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Abstract

The aromatic L-a-hydroxy acid dehydrogenase (AHDAH) from Trypanosoma cruzi has over 50% sequence identity with cyto-

solic malate dehydrogenases (cMDHs), yet it is unable to reduce oxaloacetate. Molecular modeling of the three-dimensional

structure of AHADH using the pig cMDH as template directed the construction of several mutants. AHADH shares with MDHs

the essential catalytic residues H195 and R171 (using Eventoff’s numbering). The AHADH A102R mutant became able to reduce

oxaloacetate, while remaining fully active towards aromatic a-oxoacids. The Y237G mutant diminished its affinity for all of the

natural substrates, whereas the double mutant A102R/Y237G was more active than Y237G and had similar activity with ox-

aloacetate and with aromatic substrates. The present results reinforce our proposal that AHADH arose by a moderate number of

point mutations from a cMDH no longer present in the parasite. � 2002 Elsevier Science (USA). All rights reserved.
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Pyridine nucleotide-specific a-hydroxy acid dehydro-
genases acting on lactate (LDH) and malate (MDH)
represent a ubiquitously distributed enzyme superfam-
ily. The mechanism of action of these enzymes is iden-
tical. The low sequence similarities among the enzymes
in this superfamily, their highly conserved 3-D struc-
tures, and phylogenetic analysis indicate that the LDH
and MDH enzyme families diverged relatively early in
evolution [1,2]. The MDH lineage forms two major
groups, a group containing bacterial, eukaryotic cyto-
solic, and chloroplast enzymes (a subfamily designated
cMDH in this paper), and a second group comprising

bacterial, eukaryotic mitochondrial, and glyoxysomal
enzymes (designated here mMDH) [1].

Although most members of the MDH family show
high substrate specificity toward dicarboxylic substrates,
recent studies on diverse unicellular eukaryotes revealed
the existence of enzymes that belong to this family but
are specific for monocarboxylic and not for dicarboxylic
substrates. The parasitic kinetoplastid Trypanosoma
cruzi, the agent causing Chagas disease, contains an
aromatic L-a-hydroxy acid dehydrogenase (AHADH)
and no cMDH [3]. AHDAH is specific for phenyllace-
tate and related compounds with no activity on either
lactate or malate [3]. The amino acid sequence of this
enzyme shows nearly 55% overall identity with several
cMDHs; thus, it belongs to the cMDH subfamily [4]. Its
closest known homolog is a typical cMDH in T. brucei
[5] indicating that these two enzymes derive from a
common ancestral molecule and that the change of
specificity occurred in a kinetoplastid relatively recently.
In another kinetoplastid, Phytomonas sp., an enzyme
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with almost identical substrate specificity was detected
but its amino acid sequence placed it into the mMDH
subfamily, again with the closest relatives being kinet-
oplastid mMDHs [6]. The amitochondriate parabasalid
protist Trichomonas vaginalis and some other paraba-
salids harbor an enzyme with typical LDH activity [7,8],
which belongs to the cMDH group [9]. These results
indicate that a switch in substrate specificity from di-
carboxylates to monocarboxylates has occurred more
than once in the evolution of the MDH/LDH protein
superfamily in eukaryotes. However, most of the avail-
able 3-D structures correspond to typical LDHs and
MDHs thus the molecular mechanism responsible for
aromatic monocarboxylic substrate specificity is not
clearly understood yet.

AHADH in T. cruzi is responsible, together with ty-
rosine aminotransferase (TAT), for the catabolism of
aromatic amino acids, which leads to the excretion of
aromatic lactate derivatives into the culture medium [10].
This enzyme is a highly active cytosolic NAD-linked
dehydrogenase, which reduces the aromatic a-oxo acids
arising from transamination of aromatic amino acids to
the corresponding L-a-hydroxy acids [3]. The T. cruzi
AHADH is the first enzyme with such substrate stereo-
specificity to be purified to homogeneity [3], and fully
sequenced [4].

