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Aspartate aminotransferases have been cloned and expressed from Crithidia fasciculata, Trypanosoma brucei
brucei, Giardia intestinalis, and Plasmodium falciparum and have been found to play a role in the final step of
methionine regeneration from methylthioadenosine. All five enzymes contain sequence motifs consistent with
membership in the Ia subfamily of aminotransferases; the crithidial and giardial enzymes and one trypano-
somal enzyme were identified as cytoplasmic aspartate aminotransferases, and the second trypanosomal
enzyme was identified as a mitochondrial aspartate aminotransferase. The plasmodial enzyme contained
unique sequence substitutions and appears to be highly divergent from the existing members of the Ia
subfamily. In addition, the P. falciparum enzyme is the first aminotransferase found to lack the invariant
residue G197 (P. K. Mehta, T. I. Hale, and P. Christen, Eur. J. Biochem. 214:549-561, 1993), a feature shared
by sequences discovered in P. vivax and P. berghei. All five enzymes were able to catalyze aspartate-ketoglu-
tarate, tyrosine-ketoglutarate, and amino acid-ketomethiobutyrate aminotransfer reactions. In the latter,
glutamate, phenylalanine, tyrosine, tryptophan, and histidine were all found to be effective amino donors. The
crithidial and trypanosomal cytosolic aminotransferases were also able to catalyze alanine-ketoglutarate and
glutamine-ketoglutarate aminotransfer reactions and, in common with the giardial aminotransferase, were
able to catalyze the leucine-ketomethiobutyrate aminotransfer reaction. In all cases, the Kkinetic constants were
broadly similar, with the exception of that of the plasmodial enzyme, which catalyzed the transamination of
ketomethiobutyrate significantly more slowly than aspartate-ketoglutarate aminotransfer. This result obtained
with the recombinant P. falciparum aminotransferase parallels the results seen for total ketomethiobutyrate
transamination in malarial homogenates; activity in the latter was much lower than that in homogenates from
other organisms. Total ketomethiobutyrate transamination in Trichomonas vaginalis and G. intestinalis homog-
enates was extensive and involved lysine-ketomethiobutyrate enzyme activity in addition to the aspartate
aminotransferase activity. The methionine production in these two species could be inhibited by the amino-oxy
compounds canaline and carboxymethoxylamine. Canaline was also found to be an uncompetitive inhibitor of

the plasmodial aspartate aminotransferase, with a K; of 27 pM.

The amino acid methionine (Met) is required for a number
of vital cellular functions, including the initiation of protein
synthesis, the methylation of rRNA and xenobiotics, and the
biosynthesis of cysteine, phospholipids, and polyamines. This
latter function is particularly important in rapidly growing
cells, such as most parasites, bacteria, and cancer cells, which
synthesize large amounts of polyamines immediately prior to
DNA replication (31). The formation of spermidine from pu-
trescine and of spermine from spermidine consumes Met (in
the form of decarboxylated S-adenosylmethionine) as a source
of aminopropyl groups, yielding methylthioadenosine as a by-
product. As de novo biosynthesis of Met is energetically ex-
pensive (from aspartate, it requires one ATP molecule, two
NADPH molecules, succinyl coenzyme A [CoA], cysteine or
H.,S, and 5-methyltetrahydrofolate) and many organisms lack
the ability to synthesize the amino acid, Met tends to be
present in limiting amounts. In order to prevent depletion of
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free Met, there exists a unique pathway which regenerates Met
from methylthioadenosine in seven or eight steps (see refer-
ence 19 for a diagram of the pathway and the enzymes in-
volved); the final step is the transamination of a-ketomethio-
butyrate (KMTB) to yield Met.

The Met regeneration pathway, sometimes referred to as the
methylthioadenosine cycle, has been partially characterized for
a number of organisms, including rat liver (4, 5, 50), plants
(47), yeasts (30), and protozoal parasites (16, 37, 41). However,
the complete pathway has only been fully delineated for the
gram-negative bacterium Klebsiella pneumoniae, where a series
of unusual enzymes have been found to be responsible for the
production of KMTB and tyrosine aminotransferase (TyrAT)
has been found to catalyze the final step (14, 19, 34, 44, 49, 50).
Aside from our recent studies with K. pneumoniae, very little is
known about the identity of the aminotransferase(s) responsi-
ble for Met recycling. In the original studies which discovered
KMTB conversion to Met in rat liver, Backlund et al. (4, 5)
demonstrated that Met could be produced in tissue homoge-
nates using glutamine or asparagine, but not glutamate or
aspartate, as the amino donor. No other amino acids were
examined as potential amino donors, and no purification of the
aminotransferase(s) involved was undertaken. These results
were consistent with the findings of Cooper and Meister (10),
who found that purified rat liver or kidney glutamine amino-



4422 BERGER ET AL.

transferase (GInAT) could use the substrate pairs KMTB-
glutamine and hydroxyphenylpyruvate-Met. Again, a wider
examination of KMTB amino donor specificity was not con-
ducted. These early studies led to the unwarranted assumption
that GInAT was responsible for Met recycling in all organisms
and that glutamine and asparagine were the primary amino
donors.

In a previous study of Met regeneration with the trypano-
somatids Crithidia fasciculata and Trypanosoma brucei brucei, it
was found that aromatic amino acids were the preferred amino
donors for KMTB and that glutamine and asparagine were
very poor amino donors (6). Subsequent purification of this
activity from C. fasciculata yielded an aminotransferase that
actively catalyzed KMTB-tryptophan, KMTB-phenylalanine,
KMTB-tyrosine, KMTB-glutamate, a-ketoglutarate (KG)-
tyrosine, and KG-aspartate aminotransfer (7). Amino acid se-
quencing of an internal peptide from this enzyme gave a
sequence with very high identity to sequences of eukaryotic
cytosolic aspartate aminotransferases (AspATs). Purified,
commercial pig heart AspAT was found to be a very poor
catalyst of Met production from KMTB (7). A similar study
with K. pneumoniae found that TyrAT (tyrB gene product) was
responsible for Met regeneration in this organism (19). Again,
aromatic amino acids and glutamate were the preferred amino
donors, and the enzyme was found to catalyze the KMTB-
tyrosine aminotransfer reaction equally as well as the KG-
tyrosine reaction normally associated with TyrAT.

In the present study, we have cloned and expressed the C.
fasciculata aminotransferase identified in the previous experi-
ments and have examined its substrate specificity and apparent
kinetics. In addition, the aminotransferases involved in Met
formation in Plasmodium falciparum, Giardia intestinalis, and
Trichomonas vaginalis have been studied with cell homoge-
nates, and the enzymes have been cloned and expressed from
P. falciparum, G. intestinalis, and T. brucei brucei. The amino
acid sequences, substrate specificities, and kinetic parameters
of all of the recombinant enzymes identify them as AspATs.

MATERIALS AND METHODS

Parasites and tissues. C. fasciculata clone HS6 was grown in undefined yeast
extract-tryptone medium as described previously (24) and was harvested by
centrifugation for 10 min at 3,500 X g when the cells were in early to middle
exponential growth. P. falciparum clone 3D7 was cultured in A-positive human
erythrocytes grown at pH 7.4 in RPMI 1640 medium (Life Technologies, Paisley,
United Kingdom) supplemented (per liter) with 1 g of bicarbonate, 2 g of
glucose, 26 mg of hypoxanthine (Sigma, Poole, United Kingdom), and 5 g of
Albumax II (Life Technologies). The malaria parasites were allowed to grow
asynchronously and were harvested by saponin lysis followed by sequential
washes in phosphate-buffered saline. 7. brucei brucei clone S427-117 procyclics
were cultured in SDM-79 medium and were harvested by centrifugation for 10
min at 3,500 X g. G. intestinalis and T. vaginalis were obtained as frozen pellets
of trophozoites. Pig kidney was obtained fresh from the Dundee City Abatoir
(Dundee, United Kingdom) and kept on ice before being cut into small pieces
and frozen at —20°C.

