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Abstract From a Clonorchis sinensis adult worm cDNA
library, we isolated a cDNA clone encoding a novel lactate
dehydrogenase (LDH) gene which encoded a putative
protein with a predicted molecular weight of 35.6 kDa.
The optimum pH and temperature for the enzyme were 7.5
and 50°C in the pyruvate reduction while 11 and 80°C in the
lactate oxidation reaction, respectively. CsLDH showed no
substrate inhibition by high lactate and NAD" concentration,
and the optimal pyruvate and optimal NADH concentrations
were 10 and 0.5 mmol/l, respectively. The relative activities
of these 2-oxocarboxylic acids were pyruvic acid>2-keto-
butyrate>oxalacetic acid>«-ketoglutaric acid>phenylpyru-
vate. The cofactor 3-acetylpyridine adenine dinucleotide was
much more effective than NAD". The cofactor analogs in
which the nicotinamide ring is replaced by 3-pyridinealde-
hyde were lower activity cofactors, while the nicotinamide
ring is replaced by nicotinic acid or thionicotinamide which
is not a cofactor to CsLDH. The succinic acid and malic acid
are not substrates of CSLDH. Cu®", Fe*", and Zn*" greatly
inhibited the CsLDH activity both in the direction of
pyruvate reduction and in the direction of lactate oxidation.
The inhibition of CsSLDH by gossypol may make gossypol a
potential therapy drug or a lead compound for C. sinensis.
Accordingly, the CsLDH may be a novel potential drug
target.
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Introduction

Human clonorchiasis is endemic in southern China, Japan,
Korea, and Vietnam. It has been reported that millions of
people are infected by Clonorchis sinensis in these areas
via the consuming of raw or undercooked freshwater fish
(Crompton 1999). The adult fluke habitats in bile ducts and
provokes epithelial hyperplasia and periductal fibrosis,
resulting in abdominal discomfort, liver enlargement and
obstructive jaundice, cholangitis, cholelithiasis, and the
development of cholangiocarcinoma (Chung and Lee
1976; Lee et al. 1994). Despite its clinical importance,
many aspects of biology and biochemistry of C. sinensis
have not yet been defined. Search of new therapeutic drugs,
vaccine candidates, and diagnostic antigens require the
discovery of new potential targets and investigation of their
biochemical characteristics among the C. sinensis proteins
essential for the survival.

Lactate dehydrogenase (LDH, EC 1.1.1.27) is a glyco-
lytic enzyme which catalyzes the interconversion of
pyruvate and lactate in the presence of the nicotinamide
adenine dinucleotide coenzyme. The enzyme is widely
distributed among bacteria, plants, and animals. In
vertebrates, LDH is a tetramer whose subunits are coded
by three independent loci, LDH-A, LDH-B, LDH-C. Each
of LDH isoenzymes exhibits distinct tissue expression and
kinetic, physicochemical, and immunochemical properties
(Mulkiewicz et al. 2000). LDH-A is found predominantly
in white skeletal muscle, where it functions in the reduction
of pyruvate to lactate under anaerobic conditions; LDH-B
predominates in more aerobic tissues, such as heart and
brain, and is kinetically suited to the oxidation of lactate to
pyruvate (Stock and Whitt 1992). Another isoform LDH-C
predominates in testis (Baumgart et al. 1996). While in
invertebrate, the LDHs catalyzing the pyruvate and lactate
interconversion are not well characterized. Two kinds of
lactate dehydrogenase have been found in invertebrate
tissues. L-LDH reduces pyruvate to L-lactate, whereas the
same reaction when carried out by a different dehydroge-
nase (LDH, EC 1.1.1.28) yields only p-lactate. All species
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contain either a p(—) or L(+) lactic-acid-specific LDH
(Mulkiewicz et al. 2001).

Schistosomes, trematodes dwelling in blood vessels, are
anaerobic parasites that utilize exogenous glucose for
energy generation through glycolytic pathway. These
parasites can ingest as much glucose as 26% of their dry
body weight per hour. Adult C. sinensis is also an anaerobic
trematode and also takes up as much external glucose as
schistosome does. C. sinensis transports the external
glucose in muscular tissues and breaks it down through
glycolysis producing lactate as the major end-product to
supply energy and intermediate products needed for its
physiological metabolism. Glycolytic enzymes are recog-
nized as crucial molecules for trematode survival and have
been targeted for vaccine development (Hong et al. 2000).

To our knowledge, no studies on lactate dehydrogenase
of C. sinensis have been reported, though it is a very
important enzyme. The focus of this study was on the
identification of a novel C. sinensis LDH cDNA and on the
molecular characterization of its gene product. The enzyme
activity, pH and temperature optimum, kinetic parameters,
substrate specificity, metal cations, and inhibitor of the
purified recombinant C. sinensis LDH were studied.

