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SUMMARY 

Eleven cDNA clones encoding lactate dehydrogenase(LDH)-A isozyme were isolated from a bovine lymphocyte cDNA 
library, and the nucleotide sequences of three of the clones (pLDH5, pLDH9 and pLDH12) were determined. With the 
exception ofvariation in the 5' portion, two eDNA clones (pLDH9 and pLDH12) appeared to contain the full-length cDNA 
of 1786 bp, consisting of the protein-coding sequence (996 bp), the 5'- and the 3 '-untranslated regions and the poly(dA) tail. 
The predicted amino acid (aa) sequence of bovine LDH-A (332 aa) showed 96.7% homology with that of pig LDH-A. The 
protein-coding cDNA region 0650 bp) was inserted into an Escherichia coil expression vector ptacll and expressed. The 
protein synthesized in E. coli showed enzyme activity of LDH and was identified by cenogel electrophoresis as LDH-$ 
isozyme whose subunit M chain is the product of the LDH-A gene. 

INTRODUCTION 

LDH catalyzes the interconversion of pyruvate and lac- 
tate with nicotinamide adenine dinucleotide as a coenzyme. 
The enzyme is a tetramer with an Mr of 140000 (Holbrook 
et al., 1975). In mammals and birds, LDH is encoded by 
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Abbreviations: aa, amino acid(s); Ap, ampicillin; bp, base pair(s); C~, 
constant resion of Tcr at-chain; IPTG, isopropyl-p-v-th/ogalactopyrano- 
side; kb, kilobase(s) or 1000 bp; LDH, lactate dehydrogenase; LDH-A, 
gene (DNA) encoding LDH-A; LDH-B, 8ene (DNA) encoding LDH-B; 
nt, nucleotide(s); ORF, open reading frame; PAGE, polyacrylamide-gel 
electrophoresis; x resistance; SDS, sodium dodecyl sulfate; SSC, 
0.15 M NaCi/0.015 M Na3. citrate pH 7.6; Tc, tetracycline; Tcr, T-cell 
receptor; Tcr, gene (eDNA) encoding Tcr; WU, Wrbblewski unit. 

two different genes: LDH-A and LDH-B. Two gene pro- 
ducts, M and H chains from the LDH-A and LDH-B genes, 
respectively, give rise to five different isozymes, M4, H4 and 
their three hybrids (Holbrook etal., 1975; Kiltz etal., 
1977). 

During the screening for the bovine Tcr-enco~fing gene in 
a bovine lymphocyte cDNA library using mouse C~- 
encoding DNA as a probe (Ishiguro et al., 1990), we iso- 
lated at a high frequency cDNA clones which were homolo- 
gous, but not identictd to bovine Tcr cDNA under low- 
stringency hybridization conditions. After determining their 
nt sequences and searching for homologous genes in a 
GenBank database, we thought that they were LDH cDNA 
clones, although no complete primary structure has so far 
been reported for bovine LDH. 

In the present paper, we describe the entire nt sequence 
of the cDNA clones and the aa sequence predicted from it. 
The eDNA sequence proved to direct the active LDH 
synthesis in E. coll. The bacterially produced protein was 
the bovine M chain (the LDH-A gene product). 

0378-1119/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division) 
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B p L D H I 2  GTGCAYOCCAGTCCCAGCCAAAGGCCTGAGAAGTCGGAGYGTCAGCAQYCTgGcAgCTAYTAATCGGTOCCCCA| ?S 

pLDH9 CCCGGATCCCACGCCGTGGCCCTCCGACGCCCGCCCOCTC|ACOGYCACTCCCGGYTCCTTT40GGTCTAAGYCCAAO 78 
pLDHI2 G T G ~ A ~ G G A ~ G A A G T G G A T T ~ A C ~ 7 A T A * e C ~ Y A A A A ~ A T ~ A ~ A ~ G T ~ A ~ A ~ ~ ~  106 

pLOHl2 ATQ GCA ACT CYC AAG GAT CAO CTQ AT? CAG AAY CYT CTT AAG GAA BAA CAT GTC CCC CAU AAT 221 
X A T L K D q L .! Q N L L K | E H V P q N 21 

pLDHI2 AAO AT? ACA AT? GTf GGG GTT GOT QCT GTT GgC ATG OCC TOT OCC AqC AGT ATC TTA ATO AAO 204 
K 1 T I V G V G A V G H A C A I S I L N I 42 

pLDHI2 GAC TYG OCA GAT GAA GTT GCY CTT GTT GAT GTC ATG GAA GAT AAA CTG AAG QGA GAG ATG AYO 34? 
D L A D E V A L V D V H E D K L K O E H H 63 