To make subcellular homogenates for determining aminotransferase activities
and for subsequent purification, parasite cell pellets or minced pig kidney sam-
ples were resuspended in 25 mM potassium phosphate (pH 7.8)-120 mM KCI-1
mM dithiothreitol (DTT)-2.5 mM KG (Sigma)-0.2 mM pyridoxal-5-phosphate
(PLP; Sigma)-1 mM phenylmethylsulfonyl fluoride-5 uM leupeptin—2 pM pep-
statin—0.5 mM Na-p-tosyl-L-lysine chloromethyl ketone (TLCK) and then soni-
cated on ice (parasites) or ground with a motorized Ystral (Dottingen, Germany)
homogenizer (kidney). The resulting homogenate was then centrifuged at
14,000 X g for 20 min, and the supernatant was dialyzed against two changes of
10 mM phosphate buffer-1 mM EDTA-1 mM DTT (buffer A) (pH 7.4).
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DNA was isolated from each parasite by resuspending the pelleted cells in an
equal volume of 100 mM NaCl-10 mM Tris-HCI (pH 8.0)-25 mM EDTA-0.5%
(wt/vol) sodium dodecyl sulfate-0.1 mg of proteinase K (Bioline, London, United
Kingdom)/ml and incubating the suspension at 37°C for 1 h prior to phenol-
chloroform-isoamyl alcohol extraction. The isolated DNA was precipitated in
300 mM sodium acetate (pH 5.2)-95% ethanol, vacuum dried, and resuspended
in distilled water. P. falciparum total RNA was isolated from saponin-freed
asynchronous parasites by resuspension of a 100-pl cell pellet in 500 pl of
RNAce lysis buffer (Bioline) and subsequent phenol-chloroform extraction as
outlined in the RNAce kit instructions. A 100-ng quantity of total RNA was used
for reverse transcription at 37°C for 30 min with Moloney murine leukemia virus
reverse transcriptase (Promega, Southampton, United Kingdom) and antisense
primers specific for the 3’ end of the plasmodial AspAT gene (see below) or the
plasmodial lactate dehydrogenase gene (positive control for expression ). Incu-
bations without primers were used to control for any DNA contamination. After
reverse transcription, the products were diluted fourfold and an aliquot was used
for PCR with 35 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min.

Native aminotransferases. The number of aminotransferases catalyzing Met
formation was determined by loading 2 ml of dialyzed supernatant into a 10-cm
DEAE-Sepharose FF (Pharmacia, St. Albans, United Kingdom) column equil-
ibrated with buffer A (pH 7.8) and eluting the sample with a linear gradient of
0 to 250 mM KCl in buffer A. The column was connected to a Biosys (Beckman,
High Wycombe, United Kingdom)-biocompatible high-pressure liquid chro-
matograph run at 1 ml/min and 4°C, with UV detection at 280 nm. One-milliliter
fractions were kept from each run and analyzed for general KMTB-amino acid
aminotransfer (KMAT activity) as outlined below. Peaks of activity within a
given run were then reassayed for the amino donor specificity of the KMAT
reaction as outlined below. Total KMAT activity in 7. vaginalis and G. intestinalis
homogenates was inhibited by incubating 10 pl of the enzyme preparation as
described below for general KMAT activity in the presence of 100 uM or 1.0 mM
malic acid, serine-O-sulfate, canaline, carboxymethoxylamine, or nitrophenylala-
nine (all from Sigma). The amount of Met produced was then quantified by
high-pressure liquid chromatography (HPLC) and compared to that of control
incubations.

Enzyme assays. In order to assay for general KMAT activity, 10 wl of test
fraction was added to 100 wl of 100 mM potassium phosphate (pH 7.4)-2 mM
ADEFGHIKNQRSTWY-1 mM KMTB-50 uM PLP, and the mixture was in-
cubated at 37°C for 30 min. At the end of the incubation, samples were frozen at
—20°C until analyzed further. After thawing of the samples, 20 pl of sample was
mixed with 100 pl of 0.4 M borate (pH 10.5) and then with 20 wl of o-phthal-
aldehyde (10 mg/ml)-3-mercaptopropionate (12 wl/ml)-0.4 M borate (pH 10.5).
Seven microliters of this mixture was then immediately injected into an ODS-AA
column (2.1 by 200 mm; Hewlett-Packard, Stockport, United Kingdom) run on
a Beckman HPLC system consisting of a model 126 binary pump, a 166 photo-
diode array detector, a 507e autosampler, and System Gold operating software.
The column was run at ambient temperature with an initial flow rate of 0.45
ml/min and with 2.72 mg of sodium acetate (pH 7.2)/ml-0.018% (vol/vol) trieth-
ylamine-0.3% tetrahydrofuran as solvent A and 2.72 mg of sodium acetate (pH
7.2)/ml-40% (vol/vol) methanol-40% (vol/vol) acetonitrile as solvent B. Elution
was accomplished with a linear gradient of 0 to 60% solvent B over 17 min, 60
to 100% solvent B over 1 min, and 100% solvent B for 6 min. A flow rate of 0.45
ml/min was used over the first 18 min, and a flow rate of 0.8 ml/min was used over
the final 6 min. The o-phthalaldehyde-derivatized amino acids were detected by
UV spectrophotometry at 338 nm.

To measure the capacity of a single amino acid to act as an amino donor for
KMTB, the reaction mixture consisted of a 2 mM concentration of the test amino
acid in place of ADEFGHIKNQRSTWY. The HPLC assay was also capable of
measuring the aminotransfer of any amino acid-keto acid pairing by replacement
of ADEFGHIKNQRSTWY with the appropriate amino acid and KMTB with
the desired keto acid. In this manner, AspAT activity was assayed with 2 mM
aspartate-1 mM KG or 2 mM glutamate-1 mM oxaloacetate, alanine amino-
transferase (AlaAT) activity was assayed with 2 mM alanine-1 mM KG or 2 mM
glutamate—1 mM pyruvate, and TyrAT activity was assayed with 2 mM tyrosine-1
mM KG.

To determine the kinetic parameters of the recombinant enzymes, samples for
HPLC analysis were constructed using 0.5 mM PLP, 10 mM cosubstrate, and 0.1,
0.5, 1.0, 2.5, 5.0, or 10 mM substrate. These samples were incubated at 37°C for
15 min and were then stored at —20°C until analysis. Following conversion of
HPLC peak areas to nanomoles per minute per milligram of protein, kinetic
constants were determined via the Scientist program (MicroMath, Salt Lake
City, Utah) with the Michaelis-Menten equation and nonlinear least-squares
fitting. For inhibition studies, recombinant P. falciparum AspAT was added to
1.0, 2.0, or 3.0 mM Tyr, 5.0 mM KMTB, 0.5 mM PLP, and 10 mM potassium
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phosphate (pH 7.4) containing 0, 100, 200, 300, 400, or 500 uM canaline (Sigma)
before incubation at 37°C for 30 min.

Cloning of aminotransferases. For the C. fasciculata enzyme, selected cytoso-
lic AspATs from lower and higher eukaryotes were aligned using the Megalign
program (DNAStar, Madison, Wis.) and the Clustal algorithm (42). Two regions
of very high conservation and relatively low redundancy were chosen for the
design of degenerate oligonucleotide primers (5'-CTNCACGCNTGCGCNCA
CAACCCNACNGG-3' [sense] and 5'-CGCATSGWSACGATNCGGTCNGCC
AT-3' [antisense]). After PCR amplification using 5 pg of C. fasciculata genomic
DNA, BioTaq DNA polymerase (Bioline), 1.5 mM MgCl,, and 30 cycles of
denaturation at 95°C for 1 min, annealing at 60°C for 1.5 min, and extension at
72°C for 1.5 min, the anticipated product of approximately 480 bp was isolated
from an agarose gel using Qiaex II resin (Qiagen, Crawley, United Kingdom) and
ligated into PCRScript according to the manufacturer’s instructions (Stratagene,
Amsterdam, The Netherlands). The plasmid containing the PCR product was
isolated from cultures of Escherichia coli using a Qiaspin Mini kit (Qiagen), and
the insert was sequenced in both directions by automated, dye-labeled DNA
sequencing (ABI, Warrington, United Kingdom) at the Department of Biochem-
istry, University of Dundee. The translated amino acid sequence of the PCR
product was then used in multiple alignments to confirm the identity of the C.
fasciculata gene fragment. The nucleotide sequence of the insert was then used
to design exact primers for the amplification of a 380-bp portion of the gene
(CfAT primers): 5'-ACAGGCGTCGACCCCTCGCACGCGCA-3’ (sense) and
5'-TTCCGCAGCTCCTTATCGCTCAGCA-3' (antisense).

