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Abstract

The crystal structure of tyrosine aminotransferase~TAT ! from the parasitic protozoanTrypanosoma cruzi, which
belongs to the aminotransferase subfamily Ig, has been determined at 2.5 Å resolution with theR-valueR 5 15.1%.
T. cruziTAT shares less than 15% sequence identity with aminotransferases of subfamily Ia but shows only two larger
topological differences to the aspartate aminotransferases~AspATs!. First, TAT contains a loop protruding from the
enzyme surface in the larger cofactor-binding domain, where the AspATs have a kinkeda-helix. Second, in the smaller
substrate-binding domain, TAT has a four-stranded antiparallelb-sheet instead of the two-strandedb-sheet in the
AspATs. The position of the aromatic ring of the pyridoxal-59-phosphate cofactor is very similar to the AspATs but
the phosphate group, in contrast, is closer to the substrate-binding site with one of its oxygen atoms pointing toward the
substrate. Differences in substrate specificities ofT. cruziTAT and subfamily Ia aminotransferases can be attributed by
modeling of substrate complexes mainly to this different position of the cofactor-phosphate group. Absence of the
arginine, which in the AspATs fixes the substrate side-chain carboxylate group by a salt bridge, contributes to the
inability of T. cruziTAT to transaminate acidic amino acids. The preference of TAT for tyrosine is probably related to
the ability of Asn17 in TAT to form a hydrogen bond to the tyrosine side-chain hydroxyl group.
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Flagellated protozoa of the familyTrypanosomatidaeare among
the most prevalent human pathogens, affecting more than 30 mil-
lion people in tropical and subtropical areas~World Health Orga-
nisation, 1998!. The diseases caused by these organisms include
the American~also known as Chagas’ disease! and African~sleep-
ing sickness! trypanosomiasis, which are two distinct diseases caused
by closely related parasites,Trypanosoma cruziandThermus bru-
cei, respectively, and various forms of leishmaniasis caused by
different species ofLeishmania.All of these diseases are either
debilitating or fatal. In all cases treatment is very difficult, with the
currently available drugs being either highly toxic or of low effi-

cacy, and no effective vaccines exist~World Health Organisation,
1998!. There is therefore a need for the development of highly
specific trypanocidal agents. One possible approach is to exploit
the differences in the metabolic pathways of the parasites and the
mammalian host.

One potential target for chemotherapeutic drug design may be
the parasite amino acid metabolism, which involves aminotrans-
ferases with different substrate specificities to the mammalian en-
zymes. Although amino acid metabolism in the trypanosomatids is
poorly understood, it is postulated to be involved in the cytosolic
NADH reoxidation ~Montemartini et al., 1994a, 1994b! and in
methionine recycling~Berger et al., 1996, 1998!. A high efficiency
to transaminate aromatic amino acids has been described in some
Leishmania spp. ~Chatterjee & Ghosh, 1957; Fair & Krassner,
1971; Le Blanq & Lanham, 1984!, Crithidia fasciculata~Constan-
sas et al., 1971!, T. cruzi, andT. brucei ~Stibbs & Seed, 1975a!.
Additionally, at least theT. cruziepimastigote form excretes aro-
matic amino acid catabolites into the culture media~Montemartini
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et al., 1994a!. Similar observations were made in animals infected
by African trypanosomes, where high concentrations of aromatic
lactates and pyruvates, as end products of the parasite amino
acid catabolism, were detected in their urine~Stibbs & Seed,
1975b; El Sawalhy et al., 1998!. The incidence of high levels of
tyrosine aminotransferase~TAT ! activity in the sera of mammals
infected with African trypanosomes has been suggested as a diag-
nostic tool for the detection of early stages of parasitaemia~El
Sawalhy & El-Sherbini, 1997!. In mammals, in contrast, amino acid
catabolism mainly takes place in the liver, where the carbon chains
of most amino acids are oxidized in the Krebs cycle and their amino
groups are converted to urea, which is ultimately excreted.

Aminotransferases~EC 2.6.1.x! are part of thea-family of vi-
tamin B6-dependent enzymes~Alexander et al., 1994!. On the
basis of a comprehensive alignment, including sequence compar-
ison, hydrophobicity patterns, and secondary structure prediction,
Mehta et al.~1993! proposed that all of these enzymes most prob-
ably diverged from a common PLP ancestor gene, and identified
four groups, whose members share similar functional properties.
More recently, Jensen and Gu~1996! subdivided the superfamily
of aminotransferase homologs into four families and identified
seven subfamilies in family I aminotransferases.

The AspATs, which belong to subfamily Ia in the nomenclature
of Jensen and Gu~1996!, are the most thoroughly studied enzymes
of the aminotransferase superfamily. The cytosolic enzymes from
higher vertebrates are highly specific toward their substrates
l-aspartate,a-ketoglutarate,l-glutamate, and oxaloacetate while
the mitochondrial enzyme also has very low affinity for tyrosine
~Miller & Litwack, 1971!. Other AspATs from different prokary-
otic sources are less specific as they can utilize several amino acids
with different affinities~Kuramitsu et al., 1990! and some of them
have been termed “broad substrate specificity aminotransferases”
~Vernal et al., 1998!.