Three ariginine residues, Arg-102, Arg-171, Arg-109;
as well as His-195, and Asp-168 (residue numbering as
proposed for Escherichia coli lactate dehydrogenase [11])
are known to be essential for substrate binding and ca-
talysis in all MDHs (for a review see [1]). The charged
guanidinium groups of Arg-102 and Arg-171 contribute
to the binding and correct orientation of the substrates
in the MDHs active site [1]. The similarity of T. cruzi
AHADH to MDHs is most visible among the residues
directly responsible for the catalytic mechanism, such as
the pair His-195/Asp-168 and Arg-109, as well as the
arginine residue involved in binding the C1 carboxylate

of the substrate, Arg-171. At variance, an Ala residue in
the T. cruzi AHADH [4] replaces the Arg-102 residue
present in all MDHs (Fig. 1). MDHs and LDHs, which
are specific for their respective substrates, differ in their
highly similar active sites at only one critical residue in
position 102: in most LDHs this is an uncharged Gln
while in MDHs is a positively charged Arg, which forms
a double ionic bond to the additional carboxyl group of
oxaloacetate/malate [12–14]. Determination of three-
dimensional structures for members of the LDHs/
MDHs family, as well as site directed mutagenesis
studies, showed that the amino acid residue at this po-
sition is of critical importance for conferring MDH or
LDH substrate specificity [13–17]. Other residues are
also believed to be responsible for the substrate speci-
ficity of these enzymes [2]. The Gln/Arg102 is part of a
mobile loop that closes over the active site vacuole after
the enzyme:coenzyme:substrate ternary complex has
formed, isolating the substrates, as well as the catalyti-
cally important residues, from the solvent [1]. A shift in
specificity from pyruvate to oxaloacetate was easily
achieved in several eubacteria by introducing a mutation
into the ldh gene, changing Gln-102 to Arg [18–20]. On
the contrary, attempts to engineer MDHs into LDHs
were more successful in some organisms [21] than in
others [22], since the mutation R102Q changes the en-
zyme specificity for pyruvate but with lowered catalytic
efficiencies. The best results were achieved with the
MDH from Haloarcula marismortui [21]. Although most
of the a-hydroxy acid dehydrogenases are highly specific
for their substrates, lactate or oxaloacetate, a few less
specific enzymes have been described in diverse pro-
karyotes such as Mycoplasma genitalium [23] and Met-
hanococcus jannaschii [24].

We report here the molecular modeling of T. cruzi
AHADH based on X-ray structures of cMDHs and the
site-directed mutagenesis of those residues, which ac-
cording to the model, seem to be involved in catalytic

Fig. 1. Comparison of the amino acid sequence of the T. cruzi AHADH with those of selected MDHs and LDHs. Partial sequences of the MDHs

from T. brucei (cytosolic) (Tb_cMDH, AF287299), (glycosomal) (Tb_gMDH, AF079110);Mesembryanthenum crystallinum (cytosolic) (Mc_cMDH,

X96539); Thermus flavus (Tf_MDH, J02598); Mus musculus (cytosolic) (Mm_cMDH, P14152); T. vaginalis (Tv_MDH, U38692); E. coli (Ec_MDH,

U04742); T. cruzi (glycosomal) (Tc_gMDH, AF051893); and of the LDHs from T. vaginalis (Tv_LDH, AF060233); Rattus norvegicus (Rn_LDH B,

U07181) and of the 2-hydroxyacid dehydrogenase from Phytomonas sp (glycosomal) (Ph_HADH, AF284096) were selected for comparison.

AHADH sequence and residues identical to those in AHADH are in bold type. Ala-102, Arg-109, Asp-168, Arg-171, His-195, Tyr-237, and Ile-239

are indicated by �.
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mechanism and substrate binding. The results support
our proposal [4] that AHADH belongs to the cMDH
subfamily, since a single mutation, A102R, broadened
the T. cruzi AHADH substrate specificity, allowing the
enzyme to acquire MDH activity while remaining fully
active towards its natural substrates.

