probability
(P(N)) of 3.7 X e °'. Oligonucleotide primers were designed
against the LmjF35.2160 ORF and utilized to amplify a frag-
ment of the gene from L. major genomic DNA via standard PCR
methodology (48, 49). The identity of the PCR fragment was
confirmed by sequencing, and the DNA fragment was used to
probe the L. donovani cosmid library under stringent condi-
tions. Several colonies containing the L. donovani AAH gene
were isolated and purified, and AAH and its flanking regions
were sequenced in both directions. Multisequence and pairwise
sequence alignments of primary structures were accomplished
using algorithms within the Vector NTI® Suite 7.1 software
(Invitrogen).

Generation of Targeting Constructs—The markers used to
generate the Aaah null mutations were blasticidin deaminase
(BSD) and puromycin acetyltransferase (PAC). To generate the
pXG-BSD-Aaah targeting construct, ~650 bases of AAH 5'-
and 3'-UTRs were amplified from a purified AAH cosmid by
PCR, subcloned into the pCR®2.1-TOPO® vector (Invitrogen),
sequenced to ensure fidelity, and inserted into the appropriate
restriction sites of the pXG-BSD vector (50). Nhel restric-
tion sites (underlined) were included in both the sense 5'-
GCTAGCGTAGCGCTTCGTATGC-3' and antisense 5'-
GCTAGCCAGATGTGAATACTATTAACCTTC-3" primers
that were used to generate the AAH 5" UTR, whereas Smal and
BamHI sites were added to the 5’ ends of both the forward
5'-CCCGGGGTTATGAGCTGTGGTTG-3" and reverse 5'-
GGATCCCAGTCCTTCCCGAATCGTTGTCAG-3' primers
used to amplify the AAH 3’ UTR. Because of restriction sites
within pX63-PAC (51) that are present in both the PAC marker
and the multiple cloning sites of the vector backbone, it was
necessary to generate a pX63-HYG-Aaah construct containing
the hygromycin phosphotransferase (HYG) resistance marker
before making the pX63-PAC-Aaah vector. To create pX63-
HYG-Aaah, the 5’ flank of AAH was amplified, using 5'-AAG-
CTTGTAGCGCTTCGTATGCACC-3" and 5'-GTCGACG-
GGGGAGAATAAAAATAGGAAG-3' as the sense and anti-
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sense primers, whereas the 3’ flank was amplified using 5'-
CCCGGGGCGTGTGTGTGCTGCTC-3’ sense and 5'-AGA-
TCTGCATTTATCAGGGTTATTGTCTCATGAGCGGA-
TAC-3' antisense primers. The amplified UTRs were then sub-
cloned, sequenced, and inserted into the unique HindIII-Sall
and Smal-BglII sites of pX63-HYG (52). The HYG drug resist-
ance marker was then excised from pX63-HYG-Aaah with
Xhol-SacI and exchanged for the PAC marker in pX63-PAC
(51) to create pX63-PAC-Aaah. The strategy for employing
pXG-BSD (50) and pX63-PAC (51) targeting vectors to isolate
Aaah null mutants was implemented to enable utilization of
three previously synthesized targeting constructs as follows: 1)
pX63-NEO-Ahgprt/ Axprt (20), which harbors the neomycin
(NEO) resistance gene; 2) pX63-HYG-Ahgprt (53, 54), and 3)
pX63-PHLEO-Axprt (40), which expresses the phleomycin
(PHLEO) resistance gene, each used to ultimately generate the
Aaah/Ahgprt/ Axprt triple mutant.

Creation of Null Mutants—The Aaah knock-out was gen-
erated from wild type parasites by double targeted gene
replacement using the transfection parameters and plating
techniques reported previously (44, 55). The linearized drug
resistance cassettes enclosing the AAH flanks were excised
from pX63-PAC-Aaah and pXG-BSD-Aaah with HindIII-
BglIl and SgrAl-BamHI, respectively, and used to sequen-
tially create AAH/Aaah:PAC (AAH/aah) heterozygotes and
Aaah:PAC/Aaah::BSD (Aaah) null mutants. The AAH/aah
heterozygotes were isolated on semi-solid growth plates
containing 20 pg/ml puromycin supplemented with 100 pum
xanthine, whereas the Aaah knock-outs were selected on
plates containing 20 ng/ml puromycin, 20 ug/ml blasticidin,
and 100 um xanthine.

The Aaah knock-out was then used as the progenitor to cre-
ate the Aaah/Ahgprt/Axprt mutant as follows. Briefly, the
pX63-NEO-Ahgprt/Axprt (20), pX63-HYG-Ahgprt (53, 54),
and pX63-PHLEO-Axprt (40) plasmids were linearized with
HindIII and BglII and transfected into 5 X 107 late log phase
parasites sequentially to generate Aaah/HGPRT/Ahgprt:
NEO/XPRT/Axprt:NEO, Aaah/Ahgprt::NEO/Ahgprt:HYG/
XPRT/Axprt:NEO, and Aaah/Ahgprt::NEO/Ahgprt:HYG/
Axprt:NEO/Axprt:PHLEO mutants, respectively. Homologous
integrations were selected by plating parasites on semi-solid
medium containing selective concentrations of geneticin, hygro-
mycin, and/or phleomycin, as appropriate for the drug resistance
marker in the targeting cassette (51, 52). The resulting Aaah/
HGPRT/hgprt/ XPRT/xprt, Aaah/Ahgprt/ XPRT/xprt, and Aaah/
Ahgprt/Axprt cell lines were all propagated in 100 uMm adenine as
the purine nutrient.