Materials and methods
Chemicals

Lactate, pyruvic acid, malic acid, 3-acetylpyridine adenine
dinucleotide (APAD), thionicotinamide adenine dinucleotide,
nicotinic acid adenine dinucleotide, 3-pyridinealdehyde
adenine dinucleotide, sodium phenylpyruvate, 2-ketobuty-
rate, oxalacetic acid, and gossypol were purchased from
Sigma (St. Louis, MO, USA). Nicotinamide adenine dinu-
cleotide and its reduced form (NADH), «-ketoglutaric acid,
and succinic acid were purchased from Sangon (Shanghai,
China). All other reagents were local products of analytical
grade.

C. sinensis adult worm

C. sinensis adult worms were obtained from the bile ducts
of infected cats in Guangdong province, China. The total
RNA was extracted with Trizol (Yang et al. 2005).

cDNA library construction

A cDNA library was constructed in the modified pBlue-
script I SK(+) vector with C. sinensis mRNA extracted.
The modified pBluescipt I SK(+) vector was constructed
by inserting a DNA fragment with SfilA (5'-GGCCAT
TATGGCC-3") and SfilB (5-GGCCGCCTCGGCC-3")
recognition sites into the EcoRI and Not#l sites of
pBluescriptll SK(+) (Stratagene). Double-strand cDNA
was synthesized using a SMART ¢cDNA Library Construc-
tion Kit (Clontech) following the manufacturer’s instruc-

tion. After Sfil digestion and cDNA size fraction, cDNAs
longer than 500 bp were ligated into SfilA and SfiIB sites of
the modified pBluescript II SK(+) vector. The constructs
were then transformed into Escherichia coli DH5x cells.
Individual clones were cultured overnight in Luria—Bertani
(LB) broth with 100 pg/ml ampicillin, and plasmids were
isolated using a QIAwell plasmid purification system
(QIAGEN).

Sequencing of the cDNA insert

The cDNA inserts were sequenced on an ABI PRISM 377
DNA sequencer (PerkinElmer) using the BigDye Termi-
nator Cycle Sequencing Kit and BigDye Primer Cycle
Sequencing Kit (PerkinElmer). A-21M13 primer, M13Rev
primer, and synthetic internal walking primers were
designed according to the obtained cDNA sequence
fragments. Each part of the insert was sequenced at least
three times bidirectionally. Subsequent editing and assem-
bly of all the sequences from one clone was performed
using Acembly (Sanger Center).

Bioinformatics analysis of C. sinensis LDH gene

DNA and the deduced protein sequences were analyzed
using BLAST2.0 by BLAST-N, BLAST-P, and BLAST-X
algorithms at NCBI Web server (http://www.ncbi.nlm.nih.
gov/BLAST). The open reading frame (ORF) was predicted
by ORF finder program (http://www.ncbi.nlm.nih.gov/
gorf/gorf.html). Protein analysis was done with Proteomics
and sequence analysis tools, SWISS-MODEL Repository
(http://www.expasy.ch). Other sequence analyses were
performed using Genedoc and Generunner software.

Construction of a recombinant C. sinensis LDH clone
for protein expression

The polymerase chain reaction (PCR) was employed to
amplify the ORF for the CsLDH from the plasmid DNA
with the sense primer: 5-GTCCCATGGAAATGTCAT
CAATATTGAAACCCG -3’ with the Met initiation codon
(boldfaced), with a Ncol site (underlined), and the antisense
primer: 5'-GGCCTCGAGCCATTTGATGCCCTGGATAA
CTTTC-3’, with a Xhol site (underlined). Amplification
conditions were 94°C for 1 min, 55°C for 1 min, and 72°C
for 2 min for 30 cycles using Pfu DNA polymerase
(Sangon), following the manufacturer’s instructions. The
amplified fragment was double digested with Ncol and
Xhol endonucleases and subcloned into the corresponding
restriction sites of the prokaryotic expression vector, pET-
28b (Novagen). The recombinant plasmid was transformed
into E. coli strain BL21. The transformants were selected on
LB agar plates containing 50 pg/ml kanamycin. The clones
containing recombinant plasmid were further selected by
DNA sequencing using primers designed from positions on
the vector upstream or downstream of the insert.
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Expression and purification of recombinant
C. sinensis LDH

The transformed E. coli cells were grown in LB medium
containing 50 pg/ml kanamycin at 37°C. A clone which
had the ORF of CsLDH in frame to the pET-28b 6% His-
tagged protein was selected for an overproduction of
recombinant CsLDH. Overnight culture of the plasmid
(1/50 volume of the culture medium) was inoculated into
the LB culture medium containing 50 pg/ml kanamycin
and cultured to reach an OD600 about 0.9. Isopropyl-{3-p-
1-thiogalactopyranoside (IPTG) was added to the culture to
a final concentration of 1 mmol/l, and then cultured for
another 3 h. All of the subsequent protein purification
procedures were carried out at 0—4°C. The bacterial cells
were pelleted by spinning the culture medium and
resuspended in a start buffer (10 mmol/l imidazole,
137 mmol/l NaCl, 10 mmol/l Na,HPO,, 2 mmol/l
KH,POy4, 2.7 mmol/l KCI, pH 7.4) with 2 mmol/l 2-
mercaptoethano and 0.5 mmol/l phenylmethylsulfonyl
fluoride. The cells were lysed and homogenized in an ice
bath with a sonicator at 15% power for 10 min. The
homogenate was centrifuged at 10,000xg, 4°C for 10 min,
the supernatant was stored for a further purification of the
recombinant CsLDH, and the insoluble material of the cell
lysate was removed by the centrifugation.