Experimental procedures

Molecular modeling. Three-dimensional (3D) models of the T. cruzi

AHDAH were built by comparative protein structure modeling with

the program Modeller-6 [25]. The models calculated in this study

passed the tests of PROSAII [26] and PROCHECK [27] programs. The

closest template structure found with the SEQUENCE_SEARCH

command of Modeller and Psi-Blast [28] was Sus scrofa cMDH (PDB

4mdh), which shared more than 50% identity to the target AHADH

sequence. The loop in 4mdh (Asp92–Leu100) that forms a considerable

part of the active site cleft was not well defined by the crystallographic

analysis [13], consistent with a poor PROSAII energy profile for the

region. Thus, this loop segment was built by using E. coli MDH

structure as template [17] (PDB 1emd; residues 76–98), while the re-

maining parts of the AHADH sequence were built based on 4mdh.

p-Hydroxyphenylpyruvate from the structure of Macrophage Migra-

tion Inhibitory Factor (PDB code 1ca7) was included in the model

building to obtain an AHADHmodel in complex with its physiological

substrate. The model also includes the NAD cofactor, inherited from

the 4mdh template. The substrate and the cofactor were docked as

rigid bodies mimicking the corresponding conformations and positions

in the template structures as much as possible. Several distance re-

straints, in addition to those automatically derived by Modeller, were

imposed on the relative orientation of the substrates and the enzymes

to incorporate previous knowledge about the substrate–enzyme inter-

actions. The superposition of representative and structurally highly

similar structures 1bu8 (MDH) and 3ldh (LDH) revealed the conser-

vation of conformation of residues His-195, Arg-171, Arg-109. Addi-

tional upper bound distance restraints were extracted on atoms of the

conserved residues and the substrate from 1bu8 and 3ldh. Once the

overall model was built, the active site loop was refined by restrained

loop modeling, which retained the conformation of the loop but op-

timized its global orientation to improve local packing [29].

Site-directed mutagenesis. A clone of the AHADH gene (accession

number AF112259) has been established in pET24a(+) vector (Nov-

agen) [4]. The Quickchange Site-Directed mutagenesis system (Strat-

agene) was used to mutate selected codons in the clone of the AHADH

gene. The following primers were used: (i) to change Ala-102 to Arg:

50-CC ATT CTC TGC GGC TCG TTT CCA CGT AAA CCC GGC

ACG CTGCG-30 and 50-CG CAG CGT GCC GGG TTT ACG TGG

AAA CGA GCC GCA GAG AAT GG-30, (ii) to change His-195 to

Ala: 50-C TGT ATT ATT TGG GGA AAC GCG AGC GGT ACA

CAA GTC CC-30 and 50-GG GAC TTG TGT ACC GCT CGC GTT

TCC CCA AAT AAT ACA G-30, (iii) to change Arg-171 to Lys: 50-

CGA CTG GAC CAT AAC AAA TCG CTT GCG CTT GTG GC-30

and 50-GC CAC AAG CGC AAG CGA TTT GTT ATG GTC CAG

TCG-30, (iv) to change Ile-239 to Val: 50-CGC GGG TAT GAG GTT
ATT CGG TGG C-30 and 50-G CCA CCG AAT AAC CTC ATA

CCC GCG-30, and (v) to change Tyr-237 to Gly: 50-CT GTG CAG

CAA CGC GGG GGT GAG ATT ATT CGG TGG C-30 and 50-G

CCA CCG AAT AAT CTC ACC CCC GCG TTG CTG CAC AG-30

(bold face italics denote the changed nucleotides). The same approach

has been used to obtain further multiple mutations. The mutant

plasmids were transformed into E. coli (XL1-Blue) and their sequences

were verified.

Expression of AHADH. The recombinant pET24a(+) vector was

used to transform E. coli BL21-CodonPlus. Transformed cells were

selected by kanamycin resistance. E. coli cells harboring the

pET24a(+) plasmid were inoculated into 10ml of LB broth containing

12:5lg ml�1 tetracycline and 30lg ml�1 kanamycin. Overnight cul-

tures were transferred into 500ml of the same medium and were

grown at 37 �C until an OD value of 0.9 at 600 nm was reached.

Isopropyl-b-D-thiogalactopyranoside was added to a final concentra-

tion of 200lM, and the cultures were further grown at 28 �C for 15 h.

Wild-type and mutant enzymes were purified by Ni-nitrilotriacetic

acid resin chromatography according to the supplier’s instructions

(Qiagen, Valencia, CA). The purity of the enzyme preparations was

assessed by SDS–PAGE.