One hundred micrograms of C. fasciculata genomic DNA was digested with
0.248 U of Sau3A (Promega) for 30 min at 37°C and then for 10 min at 70°C,
treated with alkaline phosphatase (Promega) for 30 min at 37°C and then for 10
min at 70°C, and ligated to BamHI (Promega)-digested A-Dash at a 1:0.2 ratio of
arms to insert. After Sau3A digestion, alkaline phosphatase treatment, and
ligation, a sample was subjected to PCR with the CfAT primers to confirm the
presence of the 380-bp sequence. The ligated DNA was then packaged according
to the Packagene protocol (Promega), and the resulting library was titered,
amplified, and stored at 4°C with 0.3% chloroform in SM broth. A 5-pl aliquot
of the amplified library was heated at 99°C for 5 min and then used as the
template for PCR with the CfAT primers to confirm the presence of the target
gene in the library. An aliquot (0.1 pl) of the amplified library was then plated,
and plaque lifting was performed in duplicate using Hybond NX filters (Amer-
sham, St. Albans, United Kingdom). One of the filters was rinsed with 2.0 ml of
100 mM NaCl-8 mM MgSO,-50 mM Tris-HCI (pH 7.5)-0.1% (wt/vol) gelatin,
and then 20 wl of this liquid was heated to 99°C for 5 min and used as the
template for PCR with the CfAT primers to confirm the presence of the target
gene on the plate. The second filter was dried, denatured in 0.2 M NaOH-1.5 M
NaCl, and subjected to UV cross-linking. The filter was then probed with a
fluorescein-labeled oligonucleotide prepared from the PCR product of the CfAT
primers and C. fasciculata genomic DNA. Labeling of the probe, hybridization,
and detection were performed according to the manufacturer’s instructions for
the Gene Images kit (Amersham). Positive plaques were picked from the agar
plate into 1 ml of SM broth, and 5 pl of this liquid was used for PCR with the
CfAT primers to confirm the presence of the target gene. A large-scale ampli-
fication of a single positive plaque was then performed, and the DNA was
isolated and subjected to nucleotide sequencing in both directions. The complete
open reading frame was amplified from genomic DNA using 5'-GACGACGA
CAAGATGTCTGGATCTCCGACCGA-3' (sense) and 5'-GGAACAAGACC
CGTTTACACCGTGCGAACCGCCTC-3' (antisense) and cloned into pCALnEK
(Stratagene).

The P. falciparum AspAT was identified by similarity searching of the malaria
genome project (www.ncbi.nlm.gov/Malaria/blastindex.html) using the BLAST
program (1) and the translated sequence of the 486-bp fragment of the C.
fasciculata AspAT as the query sequence. The complete open reading frame was
amplified from genomic DNA using 5'-GACGACGACAAGATGGATAAGTT
ATTAAGCAGCTTAGA-3' (sense) and 5'-GGAACAAGACCCGTTCATATT
TGACTTAGCGAAAGACAA-3' (antisense) and cloned into pCALnEK. The
G. intestinalis enzyme was similarly identified by similarity searching of the
Giardia genome project (www.mbl.edu/Giardia) (32) and assembly of the
nucleotide fragments from high-identity matches using the Seqman program
(DNAStar). The complete open reading frame was amplified from genomic
DNA using 5'-GACGACGACAAGATGTCTGTCTTCTCAGGGTTTCCTG-3'
(sense) and 5'-GGAACAAGACCCGTTTCATTTCTTGAACGGGAGCTTC
G-3' (antisense) and cloned into pCALnEK. Two AspATs were identified in T.
brucei brucei by similarity searching of the Trypanosoma brucei genome project
(www.tigr/org/tdb/mdb/tbdb) and assembly of the nucleotide fragments from
high-identity matches using Seqman. The complete open reading frame of the
mitochondrial AspAT was amplified from genomic DNA using 5'-GACGACG

ASPARTATE AMINOTRANSFERASE AND METHIONINE RECYCLING 4423

ACAAGATGGGGAAACCGGATCCCA-3' (sense) and 5'-GGAACAAGACC
CGTTCATTTAGTAACGTTGTGA-3' (antisense), and that of the cytosolic
AspAT was amplified using 5'-GACGACGACAAGATGTCCAGGCCCTTTA
AGGACT-3' (sense) and 5'-GGAACAAGACCCGTCTACTTGTTACGCAC
GTGTCGGACAACATCGTCAATC-3' (antisense). Both trypanosomal AspATs
were cloned into pCALnEK.

Amino acid sequences were compared by multiple alignments using ClustalW
(42) and Clustal analysis with the PAM250 sequence substitution table (12). The
aligned sequences were then subjected to distance analysis using the ProtDist
program in the Phylip package (13). The resulting distance matrix was used in the
Neighbor program of Phylip for tree generation by the method of neighbor
joining (39), and all trees were visualized using the TreeView program (http:
//taxonomy.zoology.gla.ac.uk/rod/rod.html).

Expression of recombinant enzymes. The pCALnEK constructs were trans-
formed into E. coli BL21-CodonPlus cells (Stratagene), which were then grown
in Luria-Bertani medium at 37°C until the A4, reached 0.6 to 0.8. Isopropyl-p-
D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM, and
the cultures were grown for an additional 5 to 7 h at 27°C before the cells were
harvested by centrifugation. The cell pellet was resuspended in 10 mM HEPES
(pH 7.8)-150 mM NaCl-1 mM DTT-1 mM imidazole-1 mM magnesium ace-
tate-2 mM CaCl, (buffer B) and sonicated on ice before centrifugation at
4,000 X g for 20 min. The cell supernatant was loaded into a calmodulin-agarose
(Stratagene) column (1.0 by 10 cm) equilibrated and washed with buffer B and
then was eluted with 10 mM HEPES (pH 7.8)-1.2 M NaCl-1 mM DTT-3 mM
EGTA. Fractions containing the recombinant protein were dialyzed against 10
mM HEPES (pH 7.4)-1 mM DTT-1 mM EDTA and concentrated to less than
5 ml using a 30-kDa molecular mass cutoff filter.

Nucleotide sequence accession numbers. The sequences reported in this paper
have been submitted to GenBank under accession numbers AF326988,
AF326989, AF326990, and AF326991.

RESULTS

C. fasciculata cytoplasmic AspAT. Previously, it had been
demonstrated that C. fasciculata and T. brucei brucei were
capable of generating Met from methylthioadenosine (6) and
that C. fasciculata contained three different aminotransferases
capable of catalyzing the final step in this pathway. An internal
peptide sequence with high identity to the sequence of eukary-
otic cytosolic AspAT was obtained from the most active of
these enzymes (7), and degenerate oligonucleotide primers
were designed for amplification of the middle third of the gene.
The resulting 480-bp product was sequenced and, upon trans-
lation, was found to have a very high identity to eukaryotic
cytosolic AspAT (51% to the chicken cytoplasmic AspAT).
The gene fragment contained a unique Sall site, and Southern
analysis of restriction enzyme-digested C. fasciculata DNA
yielded two bands (of 4.7 and 1.8 kbp) with Sa/l and single
bands with other endonucleases when probed with the 480-bp
fragment. The AspAT gene therefore appears to exist as a
single gene copy in the parasite genome.