Most of the crystal structures of aminotransferases determined
to date belong to subfamily Ia. Crystallographic studies with the
highly specific cytosolic and mitochondrial AspATs~Ford et al.,
1980; McPhalen et al., 1992; Malashkevich et al., 1995b; Rhee
et al., 1997! have disclosed the catalytic mechanism for dicarbox-
ylic substrates~Kirsch et al., 1984!. Recently, the structure of an
aminotransferase fromParacoccus denitrificans, which uses aro-
matic as well as acidic amino acids as substrates has been reported
~Okamoto et al., 1998!, and its broad substrate spectrum attributed
to the movement of some active site residues, especially Arg292,
which was also observed in a hexamutant ofEscherichia coli
AspAT ~Malashkevich et al., 1995a!.

The subfamily Ig enzymes presently are less well characterized,
and no crystal structures have been reported to date. This subfam-
ily contains diverse enzymes, including rat glucocorticoid induc-
ible TAT ~Grange & Pictet, 1985!, human liver TAT~Rettenmeier
et al., 1990!, and TAT fromT. cruzi ~Montemartini et al., 1993,
1994a!. While the mammalian TATs prefer tyrosine anda-keto-
glutarate as substrates~Iwasaki et al., 1973!, theT. cruzienzyme
accepts threea-ketoacids~pyruvate,a-ketoglutarate, and oxaloac-
etate!, all three aromatic amino acids and alanine as substrate with
the best pairs being tyrosine-pyruvate and alanine-a-ketoglutarate
~Montemartini et al., 1993!. TAT from T. cruzi is highly abundant,
representing 3% of the total soluble protein with theT. cruzi ge-
nome containing approximately 70 TAT gene copies~Bontempi
et al., 1993!. The present three-dimensional~3D! structure deter-
mination of TAT fromT. cruziaims at structure-function relation-
ship studies as a basis for drug design.

Results and discussion

Overall structure

TheT. cruziTAT dimer is an S-shaped molecule with dimensions
of 100, 67, and 57 Å~Fig. 1!. Superposition with the closed form
of E. coli AspAT ~Protein Data Bank~PDB! ID number 1ART;
Okamoto et al., 1994!, the structure used in molecular replace-
ment, leads to the structure-based sequence alignment shown in
Figure 2. From the insertion0deletion pattern, it can be clearly seen
that T. cruzi TAT closely resembles human and rat TAT with se-
quence identities of 40.5%, while the recently publishedP. denitri-
ficansaromatic aminotransferase~PDB ID number 1AY4; Okamoto
et al., 1998! is more similar to the bacterial AspAT~sequence
identity 45.5%!. The sequence identity betweenE. coliAspAT and
T. cruziTAT is 13.0%.

The monomer ofT. cruziTAT exhibits a two-domain structure,
like other aminotransferases~McPhalen et al., 1992!. The larger of
these domains contains the central part of the amino acid sequence
and is dominated by a seven stranded mostly parallelb-sheet of the
order 3245671 ~strand 7 being antiparallel to the rest!, which is
flanked by helices on both of its faces. Thisa0b0a-sandwich
architecture constitutes the cofactor-binding domain. This domain
shows only minor topological changes to the Ia-AspATs, the larg-
est ones being a stretch containing two 310-helices between Lys99
and Asn106~h1 andh2!, which corresponds to ana-helix in AspATs
~a4!, and a loop protruding from the enzyme surface~Phe224 to
Arg245! where the AspATs have a kinkeda-helix ~a9 anda10!.
These two regions lie close to each other in the structure and there-
fore seem to be mutually stabilizing. They are also the only two
regions in the protein’s core where larger insertions0deletions are
observed in comparison to the mammalian TATs. In addition to the
two cis-prolines~Pro136 and Pro189!, which are conserved in all
family I aminotransferases,T. cruziTAT has a third cis-proline at
position 186, which is conserved in other aminotransferases of
subfamily Ig.

The second, smaller, domain constitutes the substrate-binding do-
main. It consists of N- and C-terminal sequence regions and contains
the highly conserved residue in family I for the binding of these en-
zymes’ substrates, Arg389 inT. cruziTAT, which fixes thea-car-
boxylate of the incoming amino acid ora-ketoacid. The topological
differences to the Ia-aminotransferases are considerably larger in this
part of the structure. Helixa13 is shortened from 31 residues in
E. coli AspAT to 22 inT. cruziTAT and two insertions of ten and
eight amino acids at positions 350 and 380, respectively, lead to a
four-stranded antiparallelb-sheet in the parasite enzyme, instead of
the two-strandedb-sheet in the enzymes from subfamily Ia.

The N-terminal residues Trp4 to Phe16 form an extended arm,
separate from the two domains, which interacts with the larger
domain of the second subunit.T. cruzi TAT has an additional
short helix~a0! in this region instead of an extended coil in the
Ia-aminotransferases.