pLDHX2 GAT CYC CAA CAT GGC AGC CTT TTC CTT AGA ACA CCA AAA AYT GTC TCT GGC AAA QAC TAT AAT 410 
D L Q H G S L F L R ~ P K I V $~ G K D T N 84 

pLDHI2 GTG ACA GCA AAC TOO AGO CTG GTT ATT ATC ACA GOT GOG GCA CGT CAO CAA GAG GGA OAG AGO 4?3 
V T A H S R L V I I T A G A S h  q 0 E 0 t S 105 

pLDHI2 CGT CTO AAT TTG GTO CAG COT AAC GTG AAC ATC TTY AAA TYC ATC AT? COT AAT AT? GTA AAA 636 
R L H L V Q R H V H ! F K F I y P H I V l 126 

pLDHI2 ?AC AGC CCA AAT ?GO AAB ?TO CTT GTT 077 TCC AA7 CCA GTC OAT AT? 770 ACC TAT GTO OCT 099 
Y S P N C K L L V V S H P V D I L T T V l 147 

. pLDHI2 ?GO AAG ATA AG? GOC 777 CCC AAA AAC CGT OTT AT? GGA AO? GOT TGC AA7 CTO OAT 7CA GCY 662 
H K 1 S 0 F P K . N h R  V I O S 0 C N L D S " A 16S 

,,o,,, ,,o, o,,, ,,,, o,o  ,,o, ,oo o[o,  o:, o:, . cc . ,  , , , : , . , ,  .,'" 

pLDHI2 CTT O00 OAO 0j7 sol OAO TCT A07 070 007 OTA 700 A07 OOA n?O AA? 077 OCT OnT 070 ?CO Tee 
L 0 H (~) 0 0 S S "V P V H S 0 V N V A 0 V S 210 

pLDHI3 C?O AAO AAT 7TA 0A0 C0? 6AA TTA 000 A07 OAT 00A OAT AAO OAA ¢AO 700 AAA GOD 077 0A0 861 
L K H L H P E L O T D A D K K Q V 0 A V H 231 

pLDHI2 AAA OAA OTQ 0T7 0A0 AO? OCT TAT OAO 070 ATO AAA 070 AAA 000 TAG AOA TOO TOO 000 AT7 014 
K 0 V V 0 0 A Y E V 1 K L K 0 Y ? S V A 1 161 

pLDHI| OOA 0T0 ?CA 0?0 000 OAT ?TO GOA OAA AO? ATA ATO AAO AAT 0?7 AO0 000 070 OAT 000 AT7 |?? 
0 L B V A 0 L A | S 1 H K H L R R V H P I 2?3 

pLDHI2 TOe ACC ATO AT? AAO got CTC TAT OOA ATA AAA OAO BAY 0?0 770 07? AOT 07? 007 TOO AT~ 1040 
8 T H I K 0 L Y 0 1 K B 0 V P L 0 V P 0 I 234 

pLDHI2 TTO OOA OAO AAT OOA AYC ?CA OAO 07? 0T0 AAA OTO ACT CTO ACT CAT OAA OAA 0A0 000 TOT i103 
L 0 Q N 0 ! S D V V K V ? L Y H B E 0 A ¢ 310 

pLDHI2 770 AAO AAO AOT OCA OAT ACA OTT 700 OGO AY¢ CAD AAA OAA 070 010 ?77 TAAAOTOYTCTAAYO !160 
L K K S A D ? L N 0 I Q K E L Q F . . .  333 