Enzyme assays. Apparent kinetic constants in the direction of

a-hydroxy acid reduction were determined as previously described [3],

by monitoring NADH oxidation at 37 �C and 340 nm, and using a

computer program to fit the data to a hyperbola by applying the

Gauss–Newton algorithm [30]. Protein content was determined in cell-

free extracts by the method of Bradford [31], using bovine serum al-

bumin as standard. All Km values reported hereafter are apparent Km

values.

Results

Molecular modeling

Three-dimensional molecular modeling helped to
define the active site environment of T. cruzi AHADH
(Fig. 2) and to compare it to cMDH. Several insights
into the reasons for the differences in substrate speci-
ficity of these two highly similar enzymes could be ob-
tained by comparing the active site environments. The
most notable difference in the active site was the switch
from Arg-102 in MDHs to Ala-102 in AHADH. This
change is explained by the role of Arg-102 that coordi-
nates the C4 carboxyl group of the malate substrate in
MDHs. A further significant difference was the change
from Gly-237 in most MDHs to the more bulky Tyr-237
in AHADH, explored further in Discussion.

Expression constructs

Based on the above mentioned differences and their
presence in the close environment of the active site
pocket (Fig. 2) the following singly, doubly, and triply
mutated constructs were developed from the T. cruzi
AHADH gene: A102R, H195A, R171K, I239V, Y237G,
A102R/I239V, A102R/Y237G, Y237G/I239V, and A102
R/Y237G/I239V. Sequencing these constructs verified
the replacements.

Expression and biochemical characterization

Total extracts of induced bacteria that carried the
various constructs contained highly similar amounts of
the corresponding heterologous proteins. The histidine-
tagged recombinant enzymes were purified by nickel–
agarose affinity chromatography. The wild-type protein,
as well as each of the purified mutant enzymes, corre-
sponded to a single band on SDS/PAGE, with an
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apparent molecular mass of 35 kDa, which were recog-
nized in Western blots by anti-AHADH polyclonal an-
tiserum (not shown). This was the case not only for the
active mutants, but also for the inactive enzymes
(R171K and H195A).

Five single point mutants for the T. cruzi AHADH
were obtained and characterized, in order to address the
functionality of these residues in the parasite enzyme:
H195A, R171K, A102R, Y237G, and I239V (Table 1).
The first two mutations yielded inactive enzymes,
showing the critical role of both residues in AHADH
catalytic mechanism and substrate binding. On the other
hand, the exchange of Ala-102 to Arg gave T. cruzi
AHADH a new substrate specificity, now able to reduce
oxaloacetate, with a Km value of 99lM. This mutation
also affected the enzyme affinity for a-ketoisocaproate
and phenylpyruvate as it is reflected in the nearly 7- and
5-fold decrease in the Km values for both substrates,
respectively, while its ability to reduce p-hydroxyphe-
nylpyruvate improved, with a 50% increase in the
kcat=Km ratio (Table 1).

The removal of the bulky side chain of Tyr in the
AHADH Y237G mutant increases the Km values for p-
hydroxyphenylpyruvate, phenylpyruvate, and a-keto-
isocaproate, respectively, which became 4-, 25-, and
29-fold higher than those for the wild type enzyme
(Table 1). The double mutant A102R/Y237G, however,
not only presented the highest MDH activity (as shown
by a kcat=Km ratio of 8000), but in addition exhibited
remarkably lower Km values for reduction of the

AHADH natural substrates, when compared with the
values obtained for AHADH-Y237G (Table 1); more-
over, the kcat=Km ratio for the substrate p-hydroxyphe-
nylpyruvate, 9700, was again about 50% higher than
that shown by the wild-type enzyme.

The AHADH I239Vmutant, when compared with the
wild type enzyme, presented a nearly 3-fold increase in
the Km values for the natural substrates (Table 1). The
double mutant A102R/I239V, on the other hand, pre-
sented Km values for the natural substrates of AHADH
actually lower than those of the wild-type enzyme, and
had the lowest MDH activity. The triple mutant A102R/
Y237G/I239V, when compared with the double mutant
A102R/Y237G, showed an increase in the Km values
(nearly 5-fold) for the natural substrates, resulting in the
lowest kcat=Km ratios, and also for oxaloacetate (Table 1).