Although TAT contains 10 cysteine residues per subunit, the
final structure model ofT. cruziTAT demonstrates, in accordance
with chemical data~C. Nowicki, unpubl. results!, the absence of
disulfide bridges. Even the two cysteines located close to each
other in the dimer interface~Cys292 from each subunit! do not
form an interchain disulfide bridge, although a different side-chain
rotamer would bring the sulfur atoms into a typical S-S-bond dis-
tance. This cysteine is conserved in mammalian TATs whose di-
sulfide structure has not been investigated to date.

Crystal structure of T. cruzi tyrosine aminotransferase 2407



The active center of T. cruzi TAT

The key residues involved in cofactor and substrate binding in
other aminotransferases are conserved in the active center of
T. cruziTAT ~Fig. 3A,B!. PLP forms a Schiff base with Lys253,
with the double bond being almost perpendicular to the pyridine
ring of the cofactor. This indicates that this internal aldimine bond
has a pKa value lower than the pH 7.0 of the crystallization buffer
and is not protonated in the present structure~Hayashi et al., 1998!.
Moreover, Lys253 exhibits an unusually smallx4 torsion angle of
48 in a side-chain conformation similar toE. coli phosphoserine
aminotransferase~PDB ID number 1BT4!, an enzyme belonging
to the aminotransferase family IV~Hester et al., 1999!. This strained
conformation may destabilize the internal aldimine and enhance
the reactivity of the enzyme with the amino acid substrate~Fig. 3C!.

The orientation of the aromatic ring of PLP inT. cruziTAT is
determined by numerous polar and nonpolar interactions and is

very similar to other aminotransferases from subfamily Ia. Its
nitrogen atom N1 is hydrogen bonded to Asp216, an absolutely
conserved residue in the aminotransferase superfamily. This PLP-
N10D216-Od2 hydrogen bond ensures that the nitrogen atom re-
mains protonated during the whole transamination reaction and
with its stabilized positive charge enhances the cofactor’s role as
“electron sink”~Fig. 4! ~Yano et al., 1992!. Asp216 is stabilized in
T. cruziTAT by hydrogen bonds to Tyr141 on helixa6 and Thr184
on strandb4. It is probably stabilized similarly in mammalian
TATs, where threonine is replaced by asparagine, while inE. coli
AspAT, and in other AspATs, His143 on helixa6 and Ser139 on
the loop ensuing strandb2 are involved. PLP’s phenolic oxygen is
deprotonated and forms strong hydrogen bonds to the absolutely
conserved Asn188 Nd2 ~d5 2.6 Å! and to Tyr219 Oh ~d5 2.5 Å!,
which is replaced by phenylalanine in only a very few sequences.
These interactions prevent rotation of the pyridinium ring, which
would enable the formation of a hydrogen bond between the phe-

Fig. 1. Schematic representation of the~A! T. cruziTAT and~B! E. coliAspAT dimer viewed along the substrate entry channel of one
subunit, perpendicular to the twofold axis. The domain organization is indicated for one of the subunits~bright grey, N-terminal arm;
dark, substrate-binding domain; bright, cofactor-binding domain!. PLP is shown as a ball and stick model.
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nolic oxygen and the nitrogen of the Schiff base. This hydrogen
bond would increase the internal aldimine’s pKa ~Hayashi et al.,
1998! and would thus hinder deprotonation of the incoming zwit-
terionic amino acid in the first reaction step~Fig. 4!. Both Asn188
and Tyr219 are stabilized further by hydrogen bonds to Tyr345.
Tyr345 is also found in mammalian TATs but not in the AspATs
from subfamily Ia where a phenylalanine occupies the equivalent
position~Fig. 3A,B!. The cofactor’s aromatic ring is fixed further
by a stacking interaction with Phe138 and a contact with Cd2 of
Ile218 ~Fig. 3C!, which occupies the same position as Cb of the
corresponding Ala224 inE. coliAspAT. In the Ia-aminotransferases,
Trp140 occupies the position of Phe138, where it is used to fix the
enzyme-bound aspartate by a hydrogen bond between NE1 and the
b-carboxylate group~Okamoto et al., 1994, 1998!.

Several interactions positioning the PLP’s phosphate group are
preserved, including the salt bridge between phosphate and Arg261,
the interaction with the dipole generated by helixa5, the two
hydrogen bonds to OH, and the backbone nitrogen of Ser114, and

the hydrogen bond to the side chain of Tyr71* from the second
subunit. However, substitutions of hydrophilic residues by hydro-
phobic residues at positions 250 and 252 inT. cruziand mamma-
lian TATs, which have glycine and alanine in these positions, remove
additional hydrogen bonds fixing the phosphate, which are formed
in the bacterial AspAT with the side chains of Ser255 and Ser257.
In their place a network of four water molecules links the oxygens
of the phosphate group to the backbone of the protein in the par-
asite enzyme. All of these water molecules have a temperature
factor well below average but a misinterpretation of ion binding
seems to be ruled out by the binding distances~2.6–3.3 Å! and the
absence of residual electron density. The water molecule closest to
the cofactor is bound most tightly~B 5 5.0 Å2! and occupies the
position of one of the phosphate’s oxygen atoms in the AspATs
from subfamily Ia. The cofactor inT. cruziTAT therefore shows
different torsion angles~f 5 2878 andc 5 1478, for definition see
Fig. 4! than in the other two enzymes in their open forms~f 5
2158 and c 5 21778!. Consequently, the phosphate group of

