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Abstract

Rat liver and Trypanosoma cruzi tyrosine aminotransferases (TATs) share over 40% sequence identity, but
differ in their substrate specificities. To explore the molecular features related to these differences, com-
parative mutagenesis studies were conducted on full length T. cruzi TAT and N-terminally truncated rat
TAT recombinant enzymes. The functionality of Arg315 and Arg417 in rat TAT was investigated for
comparison with the conserved Arg292 and Arg386 in aspartate and bacterial aromatic aminotransferases
(ASATs and ARATs). The rat TAT Arg315Lys variant remained fully active indicating that, as in T. cruzi
TAT and contrary to subfamily I� aminotransferases, this residue is not critical for activity. In contrast, the
Arg417Gln variant was inactive. The catalytic relevance of the putative rat TAT active site residues Asn54
and Arg57, which are strictly conserved in TATs (Asn17 and Arg20 in T. cruzi TAT) but differ in ASATs
and ARATs, was also explored. The substitutions Arg57Ala and Arg57Gln abolished enzymatic activity of
these mutants. In both variants, spectral studies demonstrated that aromatic but not dicarboxylic substrates
could efficiently bind in the active site. Thus, Arg57 appears to be functionally equivalent to Arg292 of
ASATs and ARATs. Asn54 also appears to be involved in the catalytic mechanism of rat TAT since its
exchange for Ser lowered the kcat/Km ratios towards its substrates. Mutation of the analogous residues in T.
cruzi TAT also lowered the catalytic efficiencies (kcat/Km) of the variants substantially. The results imply
that the mamalian TAT is more closely related to the T. cruzi TAT than to ASATs and ARATs.

Keywords: Aromatic aminotransferases; rat liver tyrosine aminotransferase; heterologous expression; site
directed mutagenesis; Trypanosoma cruzi

Aminotransferases belong to the �-family of vitamin B6-
dependent enzymes (Alexander et al. 1994), which play
important roles in amino acid biosynthesis and degradation
and carbohydrate metabolism in both prokaryotes and eu-

karyotes. These enzymes possess varied substrate specifici-
ties that mainly involve the three 2-oxoacids generated dur-
ing glycolytic and respiratory cycles. Based on extensive
structural, kinetic and site-directed mutagenesis studies on
aspartate aminotransferases (ASATs), a ping-pong Bi-Bi
mechanism involving several intermediates was proposed
for the reversible transamination reaction. Furthermore, the
substrate recognition mechanism of ASATs is the best un-
derstood among aminotransferases (Kirsch et al. 1984; Ar-
none et al. 1985; Hayashi 1995).

At the structural level, two different aminotransferases
belonging to subfamily I�, the highly specific mammalian
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ASATs and the less specific bacterial aromatic aminotrans-
ferases (ARATs), are the most extensively investigated
(Ford et al. 1980; McPhalen et al. 1992; Malashkevich et al.
1995a; Okamoto et al. 1998). In both enzymes, two arginine
residues (Arg386 and Arg292, numbering corresponds to
the cytosolic pig ASAT) were shown to be responsible for
substrate specificity (Kirsch et al. 1984; Hayashi et al. 1996;
Okamoto et al. 1998). The guanidine group of Arg386 in-
teracts with the C�-carboxylate group of the substrate.
Arg292 plays a dual function in the active site. In all known
I� aminotransferases it forms a hydrogen bond with the
�-carboxylate group of the dicarboxylic substrates; in the
less specific ARATs it also forms nonpolar interactions
through its side chain with aromatic substrates (Malashkev-
ich et al. 1995b; Oue et al. 1997). In contrast, the subtle
catalytic process involved in substrate recognition of ami-
notransferases that use nondicarboxylic substrates, such as
tyrosine, methionine, or alanine, is still not clearly under-
stood.

One of the most studied aromatic aminotransferases not
belonging to subfamily I� is tyrosine aminotransferase
(TAT) from the primitive eukaryote Trypanosoma cruzi, the
causative agent of American Trypanosomiasis. This enzyme
has a very broad substrate specificity, efficiently utilizing
leucine, methionine, tyrosine, phenylalanine, tryptophan,
and alanine as amino donors (Montemartini et al. 1993;
Nowicki et al. 2001). Crystallographic, kinetic and muta-
genesis studies on T. cruzi TAT demonstrated that Arg389,
which corresponds to the strictly conserved Arg386 in
ASATs, is essential for substrate binding. In contrast,
Arg283, which is situated in the region of Arg292 of
ASATs, plays no role in catalysis (Blankenfeldt et al. 1999;
Nowicki et al. 2001). T. cruzi TAT, which belongs to the
aminotransferase family I but to date has not been defini-
tively assigned to any of its subfamilies, shares a sequence
identity of nearly 40% (70% similarity) with the mamma-
lian liver TATs, classified by Jensen and Gu (1996) as
belonging to subfamily I�. Mammalian liver TATs are hor-
monally inducible enzymes with a short intracellular half-
life (t1/2 � 2 h) and a high specificity for the tyrosine/2-
oxoglutarate substrate pair (Iwasaki et al. 1973). Their mo-
lecular mass (50 kD) is higher than that of the ASATs (43
kD) or T. cruzi TAT (45 kD). Sequence alignments show a
low degree of identity (∼25%) between mammalian TATs
and vertebrate and prokaryotic ASATs. In addition, the
mammalian enzymes possess extensions in their N- and
C-termini (Fig. 1). Mammalian TATs have been considered
for a long time as attractive models for the understanding of
the hormonal regulation of transcription in eukaryotes.
However, the low yields, instability, and heterogeneity of
the liver enzyme have hampered structure–function rela-
tionship studies on these enzymes. Although Dietrich et al.
(1991) established high level expression conditions for rat
TAT in prokaryotic cells, at least five different purification

steps were required to obtain enzyme homogeneity, and
detailed structural characterization studies have not been
performed to date. Hence, no information is available about
the functional roles of active site residues of mammalian
TATs.