The soluble fraction of the recombinant 6x His-tagged
CsLDH was purified by Ni-NTA metal-affinity chroma-
tography (QIAGEN) under native conditions. The super-
natant of the disrupted cells was bound to 3 ml Ni-NTA
spin column. After the column had been washed with 20 ml
start buffer (10 mmol/l imidazole, 137 mmol/l NaCl,
10 mmol/l Na,HPOy,, 2 mmol/l KH,PO,, 2.7 mmol/l KCI,
pH 7.4) and 20 ml wash buffer (50 mmol/l imidazole,
0.3 mol/l NaCl, 50 mmol/l NaH,PQOy,, pH 8.0), respectively,
6% His-tagged CsLDH was eluted with 10 ml elution buffer
(100 mmol/l imidazole, 0.3 mol/l NaCl, 50 mmol/l
NaH,PO,4, pH 8.0). The eluted fraction containing 6%
His-tagged CsLDH was concentrated by ultrafiltration
through a microsep 30-kDa Filtron membrane with
20 mmol/l Tris (pH 7.5). Protein concentration was
determined by the method of Bradford using bovine
serum albumin (BSA) as a standard (Bradford 1976). The
integrity of the 6x His-tagged CsLDH was checked by
sodium dodecyl sulfide-polyacrylamide gel electrophoresis
(SDS-PAGE).

Assay of enzymatic activity

The assay of CsLDH activity was conducted using a
modification of the procedure of Dando et al. (2001).
CsLDH activity for the reduction of pyruvate to lactate was
determined in 100 mmol/l Tris, pH 7.5, with 10 mmol/l
pyruvate and 0.5 mmol/l NADH. For the oxidation of
lactate to pyruvate, LDH activity was measured in
100 mmol/l Tris, pH 9.0, with 100 mmol/l lactate and
1 mmol/l NAD", 37°C, by following changes in optical
density at 340 nm, £=6.22 mmol ' cm . The reaction was
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started by the addition of CsLDH enzyme and incubated at
37°C. The enzyme reactions were measured with a U-3000
spectrophotometer (Hatachi, Japan) for 1 min after starting
the reaction. Each datum represented the mean value of
three samples. One unit of activity was defined as 1 pmol
of product (NAD") formed for the reduction of pyruvate to
lactate and 1 pmol of product (NADH) formed for the
oxidation of lactate to pyruvate per minute per milligram of
protein.

Effect of pH and temperature on enzyme activity

The enzyme activity was measured in the pH range for the
reduction of pyruvate to lactate from 6.0 to 11.5 and for the
oxidation of lactate to pyruvate from 7.0 to 13.0. Buffers
used were 100 mmol/l Tris-HCI (pH 6.0-10.0) and
100 mmol/l glycine—sodium hydroxide (pH 11.0-13.0).
To test the effect of temperature on enzyme activity,
reactions were performed at various temperatures (10—
100°C). The reaction temperatures were adjusted in a
temperature-controlled water circulation bath.

Enzyme kinetics assay of C. sinensis LDH

For analysis of enzyme kinetics of CsLDH, varying
concentrations (0.25, 0.5, 0.8, 1.0, 5.0, 10.0 mmol/l) of
pyruvate was used while the NADH was kept constant at
0.5 mmol/l; varying concentrations (1.0, 1.25, 2.0, 2.5, 5.0,
10.0, 100 mmol/l) of lactate was used while the NAD" was
kept constant at 1 mmol/l; varying concentrations (0.05,
0.1, 0.2, 0.25, 0.5 mmol/I) of NADH was used while the
pyruvate was kept constant at 10 mmol/l; varying
concentrations (0.1, 0.125, 0.2, 0.5, 1.0, 2.0 mmol/l) of
NAD" was used while the lactate was kept constant at
100 mmol/l. The results were analyzed by double recip-
rocal Lineweaver—Burk plot by using Origin 6.0 and
SPSS10.0. Kinetic parameters (Km, Vmax) were computed
from these plots.

Substrate inhibition study of C. sinensis LDH

The assays for substrate inhibition were initiated by the
addition of enzyme to reaction mixtures containing exces-
sive substrates whose concentrations were varied from 5,
10, 15, 20, 25, to 30 mmol/l for pyruvic acid and from 0.25,
0.5,0.75, 1, 1.25, 1.5, to 2 mmol/l for NADH.

Substrate specificity study of C. sinensis LDH

Various combinations—2-ketobutyrate, phenylpyruvate,
o-ketoglutaric acid, and oxalacetic acid for pyruvic acid;
succinic acid and malic acid for lactate; APAD, thionico-
tinamide AD, nicotinic acid AD, and 3-pyridinealdehyde
AD for NAD —were tested for their ability to act as
substrates of the CsLDH. The test conditions of standard
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reaction were as described, except for using the corre-
sponding substrate concentration. Results with the tested
combinations are compared with the standard reaction.