The complete coding sequence for the AspAT was cloned
from a genomic library and was found to be 1,218 bp long
(GenBank accession number AF326988). The gene codes for a
polypeptide of 405 amino acids with high similarity to eukary-
otic cytosolic AspAT. Figure 1 shows an alignment of the
crithidial AspAT with selected AspATs for clarity. A larger
alignment, consisting of the sequences discussed in this paper
and the sequences of the currently known members of the
aminotransferase Ia subfamily or the members of the amino-
transferase I family, is available from B. J. Berger; see refer-
ences 20 and 23 for information on the classification of en-
zymes within the aminotransferase I family and reference 19
for a more recent dendrogram. As expected, the crithidial
AspAT shares a relatively low number of completely conserved
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FIG. 2. Phylogenetic analysis of parasite AspATs. In both trees, constructed by neighbor joining with the Phylip package, parasite AspATs are
abbreviated as follows: Cf, C. fasciculata cytoplasmic AspAT; Tbc, T. brucei brucei cytoplasmic AspAT; Tbm, T. brucei brucei mitochondrial AspAT;
Gi, G. intestinalis cytoplasmic AspAT; and Pf, P. falciparum AspAT. Tree A was formed using the following additional sequences: a, H. sapiens
cytoplasmic AspAT; b, G. gallus cytoplasmic AspAT; ¢, Lupinus angustifolicus mitochondrial AspAT; d, Oryza sativa cytoplasmic AspAT; e, H.
sapiens mitochondrial AspAT; f, G. gallus mitochondrial AspAT; g, E. coli AspAT; h, E. coli TyrAT; i, Schizosaccharomyces pombe TyrAT; j, S.
cerevisiae TyrAT; k, E. coli alanine-valine aminotransferase; 1, H. sapiens AlaAT; m, S. cerevisiae AlaAT; n, H. sapiens kynurenine aminotransferase;
0, Rattus norvegicus kynurenine aminotransferase; p, B. subtilis YHDR gene product; q, B. subtilis AspAT; 1, B. subtilis PATA gene product; s, B.
subtilis YUGH gene product; t, H. sapiens TyrAT; u, Trypanosoma cruzi TyrAT; v, Halobacter sp. histidinol-phosphate aminotransferase; w, E. coli
histidinol-phosphate aminotransferase; and x, S. pombe histidinol-phosphate aminotransferase. Tree B was formed using the following additional
sequences from members of the aminotransferase Ia subfamily: 1, C. elegans CE07462 gene product; 2, C. elegans CE06829 gene product; 3, C.
elegans CE07461 gene product; 4, G. gallus cytoplasmic AspAT; 5, Mus muris cytoplasmic AspAT; 6, R. norvegicus cytoplasmic AspAT; 7, H. sapiens
cytoplasmic AspAT; 8, Equus caballus cytoplasmic AspAT; 9, Bos taurus cytoplasmic AspAT; 10, Sus scrofus cytoplasmic AspAT; 11, S. cerevisiae
cytoplasmic AspAT; 12, S. cerevisiae mitochondrial AspAT; 13, Vibrio cholerae AspAT; 14, E. coli AspAT; 15, Haemophilus influenzae AspAT; 16,
Neisseria gonorrhoeae AspAT; 17, Paracoccus denitrificans TyrAT; 18, Rhizobium meliloti TyrAT; 19, Pseudomonas aeruginosa TyrAT; 20, N.
gonorrhoeae TyrAT; 21, N. meningitidis TyrAT; 22, E. coli TyrAT; 23, K. pneumoniae TyrAT; 24, A. thaliana AspAT1; 25, Drosophila melanogaster
CT10757 gene product; 26, C. elegans CE02477 gene product; 27, G. gallus mitochondrial AspAT; 28, H. sapiens mitochondrial AspAT; 29, E.
caballus mitochondrial AspAT; 30, B. taurus mitochondrial AspAT; 31, S. scrofus mitochondrial AspAT; 32, R. norvegicus mitochondrial AspAT;
33, M. muris mitochondrial AspAT; 34, Medicago sativa cytoplasmic AspAT; 35, Daucus caroti cytoplasmic AspAT; 36, O. sativa cytoplasmic
AspAT; 37, A. thaliana AspAT3; 38, A. thaliana AspAT4; 39, A. thaliana AspAT2; 40, L. angustifolicus mitochondrial AspAT; and 41, A. thaliana
mitochondrial AspAT.

residues across even the limited number of sequences shown
in Fig. 2 and is most closely related to the 7. brucei brucei
cytoplasmic AspAT (see below), with an identity of 56% and
a similarity of 75%. Of sequences outside those shown in
this article, the crithidial AspAT most closely resembles the
chicken cytoplasmic AspAT, with an identity of 42% and
a similarity of 65%. With conservation of the motifs
LLHXCXHNPTGXDXsW, DXAYQGX;GX,D, and SKX,
LYXERXG around key residues, the crithidial AspAT is

clearly a member of the Ia subfamily of aminotransferases
(23). The residues G192(G197), D217(D222), K253(K258),
and R380(R386) are the ones identified by Mehta et al. (33) as
being essential for the binding and stabilization of the PLP
cofactor; the residues given in parentheses are those for the pig
cytosolic AspAT, which Mehta et al. (33) proposed as the
standard for comparative nomenclature. These residues are
purportedly the only ones completely conserved across all four
families of aminotransferases (33). Phylogenetic analysis of
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FIG. 3. Amino donor spectrum for recombinant parasite AspATs.
Purified recombinant aminotransferases were incubated with a 2 mM
concentration of a single amino acid and 1 mM KMTB as described in
Materials and Methods and analyzed for Met production by HPLC.
Met production for each amino acid is shown as the fraction of total
Met production. (A) C. fasciculata cytoplasmic AspAT. (B) T. brucei
brucei cytoplasmic AspAT. (C) T. brucei brucei mitochondrial AspAT.
(D) G. intestinalis cytoplasmic AspAT. (E) P. falciparum AspAT.

selected family I aminotransferases demonstrated that the en-
zyme clustered within the Ia subfamily, which consists of eu-
karyotic AspATs, gram-negative bacterial AspATs, and pro-
karyotic TyrATs (Fig. 2A). A similar analysis of the subfamily
Ia aminotransferases showed that the crithidial AspAT clus-
tered with the other known eukaryotic cytosolic AspATs (Fig.
2B).

The crithidial AspAT was expressed in E. coli containing an
extra plasmid expressing the argU, ileY, and leul genes. These
extra tRNAs were not essential for expression of the enzyme
but greatly enhanced the amount of recombinant protein ob-
tained (data not shown). The enzyme was found to be active
and readily utilized glutamate, phenylalanine, tyrosine, trypto-
phan and, to a lesser degree, alanine, aspartate, histidine,
leucine, asparagine, and glutamine as amino donors for Met
production from KMTB (Fig. 3A). The crithidial AspAT was
also fully capable of catalyzing AspAT and TyrAT activities.
These results are in full agreement with those obtained previ-
ously with the native, purified enzyme (7). Selected substrate
pairings were examined further to determine the apparent
kinetic constants (Table 1). As was found for the K pneu-
moniae TyrAT (19), the crithidial AspAT was able to catalyze

J. BACTERIOL.

Met production equally as well as aspartate-KG and ty-
rosine-KG aminotransfer, with V.. values of 1.97 to 4.00
pmol/min/mg of protein. Surprisingly, the AspAT also cata-
lyzed AlaAT and GInAT reactions at equal or better rates. To
date, there have been no reports of an AspAT capable of
catalyzing such a broad range of activities, and the biochemical
significance of such a broad substrate specificity is unclear.
However, based on previous studies, this aminotransferase is
the main, but not sole, mechanism of KMTB transamination in
C. fasciculata (7).

T. brucei brucei cytoplasmic and mitochondrial AspATs.
Screening of the 7. brucei brucei GuTatl0.1 genome project
database with the 480-bp gene fragment sequence from C.
fasciculata yielded several shotgun gene fragments which could
be assembled into two unique aminotransferase genes. The
complete coding sequences of both of these genes were cloned
from genomic T. brucei brucei S427/117 DNA. The first se-
quence (GenBank accession number AF326989) was 1,212 bp
long and encoded a polypeptide of 403 amino acids, while the
second (GenBank accession number AF326990) was 1,173 bp
long and encoded a protein of 390 amino acids. The presence
of the motifs HNPTGXDX;W, PXXDXAYqgX;GX,D, and
SXXKXXGLYXXRXG in the deduced amino acid sequences
of both enzymes suggested that both AspATs were members of
the aminotransferase Ia subfamily (Fig. 1); lowercase letters
indicate substitutions relative to the consensus sequence.
While Q226 and G227 have been reported to be conserved
across the Ia subfamily (25), the second trypanosomal AspAT
had P207(P226) and S208(S227) in these positions.

Phylogenetic analysis of selected family I aminotransferases
supported the placement of both enzymes in the Ia subfamily
(Fig. 2A). A similar analysis of the Ia subfamily showed that
the first trypanosomal AspAT clustered with known eukary-
otic, nonplant cytoplasmic AspATs, while the second one clus-
tered with known eukaryotic mitochondrial AspATs (with the
notable exception of the Saccharomyces cerevisiae mitochon-
drial AspAT) (Fig. 2B). After multiple sequence alignment or
sequential pairwise alignment, the trypanosomal cytoplasmic
AspAT was found to be most similar to the crithidial AspAT
(see above) and was equally distant from mammalian, plant,
and yeast cytoplasmic AspATs (with identities ranging from 39
to 45% and similarities of 63 to 66%). The trypanosomal mi-
tochondrial AspAT was found to be most similar to a mito-
chondrial AspAT from Arabidopsis thaliana (GenBank acces-
sion number P46248), with an identity of 38% and a similarity
of 60%, and a mitochondrial AspAT from Caenorhabditis el-
egans (GenBank accession number U39645), at 39 and 63%,
respectively.