Herein we report the functional expression in bacteria of
an N-terminally truncated and His-tagged rat liver TAT and
its purification by one-step affinity chromatography. Com-
parative studies show that in rat TAT, Arg315, which is
conserved in mammalian TATs in the region of Arg292 in
ASATs and ARATs, according to the structure-based se-
quence alignment, is not involved in catalysis. On the con-
trary, Asn54 and Arg57 (equivalent to Asn17 and Arg20 in
T. cruzi TAT) showed to be essential for the catalytic pro-
cess in both enzymes. Furthermore, Arg417 of rat TAT, a
strictly conserved residue in all known aminotransferases,
seems to be essential for enzymatic activity, resembling the
functionality of Arg386 in ASATs and ARATs and that of
Arg389 in T. cruzi TAT.

Results

Functional heterologous expression and purification of
N-terminally truncated rat liver TAT

Based on previous observations of Stellwagen (1992) and
our structure-based sequence alignments (Blankenfeldt
et al. 1999), recombinant rat TAT was expressed as an
N-terminlly truncated form, being shortened by the first
37 amino acids compared to the naturally expressed form
in liver cells (Fig. 1). A six-histidine Tag was attached to the
N-terminus to simplify its purification. Induction of bac-
teria for 4 h, at 28°C, resulted in the accumulation of a
new protein with an apparent molecular weight of 45 kD in
SDS gels, that was recognized by the antirat TAT-specific
antiserum (data not shown). A final yield of nearly 16 mg
pure rat TAT per liter of bacterial culture was obtained
by affinity chromatography on a Ni2+ column. The aver-
age specific activity of the recombinant N-truncated rat
TAT (340 U · mg−1) was identical to that previously re-
ported for the full-length protein towards its highly specific
substrates, tyrosine and 2-oxoglutarate (Dietrich et al.
1991).

Structural characterization of the recombinant rat TAT

At least 10 different peptide fractions with an absorbance
ratio 254/280 � 1 were detected when recombinant rat TAT
modified with 4-vinylpyridine under denaturing conditions
and digested with trypsin was fractionated by reverse phase
HPLC. The peptides containing at least one 4-ethylpyridyl-
cysteine residue in their amino acid sequence are listed in
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Table 1. In contrast to previous findings, implicating the
presence of at least three S—S bonds in the rat enzyme
(Dietrich et al. 1991), our results clearly show that all 16
cysteine residues per subunit are reduced.

N-terminal sequencing of the recombinant rat enzyme
showed the initial methionine to be missing and confirmed the
expected sequence for the first 18 amino acids including the
six histidine residues corresponding to the His-tag (Table 1).

Figure 1. Structure-based sequence alignment of selected TATs, ASATs, and ARATs. The sequences of the mammalian TATs from
Rattus norvergicus (rat-TAT, P04694) and Homo sapiens (Hum-TAT, P17735); TAT from Trypanosoma cruzi (Tc-TAT, P33447);
ASATs from E. coli (Ecoli-ASAT, P00509) and Trypanosoma brucei (mitochondrial [Tb-mASAT, AAK73816]); ARATs from P.
denitrificans (Pd-ARAT, P95468) and E. coli ARAT (Ecoli-ARAT, P04693) are shown for comparison. In the T. cruzi sequence,
Arg389, Asn17, Arg20, and the equivalent residues in the aligned sequences, as well as Arg292 in the ASATs and ARATs, and Arg417
in mammalian TATs are indicated in bold cases. Deleted amino acids in the rat TAT sequence are denoted in small letters.
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As previously demonstrated for the full-length rat TAT
(Lorber et al. 1991), the truncated enzyme remained intact
even after prolonged incubation with trypsin and the inten-
sity of the 45 kD TAT protein band remained constant over
this period (data not shown). Thus, the 37 deleted amino
acids at the N-terminus have no effect on the conforma-
tional properties of the truncated rat TAT.

Spectral studies show that in the pH range from 7 to 8,
ionization of the aldimine nitrogen of the rat TAT PLP
Schiff base is reflected by pH-dependent changes in the
region of 300–500 nm. Similar changes are not observed in
T. cruzi TAT, reflecting major differences in the pKa values
of the internal aldimines of T. cruzi and mammalian TATs
(Fig. 2A). Unfortunately, the insolubility of both enzymes
below pH 6.5 impaired the determination of their internal
aldimine pKa values. The absorption band with a maximum
at 330 nm represents the nonprotonated PLP form of both
TATs, and the peak in the region of 430 nm corresponds to
the protonated form. In the mammalian enzyme, the 330 nm
absorption maximum shifts, at pH 7.0, to the region of 430
nm due to an increase in the protonated PLP form (Fig. 2A).
Addition of L-tyrosine or L-glutamic acid produces an in-
crease in the molar absorptivity at 328 nm, which corre-
sponds to the PMP form (Fig. 2B). Substrate derivatives
such as L-�-methyltyrosine, L-�-methylglutamate and p-hy-
droxyphenylpropionate increased the absorption in the re-
gion of 430 nm, thus indicating the formation of the corre-
sponding aldimine with PLP, and the competitive aromatic
inhibitor complex (Fig. 2C).