Fig. 2. Structure-based sequence alignment ofT. cruzi TAT ~ATTY_TRYCR! and E. coli AspAT ~AAT_ECOLI!. Human~ATTY_
HUMAN ! and rat TAT~ATTY_RAT ! were conventionally aligned toT. cruziTAT as wasP. denitrificansaromatic aminotransferase
~PDTYRB! to E. coli AspAT. The secondary structures ofT. cruziTAT andE. coli AspAT are shown in black and grey, respectively.
Conserved residues are highlighted.

Crystal structure of T. cruzi tyrosine aminotransferase 2409



T. cruziTAT is closer to the active site and one of its oxygen atoms
points toward rather than away from the substrate-binding site. The
current model has no interaction partner for this oxygen atom
although weak residual difference electron density might indicate
the presence of three weakly bound water molecules in hydrogen
bonding distance.

Repositioning of the phosphate group to the coordinates found
in subfamily Ia would not only require expulsion of the most
tightly bound water molecule, but would also force the negative
charge of phosphate close to the hydrophobic side chains of Ala252
and Ile218, whose Cd1 occupies the position of Cb of Ser255 in
E. coliAspAT. Therefore, it seems highly unlikely that the position
of the PLP phosphate group can change inT. cruzi TAT to a
position similar to the enzymes from subfamily Ia

In the current conformation the charged phosphate group gen-
erates a negative potential near the cofactor’s aldimine carbon
atom C4A where the substrate attacks through itsa-amino group.
As this group is likely to be protonated initially, the phosphate
group in T. cruzi TAT probably directs the incoming substrate
toward the reaction center.

Substrate binding and specificity of T. cruzi TAT

TAT reacts efficiently with all aromatic amino acids, with tyrosine
being the preferred substrate as demonstrated by the apparent ki-
netic constants~Montemartini et al., 1993!. The enzyme also has
a similar affinity for alanine~Montemartini et al., 1993! and me-
thionine ~C. Nowicki, unpubl. results!. In contrast, aspartate can-
not be used~Nowicki et al., 1992! and branched amino acids, such
as leucine, isoleucine, and valine are poor substrates~C. Nowicki,
unpubl. results!.

In the second half-reaction the great majority of aminotransfer-
ases, including the mammalian TATs~Iwasaki et al., 1973; Anders-
son & Pispa, 1982!, usea-ketoglutarate as the preferred substrate,
and the glutamate formed is normally reoxidized by a specific
NADH-dependent glutamate dehydrogenase. Thus,a-ketoglutarate
acts as a shuttle compound in amino acid catabolism. TAT from
T. cruzi, in contrast, prefers the smaller pyruvate to the dicarbox-
ylic moleculesa-ketoglutarate and oxaloacetate~Montemartini
et al., 1993!. This property corresponds to the inability of the
enzyme to use aspartic acid as substrate and may reflect that

Fig. 3. Hydrogen bonding networks in the active centers of~A! T. cruziTAT and~B! E. coliAspAT. Tyr71*0Tyr70* have been omitted
for clarity. ~C! Stereoplot ofsA-weighted 2Fo 2 Fc electron density of the PLP0Lys253 Schiff base and the four associated water
molecules in the active centre ofT. cruziTAT, contoured at 1.25s. Selected residues ofE. coli AspAT are overlaid in dark thin lines
~Okamoto et al., 1994!.
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T. cruzi TAT fulfills a different physiological role from the
mammalian TAT as the parasite’s metabolism lacks the urea
cycle ~Cazzulo, 1992!. In the related trypanosomatidsC. fascicu-
lata andT. brucei brucei, Berger et al.~1996! found that aromatic
amino acids are used in the regeneration of methionine from
a-ketomethiobutyrate, which probably links TAT to the synthesis
of polyamines. However, theC. fasciculataenzyme shows only
10% of the activity with pyruvate in comparison toa-ketoglutarate
~Rege, 1987! and differs at least in this aspect fromT. cruziTAT.

As attempts to obtain crystals of an enzyme-inhibitor complex
were unsuccessful, molecular modeling of inhibitor binding based
on aminotransferase-inhibitor structures from the PDB as well
as docking simulations with substrate molecules were carried
out. They show that the natural aromatic amino acids fit easily and
in the correct orientation in the active center ofT. cruzi TAT
~Fig. 5A–C!. The carboxylate group of the incoming amino acid
forms a salt bridge with Arg389, and hydrogen bonds are formed
between the oxygen atom distal to the cofactor and the back-
bone nitrogen of Gly41 and between the proximal oxygen and
Nd2 of the conserved Asn188. Thea-amino group in these com-
plexes is in hydrogen bonding distance to Oh of Tyr345 and to
the carbonyl oxygen of Gly41~both distances are 2.8 Å for
tyrosine! and is positioned approximately in the plane of the
cofactor’s pyridinium ring between PLP’s phenolic oxygen and
the reactive C4A~Fig. 5B!.