Generation of Episomally Complemented Lines—To generate
an episomal AAH plasmid, forward 5'-GGATCCATGGCT-
GATGCGACCCTTC-3" and reverse 5-GGATCCTCACT-
CATACGTCCCCCCGCACACGT-3' primers harboring 5’
and 3’ BamHI restriction sites were used to PCR-amplify the
AAH full-length coding sequence from genomic DNA. The
AAH gene was cloned into the pCR®2.1-TOPO® vector (Invit-
rogen), sequenced to ensure fidelity, and inserted into the
BamHI site of the pXG-PHLEO expression plasmid that was
donated by Dr. Stephen Beverley. The relevant portion of the
pXG-PHLEO-AAH episome was sequenced to verify proper

VOLUME 287 +NUMBER 10-MARCH 2, 2012



orientation of the AAH gene. A Aaah[pAAH] “add-back” line
was created from the Aaak null mutant by transfecting Aaah
parasites with the pXG-PHLEO-AAH episome. The XPRT add-
back Aaah/Ahgprt/ Axprt[pXPRT] parasites were selected after
transfection of the Aaah/Ahgprt/ Axprt mutants with the pXG-
BSD-XPRT episome that was previously employed to comple-
ment the Axprt lesion in L. donovani (13, 20, 40), and the epi-
somally complemented parasites were selected on 100 um
xanthine, an unusable purine source for the parental Aaah/
Ahgprt/ Axprt parasites.

AAH Expression and Purification—The AAH ORF was
amplified by PCR from the AAH cosmid, ligated into the
pET200/D-TOPO® bacterial expression vector (Invitrogen),
which automatically attaches a His, tag to the NH, terminus of
the inserted gene product, and sequenced to ensure fidelity of
the construct. The pET200/D-TOPO®-AAH construct was
then transformed into BL21 Star™ (DE3) One Shot® Esche-
richia coli (Invitrogen). After induction in 0.5 mm isopropyl
1-thio-B-p-galactopyranoside, the recombinant L. donovani
AAH protein was purified to virtual homogeneity over a Ni**-
NTA-agarose column from E. coli extracts that had been pre-
pared using a French press as described previously (56). An
additional salt wash containing 32.5 mMm imidazole and 1 M
sodium chloride was added to reduce nonspecific binding, and
the concentration of imidazole in the final wash buffer was
increased from 20 to 32.5 mm. Recombinant AAH was eluted
from the Ni*"-NTA-agarose with 250 mm imidazole as detailed
previously (56). Separation of the purified recombinant AAH
fractions on a 10% SDS-polyacrylamide gel and subsequent
staining with Bio-safe™ Coomassie (Bio-Rad) confirmed the
purity of the recombinant protein. A Thermo Labsystems Mul-
tiskan Ascent plate reader (Thermo Scientific) was employed at
600 nm to determine the protein concentration and yield of the
purified AAH after addition of Bio-Rad protein assay reagent
(56). Yields of purified recombinant AAH protein were ~5-8
mg/liter of bacterial culture. To stabilize the purified AAH pro-
tein for kinetic analysis, ZnSO, was added to a final concentra-
tion of 100 uM, and kinetic studies were performed within 8 h of
purification.

Antibodies, Immunoblotting and DNA Manipulations—
Polyclonal AAH antiserum was generated in rabbits by Open
Biosystems (Huntsville, AL) using purified recombinant AAH
as an immunogen and standard injection protocols. Monospe-
cific polyclonal antibodies raised against purified recombinant
L. donovani APRT, HGPRT, and XPRT proteins in rabbits have
been described (9-11). Inosine monophosphate dehydrogen-
ase (IMPDH) antiserum was produced in guinea pigs as
reported previously (57), and mouse antiserum against amas-
tigote-specific A2 protein (58) was generously provided by Dr.
Greg Matlashewski from McGill University Faculty of Medi-
cine. Mouse monoclonal anti-a-tubulin antibody (DM1A) was
obtained from EMD Chemicals (Gibbstown, NJ). Western blot-
ting protocols were performed as detailed previously (59) using
goat anti-rabbit HRP-conjugated and goat anti-mouse HRP-
conjugated secondary antibodies (Thermo Scientific). Immu-
noblotting, isolation of genomic DNA, and Southern blot anal-
ysis were accomplished using conventional protocols (59). The
hybridization probes harboring the full-length L. donovani
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AAH coding sequence or 5" UTR were PCR-amplified from the
AAH cosmid and gel-purified using a Wizard SV gel and PCR
clean-up kit (Promega, Madison, W1).

Glycosomal Fractionation—3—4 X 10° L. donovani promas-
tigotes were harvested at 4 °C, washed once in 10 ml of cold
PBS, centrifuged at 5000 X g for 5-10 min, washed in 8 =10 ml
of hypotonic buffer containing 2 mm EGTA, 2 mm DTT, and
protease inhibitor tablets (Roche Diagnostics), and centrifuged
at 5000 X g for 5-10 min. The cell pellet was washed and spun
as above, resuspended in a final volume of 4 ml of the hypotonic
buffer, and placed on ice for 3—5 min. Cells were lysed after
10-15 passages through a 27-28%2-gauge needle, and the solu-
tion was made isotonic by adding 1 ml of 4X lysis buffer con-
taining 200 mm HEPES-NaOH, pH 7.4, 1 m sucrose, 4 mm ATP,
4 mM EGTA, 8 mMm DTT, and protease inhibitors. The solution
was centrifuged at 5000 X g for 5—10 min at 4 °C to remove cell
debris and nuclei. The supernatant was transferred to a new
tube and spun at 45,000 X g for 35— 45 min at 4 °C to separate
the organellar fraction containing glycosomes from the cytoso-
lic components. A sucrose gradient ranging from 20 to 70% was
prepared as described previously (80) and allowed to equili-
brate overnight at 4 °C. The glycosome-containing organellar
fraction was resuspended in a minimal volume of 25 mm
HEPES, added to the sucrose gradient, and centrifuged for 6 h at
36,000 rpm in a Beckman SW41 rotor (Brea, CA). Gradient
fractions were analyzed by standard Western blotting proce-
dures (59) using polyclonal AAH and IMPDH antisera.

Antibody Purification and Immunofluorescence Assay—Puri-
fied AAH protein was bound to AminoLink coupling resin
(Thermo Scientific) as detailed previously in the package insert,
and crude AAH antisera was purified against AAH protein
using an AminoLink immobilization kit (Thermo Scientific)
according to the manufacturer’s instructions. The immunoflu-
orescence assay was performed on L. donovani promastigotes
as described previously (12, 13,57, 60) using a 1:1000 dilution of
recombinant anti-AAH antibody and a 1:10,000 dilution of sec-
ondary goat anti-rabbit Oregon Green-conjugated antibody
(Invitrogen). Parasites were co-stained with guinea pig anti-
IMPDH antibodies (1:500) and goat anti-guinea pig Rhodamine
Red-conjugated (1:10,000) secondary antibodies to visualize
glycosomal IMPDH. Cells were visualized on a Zeiss Axiovert
200 inverted microscope (Carl Zeiss Microimaging, Thorn-
wood, NY) with a X63 oil immersion lens. Photographs were
taken with a Zeiss AxioCam MR camera using Axiovision 4.2
software and compiled using Adobe Photoshop Creative Suite
4.