The effects of cations study of C. sinensis LDH

To determine the effects of cations, the samples were
incubated in the presence of 2 mmol/l each of divalent
metal ions (Zn2+, Mg2+, Cu®*, Fe**, Ba*", Ni*", Ca*", and
Mn?").

Gossypol inhibition effect on the C. sinensis LDH
The inhibition of gossypol for CsLDH was assayed in the

reaction by adding various amounts of Gossipol (0.01, 0.1,
0.25, 0.5, 0.75, 1 mmol/l) to the standard reaction mixture.

Results
Identification of the Figures LDH cDNA

The CsLDH cDNA was identified from an adult C. sinensis
cDNA library by large-scale sequencing of the expressed
sequence tag (EST). The 1,230-bp cDNA spanned an ORF
from 83 to 1,069 and encoded a putative protein of 328
amino acids with a predicted molecular mass of 35.6 kDa.
It is a full-length ¢cDNA encoding a putative protein
because an inphase stop codon (TAG) were present 5' to the
ATG start codon (Fig. 1). Significantly, the putative protein
contained a single lactate dehydrogenase catalytic domain
(amino acid 20 Lys—324 Gln), which is conserved in
known lactate dehydrogenase. In a search against the
GenBank database, the protein identified here was found to
be 76% identity to Schistosoma japonicum LDH, 29%
identity to Plasmodium falciparum LDH, 37% identity to
Bacillus stearothermophilus LDH, 24% identity to Tricho-
monas vaginais LDH; 30% identity to Toxoplasma gondii
LDH, 58% identity to Homo sapiens LDH-A, 56% identity
to H. sapiens LDH-B, and 56% identity to H. sapiens
LDH-C. Therefore, we concluded that the cDNA we cloned
encoded a new member of lactate dehydrogenase. The gene
was then named CsLDH. Residues in the crystal structure
of P. falciparum LDH were replaced with the CsLDH
sequence according to the alignment in Fig. 2. The CsLDH
consists of two domains: the N-terminal dinucleotide
cofactor binding domain (residues 1-156) and the C-
terminal catalytic domain (residues 157-325). The dinu-
cleotide binding domain has the typical Rossmann fold,
comprising a twisted parallel six-stranded (3-sheet (S1-S6)
and flanking «-helices (H1-H4). The catalytic domain is
similar to those of other LDHs. It consists of four long
helices (H5-HS) and six strands (S7-S12) (Lee et al. 2001;
Fig. 2).

Purification of C. sinensis LDH

CsLDH samples from the different purification steps were
analyzed by electrophoresis on 10% SDS-PAGE. One
major protein band corresponding to the expected 35.6-
kDa 6x His-tagged CsLDH was detected in the elution
fraction (Fig. 3). In total, 0.57 mg protein was obtained
from 500 ml cell culture, and the concentration was
1.14 mg/ml. In a representative purification procedure, the
final preparation represented 5.33-fold enrichment and had
a specific activity of about 415.8 U/mg (Table 1).

Effect of pH on CsLDH enzyme activity

Figure 4a shows pH profiles for pyruvate reduction and
lactate oxidation. In the pyruvate reduction, reaction
CsLDH had pH optima at pH 7.5 and the enzyme was
inactive below pH6.0. In the lactate oxidation reaction
CsLDH had broad pH optima between 9.0 and 13.0. For