Comparative mutagenesis studies
between T. cruzi and rat liver TATs

Mutagenesis was conducted to address the functionality of
(1) Arg315, which in the structure-based sequence align-
ment is shown to be situated, in mammalian TATs, in a

position adjacent to the conserved Arg292 in ASATs and
ARATs; (2) Arg417, which is conserved in all known ami-
notransferases and has been demonstrated to be responsible
for interacting with the substrate �-carboxylate group; and
(3) the putative T. cruzi TAT active site residues Asn17 and
Arg20 (Blankenfeldt et al. 1999) and its counterparts Asn54
and Arg57 in rat TAT, which are strictly conserved in TATs
but differ among all known ASATs (Fig. 1). All mutations
were confirmed by complete gene sequencing.

The substitution of Arg417 for Gln yielded a highly ex-
pressed but completely inactive enzyme. Figure 3A shows
that the Arg417Gln variant exhibits an intense absorption
peak around 430 nm, which does not shift to the region of
330 nm in the presence of tyrosine or glutamate, as it would
be expected upon generation of the corresponding PMP
form.

Three different rat TAT Arg315 variants were con-
structed. The Arg315Glu and Arg315Gln substitutions led
mainly to the expression of the enzymes into inclusion bod-
ies, and the low amounts expressed in the soluble fraction
were not stable enough for being characterized. The
Arg315Lys variant, in contrast, was expressed at the same
levels as the wild-type enzyme, presented identical absorp-
tion spectra (data not shown), and exhibited the same spe-
cific activity as the wild-type rat TAT (333 U · mg−1) to-
wards the substrate pair tyrosine/2-oxoglutarate. In good
agreement with these results, the kinetic constants of the
Arg315Lys variant remained unchanged in comparison with
those of the wild-type enzyme (Table 2). In contrast, in the
ASATs and ARATs the Arg292Lys substitution detrimen-
tally affected the kcat and Km values of both enzymes (Vacca
et al. 1997; Okamoto et al. 1998).

The T. cruzi Asn17Ser and Arg20Ala/Gln mutants pos-
sess nearly 20- and 100-fold lower specific activities, re-
spectively, when compared with the parasite wild-type en-
zyme. Similarly, the specific activity of the rat TAT
Asn54Ser variant was nearly 14-fold lower than the value
obtained for the mammalian wild-type enzyme, while that
of the rat TAT Arg57Ala and Arg57Gln variants were re-
duced nearly 4 × 104-fold. Table 2 shows that the Asn54Ser
substitution produced nearly a 10-fold increase in the Km

value for 2-oxoglutarate, with the Km values for tyrosine and
glutamate also increasing. Furthermore, the kcat values were
significantly lower for all the substrates assayed, with the
kcat/Km ratios for tyrosine, glutamate, and 2-oxoglutarate
decreasing 11-, 120-, and 43-fold, respectively (Table 2).

The overall kinetic constants could not be determined for
the rat TAT Arg57Ala/Gln mutants, due to their low activi-
ties and the lack of saturation kinetics with respect to the
substrate concentration. Additionally, the Arg57Ala variant
showed a higher molar absorptivity than the wild-type en-
zyme, at pH 7, in the region of 430 nm (Fig. 3A). The Arg57
mutants show identical spectral changes on addition of ty-
rosine or aromatic substrate analogs, such as p-hydroxy-

Table 1. Cysteine containing peptides identified by
Edman degradation

1 EEVASYYHCHEAPLEAK
2 DVILTSGCSQAIELCLAV
3 KTACLVVNNPSNPCGSVFSK
4 QCVPILADEIYGDMVFSDCKY
5 YEPLANLSTNVPILSCGGLAKLSQRILGPCTIVQGALAK
7 SNADLCYGALAAIPGLR
8 LIAEQAVHCLPATCFEYPNFF
9 VVITVPEVMMLEACSR
10 IQEFCEQHYHCAEGSQEECDK
(H)6 KARWDVRPSDMS

The recombinant rat TAT was modified with 4-vinylpyridine, and the
tryptic peptides were chromatographed on a Vydac C8 column following
the experimental conditions described by Nowicki et al. (2001). The
shaded sequence corresponds to that obtained for the N-terminus recom-
binant rat TAT by Edman degradation.
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Figure 2. Absorption spectra of rat and T. cruzi TATs. The spectra were recorded, at 25°C, in 150 mM HEPES-NaOH buffer, 1 mM
EDTA, 1 mM DTT, 0.1 M KCl, pH 7.0, and 150 mM Tris-HCl buffer, 1 mM EDTA, 1 mM DTT, 0.1 M KCl, pH 8.0. (A) Rat TAT
holoenzyme at pH 7.0 (filled circles) and pH 8.0 (open triangles); T. cruzi TAT holoenzyme at pH 7.0 (open circles) and pH 8.0 (filled
squares). (B) Rat TAT holoenzyme at pH 7.0 (filled circles); in the presence of 5 mM tyrosine (open circles), and 60 mM glutamate
(open triangles). (C) Rat TAT holoenzyme at pH 8.0 (open circles); in the presence of: 20 mM p-hydroxyphenylpropionate (filled
triangles), 12.5 mM L-�-methyltyrosine (x), 20 mM L-�-methylglutamate (- - -).