Growth Phenotypes—To evaluate the capacity of wild type,
Aaah, Aaah[pAAH), Ahgprt/Axprt, Aaah/Ahgprt/Axprt, and
Aaah/Ahgprt/ Axprt[pXPRT] promastigotes to grow in differ-
ent purine sources, exponentially growing parasites were
washed several times with PBS, resuspended at a density of 5 X
10* cells/ml in 1.0-ml aliquots of modified DME-L (40) contain-
ing 100 um purine and 5% dialyzed FBS, and dispensed into
wells of 24-well tissue culture plates (Sarstedt Inc., Newton,
NC). After 7-10 days, parasites were enumerated with a
hemocytometer.

AAH Activity Measurements in Intact Parasites—The ability
of wild type and Aaah promastigotes and axenic amastigotes to
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deaminate [8-'*C]adenine (50 mCi/mmol) into [8-'*C]hypox-
anthine was compared using TLC. 7.0 X 107 parasites were
washed and resuspended in 30 ul of PBS, and [8-'*C]adenine
(50 mCi/mmol) was added to a final concentration of 67 uMm. At
various time points over a 1-h time course, 5 ul of the parasite
mixture were added to 2 ul of glacial acetic acid to lyse the cells
and terminate the reaction (25), spotted onto a PEI-cellulose
TLC plate (Scientific Adsorbents Inc., Atlanta, GA), and run in
n-butanol/water/glacial acetic acid at a ratio of 20:6:4 (v/v) (25).
The TLC plate was exposed to x-ray film at —80 °C and devel-
oped in a standard x-ray film developer. The ability of 0.67 mm
dCF to inhibit AAH in wild type L. donovani promastigotes and
axenic amastigotes was also assessed by this method; however,
parasites had to be incubated with dCF for 15 min prior to
starting the TLC reaction for notable inhibition to occur.

Radiometric AAH Assay on Pure Recombinant AAH Protein—
To validate that AAH did not utilize adenosine as a substrate, a
radiometric method was implemented to test whether an
excess amount of purified AAH could deaminate [8-'*C]ade-
nosine (51 mCi/mmol) to inosine over a 2-h time course. 5-ul
samples were spotted at the 0- and 2-h time points, and the TLC
plate was run, exposed, and developed as described above.
[8-'*C]Adenine (50 mCi/mmol) was used as a control to verify
that the AAH protein employed in the assay was enzymatically
active.

Spectrophotometric AAH Assay and Enzyme Inhibition
Kinetics—The ability of purified recombinant AAH to convert
adenine to hypoxanthine was also assessed by means of a cou-
pled assay in which the hypoxanthine produced from adenine
was converted by 1 unit of xanthine oxidase (Sigma) into uric
acid, the accumulation of which was determined by measuring
the increase in absorbance at 292 nm (61, 62) in a Beckman DU
640 spectrophotometer (Beckman Coulter, Inc., Brea, CA). All
kinetic studies with wild type AAH were carried out under
experimental conditions that were linear with time and enzyme
concentration. Briefly, ~0.35 ug of recombinant AAH was
added to a quartz cuvette containing 1 ml of PBS, 1 unit of
xanthine oxidase, and adenine varying in concentration from
500 nM to 50 uM. The reaction was carried out at 25 °Cat pH 7.0
over a 90-s time course, and absorbance at 292 nm was meas-
ured every 15 s. The amount of uric acid produced was calcu-
lated from the A,q, reading at each time point. The molar
extinction coefficient (§) of uric acid was experimentally calcu-
lated to be 11,590 M~ '+ cm ™! under these reaction conditions
using the Beer-Lambert equation A = &c:[, where A = 292 nm,
¢ = 20 uM, and / = 1 cm. Michaelis-Menten analysis (Graph-
PAD Prism 4.0) (63) was used to determine the K, value of
AAH for adenine, and this value was verified by replotting the
data using the Hanes-Woolf method (64).

The xanthine oxidase-coupled assay was also employed to
assess the inhibitory effect of dCF on the purified recombinant
L. donovani AAH enzyme. ~0.30 ug of AAH was incubated
with the appropriate concentration of dCF for 15 min prior to
the commencement of each assay, and uric acid production was
quantified by measuring the absorbance at 292 nm in the
absence of dCF and in the presence of either 10, 20, or 30 um
dCF with adenine concentrations ranging from 2 to 50 um. The
background absorbance of each concentration of dCF was sub-
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tracted from the total absorbance at 292 nm, and the AAH
activity was plotted as a function of adenine concentration at
each concentration of dCF. To determine the K; value for dCF,
the K, value in the absence of dCF and the apparent K, value at
each dCF concentration were calculated using Michaelis-Men-
ten analysis (GraphPAD Prism 4.0) (63) and replotted as a func-
tion of dCF concentration (65, 66).

Macrophage Infections—Macrophage infectivity experi-
ments with wild type, Aaah, Aaah|pAAH], Ahgprt/Axprt,
Aaah/Ahgprt/ Axprt, and Aaah/Ahgprt/ Axprt[pXPRT] pro-
mastigotes were performed as described previously (20, 40, 67)
using either peritoneal macrophages harvested from BALB/c
mice or cultured J774 murine macrophages (ATCC, Manassas,
VA). 72 h post-infection, macrophages were washed and
stained using the Diff-Quik kit (International Medical Equip-
ment Inc., San Marcos, CA), and amastigotes were enumerated
as reported previously (20, 40, 67).