The trypanosomal enzymes were individually expressed in E.
coli and purified by affinity chromatography. As with the C.
fasciculata enzyme, coexpression with the argU, ileY, and leulW
tRNA genes greatly increased the amounts of trypanosomal
aminotransferases obtained. Both enzymes were screened for
aminotransferase activity using KMTB as the amino acceptor
and each amino acid as the donor (Fig. 3B and C). Both
enzymes effectively catalyzed reactions with tryptophan, ty-
rosine, phenylalanine, glutamate, aspartate, histidine, and ar-
ginine. In addition, the trypanosomal cytoplasmic AspAT also
utilized alanine, leucine, and glutamine as amino donors. The
pattern seen for the trypanosomal cytoplasmic AspAT closely
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TABLE 1. Kinetic parameters for selected substrates”

AspAT Substrate Cosubstrate aﬁiff;}tn!/;‘r‘l‘g")‘ App(?;(;ll; Ko
C. fasciculata cytoplasmic Asp KG 3.37 £0.31 5.00 = 0.98
Tyr KG 3.30 = 0.08 4.77 = 0.20
Gln KG 23.82 £2.52 32.02 = 4.23
Ala KG 2.76 = 0.14 3.10 = 0.38
KG Tyr 3.30 = 0.11 6.78 = 0.41
KMTB Glu 1.87 £ 0.13 6.95 = 0.89
Glu KMTB 2.27 £0.06 11.34 = 0.50
Tyr KMTB 1.97 £ 0.24 10.12 = 1.72
Phe KMTB 2.50 £ 0.08 2599 £1.13
Trp KMTB 2.54 = 0.09 11.94 = 0.69
His KMTB 4.00 = 0.65 16.38 = 3.90
Leu KMTB 2.97 = 0.03 12.77 = 0.20
T. brucei brucei cytoplasmic Asp KG 4.59 = 0.33 10.38 = 1.22
Tyr KG 8.68 £ 1.24 17.10 = 3.04
Gln KG 16.68 = 1.53 21.47 = 2.67
Ala KG 3.50 = 0.26 7.83 = 0.88
KG Tyr 2.83 = 0.16 6.96 = 0.75
KMTB Glu 2.05£0.13 8.69 = 0.24
Glu KMTB 1.97 = 0.11 8.93 = 0.84
Tyr KMTB 1.47 £ 0.21 7.25 £1.53
Phe KMTB 1.69 = 0.08 16.12 = 1.07
Trp KMTB 1.63 = 0.16 6.85 = 1.29
His KMTB 4.63 = 0.37 19.53 = 2.20
Leu KMTB 2.09 £ 0.06 8.76 = 0.47
T. brucei brucei mitochondrial Asp KG 8.40 = 0.44 9.80 = 0.87
Tyr KG 3.14 = 0.27 1.94 = 0.39
Gln KG 0
Ala KG 0
KG Tyr 2.88 £ 0.88 213 £ 0.17
KMTB Glu 2.62 = 0.07 423 +0.26
Glu KMTB 4.43 +0.25 10.39 = 0.96
Tyr KMTB 0.42 = 0.02 0.79 = 0.09
Phe KMTB 0.92 = 0.06 4.28 = 0.65
Trp KMTB 0.31 = 0.01 0.44 = 0.08
His KMTB 4.62 = 1.17 27.42 £ 8.97
Leu KMTB 0.06 = 0.01 0.38 = 0.26
G. intestinalis cytoplasmic Asp KG 7.29 = 1.39 11.30 = 3.47
Tyr KG 5.88 = 0.62 6.90 = 1.13
Gln KG 0
Ala KG 0
KG Tyr 375 =024 5.44 = 0.72
KMTB Glu 3.67 = 0.19 10.64 = 0.92
Glu KMTB 3.63 = 0.18 10.94 = 0.91
Tyr KMTB 1.84 = 0.15 5.61 £0.72
Phe KMTB 334+ 0.15 2395 = 1.41
Trp KMTB 485032 16.09 = 1.54
His KMTB 6.60 = 0.41 17.47 = 1.54
Leu KMTB 2.88 £0.13 8.11 = 0.64
P. falciparum Asp KG 3.69 £ 0.41 5.48 +1.24
Tyr KG 1.35 = 0.08 1.47 = 0.23
Gln KG 0
Ala KG 0
KG Tyr 1.03 = 0.04 1.26 = 0.15
KMTB Glu 0.45 = 0.03 1.06 = 0.28
Glu KMTB 0.96 = 0.06 8.90 = 1.00
Tyr KMTB 0.14 = 0.01 0.44 = 0.13
Phe KMTB 0.16 = 0.01 0.79 = 0.10
Trp KMTB 0.12 = 0.01 0.72 = 0.06
His KMTB 1.06 = 0.16 16.34 = 3.69
Leu KMTB 0.02 = 0.01 0.77 = 0.28

“The recombinant enzymes were incubated with 10 mM cosubstrate (5 mM in the case of Tyr) and various amounts of substrate as outlined in Materials and
Methods. Met production was quantified by HPLC, and kinetic constants were determined using nonlinear least-squares fitting to the Michaelis-Menten equation. V.,

and K,,, values are reported as the mean and standard deviation.
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FIG. 4. Amino donor spectrum for parasite or tissue homogenates.
Aliquots of subcellular homogenates were incubated with a 2 mM
concentration of a single amino acid and 1 mM KMTB as described in
Materials and Methods and analyzed for Met production by HPLC.
Met produced by each amino acid is shown as the fraction of total Met
production. (A) T. vaginalis homogenates. (B) G. intestinalis homoge-
nates. (C) P. falciparum homogenates. (D) Pig kidney homogenates.

follows that seen previously with homogenates prepared from
bloodstream T. brucei brucei (6). In detailed kinetic analyses,
the cytoplasmic and mitochondrial AspATs were similar (Ta-
ble 1), with the exception that glutamate and the aromatic
amino acids were equally as effective as amino donors for
KMTB with the cytoplasmic AspAT (V,,.x values of 1.63 to
1.97 nmol/min/mg of protein), whereas glutamate was 5- to
10-fold more effective than the aromatic amino acids with the
mitochondrial AspAT (4.43 versus 0.31 to 0.92 nmol/min/mg of
protein). In addition, the cytoplasmic AspAT readily catalyzed
GInAT, AlaAT, and leucine-KMTB aminotransfer reactions,
while the mitochondrial AspAT did not catalyze these reac-
tions. Both enzymes catalyzed AspAT and TyrAT activities.
Methionine formation in 7. vaginalis and G. intestinalis. Cel-
lular homogenates of T. vaginalis and G. intestinalis were ex-
amined for their ability to catalyze the formation of Met from
KMTB (Fig. 4A and B). Both organisms were found to have
similar patterns for the amino donor preference for the KMAT
reaction, with lysine, glutamate, phenylalanine, histidine, iso-
leucine, valine, tryptophan, and tyrosine all being effective
amino donors. The strong preference for lysine as an amino
donor was very unusual, as this amino acid is a very ineffective
amino donor for KMTB in all the other organisms studied here
and previously (6, 7, 19). In addition to the unusual amino
donor preference, both anaerobic organisms catalyzed the
KMAT reaction much more readily than the other parasites
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FIG. 5. Inhibition of Met production in homogenates of T. vaginalis
(A) and G. intestinalis (B). Homogenates of each parasite were incu-
bated with 2 mM ADEFGHIKLNQRSTWY, 1 mM KMTB, and 0.1 or
1.0 mM individual inhibitors as described in Materials and Methods
and analyzed for Met production. Inhibition of Met production rela-
tive to the results for control incubations is shown. nitroPhe, nitrophe-
nylalanine.

and bacteria examined. An example of this phenomenon can
be seen by comparing the rates of 14.07 nmol/min/mg of pro-
tein (7. vaginalis) and 14.96 nmol/min/mg of protein (G. intes-
tinalis) for lysine-KMTB aminotransfer with the rate of 0.64
nmol/min/mg of protein for phenylalanine-KMTB aminotrans-
fer in C. fasciculata cellular homogenates or 1.92 nmol/min/mg
of protein for glutamate-KMTB aminotransfer in K. pneu-
moniae homogenates. KMAT activity in T. vaginalis and G.
intestinalis homogenates was also examined in the presence of
selected aminotransferase inhibitors (Fig. 5). Only the amino-
oxy compounds canaline and carboxymethoxylamine showed
appreciable inhibition, with both compounds completely abol-
ishing KMAT activity at 1.0 mM. At 100 uM, carboxymethox-
ylamine also completely inhibited KMAT activity, while cana-
line reduced KMAT activity to 35 to 45% that in control
incubations. These results are similar to the inhibition seen in
homogenates of C. fasciculata and K. pneumoniae (7, 19).
The T. vaginalis and G. intestinalis homogenates were sepa-
rated with a DEAE column, yielding two active fractions for
each organism which eluted in the voided volume and at 800
mM KCI. The first fraction was found to catalyze KMAT ac-
tivity with isoleucine, valine, histidine, phenylalanine, trypto-
phan, tyrosine, and glutamate, whereas the second fraction
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used only lysine as an amino donor. With the exception of
isoleucine and valine utilization, the amino donor preference
of the first fraction closely resembled that of parasite AspATs
or bacterial TyrATs (see above and references 6, 7, and 19).