Discussion

The substrate specificity and enzymatic efficiency of
T. cruzi AHADH can be modulated easily by mutating
one or few amino acid residues, similarly to results ob-
tained for LDHs and MDHs from other prokaryotic
and eukaryotic microorganisms [9,18–22]. The most
dramatic change is elicited by changing the uncharged
Ala-102 to arginine. The introduction of the additional
positive charge into the substrate binding pocket with-
out any further changes in the active site environment
confers a significant activity on the dicarboxylate

Fig. 2. The model of the active site pocket of AHADH. The following residues are plotted: (i) residues previously shown to be important for catalysis,

(ii) residues that are within 6 �AA of any of the substrate atoms and are different between AHADH (T. cruzi), LDH, and MDH (T. vaginalis). The labels

for the four residues from the latter set that were mutated indicate the mutants explored. The p-hydroxyphenylpyruvate substrate is in green, and a

fraction of the NAD cofactor (in green) is also included in the lower left corner.
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substrate, oxaloacetate. In essence, the enzyme gained
MDH activity without loosing its AHADH specificity.
The ease with which dicarboxylate specificity can be
conferred to diverse a-hydroxy acid dehydrogenases is
well documented for typical LDH molecules [18–20] and
also for the LDH of the eukaryote T. vaginalis, which is
a cMDH homolog [9].

Although the major difference between dicarboxylate
specific and monocarboxylate specific a-hydroxy acid
dehydrogenases is the presence or absence of the
charged arginine at position 102 [14], replacement of this
residue with uncharged ones was rarely successful in
experimentally converting various MDHs to LDHs [23].
In most organisms such conversions probably will re-
quire a more extensive remodeling of the MDH mole-
cule. A recent report of changing an MDH into an
enzyme acting on phenyllactate shows the direction for
such remodeling [32].

Interestingly, the substitution of Arg-102 for Ala-102
not only broadened the substrate specificity of T. cruzi
AHADH but it even improved the enzyme affinity for its
natural substrates. There are not many straightforward
explanations for the need of a charged guanidinium
group at the position 102 to enhance the binding of the
natural substrates with non-polar and bulky side
groups. However, it is tempting to speculate that this
substitution places the highly conserved external loop in
a better position to perform its crucial role in closing the
active site and isolating the already formed ternary
complex from the solvent. This and the overall high
sequence similarity of the T. cruzi enzyme with MDHs
from different organisms support our proposal that
AHADH arose by a moderate number of point muta-
tions from a cytosolic MDH no longer found in this
parasite [4].

In addition to the critical Ala-102 or Arg-102,
T. cruzi AHADH shares with MDHs and LDHs the
invariant Arg-109 and Arg-171, as well as the His-195/
Asp-168 pair [4]. The latter pair of residues linked by a
hydrogen bond, has been shown to form a proton relay
system in the active site of a-hydroxy acid dehydro-
genases superfamily [33]. This proton relay system was
additionally proposed to explain the relatively stronger
binding of the reduced coenzyme form versus its oxi-
dized form by cMDHs [33]. The lower Km values for
NADH versus NAD observed in T. cruzi AHADH are
thus in good agreement with the functionality of this
His–Asp pair in this enzyme [4]. Arg-171 has been
proposed to act as a counterion for the C1 carboxylate
group [1]. The complete lack of enzymatic activity in
the AHADH H195A and R171K mutants strongly
suggests that the parasite enzyme operates through a
similar catalytic mechanism.

The single substitution Y237G in T. cruzi AHADH
had a detrimental effect on the mutated enzyme affinity
for its natural substrates, mainly for phenylpyruvate andT
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a-keto-isocaproate. The presence at position 237 of a
large aromatic residue resembles the LDHs structure,
and suggests that T. cruzi AHADH could use Tyr-237 to
accommodate in the active site, by means of hydro-
phobic interactions, its less polar natural substrates.
Interestingly, both MDH and LDH of T. vaginalis are
able to reduce phenylpyruvate. This activity is higher for
the LDH that has Trp-237 and can be increased 8-fold
in the MDH by replacing Gly-237 by Tyr, indicating a
special role for the aromatic group in the interaction
with phenolic substrates (unpublished results).