Substrate recognition in eukaryotic TATs

www.proteinscience.org 1043



phenylpropionate and L-�-methyltyrosine (Fig. 3A,B), and
exhibit the same molar absorptivities as the wild-type en-
zyme in the presence of 5 mM tyrosine (Figs. 2B, 3A). The
spectra of both mutants did not alter on the addition of
L-�-methylglutamate (Fig. 3B), indicating that, in contrast
to the wild-type enzyme, the protonated aldimine was not
formed in the presence of this substrate derivative under our
experimental conditions. The present results indicate that
the Arg57 variants are able to catalyze the first half-reaction
using their aromatic substrate L-tyrosine. However, the sec-
ond half-reaction is significantly slower, with the PLP form
being regenerated on the scale of minutes (Fig. 3C). Simi-
larly, the Arg57Ala TAT PLP form is converted to the PMP
form at notably slow rates upon the addition of glutamate
(Fig. 3D). Evaluation of the dissociation constants (Kd) of

the Arg57 variants and wild-type enzyme for L-tyrosine,
L-glutamate, and p-hydroxyphenylpropionate demonstrates
unaltered affinities for aromatic substrates but a decrease in
affinity for the dicarboxylic acid upon mutation of Arg57
(Table 3). The unchanged dissociation constants for the aro-
matic substrates imply that the loss of enzymatic activity on
substitution of Arg57 is not due to unspecific conforma-
tional changes.

The Asn17Ser mutation, in the T. cruzi TAT, did not
significantly affect the Km values of the mutant but the kcat

values were lowered for all the substrates assayed. The
highest decrease in kcat/Km ratio (47-fold) was observed for
tyrosine as substrate (Table 4).

The exchange of Arg20 for Ala in T. cruzi TAT produced
a similar effect in the absorption pattern in the region of 430

Figure 3. (Continued on next page)
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nm to that observed with the rat TAT Arg57Ala mutant
(Fig. 3A), although the specific activity was less drastically
affected. This substitution seems not to alter significantly
the Km values towards the substrates listed in Table 4, al-
though the most affected appears to be 2-oxoglutarate.
However, all of the corresponding kcat values decreased and
the kcat/Km ratios for tyrosine, alanine, 2-oxoglutarate, and
2-oxoisocaproate were reduced 124-, 87-, 157-, and 85-fold,
respectively (Table 4).

Discussion

The expression conditions established for rat TAT yielded
high quantities of a soluble recombinant truncated enzyme
enabling its rapid and simple purification. This recombinant
TAT, although shortened by the first 37 amino acids com-
pared to the naturally expressed enzyme in liver cells, re-
mained resistant to trypsin treatment and exhibited identical
Km and kcat values to those of the full-length rat TAT

Figure 3. Absorption spectra of rat TAT Arg57Ala and Arg417Gln variants, and T. cruzi TAT Arg20Ala mutant. The spectra were
recorded, at 25°C, in 150 mM HEPES–NaOH buffer, 1 mM EDTA, 1 mM DTT, 0.1 M KCl, pH 7.0, and 150 mM Tris-HCl buffer,
1 mM EDTA, 1 mM DTT, 0.1 M KCl, pH 8.0. (A) Rat TAT Arg57Ala at pH 7.0 (filled circles); rat TAT Arg57Ala at pH 8.0 (open
triangles); rat TAT Arg57Ala at pH 7.0 in the presence of 5 mM tyrosine (open circles); T. cruzi TAT Arg20Ala mutant at pH 7 (open
squares); rat TAT Arg417Gln at pH 7.0 (filled triangles). (B) Rat TAT Arg57Ala holoenzyme pH 8.0 (open triangles); in the presence
of: 20 mM p-hydroxyphenylpropionate (filled triangles), 12.5 mM L-�-methyltyrosine (x), 20 mM L-�-methylglutamate (- - -). (C)
Time dependence of the rat TAT Arg57Ala PMP form reaction with 2-oxoglutarate. Spectra were recorded for the first 7 min of
incubation of the mutated enzyme with 5 mM 2-oxoglutarate at pH 7.0. Rat TAT Arg57Ala PMP form before (filled circles) and 1 min
(1), 3 min (3), 5 min (5), and 7 min (7) after addition of 2-oxoglutarate. The arrows indicate increases and decreases in absorbance.
(D) Time dependence of the rat TAT Arg57Ala PLP reaction with glutamate. Spectra were recorded for the first 7 min of incubation
of the mutated enzyme with 50 mM L-�-glutamate at pH 7.0, before (filled circles) and 1 min (1), 3 min (3), 5 min (5), and 7 min (7)
after addition of glutamate. The arrows indicate increases and decreases in absorbance.
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(Dietrich et al. 1991; Lorber et al. 1991). Peptide sequence
analysis demonstrated that in the rat TAT, similarly to the T.
cruzi enzyme, and in contrast to previous observations
(Dietrich et al. 1991), all the cysteines are in the reduced
form. The relatively high abundance of cysteine residues in
the rat and T. cruzi aromatic aminotransferases is in good
agreement with the higher sequence similarity observed be-
tween the T. cruzi and mammalian liver TATs (70%) than
between TATs and ASATs (25%; Nowicki et al. 2001).

T. cruzi and rat TATs show differences in their spectra in
the 300–500-nm region, which reflect a higher pKa value of
the rat TAT Schiff base (Fig. 2A). The higher molar ab-
sorptivity of the T. cruzi TAT around 330 nm (Fig. 2A), as
well as the absence of an absorption peak in the region of
430 nm, in the presence of its substrate derivatives, in con-
trast to rat TAT, ASATs, and ARATs, may be a conse-
quence of a lower pKa value of the Schiff base of the
parasite enzyme (Fig. 2C; Hayashi et al. 1967; Nowicki et
al. 2001). However, quantitative measurement of the pKa
values of the internal aldimines of the N-terminally trun-
cated rat TAT and the His-tagged recombinant T. cruzi TAT
was impaired by their low solubility below pH 6.5.