Mouse Infections—Groups of five 7-week-old female BALB/c
mice (Charles River Laboratories, Wilmington, MA) were inoc-
ulated by tail vein injection with 5 X 10° late log-stationary
phase wild type, Aaah, or Aaah/Ahgprt/Axprt promastigotes
(60, 67). Prior to injection, wild type and Aaah parasites were
cycled back and forth several times between promastigote and
axenic amastigote forms (43) to revitalize ancillary virulence
determinants, as well as passaged through mice for 12 days to
eliminate parasites that had become attenuated due to pro-
longed in vitro culture. Four weeks post-infection, mice were
sacrificed, and their livers and spleens were harvested as
reported previously (60, 67). Single cell suspensions from
mouse organs were prepared by passage through a 70-um cell
strainer (Falcon), and parasitemias were then determined in
96-well microtiter plates using a standardized limiting dilution
assay (69). The organ-derived wild type and Aaah parasites
were titered in modified DME-L (40) supplemented with 5%
FBS and 100 uM xanthine, and the Aaah/Ahgprt/ Axprt mutants
were grown in medium containing 100 um adenine.

RESULTS

Multiple Sequence Alignment of L. donovani AAH—The L.
donovani AAH (AAY98748) and its flanking sequences were
isolated from a cosmid clone using the putative L. major AAH
(LmjF.35.2160) as a hybridization probe. The L. donovani AAH
encodes a protein of 362 amino acids with a molecular mass of
~40.8 kDa. The L. donovani AAH encompasses a potential per-
oxisomal targeting signal 2 (PTS2) (underlined in Fig. 2), a
somewhat divergent NH,-terminal topogenic sequence that
directs proteins to the glycosome (16, 70). This PTS2-type
sequence is also found in the primary structures of the Leish-
mania mexicana and Leishmania infantum AAHs but not in
the Leishmania major or Leishmania braziliensis homologs
(Fig. 2 and data not shown). A multiple sequence alignment of
L. donovani AAH with other eukaryotic AAH and ADA pro-
teins revealed many residues that are conserved throughout
(Fig. 2). Notably, the L. donovani AAH contained all four histi-
dine residues, His*°, His>?, His*'?, and His**’, responsible for
coordinating the Zn>" ion that is present in the active site of the
crystal structures of the Plasmodium vivax and mouse ADAs
(35, 71-74). Indeed, these four His residues are conserved
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FIGURE 2. Multiple sequence alignment of representative AAH and ADA sequences. The full-length AAH protein coding sequences from three Leishmania
species and S. cerevisiae are aligned with the amino acid sequences encoding ADA from two Plasmodium species, E. coli, M. musculus, and H. sapiens. The
numerical values refer to the position of the first amino acid in each aligned row, and the putative PTS2 in the L. donovani and L. mexicana sequences is
underlined. Identical residues are highlighted in black with white text, and residues that are consistent among all aligned AAHs or ADAs but different between
AAH and ADA proteins are highlighted in gray. The accession numbers of the sequences shown are as follows: L. donovani (AAY98748), L. major (LmjF.35.2160),
L. mexicana (LmxM.34.2160.1), S. cerevisiae (NP_014258), P. falciparum (AAO61667), P. vivax (EDL42450), E. coli (AP_002244), M. musculus (NP_031424) and H.
sapiens (NP_000013).
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among all of the aligned AAH and ADA proteins (Fig. 2). Pair-
wise alignments of the L. donovani AAH primary structure with
each of the Leishmania and S. cerevisiae counterparts revealed
94 and 38% amino acid identities with the other leishmanial and
the S. cerevisiae Aahlp AAH sequences, respectively. Compar-
ison of the L. donovani AAH with functionally characterized
ADA proteins from Plasmodium falciparum, P. vivax (75),
E. coli (76), Mus musculus (38, 77), and Homo sapiens (78, 79)
demonstrated that the AAH from L. donovani was 23-25%
identical to the two Plasmodium ADAs, 27% identical to the
E. coli ADA, and 23-24% identical to the two mammalian
ADA:s.

Confirmation of Aaah and Aaah/Ahgprt/Axprt Genotypes
and Western Blot Analysis—Aaah and Aaah/Ahgprt/Axprt cell
lines were created by targeted gene replacement strategies as
described under “Experimental Procedures.” Southern blot
analysis of genomic DNA from wild type, Aaah, Aaah[pAAH],
Ahgprt/Axprt,  Aaah/Ahgprt/Axprt, and  Aaah/Ahgprt/
Axprt[pXPRT) parasites was then carried out to verify the
homologous gene replacements of both AAH alleles and to con-
firm the genotype of the Aaah/Ahgprt/Axprt triple mutant (Fig.
3, A-D). The full-length coding sequences of AAH, XPRT, and
HGPRT and the 5" UTR of AAH were used as hybridization
probes (Fig. 3, A-D). The hybridization signals in genomic
DNA samples prepared from wild type and genetically manip-
ulated parasites corresponded to the sizes of the restriction
fragments predicted from the sequences of the AAH, XPRT,
and HGPRT loci in the L. donovani cosmids (9, 10), as well as
from the annotated L. infantum sequences of the same three
loci, and the absence of hybridization bands in the knock-out
cell lines reflected the specific gene rearrangements at the per-
tinent loci (Fig. 3, A-D).

Western blotting with specific polyclonal antibodies con-
firmed the presence or absence of AAH protein in cell-free
extracts prepared from wild type, Aaah, Aaah[pAAH], Ahgprt/
Axprt, Aaah/Ahgprt/Axprt, and Aaah/Ahgprt/ Axprt[pXPRT]
parasites. This analysis verified the specificity of the AAH anti-
sera, the absence of AAH protein in all strains containing a
Aaah lesion, and the presence of AAH in wild type,
Aaah[pAAH], and Ahgprt/Axprt cells (Fig. 3E). Additional
immunoblotting with anti-HGPRT, anti-XPRT, and anti-
APRT antibodies demonstrated the absence of the two 6-oxy-
purine phosphoribosyltransferase proteins in the Aaah/
Ahgprt/ Axprt triple mutant, the presence of XPRT in the Aaah/
Ahgprt/ Axprt[pXPRT] add-back parasites, and the presence of
APRT in all six strains (Fig. 3E).