The kinetics of the reaction catalyzed by the
AHADH I239V mutant showed a less important effect
on the enzyme affinity for its natural substrates, al-
though the Km values were also higher than for the wild-
type enzyme. The Km values for the double mutant
Y237G/I239V were similar to those obtained for the
Y237G mutant. These results again suggest that Y237
may be more directly involved in binding the natural
substrates than I239. Probably due to the absence of
Arg-102 in AHADH, the smaller and less hydrophobic
residue, Gly-237, usually present in most MDHs, is re-
placed in the parasite enzyme by this Tyr residue to
contribute, by means of non-polar interactions, to the
correct localization of its natural substrates in the active
site. Double mutants containing also the A102R muta-
tion had significantly lower Km values for all natural
AHADH substrates, in addition to the newly acquired
MDH activity, as compared with the I239V and Y237G
single mutants. This may suggest that the bulkier Arg
residue may compensate for the effect of the latter mu-
tations, by allowing a better interaction with the sub-
strates. The triple mutant, however, had the lowest
kcat=Km ratio for all the AHADH natural substrates,
probably meaning that the sum of these mutations in-
duces some conformational change in the active site
resulting in a less active enzyme.

The fact that activities on monocarboxylic a-hydroxy
acids emerged at least three times in different protist
lineages and in each case from a different MDH sub-
group (mMDH in Phytomonas sp. [6] and separate
cMDH lineages in T. cruzi [4] and T. vaginalis [9]) in-
dicates that on an evolutionary timescale this transition
is relatively easy. It remains to be seen whether such
functional changes will be observed also in other protist
groups. The physiological significance of these changes
for the protist lineages where they occurred remains to
be determined. A common selective force is probably
responsible for the independent emergence of AHADH
in different kinetoplastid groups [4,6]. Pyruvate reduc-
tion by LDH expectedly contributes to the redox bal-
ance of the parabasalid T. vaginalis [34], but it does not
explain why LDH did not appear in all subgroups of this
lineage [35]. At the same time the existence of several
closely related MDH/LDH pairs in various groups of
unicellular eukaryotes provides a promising area for

detailed studies of the evolution and determination of
specific substrate specificities.

Acknowledgments

Supported by Grants AI 11942 and GM 54762 from the National

Institutes of Health, United States Public Health Service to M.M. and

A.�SS., respectively, and from the Agencia Nacional de Promoci�oon

Cient�ııfica y Tecnol�oogica (Argentina) to C.N. J.V.’s stay at the

Rockefeller University in 2000 was supported by Sida/SAREC (Swe-

den). J.V. is a fellow of the FOMEC Programme. A.F. is a Charles

Revson Foundation Postdoctoral Fellow. A:�SS. is an Irma T. Hirschl

Trust Career Scientist. The authors acknowledge the help and advice

of Lidya B. S�aanchez, Gang Wu, and Dorothy V. Moore of the Lab-

oratory of Biochemical Parasitology at the Rockefeller University.

References

[1] C.R. Goward, D.J. Nicholls, Malate dehydrogenase: a model for

structure, evolution, and catalysis, Protein Sci. 3 (1994) 1883–

1888.

[2] G.B. Golding, A.M. Dean, The structural basis of molecular

adaptation, Mol. Biol. Evol. 15 (1998) 355–369.

[3] M. Montemartini, J.A. Santom�ee, J.J. Cazzulo, C. Nowicki,

Purification and partial structural and kinetic characterization of

an aromatic L-alpha-hydroxy acid dehydrogenase from epim-

astigotes of Trypanosoma cruzi, Mol. Biochem. Parasitol. 68

(1994) 15–23.

[4] M.C. Cazzulo Franke, J. Vernal, J.J. Cazzulo, C. Nowicki, The

NAD-linked aromatic a-hydroxy acid dehydrogenase from Try-

panosoma cruzi: a new member of the cytosolic malate dehydro-

genase group without malate dehydrogenase activity, Eur. J.

Biochem. 266 (1999) 903–910.