pLDHI2 T~G7A~AT~A~T~A~TA~A~A~GA~7~A~G~AGG~TAA~A~AT~G~C~T~A~A~AY~T~AT7 1252 

pLDHI2 AAAA~AGTAA~G~TAA~A~A~C~TA~GAAAAAA~AATYT~AA~G~TAGAAA~AGGAAT~A~AAAACCC7~CT~GAY 1335 

pLDHI2 ••eAA••AA•••7T•A••AAAC••T••A••••TA•C•TGA••CT•GA••••A•••A•••••••T••T•C7AAAYT•G•YY•T• 1418 

pLDHI| AAA~AAY~AA~AA~A~TA~A~T~A~Y~¢A~AY~A~AG~Y~Y~AAA~A~A~G~AYTTA~T~ 1801 

pLDHI2 T••AA•A•AA•••••••••C••T•A••CAA••T•••?A••C•AA••7YT•••••Y••A••••A•CA•Y•C•••••A•••AAT• 1804 

pLDHI2 ~A~AAA~A~A~A~A~fAAAC~?~TAAApAAYCT~A~YAcT~A~TA~A~AA~A~T~YA~AYT|C~ 1607 

pLDHI2 T••7AA•••AAAAA•••AAAATTA•A•AAA•AA•|CAAC•AACYAA••?AYA••AA•YA•AACAAYAAA•AAA|•••|AAGA| 1180 

pLDHI2 TGACTACTCTGTYAAT?AAGAAAAAAAAAAAAAAAA 1T86 

Fig. 1. Restriction map and nucleotide sequence of bovine I.DH eDNA. (A) Partial restriction map and strate~, for nt sequencing of three eDNA clones. 
The open boxes indicate the protein (332 aa)-coding as well as the 5'- and the 3'-untranslated regions. The hatched portions ofthe boxes indicate resio,s 
hybridized with the mouse Tcr C~ probe in Southern hybridization (Maniatis et al., 1982). Filters were washed extensively in 2 × SSC and 0.1% SDS 
at room temperature (low stringency) before autoradiosrapby. General procedures for cloning and DNA manipulations were as described in Maniatis 
et ai. (1982). DNA from eDNA clones was subcloned in Biuescript Ml3 + and M I 3 - ,  and sequenced by the chain-termination method (Sanger et al., 
lP??). Arrows indicate the directions and the extent of sequence determination. Sites of cleavage by restriction enzymes are: B, BamHI; E, £coRl; N, 
Ncol; P, Pstl. (B)The nt sequences of three LDH cDNAs, pLDHI2 (1?86 bp), pLDH9 (1705 bp) and pLDH5 (1602 bp), and predicted aa sequences. 
The numbers on the rishthand side of the upper and lower lines indicate those for nt and aa sequences, respectively. Asterisks indicate the sequences 
identical to that of clone pLDHg. Two solid lines (a and b) under the aa sequence show homologies to the loop region and the substrate-binding region 
ofLDH, respectwely. Two circles indicate the particularly important residues of the substrate-binding resion. The nt sequence data reported in this paper 
have been submitted to the GenBank nt sequence database under accession numbers D9O141-D90143. 



EXPERIMENTAL AND DISCUSSION 

(a) Construction and screening of bovine eDNA library 
A Agtl0 fibrary was obtained from poly(A) + mRNA 

isolated from bovine peripheral blood lymphocytes 
(Ishiguro et al., 1990). Of 6 x 104 plaques screened, 19 
positive clones were detected using the mouse Tcr Co~ probe 
(450bp) under low-stringency conditions (washing in 
2 x SSC, 0.1~ SDS at room temperature). Eight out of 
19 clones were still strongly hybridized with the Tcr Co~ 
probe under the high stringency conditions (washing in 
2 x SSC, 0.1 ~o SDS at 68°C), and subsequently they were 
found to contain the bovine Tcr ~ cDNA (Ishiguro et al., 
1990). The remaining eleven clones had partially homol- 
ogous DNA regions to the mouse Tcr C~ probe. Therefore, 
eDNA fragments in the representative three clones 
(pLDHS, pLDH9 and pLDH12) were subcloned into the 
single-strand generating pBluescript plasmid vector and 
analyzed. 

(b) Nueleotide sequence of bovine LDH-A eDNA 
The three eDNA clones had the same restriction map 

despite the different lengths of eDNA inserts (Fig. IA). The 
homologous DNA sequence to the mouse Tcr C~ probe 
resided on the region from the 5 ~ terminu~ ~o the Ncol site 
in all three clones as analyzed by Southern hybridization 
analysis (indicated by hatched regions in Fig. IA). The nt 
sequences of three cDNAs were identicai except for the 
variation of the 5' termini between pLDH9 and pLDHI2 
(Fig. IB). However, both pLDH9 and pLDH 12 contained 
a common ORF of a 332-aa protein with an Mr of 36 597 
(Fig. IB). A search in a GenBank database (Genetyx 
program, Tokyo; GenBank Release 56.0)revealed that the 
predicted aa sequence is 96.7 %, 93.7 % and 84.6 % homolo- 
gous to those of pig, human and chicken LDH-A gene 
products (M chain), respectively (NBRF-PDB, Release 
16.0). The sequence was also homologous to those of the 
LDH-B gene products (H chain) from pig (74.6~o) and 
chicken (73.9~) (Li et al., 1983). The sequence homology 
at the nt level was greatest in the LDH-A gene from human 
(92.0 ~),  followed by the LDH-A pseudogene from human 
(86.2 ~o) and the LDH-A gene from rat (86.0 %). Neither the 
complete aa sequences of the bovine LDH-A and LDH-B 
gene products nor their nt sequences has been reported. 
However, by comparison of the aa and nt sequences with 
those of mammalian LDH genes, the eDNA isolated here 
may well be that for bovine LDH M chain. The 5' variation 
between pLDH9 and pLDH 12 may result from alternative 
splicing of mRNA, because an intron is present at 24 nt 
upstream from the translation start site in other mammalian 
LDH-A genes (Chung et al., 1985; Fukasawa et al., 1987). 
When the 3'-untranslated region was used as a probe for 
hybridization, all eleven eDNA clones were hybridized with 
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the probe under the high stringency conditions, suggesting 
that eleven eDNA clones obtained here contain an identical 
LDH eDNA. 