ASATs and ARATs display two absorption peaks, at 360
and 430 nm, for their nonprotonated and protonated PLP

forms, respectively, and a maximum at 330 nm for their
PMP form (Hayashi et al. 1993). In contrast, mammalian
and T. cruzi TATs possess a maximum at 330 nm corre-
sponding to the nonprotonated internal aldimine, which is
nearly the same as that of the C4� saturated derivative of
pyridoxal phosphate, the PMP form. Similarly, other PLP-
dependent enzymes, such as rat liver alanine aminotransfer-
ase, aspartate aminotransferase from Sulfolobus solfataricus
and Treponema denticola cystalysin, also display an absorp-
tion maximum at 330 nm for their nonprotonated PLP form
(Matsuzawa and Segal 1968; Marino et al. 1988; Bertoldi et
al. 2002). The absorbing species at 430 nm were unequivo-
cally attributed to a protonated aldimne. However, in the
latter enzymes, the molecular features responsible for the
absorption peak at 330 nm that possess the non protonated
PLP, are still not understood.

The highly specific rat TAT, like the less specific bacte-
rial ARATs, efficiently utilizes substrates containing a
�-carboxylate group, such as 2-oxoglutarate and glutamate,
as well as nonpolar aromatic substrates, such as tyrosine.
Structure-based sequence alignment shows the rat TAT to
contain an arginine at position 315 (Fig. 1), adjacent to
Escherichia coli Arg292 and conserved in mammalian
TATs, which could take on the same role as Arg292 does in
Paracoccus denitrificans ARAT, moving into the active site
to neutralize the substrate �-carboxylate group and out-
wards for the recognition of the aromatic substrates (Oka-
moto et al. 1998). However, the guanidine group of Arg315
has been shown to be nonessential for the rat TAT func-
tionality, because the kinetic constants of the Arg315Lys
variant are identical to those of the wild-type enzyme. In
contrast, the substitution of Arg292 for Lys in E. coli ASAT
had a large influence on both the kcat and Km values (Vacca
et al. 1997); and in E. coli ARAT it had a major effect on the
Km values towards the aromatic and dicarboxylic substrates
(Hayashi et al. 1996). Thus, rat TAT seems to be more

Table 3. Dissociation constants (Kd) for wild-type, Arg 57Ala,
and Arg57Gln variants of N-truncated rat TAT

Rat TAT
p-OH-phenylpropionate

Kd (mM)
L-glutamate

Kd (mM)
L-Tyrosine
Kd (mM)

Wild type 0.9 ± 0.1 1.5 ± 0.2 1.2 ± 0.1
Arg57Ala 1.2 ± 0.2 5.4 ± 0.7 1.3 ± 0.1
Arg57Gln 1.1 ± 0.2 5.9 ± 0.3 1.1 ± 0.9

The values, which are the means of at least three determinations, were
obtained as described in Materials and Methods.

Table 2. Kinetic parameters for the overall reactions of the N-truncated recombinant rat TAT, Arg315Lys, and Asn54Ser variants

Kinetic parameters Substrate pair Wild type Arg315Lys Asn54Ser

Km (mM) L-Tyrosine 2.1 ± 0.3 2.3 ± 0.3 5.3 ± 0.8
2-oxoglutarate 0.40 ± 0.04 0.35 ± 0.05 3.5 ± 0.5

kcat (sec−1) L-Tyrosine 576 ± 50 510 ± 43 132 ± 15
2-oxoglutarate 566 ± 30 490 ± 60 116 ± 27

kcat/Km (sec−1 � M−1 � 103) L-Tyrosine 274 ± 46 (100) 222 ± 34 (81) 25 ± 5 (9)
2-oxoglutarate 1415 ± 160 (100) 1400 ± 263 (99) 33 ± 9 (2)

Km (mM) L-Glutamate 2.2 ± 0.4 1.9 ± 0.5 8.8 ± 0.8
p-hydroxyphenylpyr 1.2 ± 0.2 1.2 ± 0.3 1.3 ± 0.3

kcat (sec−1) L-Glutamate 210 ± 35 199 ± 20 6.6 ± 0.4
p-hydroxyphenylpyr 165 ± 30 155 ± 30 5.9 ± 0.7

kcat/Km (sec−1 � M−1 � 103) L-Glutamate 96 ± 23 (100) 105 ± 29 (109) 0.80 ± 0.08 (0.8)
p-hydroxyphenylpyr 138 ± 34 (100) 129 ± 41 (93) 4.5 ± 1.2 (3)

The values, which are the means of at least three experiments, correspond to the steady-state kinetic parameters determined following the experimental
conditions described by Nowicki et al. (2001). The concentration ranges of the tested amino acids are indicated in Materials and Methods. The percentage
of the relative kcat/Km values are shown in parentheses.
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closely related to T. cruzi TAT than to the subfamily I�
aminotransferases, as the T. cruzi enzyme has also no es-
sential arginine in the region of Arg 292 in E. coli ARATs
(Nowicki et al. 2001). In contrast, as expected from the
sequence alignment, Arg417 of rat TAT seems to play the
same role as Arg386 in all ASATs and ARATs.