Localization of AAH—AAH was localized to the cytosol by
both subcellular fractionation and immunofluorescence assay.
Separation of L. donovani lysates into organellar and cytosolic
components by differential centrifugation and subsequent
immunoblotting revealed that AAH was localized virtually
exclusively to the cytosolic compartment (Fig. 4A). The differ-
ential centrifugation protocol that was employed has been
shown previously to yield intact glycosomes (80, 81). The AAH
co-sedimented with APRT, a cytosolic marker (13), whereas
IMPDH, a known glycosomal enzyme (57), was associated
exclusively with the organellar (45,000 X g) pellet (Fig. 4A4).
Further fractionation of the organellar pellet on a sucrose gra-
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FIGURE 3. Southern and Western blot analysis of the Aaah and Aaah/
Ahgprt/Axprt mutants. Total genomic DNA from wild type (lane 1), Aaah
(lane 2), Aaah[pAAH] (lane 3), Ahgprt/Axprt (lane 4), Aaah/Ahgprt/ Axprt (lane
5), and Aaah/Ahgprt/Axprt[pXPRT] (lane 6) parasites was digested with EcoRI
or Smal and BamHl|, fractionated on a 0.8% agarose gel, and blotted onto
nylon membranes. The blot was hybridized under stringent conditions with a
probe to the full-length ORFs of AAH (A), XPRT (B), HGPRT (C), or the AAH5’ UTR
(D). The 1,650-bp wild type AAH EcoRI fragment encompasses 765 bp of the
AAH ORF and 885 bp of the AAH 5" UTR (A, lanes 1 and 4) and the 4.3-kb EcoRl
fragment encompasses the full-length coding sequences of both XPRT and
HGPRT (B and C, lanes 1-3). The coding sequences of AAH and XPRT were
excised from the pXG-PHLEO-AAH and pXG-BSD-XPRT episomes, respec-
tively, by digestion with Smal/BamHI and present as 1,089-bp (A, lane 3) and
726-bp (B, lane 6) fragments, respectively. E, lysates of exponentially growing
wild type (lane 1), Aaah (lane 2), Aaah [pAAH] (lane 3), Ahgprt/Axprt (lane 4),
Aaah/Ahgprt/Axprt (lane 5), and Aaah/Ahgprt/ Axprt[pXPRT] (lane 6) parasites
were analyzed by immunoblotting with monospecific polyclonal antisera to
AAH, XPRT, HGPRT, and APRT, as shown. The amount of protein loaded onto
each lane was normalized using commercially available mouse anti-a-tubulin
monoclonal antibody.

dient revealed that IMPDH sedimented with the glycosomes
(lower portion of the gradient, fractions 15-27), whereas AAH,
which marginally contaminated the 45,000 X g pellet, could be
detected at the top of the sucrose gradient (fractions 1-14) with
other cytosolic components (Fig. 4B and data not shown).
Immunofluorescence assay validated the cytosolic context for
AAH in wild type and Aaah[pAAH] promastigotes and con-
firmed the absence of AAH in Aaah parasites (Fig. 5). The cyto-
solic milieu for AAH was supported by the lack of colocaliza-
tion with IMPDH, a known glycosomal protein (Fig. 5) (57).
Growth Phenotypes of Aaah and Aaah/Ahgprt/Axprt
Mutants—The impact of the AAH genetic lesion on the nutri-
tional phenotype of L. donovani promastigotes was evaluated
by ascertaining the ability of wild type, Aaah, Aaah[pAAH],
Ahgprt/Axprt,  Aaah/Ahgprt/Axprt, and  Aaah/Ahgprt/
Axprt[pXPRT)] cells to propagate in various purine sources.
Wild type, Aaah, and Aaah[pAAH] promastigotes grew
robustly in medium supplemented with any of the tested purine
nucleobases or nucleosides (Fig. 6). As reported previously (20),
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FIGURE 4. Immunoblotting of cellular fractionations. A, L. donovani promastigote cell lysates were fractionated by sedimentation at 45,000 X g as described
previously under “Experimental Procedures,” and the cytosolic (C) (lane 1) and organellar (O) (lane 2) fractions were subjected to Western blot analysis using

anti-AAH, anti-APRT, or anti-IMPDH antisera. B, the organellar pellet obtained by sedimenting the L. donovani cell lysate at 45,000 X g was subjected to sucrose
density centrifugation, and fractions were collected. Each fraction from the sucrose gradient was then subjected to Western blot analysis using anti-AAH and

anti-IMPDH antibodies. The cytosolic and gradient portions are indicated at the top of the panel.

FIGURE 5. Immunofluorescence assay. Fixed and permeabilized promastig-
otes from exponentially growing wild type (A-E), Aaah (F-J),and Aaah[pAAH]
(K-0) L. donovani promastigotes were incubated with rabbit anti-AAH or
guinea pig anti-IMPDH antisera, and the primary antibodies were visualized
with goat anti-rabbit IgG Oregon Green-conjugated (A, F, and K) or with goat
anti-guinea pig Rhodamine Red-conjugated secondary antibody (B, G, and L).
The overlays of the Oregon Green and Rhodamine Red are depicted in C, H,
and M, DAPI staining is shown in D, |, and N, and phase-contrast images are
illustrated in E, J, and O.

Ahgprt/Axprt L. donovani exhibited a markedly restrictive
growth phenotype. The Ahgprt/Axprt parasites did not grow in
guanine, guanosine, hypoxanthine, inosine, or xanthine and
proliferated in adenine or adenosine only when the medium
was supplemented with dCF. The presence of the Aaah lesion
in the Aaah/Ahgprt/ Axprt triple knock-out eliminated the dCF
dependence conferred by the Akhgprt/Axprt genotype, but only
adenine and adenosine were permissive purine sources for
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FIGURE 6. Growth phenotype of Aaah and Aaah/Ahgprt/Axprt promas-
tigotes. The ability of wild type, Aaah, Aaah[pAAH], Ahgprt/Axprt, Aaah/
Ahgprt/Axprt, and Aaah/Ahgprt/ Axprt[pXPRT] parasites to grow in different
purine sources was compared. Parasites were seeded at a density of 5 X 10*
parasites/ml, incubated for 7-10 days in 100 um purine, and enumerated via
hemocytometer. Parasite proliferation in adenine (Ade) or adenosine was also
assessed in the presence of 20 um dCF. The data depicted are plotted onalog
scale and are the averages and standard errors of three independent deter-
minations. A Student’s t test was performed for the data comparing wild type
and Ahgprt/Axprt growth in adenine and adenosine in the absence of dCF,
and p values of <0.0001 were calculated. Gua, guanine; Hyp, hypoxanthine;
Xan, xanthine.

growth. As expected, complementation of the Aaah/Ahgprt/
Axprt with [pXPRT] restored the ability of these parasites to
grow in all assessed purines (Fig. 6).