G. intestinalis cytoplasmic AspAT. By similarity searching of
the G. intestinalis genome project shotgun sequence data, it
was possible to identify the two ends of the cytoplasmic
AspAT. The complete gene was cloned and was found to be
1,284 bp long and to encode a protein of 427 amino acids
(GenBank accession number AF326991). As with the other
parasite AspATs, the presence of the motifs HXCXHNPs
GXDXsW, DXAYQGX;GX,D, and SXXKXXGLYXERXG
around the anchor residues identified the enzyme as a member
of the aminotransferase Ia subfamily (Fig. 1). While T196 has
been reported to be conserved across the Ia subfamily (23), the
giardial AspAT had S194(S196) in this position. In addition,
phylogenetic analysis of the protein sequence placed the en-
zyme with other members of the Ia subfamily (Fig. 2A and B),
where it clustered with other eukaryotic cytoplasmic AspATs.
The G. intestinalis AspAT showed almost equal sequence sim-
ilarities to the C. fasciculata AspAT, the T. brucei brucei cyto-
plasmic AspAT, human cytoplasmic AspAT (GenBank acces-
sion number NMO002079), chicken cytoplasmic AspAT
(GenBank accession number X15636), and S. cerevisiae cyto-
plasmic AspAT (GenBank accession number NC001144), with
identities of 38 to 44% and similarities of 59 to 64%.

The enzyme was expressed in E. coli, where coexpression
with a vector containing the argU, ileY, and leulW genes was
necessary to obtain a good yield of active recombinant mate-
rial. After purification by affinity chromatography, the enzyme
was examined for amino donor specificity in the KMAT reac-
tion (Fig. 3D); glutamate, aspartate, phenylalanine, histidine,
leucine, tryptophan, and tyrosine were found to be effective
donors. In this respect, the G. intestinalis AspAT is very similar
to the C. fasciculata and T. brucei brucei cytoplasmic AspATs.
However, the G. intestinalis enzyme demonstrates reduced uti-
lization of alanine, asparagine, glutamine, and arginine as
amino donors relative to the two trypanosomal cytoplasmic
AspATs. With the exception of an inability to use valine and
isoleucine as amino donors, the purified G. intestinalis AspAT
catalyzes all the KMAT activity seen in the DEAE voided
fraction isolated from cellular homogenates. Therefore, with
regard to global Met regeneration from KMTB, G. infestinalis
utilizes AspAT, an aminotransferase with a strict dependence
on lysine as the amino donor, and an additional aminotrans-
ferase activity which can utilize valine and isoleucine as amino
donors.

Selected substrate pairs were further examined to character-
ize the kinetics of the enzyme (Table 1). The K, and V,,,,
values for KMTB, KG, glutamate, tyrosine, phenylalanine,
tryptophan, histidine, and leucine were very similar to those
seen for the C. fasciculata and T. brucei brucei cytoplasmic
AspATs, with K, values ranging from 5.44 to 23.95 mM and
V max Values of 1.84 to 6.60 wmol/min/mg of protein. Like the
other enzymes, the G. intestinalis AspAT catalyzed AspAT and
TyrAT reactions but, in contrast to the trypanosomal cytoplas-
mic AspATs, did not perform any glutamine-KG or ala-
nine-KG aminotransfer. Therefore, while the giardial cytoplas-
mic AspAT is very similar to the trypanosomal homologues, it
has a narrower substrate specificity.

ASPARTATE AMINOTRANSFERASE AND METHIONINE RECYCLING 4429

Methionine regeneration in P. falciparum. Cellular homog-
enates of malarial parasites isolated from human erythrocytes
were examined for their ability to catalyze the KMAT reaction
(Fig. 4C). Glutamate, phenylalanine, histidine, isoleucine,
leucine, valine, tryptophan, and tyrosine were the only amino
acids capable of acting as amino donors, with the branched-
chain amino acids being less active as substrates. The amount
of KMAT activity detected in the plasmodial homogenates was
lower than that found in other organisms screened to date.
When the most active amino donor, glutamate, was used, only
0.22 nmol of Met/min/mg of protein could be produced from
KMTB, as opposed to 0.64 nmol/min/mg of protein for phe-
nylalanine-KMTB in C. fasciculata homogenates and 1.92
nmol/min/mg of protein for glutamate-KMTB in K. pneu-
moniae homogenates. The plasmodial homogenates were sep-
arated with a DEAE column, where a single active fraction,
eluting at 700 mM KCl, was discovered. This fraction was able
to catalyze Met formation from KMTB using the same amino
donors as those used by the original homogenates, suggesting
that only one aminotransferase catalyzes Met regeneration in
P. falciparum.

P. falciparum AspAT. The published sequence for P. falcipa-
rum chromosome 2 contains one region with significant simi-
larity to AspATs (15). In addition, BLAST searching of all the
sequence data available for the remaining chromosomes
yielded no further AspAT homologues. The putative chromo-
some 2 AspAT was cloned, and the published sequence was
confirmed to be 1,218 bp long and to code for a protein of 405
amino acids. The presence of the motifs qX;yNPcsXyX.y,
DXAYQGX;tX,D, and SXXKXXsLYXERXG (Fig. 1) around
the anchor residues suggests that the plasmodial enzyme is a
member of the aminotransferase Ia subfamily. However, it is
clear from the number of residues in these motifs shown as
lowercase letters that the plasmodial AspAT has a number of
substitutions relative to the reported Ia consensus sequence
(23). In a most striking variation, it was noted that the normal
anchor residue G197, which is postulated to be an essential
requirement of all aminotransferases (33), is S188(S197) in the
P. falciparum AspAT. As the published DNA sequence (Gen-
Bank accession number AE001380) and the sequence obtained
in this manuscript are identical, it is highly unlikely that
S188(S197) is due to a sequencing error or a PCR-induced
mutation. In addition, similarity searching of the P. vivax and P.
berghei genome surveys (parasite.vetmed.ufl.edu) (9) has un-
covered partial sequences for the homologous AspATs (Fig.
6A). S188(S197) is present in all three sequences, indicating
that the postulated requirement of G197 for aminotransferase
activity is not absolute and that plasmodial (and perhaps api-
complexan) AspATs contain unusual sequence variations com-
pared to enzymes from other phyla and kingdoms.

Phylogenetic analysis of the plasmodial AspAT and the fam-
ily I aminotransferases unambiguously placed the enzyme in
the Ia subfamily (Fig. 2A). However, when only the Ia subfam-
ily is examined, the malarial enzyme is the most highly diver-
gent sequence available, clustering with neither the eukaryotic
cytoplasmic AspATs, the eukaryotic mitochondrial AspATs,
the bacterial AspATs, nor the bacterial TyrATs (Fig. 2B). In
terms of sequence similarity, the P. falciparum AspAT has only
24 to 31% identity and 49 to 55% similarity with any of the
other Ia subfamily members. With these terms of reference, it
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P. falciparum FEEKNIAFIVCQOSHSKNMSLYGERAGALEIVCKNQEEKKI VENNLICHIVRKEYSSBVIHTNRILCOL 300
P. vivax FEERGISFVVCQSHSKNMSLYGERAGALHIVCKSKEERKI VANNLRVIITRKEFYSSHTIHTNRIVICOL 139
P. berghei FRKKNIPFIVCQSHAKNMSLYGERAGALHIVCKNENEKKKILSSLL IJITRREYSSETIHTNRLVIOET 134
P. falciparum TINNONLKLNWIKEOSOLSORITNNRILFENKLETYIOKK 338 (406)
P. vivax LEDE SEWIS LRELSERVHKNE:; EFYQKT 177(177)
P. berghei LONPNLKKEWLNELKQLSHHIAN IRNLEFDKLOKIONK 172 (243)
B
L.major 1 MSTQAAMTTAERWOKIQAQAPDVIFDLAKR KGPKANTVI CAYROEQGRP Y PIRVVRKAEQLLLDMNLD 72
C.fasciculata 1 MSGSPTDNFDGLSALPPDSIFFTSOK QG@SLIIGAYRDE CPYPLKTVRKAERILLDMNLD| 68
T.b.bruceilc) 1 MSRPFKDLAPVPLDPVEGLARA APEPKADLVIIGAYRDONGLPY PLKVVRKAERRIVDMGLD 64
Y G G
L.major YEYLPI SGYQPEI DEAVKI IYGN TVE LENLVAVIOIML IXT GAV SLGAK LIITRVIFDAE T 144
C.fasciculata YEYLPMTGYKPEVDEATKI I[YADSVA P DHLVAVIOTL SGT GAV YLGAR FLAEVY DPK I 140
T.b.brucei(c) EY/PEMTGLLNEVEEAVKILAYGNTVIPLER I AASQGLSIGT GS LSLGAT LILIRQOVV - PEDT BVY[VSNETWISNHVS 135
_ _ _ H _ HNPT& W
L.major VVK KINTlc Tiv|al YIDPK TV SIENFEGMK KD LAAPDGSV F ILHQCAENPTGVDPYOERW] 204 (204)
C.fasciculata TLKLTGWKD IR TIYIN[Y Y/DPK TV ALDFEG|T KKDI QEA PECISV FLLHQCAENPTGVDPSHAOW| 200 (406)
T.b.brucei(c) I FGIVEHKNIREYRY YSPSTHELDEVGL I EDLNVAPRGSIT TVILHACAHNPTGVDPSKDOW] 195 (404}