01 GGGGACATTTACGCGGGGATATAAACAACTTATCAGTTTCATCACGACTCACCTACGACT
61 GTGAAATCAGACGCAGAGCAAAATGTCATCAATATTGAAACCCGTAGCGCCAGCTGATGC
MSsSSTITULZ KPVAPATDA
TAGATCTCGCCCGAGGACGAAGATCACTGTGATTGGTGTGGGATCTGTGGGCATGGCCTC
RSRPRTIKTITVIGVGSVGMAS
AGCTTTCGCATTGATGGAAATAACCGGAGAGCTTTGTCTAATTGATATTGCCGTAGACAA
AFALMETTSGETLTCLTIDTIAVDK
AGTGAAAGGCGAGGTTCTTGACCTGCAACATGGACAACAATTTCTGAGGAGATGTCACGT
VKGEVYVLDLA QHGQQFULIRTERTCHYV
GCACGGAAGCTCTGACTACAAAGACAGTGCAAATTCGGATATTGTTGTAATAACAGCTGG
HGSSDYKDSANSDTIVVITAG®G
361 TGCTCGTCAGAATGAAGGAGAATCCAGGCTAAATCTAGTCCAGAGGAATGTTGACATCTT
A RQNEGESTRLNLVQRNVDTITF
421 CAAACATATGATTCCGAACATCGTGAAGTACAGTCCAAATTGCATTATTGTCGTCGTGTC
KH®HMIPNTIVKYSPNCTITIVVVS
481 GAATCCCGTGGACGTGTTGACCTATGTTGCTGCTAAACTCAGTGGTTTTCCAACTCATCG
NPVDVLTYVAAKLSGTFZPTHR
AGTTATTGGCACAGGTACAATGCTGGACTCTGCCCGTTTCCGTTATCTATTAGGAGAAAA
vIie¢TG6GTMLDSARTEFRYTLTLGEHK
GTTGGGGGTGTCAGCGAATTCTGTACATGGTTACGTCATTGGTGAACATGGAGATTCGAG
L GVSANSVHGYVIGEUHGTDSS
TGTGCCGATATGGAGTAATGTCAACGTGGCTGGTGTCCGGTTGTCCTCAATCAATCCGCA
vpPIWSNVNYVAGYV RLSSTINPA Q
GATAGGAACAGCAGCTGACCCGGAAAAGTTTGGAGAAATACACAAAGAGGTGGTTGAGAG
I 6T AADPEZKTFGETIHNZKTEVVES
TGCGTATGAAATAATTAGATTGAAAGGATATACCTCCTGGGCAATCGGGCTTACTTGCCG
AYETTITRLIKGYTSWATIGTLTTZCR
TTCATTGTGCAACGCAATTCTTCATAATTTACATGCGGTTTACCCACTTACAACTTGTGC
SLCNAITLHNLHTAVYPLTTTCA
CAAAGGCTTTCACGGTATTCAAAATGATGTATACCTGAGCTTACCTTGTTTGTTGACGTC
K G¢GFHGI QNDVYLSILPCLTLTS
CGTTGGAGTAAGTCATATCGTACCACAACAGCTGAATGAACAAGAACAGCAGAAAATCAC
vV e6gvsSHIVPQQLNEA QE®QKTIT
1021 CGCAAGCGCAGACACACTTTGGAAAGTTATCCAGGGCATCAAATGGTAAAATTGCAGAAA
AAS ADTLWKVIQGTITI KW *
1081 ACTATACATCTGCTGTAGCATGATCAGTGGGTCGCGATATATTTAGTGCTTTCACAATTG
1141 TCTCCTCTACTTCATCAACAAACCCATTTCAAGCGTCCCGTTGGTAATAAANTAATAAAG
1201 CCGCACAATAAATGTCTATGTCATCAAAAA

12

—

18

—

24

w
o
—_

54

—

60

—

66

—

72

—_

78

—_

84

—

90

96

—

Fig. 1 Nucleotide and deduced amino acid sequences of the
Clonorchis sinensis LDH gene. The nucleotide sequence of the
1,230-bp cDNA is shown on the fop line, and its predicted amino
acid sequence was shown below in a single-letter code. Numbers on
the left refer to the first nucleotide in each corresponding line. An
upstream inphase stop codon (TAG) at 5’ to the start codon is shaded
in gray. Asterisk indicates the stop codon. The putative poly (A)-
addition signal is set in bold italic. The sequence data reported here
have been deposited in the GenBank (GenBank accession no.
AY666121). The substrate specificity loop of CsLDH is underlined
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Fig. 2 Alignment of the deduced amino acid sequences of the LDH
genes of C. sinensis and other organisms. Accession numbers
(GenBank) for the other sequences are as follows: Plasmodium
falciparum LDH, Bacillus stearothermophilus LDH, Trichomonas
vaginais LDH, Toxoplasma gondii LDH, Schistosoma japonicum
LDH, Homo sapiens LDH-A, H. sapiens LDH-B, H. sapiens LDH-
C, whose GenBank accession numbers are AF323520, M19396,
AF060233, U35118, AY225190, BC067223, BC071860, and
NM 002301, respectively. Numbers on the right refer to the last
amino acid in each corresponding line. Identity is indicated by a
black box, and similarity is indicated by a gray box. Secondary

the pyruvate reduction reaction, CsLDH activity sharply
decreased below 7.0, and for the lactate oxidation reaction,
CsLDH activity sharply decreased below 9.0.

# # #

structure elements are indicated above the sequence. A-strands, «-
helices, and 3¢-helices are labeled sequentially as S1-S12, H1-H8,
G1-GS5, respectively. L1 and L2 are the active-site and active-
control loops, respectively (Lee et al. 2001). Underneath the
alignment, asterisks mean that the residues in that column are
nicotinamide binding site, pound signs indicate the pyruvate binding
site according to the B. stearothermophilus LDH crystal model
(Sessions et al. 1997), and plus symbols indicate the pyruvate
binding sites according to the Trichomonas vaginalis LDH crystal
model (Wu 1989)

Effect of temperature on CsLDH enzyme activity

In the direction of pyruvate reduction, the temperature
optimum was at 50°C, and the temperature curve was a
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Fig. 3 Expression and purification of CsLDH. The samples were
analyzed by SDS-PAGE stained with Coomassie brilliant blue R-
250. Lane 1, protein molecular marker; /ane 2, BL21 cell containing
pET28b without isopropyl--p-1-thiogalactopyranoside (IPTG) in-
duction; lane 3, BL21 cell containing pET28b with IPTG induction;
lane 4, BL21 cell containing pET28b-CsLDH without IPTG
induction; lane 5, BL21 cell containing pET28b-CsLDH with
IPTG induction; /ane 6, insoluble fraction of BL21 cell containing
pET28b-CsLDH with IPTG induction; lane 7, soluble fraction of
BL21 cell containing pET28b-CsLDH with IPTG induction; /ane &,
the elution fraction (CsLDH) of purified 6x His-CsLDH

standard overturned bell shape. In the direction of lactate
oxidation, the temperature optimum was at 80°C. From 10
to 100°C, the CsLDH activity had a slight change except
that there is a pinnacle around 80°C (Fig. 4b).