Expression of AAH Protein in Intact Parasites—A previous
study using crude cell extracts reported that AAH activity is
expressed exclusively in L. donovani promastigotes (6),
although adenine metabolism experiments in L. donovani
axenic amastigotes suggested otherwise (40). To definitively
determine whether AAH protein is stage-specific or expressed
in both L. donovani life cycle stages, Western blot analysis was
performed on lysates of wild type, Aaah, and Aaah[pAAH] pro-
mastigotes and axenically derived amastigotes. Immunoblot-
ting with monoclonal A2 antibody, an amastigote-specific
marker (58), revealed the existence of A2 proteins in the axeni-
cally derived amastigote forms of all three strains, but no A2
expression was observed in wild type, Aaah, and Aaah[pAAH]
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FIGURE 7. Expression of AAH in Leishmania life cycle stages. Lysates pre-
pared from wild type (lanes 1 and 2), Aaah (lanes 3 and 4), and Aaah[pAAH]
(lanes 5 and 6), promastigotes (P) (lanes 1, 3, and 5), and axenic amastigotes (A)
(lanes 2, 4, and 6) were analyzed by Western blotting using mouse monoclo-
nal antibodies raised against the amastigote-specific A2 protein family and
polyclonal rabbit anti-AAH antibodies. The blots were also probed with poly-
clonal rabbit anti-HGPRT antibodies as loading controls.

promastigotes (Fig. 7). AAH, however, is robustly expressed in
promastigotes and axenic amastigotes in all cell lines with an
intact AAH locus but not, as expected, in cell lines harboring the
Aaah lesion (Fig. 7).

AAH Activity in Intact Parasites—To examine whether AAH
activity is present in both life cycle stages of L. donovani and to
validate AAH as a cellular target of dCF, AAH activity was
measured in intact wild type promastigotes and axenic amas-
tigotes in the absence and presence of dCF (Fig. 8). Aaah pro-
mastigotes and axenic amastigotes were employed as negative
controls. Both life cycle forms exhibited the ability to produce
[**C]hypoxanthine from extracellular [**C]adenine (Fig. 8) in
wild type cells, and adenine deamination to hypoxanthine was
not detected in Aaah parasites (Fig. 8). Addition of 0.67 mm
dCF to wild type parasites dramatically reduced adenine con-
version to hypoxanthine in both promastigotes and axenically
derived amastigotes (Fig. 8).

Purification and Substrate Specificity of AAH—Recombinant
His-tagged L. donovani AAH was purified to essential homo-
geneity over a Ni>"-NTA column (data not shown), and the
purified AAH was tested for its ability to deaminate ['*CJad-
enine and ['*C]adenosine to ['*C]hypoxanthine and [**CJinos-
ine, respectively. These experiments were conducted with an
excess of protein to be able to detect negligible recognition of
either purine as a substrate. Separation of the reactants and
products by TLC revealed that an overload of purified L. don-
ovani AAH protein robustly deaminated [**Cladenine to
[**C]hypoxanthine virtually instantaneously, although no
[**C]adenosine to [**C]inosine conversion was detected even
after a 2-h incubation with AAH (Fig. 9).

Kinetic Analysis of AAH Activity—Freshly purified recombi-
nant His,-AAH was enzymatically active and deaminated ade-
nine robustly. However, upon storage the enzymatic activity
diminished and was completely lost after 48 h at 4 °C. Addition
of 100 um ZnSO, to the purified recombinant AAH prepara-
tions significantly stabilized the activity of the enzyme and was
therefore routinely added prior to all kinetic assessments (data
not shown). Michaelis-Menten and Hanes-Woolf plots
revealed that the apparent K, of AAH for adenine was ~15.4
pumwitha V., of ~0.41 umol's ™ 'mg protein—'. A k_,, value of
16.75 s~ ! was then calculated from the kinetic data, and the
catalytic efficiency (k_,/K,,) was computed tobe 1.09 s "um ™'
(Fig. 10A).
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FIGURE 8. AAH activity in intact parasites. Intact wild type (lanes 1 and 2)
and Aaah (lanes 3 and 4) promastigotes (P) and axenic amastigotes (A) were
incubated with 67 um ['*Cladenine, and the production of ['*Clhypoxanthine
was monitored by TLC over a 1-h time course. The ability of wild type promas-
tigotes and axenic amastigotes to convert ['*Cladenine into ['*Clhypoxan-
thine in the presence of 0.67 mm dCF was also assessed (lanes 5 and 6). The
30-min time pointis depicted for each sample. Standards are shown to the left
of the chromatograms as follows: Ade, adenine; Hyp, hypoxanthine; and AMP.
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FIGURE 9. Purification of recombinant L. donovani AAH protein and
assessment of substrate specificity. The ability of a catalytic excess of puri-
fied AAH to deaminate ['“Cladenine or ['*Cladenosine was evaluated by the
TLC methodology described under “Experimental Procedures.” The 0- and
2-h time points for each sample are shown. Standards are shown on the left of
each chromatogram: Ade, adenine; Hyp, hypoxanthine; Ado, adenosine; and
Ino, inosine.

Inhibition of AAH by dCF was quantified at fixed amounts of
dCF as a function of adenine concentration, and the rate of
production of hypoxanthine was calculated from the change in
absorbance at 292 nm. The K, value in the absence and pres-
ence of either 10, 20, or 30 um dCF was determined by Michae-
lis-Menten analysis (Fig. 10B) (63). The K,, and apparent K,
values were plotted as a function of dCF concentration (65, 66),
and the K; of dCF was determined to be ~23.1 um (Fig. 10C).