Based on the T. cruzi TAT 3D structure, two residues,
Asn17 and Arg20 in T. cruzi TAT, and Asn54 and Arg57 in
rat TAT, were identified as potential partners for substrate
interaction in these enzymes. In good agreement with this
hypothesis, substitutions of the corresponding residues in T.
cruzi and rat TATs significantly lowered the specific activi-
ties of the mutants towards their substrates. The exchange of
Arg57 for Ala or Gln in rat TAT diminished the overall
enzymatic activity nearly 4 × 104-fold. The absorbance
spectra of the Arg57Ala and Arg57Gln mutants as well as
their dissociation constants for tyrosine and p-hydroxyphen-
ylpropionate demonstrate that the Arg57 substitution does
not affect the enzyme�s affinity for aromatic substrates. The
higher dissociation constants determined for both variants
towards glutamate indicate a decrease in the affinity for the
dicarboxylic substrate. Additionally, the slow formation of
the PMP form in the presence of glutamate and the slow
regeneration of the PLP enzyme on addition of 2-oxogluta-
rate implies that the rates of both reactions are affected.
Thus, the rat Arg57 mutants appear to be catalytically com-
petent despite their extremely low activity. The increased
absorption at 430 nm of the mammalian Arg57Ala and T.
cruzi Arg20Ala TAT variants, at pH 7, implies that they
possess a higher Schiff base pKa value than the wild-type
enzymes. This electrostatic effect due to the substitution of

the Arg residue to Ala suggests that a positive charge was
eliminated from the active site of these enzymes without
causing gross conformational changes, and resembles the
effect observed when Arg292 was exchanged for neutral
residues in ARATs and ASATs and when Lys109 was simi-
larly substituted in T. thermophilus ASAT (Nobe et al.
1998; Mizuguchi et al. 2001). Thus, Arg57 in rat TAT
seems to be functionally equivalent to Arg292 of subfamily
I� aminotransferases for the recognition of dicarboxylic
substrates. Substitution of the analogous Arg20 for Ala or
Gln does not have such a dramatic effect on T. cruzi TAT
activity. This mutation significantly decreases the kcat val-
ues but has no significant effect on the Km values for any of
the substrates, except for 2-oxoglutarate. As a result, muta-
tion of Arg20 significantly decreases the catalytic effi-
ciency, kcat/Km, of the parasite enzyme (Table 4).

In the Thermus thermophilus ASAT only the N-terminal
region (Lys13-Val30) of the small domain approaches the
active site upon maleate binding instead of the substrate
induced large movement of the whole small domain ob-
served on active site closure in the ASATs of the subfamily
I� (Nakai et al. 1999). Arg292 is not conserved in T. ther-
mophilus ASAT; however, Lys109, Thr17 and Trp140 have
been shown to interact with the substrate’s �-carboxylate
group (Nakai et al. 1999). From the 3D structure of T. cruzi
TAT, it seems plausible that the N-terminal �-helix may
also play the role of a lid that encloses the substrates in the
active site pocket by a similar mechanism to that described
for T. thermophilus ASAT, with Arg20 and Asn17 taking on
the role of Lys109 and Thr17. Unfortunately, structures of
the T. cruzi TAT in complex with a suitable substrate have

Table 4. Kinetic parameters for the overall reactions of the recombinant T. cruzi TAT, Asn17Ser, and Arg20Ala variants

Kinetic parameters Substrate pair Wild type Asn17Ser Arg20Ala

Km (mM) L-Tyrosine 1.20 ± 0.08 2.4 ± 0.4 2.3 ± 0.5
Pyruvate 0.80 ± 0.07 0.60 ± 0.08 0.6 ± 0.1

kcat (sec−1) L-Tyrosine 44.6 ± 1.9 1.8 ± 0.3 0.70 ± 0.08
Pyruvate 47.4 ± 5.2 1.50 ± 0.07 0.50 ± 0.07

kcat/Km (sec−1 � M−1 � 103) L-Tyrosine 37.2 ± 2.9 (100) 0.8 ± 0.2 (2) 0.30 ± 0.07 (0.8)
Pyruvate 59.2 ± 8.3 (100) 2.5 ± 0.3 (4) 0.8 ± 0.2 (1)

Km (mM) L-Alanine 0.9 ± 0.1 1.2 ± 0.2 1.2 ± 0.1
2-oxoglutarate 4.6 ± 0.4 9.6 ± 1.3 14.8 ± 2.1

kcat (sec−1) L-Alanine 23.5 ± 3 3.8 ± 0.3 0.35 ± 0.03
2-oxoglutarate 21.8 ± 4 4.2 ± 0.6 0.50 ± 0.05

kcat/Km (sec−1 � M−1 � 103) L-Alanine 26.1 ± 4.4 (100) 3.2 ± 0.6 (12) 0.3 ± 0.03 (1)
2-oxoglutarate 4.7 ± 1 (100) 0.4 ± 0.1 (9) 0.030 ± 0.006 (0.6)

Km (mM) L-Alanine 1.1 ± 0.2 1.3 ± 0.1 1.2 ± 0.2
2-oxoisocaproate 0.60 ± 0.05 0.30 ± 0.05 0.7 ± 0.1

kcat (sec−1) L-Alanine 21.2 ± 2.2 3.2 ± 0.4 0.40 ± 0.07
2-oxoisocaproate 20.4 ± 2 2.8 ± 0.2 0.30 ± 0.04

kcat/Km (sec−1 � M−1 � 103) L-Alanine 19.3 ± 4 (100) 2.5 ± 0.4 (13) 0.30 ± 0.06 (2)
2-oxoisocaproate 34 ± 4 (100) 9.3 ± 1.7 (30) 0.40 ± 0.08 (1)

The values, which are the means of at least three experiments, correspond to the steady-state kinetic parameters determined following the experimental
conditions described by Nowicki et al. (2001). The concentration ranges of the tested amino acids are indicated in Materials and Methods. The percentage
of the relative kcat/Km values are shown in parentheses.
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not been resolved to date. However, modeling based on the
opened form of its 3D structure shows that only a small
movement of the N-terminal arm would be necessary for
Asn17 to form a hydrogen bond to the side chain of a
tyrosine modeled in a position corresponding to experimen-
tal substrate complexes of ASATs (Fig. 4).