FIG. 6. Alignment of plasmodial and trypanosomatid AspATs. (A) Clustal alignment of a portion of the P. falciparum AspAT with the deduced
amino acid sequences of gene fragments obtained from the P. vivax and P. berghei sequence tag projects (9). (B) Clustal alignment of portions of
the C. fasciculata cytoplasmic AspAT and T. brucei brucei cytoplasmic (c) AspAT with the deduced amino acid sequence of a gene fragment
obtained from the L. major genome project (35). For both sets of sequences, the boxed residues were conserved by all three sequences, the residues
above the sequences are those reported to be conserved in all aminotransferases in the Ia subfamily (23), and the residues marked with asterisks
are those reported to be conserved in all aminotransferase families (33). The residues underlined in the L. major fragment represent the amino
acid sequence determined by Vernal et al. (45) from a purified L. mexicana enzyme. The numbers in parentheses represent the total length of the

amino acid sequence obtained for each enzyme.

is impossible to unambiguously identify the enzyme as cyto-
plasmic, mitochondrial, or apicoplastic. At a point in the pri-
mary amino acid sequence where the various AspATs repro-
ducibly differ, around D222 (DS/TAY for cytoplasmic AspATs,
DMAY for mitochondrial AspATs, DVAY for chloroplast
AspATs, and DFAY for gram-negative bacterial AspATs), the
malarial enzyme has a different sequence (DIAY). Neverthe-
less, the AspAT is expressed in the erythrocytic stages of the
life cycle, as determined by reverse transcription-PCR (Fig. 7).

Expression of the P. falciparum AspAT was difficult, as a
series of expression vectors yielded a truncated product or no
product in E. coli or S. cerevisiae (data not shown). Only the
use of an E. coli strain coexpressing extra argU, ileY, and leulW
genes gave rise to any active, full-length product. Even in this
case, the yield was low and the bacterial biomass greatly de-
creased following induction, suggesting that expression of the
malarial AspAT was in some manner toxic to the host cell (a
phenomenon which did not occur with any of the other para-
sitic AspATs). The purified recombinant enzyme was exam-
ined for KMAT activity and was found to produce Met from
KMTB with aspartate, glutamate, histidine, tryptophan, phe-

nylalanine, and tyrosine as effective amino donors (Fig. 3E).
Therefore, this AspAT is responsible for the majority of
KMAT activity seen in plasmodial homogenates, with the ex-
ception of that related to the use of branched-chain amino
acids as amino donors. The plasmodial AspAT was found to
catalyze AspAT and TyrAT activities but not GIn-KG or
Ala-KG aminotransfer (Table 1). The K,,, and V,,,, values for
most of the substrates were lower than those for the other
parasitic AspATs, and this phenomenon was particularly strik-
ing for the KMAT reaction. It would appear that the plasmo-
dial AspAT catalyzes Met regeneration rather poorly and that
this phenomenon is responsible for the low level of KMAT
activity detected in the cellular homogenates.

In previous work, it was shown that the aminooxy compound
canaline can inhibit KMAT activity in homogenates and has
antimalarial effects in vitro (7, 8, 19). Against the purified
recombinant plasmodial AspAT, canaline was found to inhibit
uncompetitively, with a K; of 27.6 = 3.1 uM.

Methionine regeneration in pig kidney. In previous studies
(7), it has been demonstrated that pig heart AspAT and AlaAT
poorly catalyze the formation of Met from KMTB. In order to
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FIG. 7. Reverse transcription-PCR of P. falciparum AspAT. RNA
isolated from asynchronous P. falciparum was incubated in the pres-
ence (lanes E) or absence (lanes C) of reverse transcriptase and then
subjected to PCR with primers specific for the full-length P. falciparum
AspAT gene (PfASAT) or the P. falciparum lactate dehydrogenase
gene (PfLDH) as a positive control. The products were then analyzed
on an agarose gel together with DNA markers (lane M). The lengths
of the markers are (from the gel bottom) 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0,
4.0, 5.0, 6.0, 8.0, and 10.0 kbp. The expected length of AspAT was 1,218
bp, and that of lactate dehydrogenase was 951 bp.

better compare mammalian and parasite Met regeneration, pig
kidney was chosen as a model. Homogenates of freshly ac-
quired tissue were found to readily catalyze the KMAT reac-
tion, with glutamate, isoleucine, leucine, and valine being the
major amino donors and aspartate, phenylalanine, histidine,
asparagine, glutamine, arginine, tryptophan, and tyrosine also
being able to act as amino donors (Fig. 4D). The homogenates
were applied to a DEAE column, and two fractions catalyzing
the KMAT reaction were discovered. The first, eluting in the
column voided volume, utilized branched-chain amino acids
and, to a lesser extent, glutamate, aromatic amino acids, and
histidine. The second, eluting at 400 mM KCI, used histidine
and, to a lesser extent, asparagine. Neither of these fractions
had AspAT or TyrAT activity.

DISCUSSION

The international situation regarding the chemotherapy of
bacterial and parasitic diseases continues to worsen with the
spread of drug-resistant pathogenic strains. In particular, P.
falciparum malaria currently threatens half of the world’s pop-
ulation, with at least 200 million infections and 2 to 3 million
deaths per year (48). Resistance to aminoquinolines and anti-
folates has become commonplace, and few effective or novel
agents are clinically available. In a similar manner, trypanoso-
mal diseases are an increasing concern, as evidenced by the
recent epidemic of African sleeping sickness in the Congo,
Uganda, and southern Sudan (40) and the reports of arsenical-
resistant trypanosomiasis and antimony-resistant leishmaniasis
(25, 26). Cases of trichomoniasis and giardiasis have become
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commonplace, and reports of metronidazole resistance have
occurred (43). These disease resurgences require the discovery
and development of novel drug targets. In past studies, it has
been demonstrated that interference with enzymes involved in
the regeneration of Met from methylthioadenosine can lead to
cell death in K. pneumoniae, P. falciparum, and T. brucei (3, 17,
36, 41). These studies have focused on the enzymes methyl-
thioadenosine phosphorylase and methylthioribose kinase,
which convert methylthioadenosine to methylthiophosphori-
bose in eukaryotes and prokaryotes, respectively. It has been
shown that the final step of Met regeneration from methylthio-
adenosine, the transamination of KMTB to Met, can be inhib-
ited in homogenates of C. fasciculata and K. pneumoniae (7,
19). In addition, selected inhibitors which are active for this
process have a cytocidal effect in vitro against C. fasciculata
and P. falciparum (7, 8).

Identity and relationship of aminotransferases catalyzing
Met formation. In the present study, we have continued the
characterization of the final step of Met recycling in parasitic
organisms and have found that AspAT plays an important role
in all of the organisms examined. In C. fasciculata, T. brucei
brucei, and P. falciparum, AspAT represents the major source
of activity for Met regeneration, and in G. intestinalis, the
enzyme is second only to an as-yet-uncharacterized source of
activity utilizing lysine as the amino donor. The consistency of
these results across diverse phyla suggests that AspAT is an
essential component of Met recycling in lower eukaryotes.
However, aside from our work on the same reaction in K
pneumoniae, nothing is known about the exact aminotrans-
ferases active in other organisms. In particular, higher mam-
mals, fungi, gram-positive bacteria, and archaea have not been
fully examined. Nevertheless, it is clear that different amino-
transferases are responsible for Met regeneration in different
groups of organisms. The activity in K. pneumoniae has been
unequivocally identified as TyrAT, whereas the protozoa ex-
amined here rely on AspAT. In mammals, using pig tissues as
a model, we have been able to discount AspAT, TyrAT, and
AlaAT as being responsible for the activity (7) but have been
unable to fully purify the exact aminotransferase responsible.
In studies with purified rat GInAT (kynurenine aminotransfer-
ase), Cooper and Meister have shown that the enzyme actively
catalyzes phenylalanine-KMTB aminotransfer (10). In addi-
tion, Davoodi et al. (11) and Hall et al. (18) have found that
purified and recombinant human and rat branched-chain
aminotransferases can catalyze branched-chain amino acid-
KMTB aminotransfer. Given the amino donor preference for
the KMAT reaction in pig kidney homogenates, it is entirely
possible that the branched-chain aminotransferase plays a
large role in the reaction in vivo, while a role for the kynure-
nine aminotransferase is less clear. Full purification of the
mammalian KMAT aminotransferase(s) and a broader char-
acterization of recombinant mammalian branched-chain and
kynurenine aminotransferases is required to completely solve
this problem.