[5] J. Vernal, J. Munoz-Jordan, M. M€uuller, J.J Cazzulo, C. Nowicki,

Sequencing and heterologous expression of a cytosolic-type

malate dehydrogenase of Trypanosoma brucei, Mol. Biochem.

Parasitol. 117 (2001) 217–221.

[6] A.D. Uttaro, S.G. Altabe, M.H. Rider, P.A.M. Michels, F.R.

Opperdoes, A family of highly conserved glycosomal 2-hydroxy-

acid dehydrogenases from Phytomonas sp, J. Biol. Chem. 275

(2000) 31833–31837.

[7] H.D. Baernstein, Lactic dehydrogenase in Trichomonas vaginalis,

J. Parasitol. 45 (1959) 491–498.

[8] S.E. Harmych, E. Sidawy, R. Komuniecki, Lactate dehydrogenase

from the protozoan parasite Trichomonas vaginalis, Comp.

Biochem. Physiol. 115B (1996) 405–409.

[9] G. Wu, A. Fiser, B. Ter Kuile, A. �SSSali, M. M€uuller, Convergent
evolution of Trichomonas vaginalis lactate dehydrogenase from

malate dehydrogenase, Proc. Natl. Acad. Sci. USA 96 (1999)

6285–6290.

[10] M. Montemartini, J.A. Santom�ee, J.J. Cazzulo, C. Nowicki,

Production of aromatic alpha-hydroxyacids by epimastigotes of

Trypanosoma cruzi, and its possible role in NADH reoxidation,

FEMS Microbiol. Lett. 118 (1994) 89–92.

[11] W. Eventoff, M.G. Rossman, S.S. Taylor, H.J. Torff, H. Meyer,

W. Keil, H.H. Kiltz, Structural adaptations of lactate dehydro-

genase isoenzymes, Proc. Natl. Acad. Sci. USA 74 (1977) 2677–

2681.

[12] J.J. Birktoft, R.T. Fernley, R.A. Bradshaw, L.J. Banaszak, Amino

acid sequence homology among the 2-hydroxy acid dehydrogen-

ases: mitochondrial and cytoplasmic malate dehydrogenases form

a homologous system with lactate dehydrogenase, Proc. Natl.

Acad. Sci. USA 79 (1982) 6166–6170.

638 J. Vernal et al. / Biochemical and Biophysical Research Communications 293 (2002) 633–639



[13] J.J. Birktoft, G. Rhodes, L.J. Banaszak, Refined crystal structure

of cytoplasmic malate dehydrogenase at 2.5-�AA resolution, Bio-

chemistry 28 (1989) 6065–6081.

[14] L. McAlister Henn, Evolutionary relationships among the malate

dehydrogenases, Trends Biochem. Sci. 13 (1988) 178–181.

[15] D.J. Nicholls, J. Miller, M.D. Scawen, A.R. Clarke, J.J.

Holbrook, T. Atkinson, C.R. Goward, The importance of

arginine 102 for the substrate specificity of Escherichia coli malate

dehydrogenase, Biochem. Biophys. Res. Commun. 189 (1992)

1057–1062.

[16] J.J. Birktoft, R.A. Bradshaw, L.J. Banaszak, Structure of porcine

heart cytoplasmic malate dehydrogenase: combining X-ray dif-

fraction and chemical sequence data in structural studies,

Biochemistry 26 (1987) 2722–2734.

[17] M.D. Hall, L.J. Banaszak, Crystal structure of a ternary complex

of Escherichia coli malate dehydrogenase, citrate and NAD at 1.9
�AA resolution, J. Mol. Biol. 232 (1993) 213–222.

[18] D.J. Nicholls, M. Davey, S.E. Jones, J. Miller, J.J. Holbrook, A.R

Clarke, M.D. Scaven, T. Atkinson, C.R. Goward, Substitution of

the amino acid at position 102 with polar and aromatic residues

influences substrate specificity of lactate dehydrogenases, J.

Protein Chem. 13 (1994) 129–133.

[19] A.R. Clarke, C.J. Smith, K.W. Hart, H.M. Wilks, W.N. Chia,

T.V. Lee, J.J. Birktoft, L.J. Banaszak, D.A. Barstow, T. Atkinson,

J.J. Holbrook, Rational construction of a 2-hydroxyacid dehy-

drogenase with new substrate specificity, Biochem. Biophys. Res.

