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Lactate dehydrogenase (LDH) is a ubiquitous enzyme

that plays a significant role in the clinical diagnosis of

pathologic processes. Discovery of the LDH (BmLDH)

gene in B. mori may shed light on its role in the biology

of Lepidoptera species, and afford further under-

standing of the function of the enzyme. In this study,

we used the bioinformatics tools to identify LDH gene

in B. mori. Sequence analysis showed that BmLDH

cDNA contains a 996 bp open reading frame, encoding

331 AA proteins, with seven introns. Compared with

hHLDH (human heart LDH), BmLDH contained the

same key active sites. Domain search and protein fold

recognition analyses provide compelling evidences that

the deduced protein is a LDH. Using the computer

program MEGA3, we conducted a search for homo-

logs of BmLDH among many eukaryotic species and

confirmed that the BmLDH was conserved in all

organisms investigated. This gene has been registered

in GenBank under the accession number EU000385.
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Introduction

LDH is an enzyme that catalyzes the interconversion of
pyruvate and lactate with concomitant interconversion of
NADH and NAD+ (Fig.1). This is an important step in
energy production in cells. Many different types of cells in
the body contain this enzyme. Some of the organs rela-
tively rich in LDH are the heart, kidney, liver, and muscle.

LDH has received great attention because of its signif-

icant metabolic role. The widespread occurrence of this
enzyme is due to its function in the glycolytic metabolism.
It permits organisms to overcome a temporary oxygen
debt in the form of accumulated L-lactate to be later dis-
charged by the reoxidation reaction to pyruvate when oxy-
gen becomes available.

Animal LDH was found to be a tetrameric molecule
(Neilands 1952) which exists in different isoenzymes
(Pfleiderer and Jeckel 1957; Markert 1963). These forms
are generated by association of two genetically distinct
subunits to homo- and hetero- tetramers. The oligomeric
enzyme can be dissociated by freezing and thawing, by
high salt concentrations or by treatment with denaturating
agents. Sequence similarities allow association of subunits
from different species in vitro to form functional tetramers
(Markert 1984). At least two gene duplication events have
led to three genetically distinct subunits, LDH-A or M
(muscle)-type, LDH-B or H (heart)-type and LDH-C or
X-type in vertebrates and each species has diverged sub-
stantially in physico-chemical properties, biological func-
tion and developmental regulation (Whitt 1984). LDH-
A4, LDH-B4 and their three hybrid forms are present in
all vertebrates and the characteristic tissue-specific ex-
pression of each has remained relatively unaltered
throughout their evolution (R. D. Cahn 1962; Lindsay
1963). The relative abundance of the five isoenzymes in
each cell type is entirely dependent upon the numbers of
subunits of each type available to combine. These num-
bers reflect the relative activity of the corresponding
genes LDH-A and LDH-B.

Interestingly, although structural properties and cata-
lytic function of LDH from mammalian species have been
investigated thoroughly, only a few evaluations have been
performed in lepidoptera species. Discovery of the LDH
gene in B. mori may shed light on its role in the biology of
Lepidoptera species, and afford further understanding of
the function of the enzyme. In this paper, we obtained
BmLDH by in silicon cloning approach, and analyzed the
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gene, including its structure and encoding protein and
homogeneous proteins by bioinformatics tools.

Materials and methods

Identification of the full-length cDNA sequences of

BmLDH

Human LDH (E.C. 1.1.1.27) (GenBank Accession No.
AAA59507) sequence was used to conduct TBLASTN
searches against silkworm EST database using NCBI
default parameters. The obtained EST sequence with the
highest identity was used to perform additional iterative
BLASTN searches to obtain silkworm EST sequences for
gene assembly. The cDNA sequence of BmLDH was
obtained by EST assembly with SeqMan program of
DNAstar. Table 1 gives the Accession numbers of the
BmEST sequences used for LDH gene assembly.

Structural identification of the putative gene

In order to establish the genomic organization, the cDNA
sequence was BLASTed to the contigs of B. mori genome
in GenBank. SIM4 (http://pbil.univ-lyon1.fr/sim4.php)

(Florea, Hartzell et al. 1998) was used to align the cDNA
sequence with the genomic sequences to search potential
introns.

Protein prediction and analysis

We used the ExPASy Translate tool (http://au. expasy. org/
tools/dna. html) to deduce the cDNA’s amino acid
sequence, and similarity analysis was performed using the
BLAST tool in GenBank (blastx) and SIB BLAST Net-
work Service (http://au.expasy.org/tools/BLAST/). Sev-
eral annotated secondary databases can be viewed as
sitting on top of the primary protein sequence sources. We
used SMART (http://smart.embl-heidelberg.de) (Ponting,
Schultz et al. 1999) to predict the secondary structure.
Another online tool (NPSA, http://npsa-pbil.ibcp.fr/cgi-
bin/npsa_automat.pl?page=/NPSA/npsa_hnn.html) (Com-
bet, Blanchet et al. 2000) was also used. 3-D structure
information can be usefully integrated in the process of
identifying distant homologues. So we use ESyPred3D
(http://www.fundp.ac.be/sciences/biologie/urbm/bioinfo/
esypred/) (Lambert, Leonard et al. 2002) to predict the 3-
D structure. We also used SWISS-MODEL (http://swiss-
model.expasy.org/workspace/index.php?func=modelling_
simple1) (Schwede, Kopp et al. 2003) to search similar 3-
D structures of other species.