It is interesting that the parasitic protozoa and K. pneu-
moniae, while using different types of aminotransferases to
catalyze the KMAT reaction, all use enzymes from the Ia
subfamily. However, from the numerous genome projects com-
pleted, we have been unable to find any members of the Ia
subfamily in gram-positive bacteria or archaea. The AspATs in
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these organisms are members of the If subfamily (see the
phylogenic tree in reference 19); thus, they are relatives of
eukaryotic TyrATs and kynurenine aminotransferases.
Branched-chain aminotransferases are all members of the III
family of aminotransferases (33). We are currently character-
izing KMAT activity in several gram-positive models, with an
emphasis on Bacillus subtilis, where there is a strong preference
for branched-chain amino acids as amino donors (data not
shown). As mentioned above, we have also been able to dis-
count mammalian AsSpAT as being responsible for KMAT
activity, thus eliminating the only higher eukaryotic members
of the Ia subfamily. Therefore, diverse subfamilies and, poten-
tially, different families of aminotransferases may have evolved
specificity for KMTB.

In terms of substrate specificity, the crithidial and trypano-
somal cytosolic AspATs are unusually broad. In addition to the
expected aspartate-KG and tyrosine-KG activities, these en-
zymes also catalyzed glutamine-KG and alanine-KG amin-
otransfer. In previous studies (19), the K pneumoniae TyrAT
was unable to perform these latter two reactions, and there are
no other literature reports of AspATs catalyzing AlaAT or
GInAT activity. When the primary amino acid sequences are
examined, there are no obvious differences between the se-
quences for the two kinetoplastid AspATs and the sequence
for the giardial enzyme, which lacks AlaAT and GInAT activ-
ities. Crystallization and structural analyses of the crithidial
and/or trypanosomal enzymes may assist in further under-
standing the basis for the broad substrate specificity compared
to the known structures for the E. coli, S. cerevisiae, and
chicken AspATs (21, 22, 29). As both C. fasciculata and T.
brucei brucei cytoplasmic AspATs have this wider range of
activity, it is likely that the homologous enzyme from other
trypanosomatids would share this feature. Vernal et al. puri-
fied from Leishmania mexicana promastigotes an aminotrans-
ferase which displayed an unusually broad range of activity and
yielded an internal peptide sequence consistent with the se-
quence of a cytoplasmic AspAT (45). By similarity searching of
shotgun sequence data from the L. major genome project, we
have been able to identify approximately half of the leishma-
nial cytoplasmic AspAT sequence (Fig. 6B). It is clear, from
the presence of the peptide sequence obtained by Vernal et al.
(45), that this cytoplasmic AspAT represents the enzyme pre-
viously purified in that study. It is also apparent that the leish-
manial sequence has a high identity to the crithidial and
trypanosomal sequences. While we have not examined the
biochemical properties of the leishmanial enzyme, the present
work suggests that this AspAT should be active in Met regen-
eration in Leishmania spp.

Sequence of the plasmodial AspAT. The AspAT from P.
falciparum is highly unusual in that it contains sequence sub-
stitutions not found in aminotransferases from any of the four
families (33). While, overall, the plasmodial AspAT has suffi-
cient homology to subfamily Ia aminotransferases to unequiv-
ocally be grouped with these enzymes, the sequence displays a
very high level of divergence from cytoplasmic AspATs, mito-
chondrial AspATs, plastid AspATs, gram-negative bacterial
AspATs, and bacterial TyrATs. The partial sequences ob-
tained from P. vivax and P. berghei clearly demonstrate that the
unusual AspAT sequence is conserved within the plasmodia.
Unfortunately, there is a paucity of aminotransferase se-
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quences from nonfungal lower eukaryotes, so it is impossible to
state whether the P. falciparum AspAT is unique to plasmodia
or is indicative of a new subtype of Ia aminotransferases local-
ized to apicomplexans or other phyla of protists. As dinoflagel-
lates are often hypothesized as representing the phylum closest
to the apicomplexans (2), AspAT sequences from these organ-
isms would be particularly enlightening. Structural analysis of
the P. falciparum AspAT would be helpful in determining
whether the unusual primary sequence is the source for the
relatively low activity of this enzyme for KMTB transamina-
tion.

KMTB transamination in G. intestinalis and T. vaginalis.
The finding that both G. infestinalis and T. vaginalis rely on
lysine as a central amino donor for KMTB transamination is
unusual. No other organism examined to date makes any use of
lysine in this context. In addition, while in the other parasites
and K. pneumoniae aminotransferases other than AspAT or
TyrAT clearly play some role in Met regeneration, these ad-
ditional enzymes are a minor component of total activity. In G.
intestinalis and T. vaginalis, the unknown aminotransferase cat-
alyzing the KMTB-lysine reaction appears to be quantitatively
more important than AspAT for transaminating KMTB. In a
previous study, Lowe and Rowe examined aminotransferase
activities in 7. vaginalis (27). Among their discoveries was an
aminotransferase which readily catalyzed KG-lysine and phe-
nylpyruvate-lysine aminotransfer. This enzyme was partially
purified and found to copurify with an ornithine aminotrans-
ferase activity. While the enzyme was found to utilize orni-
thine, lysine, KG, and phenylpyruvate, neither KMTB nor
other substrates were examined. It is quite possible that this
enzyme is responsible for the KMTB-lysine activity seen in 7.
vaginalis, but it should be pointed out that Lowe and Rowe
(27) also detected lysine-oxaloacetate activity in 7. vaginalis
homogenates that did not copurify with an ornithine or lysine
aminotransferase. In related work, Lowe and Rowe also puri-
fied an AspAT from T. vaginalis (28) which had both AspAT
and TyrAT activities but did not catalyze GInAT or AlaAT
reactions. While this enzyme was not examined for KMTB
transamination, the kinetic properties for aspartate-KG and
tyrosine-KG suggest that their 7. vaginalis AspAT is the ho-
mologue of the G. intestinalis AspAT presented here.

Subsequent to the studies outlined in this paper, a report
demonstrating the lack of any putrescine or spermidine amin-
opropyltransferase activity in 7. vaginalis was published (51).
Clearly, the KMAT activity measured in this organism cannot
be related to Met regeneration from polyamine biosynthesis.
The biochemical source of any cellular KMTB utilized in the
KMAT reaction in 7. vaginalis is presently a mystery. However,
several alternatives to polyamine synthesis exist, such as S-
adenosylmethionine conversion to methylthioadenosine and
1-aminocyclopropane-1-carboxylate (47), the action of amino
acid oxidase on D-methionine, the conversion of hydroxyme-
thiobutyrate via an o-hydroxy acid dehydrogenase, and the
possibility of compartmental Met-KMTB cycling within the
cell (46). The presence or absence of these alternative sources
of KMTB has not been investigated.

Inhibition of Met formation. We have shown that the amino-
oxy compounds canaline and carboxymethoxylamine can in-
hibit total KMAT activity in homogenates of T. vaginalis and
G. intestinalis. At 100 nM concentrations, canaline was as po-
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tent as in corresponding experiments with C. fasciculata or K.
pneumoniae homogenates (7, 19). At present, neither or these
compounds has been tested by us against 7. vaginalis or G.
intestinalis in vitro. However, Rowe and Lowe found that car-
boxymethoxylamine can completely inhibit 7. vaginalis cell
growth in vitro, albeit at a high concentration (5 mM) (38).

In previous work, canaline was demonstrated to be an ef-
fective antimalarial agent in vitro (8). The compound, an
aminooxy analogue of ornithine, has been shown here to be an
uncompetitive inhibitor of the plasmodial AspAT, with a K; of
27 pM. As Met regeneration in malaria has been shown to be
necessary for cellular survival (41) and our present work has
demonstrated that P. falciparum catalyzes the KMAT reaction
much less readily than the other protozoa examined, the ma-
laria parasite may be uniquely susceptible to interference with
the final step in Met recycling. It should be pointed out, how-
ever, that aminooxy inhibitors are not necessarily specific to a
single aminotransferase. We have found that canaline also
inhibits the plasmodial ornithine aminotransferase (data not
shown), suggesting that the compound may exert an effect on
multiple targets and pathways.
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