Commun. 148 (1987) 15–23.

[20] H.M. Wilks, K.W. Hart, R. Feeney, C.R. Dunn, H. Muirhead,

W.N. Chia, D.A. Barstow, T. Atkinson, A.R. Clarke, J.J.

Holbrook, A specific highly active malate dehydrogenase by

redesign of a lactate dehydrogenase framework, Science 242

(1988) 1541–1544.

[21] F. Cendrin, J. Chroboczek, G. Zaccai, H. Eisenberg, M. Mevar-

ech, Cloning, sequencing, and expression in Escherichia coli of the

gene coding for malate dehydrogenase of the extremely halophilic

archaebacterium Haloarcula marismortui, Biochemistry 32 (1993)

4308–4313.

[22] W.E. Boernke, C. Sanville Millard, P. Wilkins Stevens, S.N.

Kakar, F.J. Stevens, M.L. Donnelly, Stringency of substrate

specificity of Escherichia coli malate dehydrogenase, Arch.

Biochem. Biophys. 322 (1995) 43–52.

[23] S.J. Cordwell, D.J. Basseal, J.D. Pollack, J. Humphrey-Smith,

Malate/lactate dehydrogenase in mollicutes: evidence for a mult-

ienzyme protein, Gene 195 (1997) 113–120.

[24] B.I. Lee, C. Chang, S.J. Cho, S.H. Eom, K.K. Kim, Y.G. Yu,

S.W. Suh, Crystal structure of the MJ0490 gene product of the

hyperthermophylic archaebacterium Methanococcus jannaschii a

novel member of the lactate/malate family of dehydrogenases, J.

Mol. Biol. 307 (2001) 1351–1362.

[25] A. �SSali, T.L. Blundell, Comparative protein modelling by satis-

faction of spatial restraints, J. Mol. Biol. 234 (1998) 779–815.

[26] M.J. Sippl, Recognition of errors in three-dimensional structures

of proteins, Proteins 17 (1993) 355–362.

[27] R.A. Laskowski, M.W. McArthur, D.S. Moss, J.M. Thornton,

PROCHECK: a program to check the stereochemical quality of

protein structures, J. Appl. Cryst. 26 (1993) 283–291.

[28] S.F. Altschul, E.V. Koonin, Iterated profile searches with PSI-

BLAST. A tool for discovery in protein databases, Trends

Biochem. Sci. 23 (2000) 444–447.

[29] A. Fiser, R.K.G. Do, A. �SSali, Modeling of loops in protein

databases, Protein Sci. 9 (2000) 1753–1773.

[30] R.D.B. Fraser, E. Suzuki, The use of least squares in data

analysis, in: S.J. Leach (Ed.), Physical Principles and Techniques

of Protein Chemistry Part C, Academic Press, New York, 1973,

pp. 301–355.

[31] M.M. Bradford, A rapid and sensitive method for the quantita-

tion of microgram quantities of protein utilizing the principle of

protein-dye binding, Anal. Biochem. 72 (1976) 248–254.

[32] S.K. Wright, M.M. Kish, R.E. Viola, From malate dehydrogenase

to phenyllactate dehydrogenase. Incorporation of unnatural

amino acids to generate an improved enzyme-catalyzed activity,

J. Biol. Chem. 275 (2000) 31689–31694.

[33] J.J. Birktoft, L.J. Banaszak, The presence of a histidine-aspartic

acid pair in the active site of 2-hydroxyacid dehydrogenases. X-ray

refinement of cytoplasmic malate dehydrogenase, J. Biol. Chem.

258 (1983) 472–482.

[34] M. M€uuller, Biochemistry of Trichomonas vaginalis, in: B.M.

Honigberg (Ed.), Trichomonads Parasitic in Humans, Springer,

New York, 1989, pp. 53–83.

[35] J.F. Ryley, Studies on the metabolism of the protozoa. Metab-

olism of the parasitic flagellate Trichomonas foetus, Biochem. J. 59

(1955) 361–369.

J. Vernal et al. / Biochemical and Biophysical Research Communications 293 (2002) 633–639 639