Macrophage and Mouse Infectivity—To ascertain whether a
genetic deficiency in AAH compromised the ability of L. don-
ovani to infect host cells, infectivity assays with stationary phase
promastigotes were performed in both primary macrophages
and mice. Wild type and Aaah[pAAH] parasites were capable of
infecting and sustaining robust infections in murine peritoneal
macrophages, whereas the parasitemias of the Aaah, Ahgprt/
Axprt, and Aaah/Ahgprt/Axprt mutants were reduced to ~25,
5, and 0%, respectively, relative to that for wild type parasites
(Fig. 11A). Aaah/Ahgprt/ Axprt[pXPRT] add-back parasites
exhibited parasitemia levels that were equivalent to wild type
(Fig. 11A). The percentages of macrophages infected with wild
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FIGURE 10. AAH stability and kinetics. A, purified recombinant L. donovani
AAH was incubated with 1 unit of xanthine oxidase and varying concentra-
tions of adenine over a 90-s time course, and the absorbance was monitored
at 292 nm. Kinetic constants were computed using Michaelis-Menten and
Hanes-Woolf (inset) algorithms from GraphPad Prism. B, inhibition of AAH
activity by dCF was followed over a 90-s time course, with the formation of
adenine (Ade) monitored as detailed previously above at O (H), 10 (A), 20 (V),
or30 () umdCF.Kinetic constants were computed via the Michaelis-Menten
algorithm within GraphPad Prism. G, apparent K,,, values calculated in B were
replotted as a function of dCF concentration, and the K; value for dCF was
determined from the negative value of the x-intercept.

type, Aaah, Aaah[pAAH], Ahgprt/Axprt, Aaah/Ahgprt/Axprt,
or Aaah/Ahgprt/ Axprt[pXPRT] cells were 95.9, 85.7, 97.6, 24.5,
0, and 93%, respectively.

Because Aaah parasites exhibited an ~75% reduction in par-
asite loads in macrophages, the ability of the null mutant to
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FIGURE 11. Macrophage parasitemia and mouse infectivity. A, mouse peri-
toneal macrophages were infected with wild type, Aaah, Aaah[pAAH],
Ahgprt/Axprt, Aaah/Ahgprt/Axprt, or Aaah/Ahgprt/ Axprt[pXPRT] stationary
phase promastigotes at a multiplicity of infection of 10 parasites/macro-
phage. Cells were stained after 72 h and amastigotes enumerated visually.
The results are the averages and standard errors of three independent deter-
minations (n = 3) plotted on a log scale. B, three separate groups of five
BALB/c mice were infected with wild type (1), Aaah (2), or Aaah/Ahgprt/Axprt
(3) late log phase promastigotes. Mice were sacrificed 4 weeks post-infection,
and parasite loads in livers and spleens quantified using limiting dilution.

infect BALB/c mice, a well characterized rodent model for L.
donovani infections (67, 82— 84), was evaluated. Parasite bur-
dens in the livers of mice infected with the Aaah knock-out
were also found to be reduced by ~75% when compared with
mice infected with the wild type strain, whereas the para-
sitemias in spleens of these mice were virtually identical (Fig.
11B). The parasite load recovered from mice inoculated with
the Aaah parasites was robust, however, compared with that
observed after infection with the Aaah/Ahgprt/Axprt triple
mutant (Fig. 11B). No parasites were recovered from the livers
or spleens of any of the five mice injected with this strain. All
parasites emerging from the mouse infections were analyzed by
Western blotting to confirm that the original phenotype of each
of the strains was maintained during the course of the animal
experiments (data not shown).

DISCUSSION

The purine acquisition pathway of Leishmania is indispen-
sable, particularly elaborate, and includes a unique assortment
of purine salvage and interconversion enzymes that have been
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identified through biochemical investigations (4, 6, 911, 85,
86) and annotations of leishmanial genomes (30, 47). The cen-
tral role of AAH in this vital nutritional process is reinforced
from the markedly restrictive growth and dramatically com-
promised virulence phenotype of a Ahgprt/Axprt double null
mutant, which in its promastigote form exhibits an absolute
requirement for dCF, as well as a 6-aminopurine source, for
survival and proliferation (20). The isolation and characteriza-
tion of this conditionally lethal Akgprt/Axprt knock-out line
constitutes formal genetic proof that essentially all purine sal-
vage by L. donovani promastigotes and amastigotes occurs
through HGPRT and/or XPRT and highlights the central role
that AAH plays in purine metabolism by funneling all extracel-
lular and/or host 6-aminopurines (adenine and its nucleosides)
to hypoxanthine. A substantial role for AAH in purine metab-
olism by L. donovani promastigotes is buttressed by metabolic
flux data using radiolabeled precursors (4, 6, 17, 40, 54, 85).
However, the inference that AAH plays a predominant role in
purine salvage by L. donovani, a conjecture formulated from the
results of these prior investigations, is indirect. This investiga-
tion was therefore undertaken to evaluate AAH at the molecu-
lar level and to functionally characterize AAH biochemically
and in intact parasites.

The L. donovani AAH is a member of the aminohydrolase
superfamily that includes deaminases. AAH proteins are found
in prokaryotes and some lower eukaryotes, although the pro-
karyotic and eukaryotic AAHs are phylogenetically distant and
exhibit little sequence similarity (26, 33, 39). Interestingly,
among protozoan parasites that infect humans, Leishmania
spp. are unique in their AAH expression. Of particular note, the
phylogenetically related human pathogens, T. brucei and T.
cruzi, the causative agents of African sleeping sickness and
Chagas disease, respectively, lack AAH (28 -30). The differen-
tial expression of AAH is perhaps the most striking deviation in
the purine salvage pathways between the two genera. Like other
eukaryotic AAH proteins that have been characterized (26, 39),
the L. donovani enzyme is specific for adenine and does not
recognize adenosine as a substrate (Fig. 9). Moreover, the
recombinant L. donovani AAH is sensitive to dCF inhibition
(Fig. 10C), although not nearly to the same extent as mamma-
lian ADA enzymes that are inhibited by picomolar concentra-
tions of this transition state analog (36, 37). The calculated K;
value of AAH (Fig. 10C) by dCF is consistent with the previ-
ously reported concentration of dCF that inhibits adenine
deamination by 50% in crude L. donovani extracts (17). The
increasing K, value as a function of increasing dCF concentra-
tion suggests that the mode of dCF inhibition is, at least in part,
competitive in nature (65).