Several web servers for predicting the subcellular loca-
tion of a protein are available now. We used PLOC (http:/
/www.genome.jp/SIT/plocdir/) (Park and Kanehisa 2003)
to predict the subcellular location of BmLDH. Another
online tool (ProSLP, http://proslp.kisti.re.kr/) was also
used. This tool performed sequence searching based on n-
gram indexing method and predicted information of sub-
cellular location site(s) by using k-NN algorithm.

Phylogenetics analysis of BmLDH

Because the divergence time involving many species
comparisons and the confounding effects of multiple sub-
stitutions in nucleotide sequences could occur over long
periods of evolutionary time, we used the deduced amino
acid sequences to reconstruct phylogenetic trees. The trees
were constructed by using the neighbor-joining method
(NJ) with JTT distances. The reliability of internal branch-
es was assessed by using 1,000 bootstrap replicates, and
sites with gaps were ignored in this analysis. NJ searches
were conducted by using the computer program MEGA3
(Kumar, Tamura et al. 2004).

Results

Nucleotide sequence analysis

TBLASTN searches against silkworm EST database with

Fig. 1. Catalytic function of LDH.

Table 1. Accession Nos. of the EST fragments for the full-

length cDNA assembly

NO. Accession

1 BJ984706

2 BP128030

3 BP114965

4 AU005663

5 CK516276

6 CK564926

7 BW999147

8 CK500519

9 CK517977

10 CK515990

11 CK560028

12 CN375650

13 CK564926

14 CK499466

15 CN212225

16 CK516035
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Fig. 2. Nucleotide sequence and deduced amino acid sequence of the BmLDH. The predicted amino acid is represented by the one

letter code designation below the nucleotide sequence. The initiate codes and the stop codes are framed. PolyA signal are under-

lined and bold. In the amino acid sequence, the conservative amino acids are framed. Key active sites are in italic and bold.
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human LDH revealed that one EST fragment (GenBank
Accession No. CN375650) whose deduced amino acids
has obvious sequence identity with it. After iterative
BLAST searches and EST assemblies, we obtained the
full-length cDNA sequence of BmLDH with complete
open reading frame. Its putative amino acid sequence con-
tained a LDH motif which was identical with human LDH
(Fig. 2). A pair of special primers (5'-GGAACGCCAA-
GATCCAATC-3' and 5'-GCACTTTAGCCATGACTT-
TAGCAG-3') based on this sequence was used for reverse
transcription-polymerase chain reaction (RT-PCR) to ver-
ify it. Therefore, we proposed that BmLDH represents a
novel gene and may have the same function as human
LDH.

BLASTing the cDNA to contigs of B. mori genome in
GenBank revealed that Ctg000293 (GenBank Accession
No. AADK01000293) having a high similarity. Using
SIM4 to align the cDNA sequence with Ctg000293, eight
exons and seven introns were found in the relevant DNA

sequence (Fig. 3).

Analysis of the deduced amino acid sequence

The binding of substrate to LDH is obligatorily preceded
by the formation of the LDH/NADH binary complex. The
substrate is bound somewhat deep, about 10 Å, into the
LDH/NADH·substrate ternary complex. The active site
contains a catalytically crucial His193 and Arg106 (num-
bering from the human heart enzyme), and the preformed
pocket also “solvates” the carboxylate group of the sub-
strate through the Arg169 side chain(McClendon, Zhadin
et al. 2005). Key active site interactions observed in the
crystal structure of hHLDH (human heart LDH) are
shown in Fig. 4 (Pineda, Callender et al. 2007). From the
deduced amino acid sequence of the BmLDH, we found
the similar residues: Arg (R) 105, Asn (N) 137, Arg (R)
168, His (H) 192 and Thr (T) 247 (Fig. 2). This might
accord with the Key active site interactions of hHLDH.

Based on sequence homology database searches, the
peptide encoded by the 996 bp ORF was a putative LDH,
which has 331 amino acid residues (Fig. 5).

Structures of BmLDH from a range of species are well
represented in the Protein Data Bank. A high level of
structural similarity is apparent despite significant differ-
ences in primary structure between each of these
enzymes. The biological unit is usually a tetramer with
222 symmetry. Each monomer forms a bilobal structure of
two domains. The nucleotidecofactor binding site is in the
form of a NAD binding domain. Adjacent to the nicoti-
namide group of the cofactor is the substrate binding

Fig. 3. DNA sequence frame of the BmLDH gene. Exons are black framed, introns are white framed.

Fig. 5. Conserved LDH/ MDH domain which was obtained by using the BLAST tool in GenBank.

Fig. 4. The following residues make close contact to oxamate

in the crystal structure of hLDHA: Arg106, Asn138, Arg169,

His193 and Thr248. This figure was generated from the coor-

dinates of chain A of hHLDH (PDB ID 1I0Z).