The simulations suggest that tyrosine, in contrast to phenylala-
nine and tryptophan, can form an additional hydrogen bond be-
tween its phenolic OH and Nd2 of Asn17. This potential interaction

leads to a remarkable reproducibility of the position of the amino
acid’s side chain in the simulations while other substrates give an
impression of high side-chain flexibility due to only unspecific
interactions with the protein. Asn17 lies in the small substrate-
binding domain and could therefore guide tyrosine closer toward
the reaction center in the course of domain closure. However, both
the w and thex1 torsion angles of the tyrosine substrate would
have to change considerably if the hydrogen bond with Asn17 is to
be preserved during the reaction. The enzymatic transamination
requires movement of the bond between Ca and Ha into an ori-
entation perpendicular to the external aldimine bond, which in turn
has to be positioned coplanar to the cofactor’s aromatic ring for
maximum delocalization of the emerging negative charge at Ca
~Fig. 4!. It has to be kept in mind, therefore, that the docking
simulations do not take into account conformational changes of the
complex required to reduce the distance between the dockeda-amino
group and the reactive C4A~3.7 Å!, such as tilting of the cofactor’s
aromatic ring or a domain movement similar to that seen in other
aminotransferases and also likely to occur inT. cruzi TAT. The
complexes shown in Figure 5 may therefore be regarded as Michae-
lis adducts.

Aspartate and glutamate show deviating behavior in the simu-
lations. As the second arginine of the second subunit, which is used
by the AspATs for the orientation of these substrates~Arg292* in
E. coli AspAT!, is missing inT. cruzi TAT, the simulations pref-
erentially dock these amino acids “upside-down”~Fig. 5D!, pre-
venting the transamination reaction as thea-hydrogen atom is not
facing Lys253.

Fig. 4. Mechanism of the enzymatic transamination reaction according to Kirsch et al.~1984!. The torsion anglesf andc as well as
the C4A atom of the cofactor are indicated. The reaction proceeds via the geminal diamine IIto an external aldimine, which is
subsequently deprotonated at the Ca of the amino acid substrate. Reprotonation at C4A leads to a ketimine, which is then hydrolyzed
to the cofactor in its pyridoxamine-59-phosphate form~PMP! and to formation of the correspondinga-ketoacid. The transferred
hydrogen atom is in bold.
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Modeling the external aldimine intermediate analogous to the
published methylaspartate inhibitor complex ofE. coliAspAT ~Oka-
moto et al., 1994! provides an additional explanation for the in-
ability of T. cruzi TAT to use aspartic acid as substrate. In this
model theb-carboxylate group of aspartate would be very close to
the cofactor’s phosphate group~Fig. 6!, causing a strong repulsive
force due to the accumulation of negative charges. This unfavor-
able interaction cannot be avoided easily as rotation of the side
chain aroundx1 would cause another repulsive contact with the
substrate’s owna-carboxylate group or would lead to steric clashes
with residues Gly41 and Tyr71* of the second subunit. Reposi-
tioning of the phosphate group during substrate binding, on the
other hand, is not possible as the phosphate is fixed in an extended
network of polar interactions~Fig. 3A! and has an anchor like
function in related aminotransferases, forming together with the
methyl group of the cofactor the end point of a rotation axis for the
pyridinium ring ~Kirsch et al., 1984!. A similar situation will arise
with glutamate, which has an additional torsion angle to escape the
phosphate group but needs even more space. As the reverse reac-

tion proceeds through the same external aldimine, the phosphate
binding mode ofT. cruzi TAT also explains the preference of
pyruvate over the dicarboxylica-ketoacids in the second half of
the transamination cycle.

Other substrates whose side chains extend beyond a Cb may
also interact with the phosphate group. Rearrangement of the side
chains to prevent steric clashes with the phosphate anchor is par-
ticularly difficult with the branched residues valine, leucine, and
isoleucine, which are poor substrates~C. Nowicki, unpubl. results!,
and might explain why the lowest apparentKm-value has been
observed with alanine.

A preliminary glimpse into the structure of mammalian TAT

T. cruziand mammalian TATs share a sequence identity of 40.5%.
Of the mammalian TATs, only the rat liver enzyme has been char-
acterized enzymatically to some extent~Iwasaki et al., 1973; Dietrich
et al., 1991!, but its high sequence identity of more than 90%
implies that human liver TAT possesses very similar properties.

Fig. 5. Active site pocket ofT. cruziTAT, colored by surface potential, showing two different perspectives of~A, B! docked tyrosine,
and ~C! the positions of docked tryptophan, and~D! docked aspartic acid.
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Alignment of theT. cruziand mammalian TAT sequences~Fig. 2!
shows only two larger insertions of six and four residues and three
single residue insertions0deletions, thus implying reasonably close
structural similarity of the three enzymes.