Determination of catalytic parameters, Km, Vmax,
of CsLDH

Michaelis constant values for pyruvate, NADH, lactate,
and NAD" and Vmax values for pyruvate and lactate were
calculated and were listed in Table 2. The Km of pyruvae
was about one sixth of the Km of lactate, and the Km of
NADH was four times to the Km of NAD". The Vmax of
pyruvate was largely more than the Vmax of lactate.

Substrate inhibition study of C. sinensis LDH

The activity of the CsLDH was inhibited by high
concentration of pyruvate and reduced to 6% of maximal
activity at 25 mmol/l pyruvate (Fig. 4c). Also, the activity
of the CsLDH was inhibited by high concentration of
NADH and reduced to 4% of maximal activity (1.25 mmol/
I NADH; Fig. 4d). The optimal pyruvate concentration was
10 mmol/l, and the optimal NADH concentration was

0.5 mmol/l. CsLDH showed no substrate inhibition by high
lactate and NAD" concentration (data not shown).

Substrate specificity

Substrate specificity of CsLDH was determined at pH 7.5
of 2-oxocarboxylic acid. Pyruvic acid, 2-ketobutyrate,
oxalacetic acid, a-ketoglutaric acid, and phenylpyruvate
were substrates of CsLDH. The relative activities of these
2-oxocarboxylic acids were pyruvic acid>2-ketobutyra-
te>oxalacetic acid>a-ketoglutaric acid>phenylpyruvate.
The reverse reaction at pH 9.5 was studied with lactate as
substrate, while the succinic acid and malic acid are not
substrates of CsLDH. The cofactor specificities of CsLDH
were studied. The APAD was much more effective than
NAD". The cofactor analogs in which the nicotinamide
ring is replaced by 3-pyridinealdehyde were lower activity
cofactors, while the nicotinamide ring is replaced by
nicotinic acid or thionicotinamide which is not a cofactor to
CsLDH (Table 3).

The effects of cations study of C. sinensis LDH

In the direction of pyruvate reduction, 2 mmol/l Mg*", Ba*",
and Ca?" enhanced the CsLDH activity, whereas Mn>" and
Ni** only caused a very small enhancement of the activity;
in the direction of lactate oxidation, 2 mmol/l Ni*" inhibited
the CsLDH activity, while Mg2+, Ba’" Mn?", and Ca®"
showed a little effect on the activity. Cu®*, Fe*", and Zn**
greatly inhibited the CsLDH activity both in the direction of
pyruvate reduction and in the direction of lactate oxidation
(Fig. 4e).

Gossypol inhibition effect on the C. sinensis LDH

In the direction of pyruvate reduction, gossypol had a lower
inhibition effect on the CsLDH, while in the direction of
lactate oxidation, gossypol had a strong inhibition effect on
the CsLDH (>85% inhibition by 1.0 mmol/l gossypol;

Fig. 41).

Discussion

LDH is a tetrameric protein whose molecular mass of each
unit is 35 kDa. The predicted molecular mass of the

Table 1 Summary of the purification of recombinant Clonorchis sinensis LDH

Volume (ml) Total protein (mg) Total activity (units) Specific activity (U/mg) Enrichment (-fold) Yield (%)

Fraction

Homogenized supernatant 45 23.35 1,820
Ni-NTA spin column 15 2.51 626
Ultrafiltration 0.5 0.57 237

77.9 1 100
249.4 32 34
415.8 533 13

CsLDH activity was shown as the reduction of pyruvate to lactate as described in “Materials and methods”. One unit of activity was defined
as 1 pmol of product (NAD") formed for the reduction of pyruvate to lactate per minute per milligram of protein
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Fig. 4 a pH activity curves for CsLDH in the direction of pyruvate
reduction (*) and lactate oxidation (v). The CsLDH activity was
measured as described in “Materials and methods™ at 37°C. b Effect
of temperature on CsLDH enzyme activity. CsLDH activity was
measured in a standard reaction as described in “Materials and
methods” in the direction of pyruvate reduction (=) at pH 7.5 and in
the direction of lactate oxidation (v) at pH 9.5. ¢ Substrate inhibition
of CsLDH by pyruvate. The reactions were measured in a standard
as described in “Materials and methods” except the various
concentrations of pyruvate, and the reactions were measured at
pH 7.5, 37°C. d Substrate inhibition of CsLDH by NADH. The
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methods” except the various concentrations of NADH, and the
reactions were measured at pH 7.5, 37°C. e Effects of divalent metal
ions on CsLDH activity. The reaction mixtures were incubated in the
presence of 2 mmol/l each of the indicated divalent metal ions. The
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pH 7.5, 37°C, and the right white column was in the direction of
lactate oxidation at pH 9.5, 37°C. f Gossypol inhibition effect on the
CsLDH. CsLDH activity was measured in a standard reaction as
described in “Materials and methods” except for adding various
concentrations of gossypol
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Table 2 Kinetic properties of CsSLDH