Fig. 6. Predicted two PFAM domains in BmLDH

Ldh_1_N:lactate/malate dehydrogenase, NAD binding domain

Ldh_1_c: lactate/malate dehydrogenase, alpha/beta C-terminal

domain
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pocket. It is formed at the interface with the adjoining
mixed α/β “substrate-binding” domain (Read, Winter et
al. 2001). Using SMART secondary structure prediction,
we got two PFAM (protein families database) domains
(Fig. 6), which accorded with the character of lactate/
malate dehydrogenase family. Using NPSA secondary
structure prediction, we found that α-helix and random
coil are the major motifs of predicted secondary structure

of BmLDH and extended strands spread in the secondary
structure of the protein (Fig. 7).

Using ESyPred3D to predict the 3-D structure, we got a
PDB (Protein Data Bank) file. Then using ProSA (protein
structure analysis, https://prosa.services.came.sbg.ac.at/
prosa.php) (Sippl 1993) to analyse it, we obtained a pre-
dicted 3-D structure of BmLDH (Fig. 8). Using SWISS-
MODEL to search similar 3-D structures of other species,

Fig. 7. Predicted secondary structure of BmLDH. Helix: Alpha helix (blue); Sheet: Extended strand (red); Coil: Random coil (pur-

ple) (See www.ijie.or.kr for color context)

Fig. 8. Three-dimensional structure of the LDH from Homo sapiens, sus scrofa, squalus acanthias and Bombyx. mori

A: Homo sapiens B: sus scrofa C: squalus acanthias D: Byxbom. mori (See www.ijie.or.kr for color context)
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we found that it was very similar to 3-D structure of LDH
in Homo sapiens (PDB ID 1i0zA), squalus acanthias

(PDB ID 3ldh_), sus scrofa (PDB ID 9ldtA) (Fig. 8).
It is of great significance to investigate the subcellular

localization of a protein since this is closely linked to its
function. Previous studies demonstrated that LDH was
primarily localized in the cytoplasm and mitochondrial
(Montamat and Blanco 1976). In agreement with these
findings, and using PLOC and ProSLP, we found the sub-
cellular location of BmLDH predicted in the cytoplasm
and mitochondrial, too.

Phylogenetics analysis

Using BLAST software of NCBI to search for homology
in the GenBank database, the deduced amino acid
sequence showed an identity of 66%, 66%, 64%, 63%,
63%, 63%, 63%, 63%, 62%, 65%, 65%, 62%, 65%, 64%,
62% and 61% to the corresponding genes of Aedes

aegypti (EAT35843), Drosophila melanogaster (Q95028),
Bos taurus (AAX09026), Bos grunniens (ABJ97275),
Macaca mulatta (XP_001117178), synthetic construct

(AAX29227), Pan troglodytes (NP 001092031), Homo

sapiens (NP_002291), Gallus gallus (NP_989508), Mus

musculus (NP _032518), Chelodina siebenrocki (AAR
27952), Xenopus tropicalis (NP_989153), Apalone ferox

(AAR27950), Macroclemys temminckii (AAR27957),
Cricetulus griseus (ABI78945) and Columba livia

(AAL40156), respectively. Comparison the deduced ami-
no acid sequence with that of the corresponding genes of
the above six species by MEGA3 software is shown in
Fig. 9. From the phylogenetic tree, we found that the

BmLDH was more closed to lepidopter.

Discussion

This is the first report on cloning BmLDH cDNA se-
quences. The cDNA encoding BmLDH shared high
degree of homology with the respective mammalian,
avian and other lepidopterous homologues suggesting that
both genes are evolutionarily conserved and may have
important biological functions. The phylogenetic analysis
indicated that BmLDH was more closely related to that of
other insects than to that of mammals and other species.
This was in accord with biological evolution process. The
predicted secondary structure of BmLDH contained two
PFAM domains: NAD binding domain and alpha/beta C-
terminal domain. This accorded with the character of lac-
tate/malate dehydrogenase family. The 3-D structure of a
protein is more strongly conserved than the primary
sequence, so using the 3-D structure information in build-
ing multiple alignments leads to the building of better pro-
files, and hence provides the best discriminators of
homology (Murzin 1993; Russell, Saqi et al. 1997). Using
ESyPred3D, we obtained the 3-D structure of BmLDH.
The predicted 3-D structure of the BmLDH was very sim-
ilar to its counterparts in other species, suggesting that it
might have the same biological functions as its counter-
parts in other species.

As more and more researchers engage themselves in the
study of functional genomics, studies on structures and
functions of certain related genes in B. mori, which is a

Fig. 9. Phylogenetic tree was reconstructed by MEGA3. The species names and the corresponding GenBank accession numbers of

their LDH sequences are indicated.
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good model insect of Lepidoptera, has attracted more and
more attention. In this study, we identified a novel
BmLDH and analyzed its structure gene through bioin-
formatics approaches. This may promote our understand-
ing of the functions of the enzyme and more applications
will be developed, for example, it can be used as livig
insecticide (Nathan, Kalaivani et al. 2006).
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