Mutations in the human TAT gene can lead to an inherited
enzyme deficiency causing tyrosinaemia type II, also known as
Richner–Hanhart syndrome~Richner, 1938; Hanhart, 1947; Fell-
man et al., 1969!. Most of the mutations identified to date are
nonsense mutations that lead to an incomplete protein~Natt et al.,
1992; Hühn et al., 1998!. The effect of the few characterized point
mutations~Hühn et al., 1998! can readily be explained from the
structure template. The exchange of Arg81 for a tryptophan~po-
sition 119 in human TAT; Hühn et al., 1998! places a residue with
a high spatial requirement at the top of helixa3. It is not possible
to fit this tryptophan in any favorable rotamer without steric clashes
with the backbone of the protein structure. The mutation should
therefore lead to a misfolded protein. Substituting a hydrophobic
amino acid with an arginine at position 170~L201R mutation in
human TAT; Hühn et al., 1998! places a positive charge in the
middle of an extensive hydrophobic cluster consisting of at least
10 residues in the mammalian enzyme. As the side chain of argi-
nine cannot be arranged to avoid clashes with other atoms, this
mutated protein is also likely to be misfolded.

Reduced TAT activity was found in mutations affecting Arg405
~R433Q and R433W in human TAT; Hühn et al., 1998!. The gua-
nidinium group of this amino acid is involved in a hydrogen bond-
ing network with the carbonyl oxygen of Glu372, with Glu401
OE2 and with the carbonyl oxygen of residue 34 in the substrate-
binding domain. Although not all of these residues are conserved
in human TAT, the hydrogen-bonding network should be similar
due to the conservation of Glu372 and the close structural rela-
tionship of the TATs. The reduced activity of these mutants may
therefore be caused by a distortion of this hydrogen bonding net-
work and its influences on the substrate-binding domain.

A more complicated situation arises in a genetic variant having
a splice mutation of unknown consequence and a potential substi-
tution of glycine for valine at position 334~362 in human TAT;
Natt et al., 1992!. This glycine is conserved in mammalian TATs
and is located in a loop at the C-terminus of helixa13. It has a
backbone conformation that cannot be adopted easily by other

amino acids~w 5 878; c 5 248! and a mutation at this position
may cause misfolding. However, as this residue is located far from
the active center, the possibility cannot be ruled out that the ob-
served pathological condition is caused by nonsense mutations
resulting from a change in the splicing site.

Mammalian TATs differ fromT. cruziTAT in their preference of
a-ketoglutarate over pyruvate. Moreover, they have a more pro-
nounced specificity for tyrosine thanT. cruzi TAT and cannot
accept alanine as a substrate~Dietrich et al., 1991!. Modeling
shows that all of the amino acids forming the active center of
T. cruziTAT are retained in rat and human TAT with the exception
of residue 113 where glycine is replaced by cysteine. The G113C
substitution would cause steric clashes should the PLP of the mam-
malian TATs be positioned in the same way as inT. cruzi TAT
~Fig. 6!. However, the deletions between residues 94 and 101
and0or at 106 may shift helixa5 relative to the rest of the active
center, thereby creating the space required by the phosphate group
to occupy a similar position as inT. cruziTAT. The substitution of
hydrophobic residues for the phosphate-binding serine residues of
the AspATs seems to indicate this. Hence, the preference of rat and
human TATs for dicarboxylica-ketoacids instead of pyruvate would
also have to be the consequence of structural changes in the region
104 to 113. As Cys113 seems to be the only accessible cysteine in
the active center of the mammalian TAT model, it is tempting to
speculate that this residue is responsible for theg-cystathionase-
catalyzed reversible deactivation of these enzymes by cystine-
derived thiocysteine or free sulfur~Hargrove & Wichman, 1987;
Hargrove, 1988!.

T. cruzi TAT as a potential drug target

For an enzyme to be useful as a drug target, it has to be of vital
importance for the pathogenic organism and its inhibition must not
evoke disproportional side effects in the host. If related enzymes
exist in both the host and the pathogen, the chances of selecting a
potential drug target are higher the more the enzymes differ struc-
turally and functionally.

Mammalian TATs are hepatic glucocorticoid-inducible proteins
that catalyze the first step in tyrosine catabolism. Their inherited
depletion in humans causes the autosomal recessive disorder

Fig. 6. Stereoplot of an external aldimine of tyrosine~grey! modeled in the active centre ofT. cruziTAT. a-Methylaspartyl-PLP from
complexedE. coli AspAT ~Okamoto et al., 1994! is overlayed in dark lines~Me-Asp!. The hypothetical position of a cysteine in the
active center of human TAT is indicated~hCys113!.
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Richner–Hanhart syndrome, a disease whose symptoms can be
alleviated by administering a low-tyrosine0 low-phenylalanine diet
~Hunziker, 1980!.