CsLDH
Km pyruvate 0.65 mmol/l
Km NADH 1.32 mmol/l
Km lactate 3.92 mmol/l
Km NAD" 0.34 mmol/l

421.94 umol min ' mg™'
13.28 pmol min~' mg’

Vmax pyruvate
Vmax lactate

CsLDH activity was measured as described in “Materials and
methods” with that in the direction of pyruvate reduction at pH 7.5
and in the direction of lactate oxidation at pH 9.5. The temperature
of all these reactions was at 37°C

CsLDH is 35.6 kDa, which is identical to the most of
lactate dehydrogenase from vertebrate and invertebrate
organisms (Wyckoff et al. 1997; Turgut-Balik et al. 2004).
In a search against the GenBank database, the identity of
CsLDH to other organisms was from 24 to 76%. Though
the identity varied from other organism LDHs, the CsLDH
share the same catalytic residues that are conserved in all
LDH, including arginine-165 (binds pyruvate), aspartate-
162 and histidine-189 (that proton donor couple), and
arginine-102 (polarizes the pyruvate carbonyl group;
Turgut-Balik et al. 2004). A surface loop of 24 residues
moves approx. 10 A to close over the active site when
substrate/cofactor is bound (Gerstein and Chothia 1991).
This loop closure is the rate-limiting step in catalysis
(Waldman et al. 1988; Clarke et al. 1989). To test whether
CsLDH encodes a functional enzyme, we studied the
enzymatic properties of the recombinant CSLDH expressed
and purified from E. coli. The final preparation was a
soluble CsLDH whose activity was about 416 U/mg. The
expression and purification of CsLDH provided the
possibility of estimating whether it has vaccine and
diagnosis value or not, which also offered the backgrounds
on what functions it has in the metabolism on the cell level
of C. sinensis. Regularly, the kinetic of the purified
recombinant C. sinensis was studied.

Among three types of LDH, the LDH-A isozyme is best
suited for pyruvate reduction in anaerobic tissues (muscle),
whereas the LDH-B isozyme is superior for lactate
oxidation in aerobic tissue (heart; Mannen et al. 1996).
Catalysis of CsLDH in the reverse reaction, the oxidation

of lactate to pyruvate, was extremely low, exhibiting an
approximate Vmax only 3.1% the rate of pyruvate
reduction. Considering the CsLDH has much more activity
in the direction of pyruvate reduction and the CsLDH
sequence has higher identity to human LDH-A, the CsLDH
maybe a new member of LDH-As. The classification of
LDHs mainly depends on their location in the tissue. We
are presently preparing antibodies against the CsLDH
protein to study the tissue distribution and subcellular
location of the CsLDH in detail.

The activity of the CsLDH was inhibited by high
concentration of pyruvate and NADH. Substrate inhibition
is a common property of LDH (Dunn et al. 1996). High
concentrations of ketoacid substrate inhibit most nature
hydroxyacid dehydrogenases due to the formation of an
abortive enzyme-NAD —ketoacid complex. An analysis of
the mammalian LDHs showed that the amide of nicona-
mide cofactor formed a water-bridged hydrogen bond to
S163. The LDH of P. falciparum is not inhibited by its
substrate and, uniquely, in this enzyme, the serine is
replaced by a leucine. In the S163L mutant of human LDH-
A4, pyruvate inhibition is indeed abolished and the enzyme
retains high activity (Eszes et al. 1996). CsLDH showed no
substrate inhibition by high lactate and NAD" concentra-
tion. The biological significance of the lack of substrate
inhibition of CsLDH by lactate and NAD" and having
substrate inhibition of CsLDH by pyruvate and NADH
may be related to the metabolic adjustment. Considering
the CsLDH has much more activity in the direction of
pyruvate reduction than that in the direction of lactate
oxidation, this can ensure that the cells have adequate
lactate to be deposited. The lower lactate oxidation speed
can ensure that the lactate will be used effectively. The
steady level of lactate is important (Immke and McCleskey
2001) so the substrate inhibition effect can make the lactate
level not higher.