AAHs are structurally related to the adenosine-specific ADA
proteins from other eukaryotes (Fig. 2). The L. donovani AAH
harbors many of the signature sequences involved in catalysis,
inhibitor binding, and metal ion coordination of structurally
determined ADA proteins from mammals and Plasmodia spe-
cies (35, 71, 73, 74, 87, 88). The specific amino acid determi-
nants that control the mutually exclusive substrate specificities
of eukaryotic AAH and ADA proteins are not known, but the
multisequence alignment in Fig. 2 reveals a number of candi-
date residues that are consistent among all aligned AAHs or
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ADAs but are different between AAH and ADA proteins. These
coincide with Glu®*, Phe'?, Asp'®*, Arg'®®, Gly'®!, Ser'®*, and
Asp®®® in the L. donovani AAH. Glu®* is the only one among
these residues whose counterpart, an Asp residue, is located
within the active site of structurally determined ADA proteins
(35, 71, 73, 74, 87, 88). Functional evaluation of each of these
seven residues will be undertaken in the future.

Many components of the purine salvage pathway of L. don-
ovani are sequestered in the glycosome, including HGPRT (12),
XPRT (13), and IMPDH (57), although others, such as APRT
(13), are cytosolic. The L. donovani AAH, despite having what
appears to be a PTS2 (Fig. 2) (70), was found by subcellular
fractionation and indirect immunofluorescence to be located in
the cytosol (Figs. 4 and 5). This conclusion is consistent with a
previous report that AAH activity is associated with a high
speed supernatant fraction of an L. donovani cell extract (17).
The cytosolic location of L. donovani AAH suggests that the
putative PTS2 motif in this protein is not recognized by the
glycosomal targeting machinery. Moreover, this ostensible
PTS2 signal, although conserved in the L. mexicana and L.
infantum AAH homologs, is absent in the putative AAHs from
L. major and L. braziliensis. The location of all of the other
components of the purine salvage pathway in L. donovani is
unknown, although GMP reductase accommodates a COOH-
terminal peroxisomal targeting signal 1 (PTS1) (89), whereas
AK, adenylosuccinate synthetase, and adenylosuccinate lyase
lack both a PTS1 and a PTS2 (70, 89).

To unequivocally test the function of AAH in intact parasites,
Aaah and Aaah/Ahgprt/Axprt genotypes were created in L.
donovani by targeted gene replacement strategies. The creation
of the Aaah lesion in the Aaah/Ahgprt/ Axprt background elim-
inated the requirement of the Akgprt/Axprt mutant for dCF,
thereby establishing genetically that AAH is the primary intra-
cellular target of dCF and that genetic or pharmacologic oblit-
eration of AAH is crucial for Ahgprt/Axprt viability in vitro. The
Aaah/Ahgprt/ Axprt mutant, however, still exhibited the same
restrictive growth phenotype for various purines as the previ-
ously reported Ahgprt/Axprt line (20), but the requirement for
dCF in the presence of a 6-amino purine source was alleviated
by the Aaah lesion (Fig. 6). Insertion of the Aaah mutation into
wild type parasites did not, as expected, affect the capability of
L. donovani to grow in purines (Fig. 6), although the routes by
which exogenous adenosine and adenine are salvaged were
altered. Wild type L. donovani funnel adenosine and adenine
into hypoxanthine, a process mediated by AAH, whereas intro-
duction of the Aaah mutation compels the Aaah and Aaah/
Ahgprt/Axprt parasites to salvage these 6-aminopurines via
APRT and possibly AK, enzymes that are not functionally oper-
ative in wild type parasites (20, 60).

The Aaah clone obtained from the wild type L. donovani
progenitor exhibited a modest reduction in overall parasite
burdens in mouse tissues (Fig. 11B) and an equivalent decrease
in parasite numbers in peritoneal macrophages (Fig. 114). This
abridged parasitemia by Aaah parasites is minimal and perhaps
insignificant compared with the 4 and 6 orders of magnitude
diminutions in parasite loads previously observed in this labo-
ratory with Ahgprt/Axprt (20) and ornithine decarboxylase-de-
ficient (67) L. donovani in mouse livers. Although the Ahgprt/
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Axprt double mutant is markedly compromised in its capability
to infect BALB/c mice (20), an outcome that attests that effec-
tively the entire salvageable pool of purines in the mammalian
host to which L. donovani amastigotes are exposed consists of
nucleobase substrates of HGPRT and XPRT, parasite loads
were still measurable, ~10,000/g liver and <100/g spleen. The
persistence of Ahgprt/Axprt parasites in mice could be ascribed
either to residual salvage of host-supplied adenine or adenosine
through APRT or AK, to a limited capacity of APRT to recog-
nize hypoxanthine that is derived either directly from the host,
or as a result of adenine deamination by AAH and/or APRT
amplification (20, 60). In contrast, no surviving parasites were
detected after a 4-week infection of mice (Fig. 11B) with the
Aaah/Ahgprt/Axprt strain, and no Aaah/Ahgprt/ Axprt para-
sites were observed after a 72-h infection of peritoneal macro-
phages (Fig. 11A4). Complementation of the Aaah/Ahgprt/
Axprt triple knock-out with XPRT restored parasite loads in
macrophages to wild type levels, proving that the majority of
the intracellular purine nutrients that Leishmania have access
to are 6-oxypurines. Furthermore, the remarkable absence of
persistence of Aaah/Ahgprt/ Axprt triple knock-out parasites in
mice (Fig. 11B), coupled with the finite but low parasitemia
caused by the Ahgprt/Axprt null line (20), provides strong
genetic support that AAH is key to the lingering amastigote
survival of the Aligprt/Axprt double knock-outs. The dearth of
persistent Aaah/Ahgprt/Axprt parasites observed in livers and
spleens of susceptible BALB/c mice inoculated with the Aaah/
Ahgprt/ Axprt knock-out 4 weeks post-inoculation touts the tri-
ple knock-out as a potential live attenuated vaccine candidate
for visceral leishmaniasis. Although low level persistent infec-
tions are thought to be essential for generating T-cell protective
immunity to leishmanial infections (68, 90, 91), the presence of
persistent parasites obviously precludes their utility as a live
vaccine. Whether Aaah/Ahgprt/Axprt parasites persist for a
long enough interval to engender enduring protective immu-
nity remains to be investigated.
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