The role of TAT in T. cruzi, on the other hand, is a matter of
ongoing debate. High concentrations of the enzyme in the epimas-
tigotes ofT. cruzi indicate that its function may be crucial for the
parasite. TAT has been implicated in energy metabolism~Mon-
temartini et al., 1994a!, with aromatic amino acid catabolism and
glycolysis being interrelated~Cazzulo et al., 1985!. The glycolytic
process in trypanosomatids presents some distinctive characteris-
tics compared to the mammalian host~Opperdoes, 1987!: ~1! in
the glycosome, a specialized organelle, glucose is converted to
1,3-diphosphoglycerate, which is released into the cytosol and sub-
sequently metabolised to pyruvate;~2! hexokinase and phospho-
fructokinase are unregulated by glycolytic effectors such as fructose
2,6-bisphosphate but pyruvate kinase, in contrast, is strongly ac-
tivated in the cytosol by fructose 2,6-bisphosphate leading to the
production of large amounts of pyruvate;~3! the tricarboxylic cy-
cle and the respiratory chain are much less efficient than in mam-
mals; ~4! cytosolic pyruvate is transaminated with the aromatic
amino acids in a reaction involving TAT withl-alanine being one
of the major metabolic end products of glycolysis, which is ex-
creted in high concentrations into the culture media. The corre-
spondinga-ketoacids formed during this transamination reaction
are reduced to aromatic lactates by an aromatica-hydroxy acid
dehydrogenase leading to cytosolic NADH reoxidation and to the
excretion of aromatic lactates into the culture media~Montemar-
tini et al., 1994a, 1994b!. Both reactions may constitute one of
several ways, in addition to the tricarboxylic cycle, the parasite
possesses for NADH regeneration~for review, see Cazzulo et al.,
1985!.

Trypanosomal TAT has also been postulated to play a role in
polyamine synthesis, with aromatic amino acids being the prefered
amino donors for the transamination ofa-ketomethiobutyric acid
to methionine inT. bruceiandC. fasciculata~Berger et al., 1996,
1998!. In trypanosomatids condensation of the polyamine spermi-
dine with glutathione leads to the formation of trypanothione, a
reducing agent which mediates peroxide detoxification inC. fas-
ciculata and probably other trypanosomatids~Nogoceke et al.,
1997!. Trypanothione has, to date, only been detected in trypano-
somatids and a few other parasitic protozoa, and all enzymes in-
volved in its biosynthesis might therefore represent targets of high
value in the eradication of these parasites~Flohé, 1998!. However,
the presence of a mammalian host TAT with a sequence homology
of approximately 50% to the parasite’s enzyme must be of high
concern shouldT. cruziTAT be selected as a drug target since side
effects of an artificial tyrosinaemia type II have to be avoided.

Materials and methods

Crystallization, data collection, and processing

TAT from T. cruzi epimastigotes was purified and crystallized as
described previously~Montemartini et al., 1993; Nowicki et al.,
1998!. Two native diffraction data sets were used for the refine-
ment. Data set 1 was collected from a single flash cooled crystal on
beamline BW6 at the Deutsches Elektronen Synchrotron~DESY!
in Hamburg with a wavelength of 1.1 Å, using a MAR imaging
plate and the programs DENZO and SCALEPACK~Otwinowski,
1993! for data processing. The crystal was taken from a sitting
drop that had been equilibrated against 25%~w0w! PEG 4000,

0.1 M citrate0phosphate buffer, pH 6.7. Cooling was achieved by
shortly washing the crystal in cryoprotectant solution~30%~w0w!
PEG 4000, 15%~v0v! glycerol, 0.1 M citrate0phosphate buffer,
pH 7.4! prior to transfer into a nitrogen gas stream at 100 K. Data
set 2 was measured at 285 K from five crystals that were grown by
dialysis against 25%~w0w! PEG 8000, 5 mM PLP buffered at
pH 7.0 with 0.1 M citrate0phosphate. These data were determined
on a Siemens rotating copper anode equipped with an X1000 multi-
wire area detector. Indexing and integration were done with the
X-gen module of the Cerius2 software~Biosym0MSI, 1996!, fol-
lowed by scaling and data reduction with SCALA~Evans, 1997!
and AGROVATA~CCP4, 1994!. Both datasets belong to the space
group P21 with similar lattice constants~data set 1:a5 59.8 Å,b5
102.0 Å, c 5 77.8 Å, b 5 110.28; data set 2:a 5 61.6 Å, b 5
102.2 Å,c 5 77.9 Å,b 5 110.38! and reveal an equivalent signal
for one noncrystallographic twofold axis in their self-rotation func-
tions ~calculated with REPLACE; Tong & Rossmann, 1990!, in-
dicating the presence of one dimer per asymmetric unit. Data
collection statistics are given in Table 1.