When compared the nt sequences between pLDH12 and 
the mouse Tcr Co~ region of clone TI ' l  I (Chien et al., 1984), 
sequence homology was about 31~o in the entire nt 
sequence. However, on examination of homology of con- 
secutive 50 bp along the sequence, 50-60% homology was 
found in the limited area, which may account for the cross- 
hybridization between the LDH-A eDNA clones and the 
Tcr C~ probe. 

(c) Structure-function relationship of LDH 
The complete aa sequence of a bovine LDH M chain 

made it possible to compare the structure of LDH of var- 
ious species. Taylor and Oxley (1976) isolated a peptide 
segment from bovine LDH-I (H4 subunits) and assigned 
two functional regions of the substrat~binding site and the 
loop region from aa sequence analysis. In the substratc- 
binding site, two residues, His 193 and Arg 169 are of particu- 
lar importance (Taylor, 1977), which are also predicted to 
exist in bovine LDH-A (indicated by circles in Fig. IB). 
His t93 is thought to act as a proton donor in the dehydro- 
genase reaction (Holbrook et al., 1975). Another important 
region of LDH molecule is a 'loop' of polypeptide chain 
which extends from aa 99-112. In the apoenzyme, this loop 
is accessible to the solvent, whereas in the holoenzyme the 
loop is folded down from the surface of the enzyme mole- 
cule, the coenzyme being bound on the surface (Taylor, 
1977). The aa sequence of the loop region of bovine LDH 
M chain (indicated by the solid line a in Fig. IB) is identical 
to the corresponding segments of all known mammalian 
LDH-M and LDH-H chains, but is remarkably different 
from those oftesticular LDH-Cgene products of mouse and 
rat (Pan et al., 1983). 

(d) Expression of bovine 1,DH eDNA in Escherichia coli 
To detect a 332-aa polypeptide encoded by eDNA 

clones, the eDNA fragment was expressed in E. coli, and 
the gene product was analyzed by $DS-PAGE. The 5'- 
noncoding region preceding the ORF in pLDHI2 was 
digested with nuclease BAL 31, ligated with the EcoRI 
linker at both ends, and was cloned into the EcoRI site 
located downstream from the tac promoter in ptacll 
(Amann et al., 1983). Two kinds of recombinant plasmids 
(pLDH17 and pLDHI8), which carried the eDNA frag- 
ment at different orientations, were obtained (Fig. 2). E. coli 
RB791 carrying each plasmid was incubated with or 
without IPTG, and the iysates were subjected to 
SDS-PAGE (Fig. 3). A 34-kDa band corresponding to 
LDH was observed in E. coli RB791 carrying pLDH 17 but 
not in that carrying pLDH 18. The protein band synthesized 
in E. coli migrated closely with M4 rather than with H4 in 
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-35 -lO 
CTGTT~CAATTAATCATCGGCTCG~TGTGGAATTGT~BCGr~ 

SD EcoR!. ' I~t Ato Thr 
nnAAarAAaATTCCAAGTCCAAG ATG GCA ACT 

o• ° r l ~ ~ ~ R  E 
~R 

Fig. 2. Structures of plasmids pLDHI7 and pLDHI8. Both plasmids 
carry the 1650-bp EcoRI fragment inserted downstream from the tac 
promoter in the inverted orientation (Amann et al., 1983). The nt 
sequence ofthe 97 bp above the plasmid map shows the promoter region 
combined with the 5'-terminal portion of the eDNA insert in pLDHIT. 
The open boxes show the ORFs. The arrows indicate the translation 
directions ofthe ORFs. The small boxes with triangular tips show the tac 
promoter region. SD, ribosome-binding site; ori, DNA replication origin; 
E, EcoRl; H, H/ndlIl. 