The conserved residues involved in the binding of a
substrate and the catalytic reaction have been identified in
LDH. For example, an aspartate-162 and histidine-189 pair
plays an essential role in the catalysis, and arginine-165 is
important for substrate binding and orientation and recog-
nition in the substrate-binding site (Taguchi and Ohta
1991). The substrate specificity of CsLDH was examined.
The enzyme effectively catalyzed the pyruvic acid reduc-
tion. The relative activities of these 2-oxocarboxylic acids

Table 3 Substrate specificity

g Substrate CsLDH (% Substrate  CsLDH (% Substrate CsLDH (%
and cofactor specificity of .. .. ..
CsLDH activity) activity) activity)

Pyruvic acid 100 Lactate 100 NAD 100
2-Ketobutyrate 29 Succinic 0 APAD 377
Substrate specificity of CsLDH acid

enzyme activity was measured
in a standard reaction as de-
scribed in “Materials and
methods”

NAD Nicotinamide adenine di-
nucleotide, APAD 3-acetylpyri-
dine adenine dinucleotide, AD
adenine dinucleotide

Oxalacetic acid 26

«-Ketoglutaric 7
acid
Phenylpyruvate 6

Malic acid 0 3-Pyridinealdehyde 69
AD

Nicotinic acid AD 0

Thionicotinamide 0
AD




were pyruvic acid>2-ketobutyrate>oxalacetic acid>o-ke-
toglutaric acid>phenylpyruvate (Table 3). The longer and
more complex (benzene ring) the carbon chain of the 2-
oxocarboxylic acid substrate is, the lower the activity is.
All these 2-oxocarboxylic acid substrates have similar 2-
oxocarboxylic structure so they can be catalyzed by the
CsLDH. The aliphatic chain and benzene ring may in-
fluence the combination and orientation of the substrate
and enzyme active site. Most enzymes of lactate dehydro-
genase/malate dehydrogenase family have high substrate
specificity for either lactate or malate, although some less-
specificity variants are also known; for example, in
Mycoplama genitalium, the same protein is believed to
have both lactate dehydrogenase and malate dehydroge-
nase activities (Wu et al. 1999). However, the malic and
succinic acids are not substrates of CsLDH. This indicates
that the CsLDH may be seen as a more stringent enzyme in
the lactate oxidation reaction than in the pyruvate reduction
reaction. The CsLDH was observed to function with
several NAD analogs altered in either the purine or
pyridine portion of the dinucleotide. 3-Pyridinealdehyde
AD was 69% as effective as NAD, whereas the presence of
nicotinic acid AD and thionicotinamide AD resulted had no
function as coenzyme. The CsLDH has much more activity
with APAD compared with NAD as cofactors. Since loop
closure is rate determining for LDH, this suggests that loop
closure for CsLDH is faster when APAD replaces NAD
(Dando et al. 2001).

Temperature is the most relevant variable to be optimized
for enzyme reactor operation (Illanes et al. 2001). Homol-
ogous proteins from organisms adapted to different tem-
peratures have yielded important insights into the molecular
basis of protein adaptation (Miyazaki et al. 2000). LDHs
have adapted to vary temperature by changing flexibility in
small areas of molecular that affect the mobility of adjacent
active-site structures (Field and Somero 1998). In the
direction of pyruvate reduction, the CsLDH has higher
activity between 37 and 60°C. C. sinensis is a liver fluke
that lives in the biliary passages of mammals. The broad
temperature optimum of CsLDH may be relevant to the
adaptation to the parasitical host under complex environ-
ment. In the direction of lactate oxidation between 30 and
60°C, the CsLDH activity has a slight change that makes
the use of lactate on a stable level. In the pyruvate reduction
reaction, CsLDH had pH optima at pH 7.5, and the enzyme
was inactive below pH 6.0. In the lactate oxidation reaction,
CsLDH had broad pH optima between 9.0 and 13.0.
Considering the different behavior on reduction and
oxidation reaction under different pH, the pH may be a
factor of adjusting the CsLDH activity. The mechanism of
different pH behavior is now under investigation by
analysing its secondary structure. All the kinetic parameters
such as temperature optimum, pH optimum, Km, Vmax,
and cation effects, which were measured in the experiment,
accumulated the necessary data for the research on the
molecular catalytic mechanisms of CsLDH and the sub-
sequent applying researches in the future. We have acquired
the crystal of CsLDH. The crystallization of CsLDH with
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different substrates and structure determinations are
currently underway.

Gossypol, a polyphenolic binaphthyl disequiterpene
isolated from cotton seeds, has been studied extensively
in China as a potential male antifertility agent (Wu 1989).
Inhibition of CsLDH by gossypol is strictly competitive
with cofactor binding. Molecular modeling studies predict
that gossypol will be complex at the cofactor site, con-
sistent with the kinetic result (Dando et al. 2001). Gossypol
can be viewed as a prototype of inhibitors targeting to
dinucleotide folds and compounds structurally related to
gossypol, such as selective inhibitors of dehydrogenase (Yu
et al. 2001). The inhibition of CsLDH by gossypol may
make gossypol a potential therapy drug or a lead compound
for C. sinensis through interfering the anaerobic glycolysis
metabolic net. Accordingly, the CsLDH may be a novel
potential drug target.

In conclusion, we have identified a novel C. sinensis LDH
cDNA and the molecular characterization of its gene
product. The recombinant CsSLDH enzyme activity and ki-
netic were studied. Collectively, the results available to date
suggest that the CsLDH could play a key role in the phys-
iology of C. sinensis. Further studies will focus on the
function of the CsLDH protein in vivo at cell level and the
molecular catalysis mechanism.
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