Refinement

The structure ofT. cruziTAT was solved by molecular replacement
with the program AMoRe~Navaza, 1994!, using the coordinates of
the closed form ofE. coli AspAT ~PDB ID number 1ART; Oka-
moto et al., 1994! as a search model. The correct rotation function
solution was identified by comparison with the self-rotation func-
tion of the native datasets. To find the position of the rotated
molecule in the unit cell, the search model had to be reduced to a
polyalanine sequence for the nonconserved residues and it was
only with dataset 1 that a reasonable solution without crystal pack-
ing conflicts could be obtained~resolution for translation search
and rigid body refinement: 15–5 Å, Patterson integration limits:
0–42 Å; correlation coefficient highest0second highest peak: 450
42.3;R-value highest0second highest peak: 52.3052.4!. The refine-

Table 1. Data collection statistics

Dataset 1a 2
Space group P21 P21

Unit-cell parameters
a ~Å! 60.2 61.6
b ~Å! 102.3 102.2
c ~Å! 78.1 77.9
b ~deg! 110.2 110.3

Resolution range 41.9–2.30 Å 10.0–2.51 Å
No. of unique reflections 36,866 24,668
Rmerge

b

Overall ~%! 6.7 5.1
Last shell~%! 14.3 ~2.40–2.30 Å! 9.6 ~2.64–2.51 Å!

Completeness
Overall 93.3 78.4
Last shell 88.4~2.40–2.30 Å! 47.0 ~2.66–2.51 Å!

^I0s~I !&
Overall 13.0 17.0
Last shell 6.4~2.40–2.30 Å! 6.0 ~2.61–2.51 Å!

Redundancy 1.9 1.7

aOnly data to 3.0 Å have been used in the refinement~see text!.
bMerging R-factor; Rmerge5 ( 6Ii 2 ^I &60( Ii .
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ment was started with the complete model ofE. coliAspAT against
dataset 1~resolution limit 3.0 Å!, applying strict noncrystallo-
graphic symmetry and a bulk solvent model in the programm
X-PLOR 3.851~Brünger, 1992!. In each stage of the refinement,
multiple runs of conventional~Brünger et al., 1990! and torsion
angle ~Rice & Brünger, 1994! molecular dynamics were per-
formed and the model with the lowestRfree value was chosen for
map calculation using DM~Cowtan, 1994!, OMIT ~Vellieux &
Dijkstra, 1997!, and the RAVE package~Kleywegt & Jones, 1994!
for density modification prior to the next round of manual model
building in O~Jones et al., 1991!. Following the identification and
addition of all deletions and insertions to the model, an attempt
was made to include the higher resolution data. These reflections
turned out to be of poor quality in dataset 1, due to ice formation
during measurement, leading to unreasonably highB-factors and
R-values that could not be improved further. Therefore, the final
rounds of refinement were done with dataset 2 using the maximum-
likelihood target function in REFMAC~Murshudov et al., 1997!
and applying a bulk solvent model from X-PLOR~Jiang & Brünger,
1994!. NCS restraints were lifted and water molecules were added
to the model with the ARP software~Lamzin & Wilson, 1993! until
Rfree stopped decreasing. The three N-terminal residues of both
chains plus the C-terminal amino acid of monomer A were not
visible in the electron density. The final model consists of 825
amino acid residues, 2 cofactor, and 118 water molecules. Refine-
ment statistics are summarized in Table 2.

Docking calculations

Prior to the simulation all water molecules where removed from
the refinedT. cruzi TAT structure model. Polar hydrogen atoms

where added with HBPLUS~McDonald & Thornton, 1994!, charges
and radii where assigned using an adapted PARSE dataset~Sitkoff
et al., 1994! in GRASP~Nicholls et al., 1991!. The cofactor was
charged using formal values~N1, 11; O3, 21; OP1-3,20.667!
under the assumption that the internal aldimine is unprotonated.
The charges of the zwitterionic amino acid substrates were calcu-
lated with the MINDO03 method~Baird & Dewar, 1969!. Docking
calculations were performed with AUTODOCK 2.4~Morris et al.,
1996!, using a grid spacing of 0.2 Å around the cofactor of mono-
mer A. A starting temperature of 1,500 K was chosen and 3,000
accepted plus 3,000 rejected steps were performed per temperature
reduction cycle. For each amino acid 100 docking runs were car-
ried out.

Figures

Molecule representations where prepared with MOLSCRIPT~Krau-
lis, 1991! and BOBSCRIPT~Esnouf, 1997!, molecular surfaces
where calculated in GRASP~Nicholls et al., 1991!. The figures
where rendered with POV-RayTM after combination and optimi-
zation in GL_RENDER~L. Esser & J. Deisenhofer, unpubl. data!.
Figure 2 was edited with ESPript~Gouet et al., 1999! after con-
struction of a structure based sequence alignment in BRAGI~Schom-
burg & Reichelt, 1988!, which was corrected for insertions and
deletions in secondary structure elements by visual inspection in O
~Jones et al., 1991!. Secondary structure was identified with DSSP
~Kabsch & Sander, 1993!.

Accession number

Structure coordinates have been deposited in the PDB~Sussman
et al., 1998! and assigned the accession number 1BW0.
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