In Figure 4 we compare the experimentally determined
binding modes of cytosolic pig ASAT complexed with L-�-
methylglutamate (1AJS), and T. thermophilus ASAT with
L-aspartate (1BKG) with the modeled mammalian TAT
showing the bifurcated hydrogen bonds that might be ex-
pected to connect both carboxylate groups of L-glutamate
with the guanidino groups of Arg57 and Arg417. The un-
changed Km values for the T. cruzi TAT asparagine and
arginine mutants can be rationalized assuming that substrate
binding is dominated by the salt bridge formation between
the substrate’s �-carboxylate group and the strictly con-
served arginine residue in the position of Arg386 in ASATs.
The herein mutated asparagine and arginine residues may

induce the proper substrate orientation by hydrogen bonding
in concurrence with active site closure. On the basis of the
T. cruzi TAT 3D structure, Arg20 is expected to play a
similar role to Arg292 of ASATs, as its side chain points
away from the active center in the unligated structure, and
it would require to be reoriented concomitantly with a
movement of the N-terminal �-helix upon substrate bind-
ing. In aromatic aminotransferases, it was clearly demon-
strated that several nonpolar residues in the N-terminal re-
gion are required for the efficient binding of aromatic sub-
strates (Malashkevich et al. 1995a; Onuffer and Kirsch
1995; Shaffer et al. 2002). Presently, it cannot be ruled out
that besides Asn17 and Arg20 additional residues of the
N-terminal region participate in the catalytic process of T.
cruzi TAT and/or facilitate substrate-induced domain move-
ment. It may be possible that the significant decreases in the
kcat values of these mutants could reflect a slowdown of
active site closure, which would result in a detrimental ef-
fect on the catalytic efficiency.

Figure 4. Comparison of the active sites of aminotransferases with different substrates specificities. (A) Cytosolic pig ASAT com-
plexed with L-�-methylglutamate (1AJS), (B) T. thermophilus ASAT with L-aspartate (1BKG), (C) T. cruzi TAT (1BW0) with
L-tyrosine modeled as substrate, and (D) mammalian TAT model with L-glutamate in the active site. (Prepared with Molscript
[Kraulis 1991] and rendered with POV-Ray, www.povray.org.)
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The results presented in this work support the hypothesis
of Jensen and Gu (1996) that phylogenetically, the mam-
malian TATs are more closely related to the aromatic ami-
notransferases from primitive unicellular eukaryotes, such
as T. cruzi, than to the mammalian ASATs or bacterial
ARATs. T. cruzi TAT may probably represent a contempo-
rary ancestor for more specialized catalysts such as the
mammalian TATs. Further structural and biochemical stud-
ies will help to provide a better understanding of the cata-
lytic mechanism of the parasite and mammalian TATs. In
this respect, new approaches are currently under way in our
laboratory.

Materials and methods

Gene and sequence

The sequences of T. cruzi and rat liver TATs were established
earlier (accession number L00673 and NM_012668, respectively).
T. cruzi TAT was cloned as described previously (Nowicki et al.
2001). A DNA fragment encoding the rat TAT enzyme shortened
by the first 37 amino acids but containing six histidines at the
N-terminus was amplified by PCR. For the amplification reaction,
we used as template a pUC8 recombinant plasmid carrying the
full-length cDNA encoding the full-length rat TAT gene, Deep
Vent DNA polymerase, and gene-specific oligonucleotides flank-
ing the 5�and 3� gene ends. The forward primer contained a NdeI
restriction site (5� aaa cat atg cac cac cac cac cac cac aag gcc aga
tgg gac gtc aga cc 3�) and the reverse primer contained a XhoI
restriction site (5� ttc aag ctt ctc gag ttt gtc aca ctc ctc ctg gct gcc
3�). The amplified fragment was cloned in a pET24a(+) vector and
sequenced by a 373 automatic DNA sequencer (Applied Biosys-
tems), using specific primers for the TAT gene and the PRISM
Ready Reaction Dye Deoxy Terminator Sequencing kit.