S D S - P A G E  (Fig. 3). However, no significant difference in 
the amounts of protein was noted between the induced and 

uninduced cells. 

(e) Enzymatic activity of LDH and isozyme assay 
To know if the protein synthesized in E.  coil cells is 

functional, L D H  activity was examined with an LDH 
Detection Kit (Chugal Pharmacy, Tokyo). The enzyme 
activity in the lysate of E. coil RB791 carrying p L D H I 7  was 
6854 WU/mg protein, about 30-50 times higher than those 
in E. coli RB791 (133 WU/mg protein) or in E.  coil RB791 
carrying p L D H I 8  (190WU/mg protein) (Tarmy and 
Kaplan, 1968). These results indicate that the protein 
expressed from p L D H  17 'in E. coil form a tetramer possess- 

ing LDH activity. 
To confirm the L D H  isozyme type of the bovine cDNA 

product, the isozyme pattern of L D H  in lymphocyte extract 
and extracts from E. coil cells carrying p L D H I 7  or 
pLDH 18 were analyzed by cellogel electrophoresis (Fig. 4). 
In lymphocytes freshly isolated from peripheral blood, 
LDH-2, LDH-3 and LDH-4 were predominant, and 
LDH-1 and LDH-5 levels were low (Kato et al., 1989). The 
enzyme from cells carrying pLDH 17 migrated slightly faster 
than M4 (Fig. 4). However, when the lysate from pLDH 17- 
carrying cells was mixed with M4 and applied on cellogel 
electrophoresis ( p L D H I 7  + M4), the enzyme migrated at 
the same speed as M4 (Fig. 4). The unusual migration of 
p L D H I 7  band can be accounted for by differenoe in the 
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Fig. 3. SDS-PAGE of LDH protein synthesized in £. coll. E. coli RB791 
(W3110 iaci Q Lg) carrying pLDHI7 or pLDHI8 were grown in L broth 
in the presence of 50/~g Ap/ml. At Aeoo ffi 0.7, IPTG was added, and the 
culture was incubated for another 2 h. An aliquot (1 ml) was withdrawn, 
treated as described by Amann etal. (1983), and the samples were 
analyzed on a 0.1% SDS- 15 % polyacrylamide gel (Laemmli, 1970). The 
arrow indicates the bovine LDH protein band (34 kDa). Purified LDH-I 
(H4) and LDH-5 (M4) proteins were run as a control. Symbols - and 
+ indicate uninduced and induced cultures, respectively. M r standards 
were the cytochrome c monomer (12 kDa) and its covalently linked 
dimer, trimer, and tetramer (Oriental Yeast Co., Tokyo). 

Fig. 4. Isozyme pattern of LDH protein synthesized in E. coil Peripheral 
blood iymphocytes were obtained from a healthy Holstein cow using the 
Ficoll-Paque method (Pharmacia, Sweden). The lymphocytes were lysed 
by the freezing and thawing procedure, and the resulting lysate was used 
in the isozyme assay. E. coli RB791 cells carrying plasmids pLDHI7 or 
pLDHI8 were disrupted by sonication for 3 min, and the extracts were 
subjected to LDH isozyme analysis. The samples (1-4 pl) were loaded 
on a celiogel (Chemetron, Milan, Italy), and the LDH zymograms were 
made visible by tetrazolium staining (Kato et al., 1989). LDH-I (H4) and 
LDH-5 (M4) proteins were used as controls. Lympho., lymphocyte 
extract. Migration of protein bands is leftward. 



ionic composition of sample solution or by difference in the 
N-terminal modification. It is not clear if LDH isozyme 
synthesized in E. coli is N-acetylated or not. From the 
isozyme pattern, it is concluded that the 332-aa protein 
forms the tetrameric form of bovine LDH-5 and the subunit 
is LDH-M chain. 

Although we have tried to isolate the LDH-B cDNA 
clone from the same cDNA fibrary, all cDNA ~o,.,~es 
obtained were not bovine LDH-B but LDH-A gene. It 
remains to be determined why LDH-B cDNA (H chain) 
could not be isolated from this cDNA library. It has been 
demonstrated by in vitro cultures that changes in the LDH 
isozyme pattern can be induced by alterations in oxygen 
tension; hypoxia increased the relative amount of M sub- 
units (Hellung-Larsen and Andersen, 1968). In addition, 
the proportion of M subunit increases when LDH of 
lymphocytes were cultured with phytohaemagglutinin. In 
the present study, the prolonged lymphocyte culture with 
mitogen concanavalin A may have resulted in a shift 
towards the message of the LDH-A gene (M chain). 
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