Site-directed mutagenesis of T. cruzi and rat liver
TAT genes

A site-directed mutagenesis system (Stratagene) was used to mu-
tate selected codons in the T. cruzi and rat liver TAT cloned genes.
Complementary oligonucleotides (35–45 mers) containing the ap-
propriate base alterations (in bold) were synthesized according to
the corresponding gene sequences: (1) T. cruzi TAT: (a) Arg20Ala
mutant: fw 5� ctc gtg ttc aac ccc att gct acc gtt tcg gac aac, 3� rv
5� gtt gtc cga aac ggt agc aat ggg gtt gaa cac gag 3�; (b) Arg20Gln
mutant: fw 5� ctc gtg ttc aac ccc att cag act gtt tcg gac aac gcc 3�;
rv 5� ggc gtt gtc cga aac agt ctg aat ggg gtt gaa cac gag 3�; (c)
Asn17Ser mutant: fw 5� cat gcc gga ctc gtg ttc tca ccc att cgc acc
gtt tcg 3�; rv 5� cga aac ggt gcg aat ggg tga gaa cac gag tcc ggc atg
3�; (2) Rat liver TAT: (a) Arg315Lys mutant: fw 5� ggg ctg gtc aaa
ctg agt cag aaa atc ctg gga cca tgc 3�; rv 5� gca tgg tcc cag gat ttt
ctg act cac ttt cac cag ccc 3�; (b) Arg315Glu mutant: fw 5� ggg ctg
gtc aaa ctg agt cag gaa atc ctg gga cca tgc 3�; rv 5� gca tgg tcc cag
gat ttc ctg act cac ttt cac cag ccc 3�; (c) Arg315Gln mutant: fw 5�
ggg ctg gtc aaa ctg agt cag cag atc ctg gga cca tgc 3�; rv 5� gca tgg
tcc cag gat ctg ctg act cac ttt cac cag ccc 3�; (d) Asn54Ser mutant:
fw5� gac atg tcc aat aag acc ttc tcc ccc atc cgc gcc atc g 3�, rv 5�
c gat ggc gcg gat ggg gga gaa ggt ctt att gga cat gtc 3�; (e)
Arg57Ala mutant: fw 5� cc aat aag acc ttc aat ccc ata gcc gcc atc
gtg gac aac atg 3�, rv 5� cat gtt gtc cac gat ggc ggc tat ggg att gaa
ggt ctt att gg 3� (f) Arg57Gln mutant: fw 5� cc aat aag acc ttc aat
ccc ata caa gcc atc gtg gac aac atg 3�, rv 5� cat gtt gtc cac gat ggc

ttg tat ggg att gaa ggt ctt att gg 3�; (g) Arg417Gln mutant: fw 5�
c cca aat ttc ttc caa gtg gtc atc aca gtc c 3�, rv 5� g gac tgt gat gac
cac ttg gaa gaa att tgg g 3�.

Soluble expression and purification of recombinant
and variant T. cruzi and rat liver TATs

The purified recombinant and mutated plasmids were used to
transform E. coli BL21(DE3) codon plus strain. Bacterial cultures
(1 L) were grown to an A600 of 0.6–0.9 in LB medium containing
30 �g/mL kanamycin and 30 �g/mL tetracycline. Expression of
the T. cruzi TAT was induced overnight at a final concentration of
0.1 mM isopropyl-�-D-thiogalactopyranoside (IPTG), at 28°C. Rat
liver TAT expression was carried out under the same experimental
conditions with the exception that a final concentration of 0.05
mM IPTG was used and cells were collected after 4-h induction.

Wild-type and mutated enzymes were purified by Ni2+-nitri-
lotriacetic acid resin chromatography according to the supplier’s
instructions (Qiagen). The purity of the enzyme preparations was
assessed by SDS-PAGE. All mutants were expressed at similar
levels relative to the respective wild-type enzymes and were elec-
trophoretically homogeneous on purification (data not shown).

Determination of TAT activity

TAT activity was assayed during purification by the method of
Diamondstone (1966) without the addition of diethylthiocarbamate
and following the experimental conditions previously described
(Montemartini et al. 1993). For the mammalian TAT, the assay
mixture contained 150 mM triethanolamine buffer, pH 7.5, 1 mM
DTT, 1 mM EDTA, 9 mM 2-oxoglutarate, and 5 mM L-tyrosine in
a final volume of 1 mL; for the T. cruzi enzyme identical condi-
tions were used except that 2-oxoglutarate was replaced by 10 mM
pyruvate. The reactions were started by the addition of the corre-
sponding enzymes.

For kinetic studies T. cruzi and rat liver TAT activities were
determined spectrophotometrically, at 37°C, and at 340 nm in
1-mL reaction mixtures using 150 mM triethanolamine buffer, pH
7.5 (Nowicki et al. 2001). The final concentration ranges for the
tested amino acids were: 1–6 mM L-tyrosine, 1–30 mM L-alanine,
and 1–50 mM L-glutamate; and for the tested 2-oxoacids were:
1–50 mM pyruvate, 0.5–60 mM 2-oxoglutarate, 0.5–35 mM 2-
oxoisocaproate, and 0.5–5 mM p-hydroxyphenylpyruvate. All ki-
netic constants were determined with a computer program fitting
the data to a hyperbola by applying the Gauss-Newton algorithm
(Fraser and Suzuki 1973).

Protein characterization

Protein concentration was determined according to the method of
Bradford (1976) using bovine serum albumin as standard.

Absorption spectra of the wild-type and mutated recombinant
rat liver TAT were recorded with a UV/Vis Ultrospec 4000 spec-
trophotometer (Amersham Biosciences) using 150 mM Tris-HCl
buffer, pH 8.0, and 150 mM HEPES, pH 7.0, containing 1 mM
EDTA and 1 mM DTT.

The Kd values for L-tyrosine, and L-glutamate were determined,
at pH 7.0, by spectrophotometric titration and after 20 min incu-
bation at room temperature. For p-hydroxyphenylpropionate the
Kd value was obtained, at pH 8.0. The absorbance changes were
monitored at 328 nm for L-tyrosine and L-glutamate, and at 430 nm
for p- hydroxyphenylpropionate. Data were fitted to theoretical
curves (Kallen et al. 1985).

Rat TAT in its pyridoxamine 5�-phosphate (PMP) form was
obtained as previously described except that tyrosine was used as
an amino donor (Hayashi et al. 1993).
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Limited proteolysis was performed following the procedure pre-
viously described (Lorber et al. 1991).

The presence of disulfide bonds was investigated in rat TAT by
chemical modification with 4-vinylpyridine, tryptic digestion, and
amino acid sequence analysis of the purified peptides as previously
described (Nowicki et al. 2001).
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