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ABSTRACT In the roots of barley and other cereals,
hypoxia induces a set of five isozymes of L-lactate dehydroge-
nase [LDH; (S)-lactate:NADH oxidoreductase, EC 1.1.1.27].
Biochemical and genetic data indicate that the five LDH
isozymes are tetramers that arise from random association of
the products of two Ldh loci. To investigate this system, cDNA
clones ofLDH were isolated from a Agt11 cDNA library derived
from hypoxically treated barley roots. The library was
screened with antiserum raised against barley LDH purified
"3000-fold by an improved three-step procedure. Immuno-

positive clones were rescreened with a cDNA probe synthesized
by the polymerase chain reaction using primers modeled from
the amino acid sequences of two tryptic LDH peptides. Two
types ofLDH clones were found. Nucleotide sequence analysis
ofone representative insert ofeach type (respectively, 1305 and
1166 base pairs) revealed open reading frames encoding 10
peptide fragments of LDH. The 1305-base-pair insert included
the entire coding region of a 356-residue LDH monomer. The
nucleotide sequences of the two LDH cDNAs were 92% iden-
tical in the coding region, but highly divergent in the 3'
noncoding region, and thus probably correspond to the two
postulated Ldh loci. The deduced amino acid sequences of the
two barley LDHs were 96% identical to each other and very
similar to those from vertebrate and bacterial LDHs. RNA blot
hybridization showed a single mRNA band of 1.5 kilobases
whose level rose about 8-fold in roots during hypoxic induction,
as did the level of translatable LDH message.

In hypoxic or anaerobic conditions, root and seed tissues of
many higher plants produce both ethanol and L-lactate as
glycolytic end products (1, 2). Ethanol glycolysis predomi-
nates under long-term anaerobiosis in laboratory conditions
for most plant tissues, and has received much more study
than lactate glycolysis. However, lactate is typically a prom-
inent end product during the transition phase from aerobic to
anaerobic metabolism (3-5), and it has been proposed that
intracellular lactate accumulation lowers cytoplasmic pH to
the range required for ethanol glycolysis to begin (6). In vivo
NMR studies of intracellular pH support the latter idea (5).
Such studies also indicate that excessive lactate glycolysis
can result in cell death from cytoplasmic acidosis (7), leading
to the view that survival during short-term anaerobiosis
depends on the balanced operation of lactate glycolysis and
ethanol glycolysis. The role of lactate glycolysis in long-term
survival is less clear; although little lactate may be produced,
the necessary enzyme is often present at high levels (8, 9).

Lactate synthesis from pyruvate requires one enzyme,
L-lactate dehydrogenase (LDH; EC 1.1.1.27), and ethanol
synthesis requires two, pyruvate decarboxylase (PDC) and
alcohol dehydrogenase (ADH). These enzymes as well as
other glycolysis-related enzymes are induced in cereal roots

during oxygen deprivation (8-13). In the cases of ADH and
PDC, accompanying increases in mRNA have been demon-
strated (14-15), and for ADH this has been shown to reflect
increased transcription (16). Anaerobic regulatory elements
have been identified in the promoter region ofAdh genes and
it has been suggested that these elements are conserved
among all anaerobically induced genes (17), allowing them to
function as a coordinately induced group.
We are interested in understanding both the role of induc-

ible LDH in plant tolerance to oxygen deprivation and the
anaerobic regulation of Ldh genes. To further these investi-
gations, we have cloned and characterized cDNAs encoding
barley LDH.§ We have also compared the deduced amino
acid sequences for barley LDH with those of vertebrate and
bacterial LDHs.

MATERIALS AND METHODS
Plant Material. For LDH protein purification, barley (Hor-

deum vulgare L. cv. Robust) plants were grown and hypoxi-
cally treated in greenhouse conditions (9). For RNA isola-
tion, cv. Himalaya plants were grown hydroponically in a
growth chamber and hypoxically treated for 0, 2, 4, and 6
days (8).

Protein Purification and Antiserum Production. LDH ac-
tivity was measured spectrophotometrically (8). Protein was
assayed by the method of Bradford (18). Purity ofLDH was
monitored by SDS/PAGE (19). LDH was extracted from
lyophilized barley roots (15 g dry weight) and applied to an
Affi-Gel Blue agarose column (Bio-Rad) as described previ-
ously (9) except that the column volume was reduced from 40
ml to 4 ml. The column was washed with low-salt buffer (40
mM Tris acetate, pH 8.2/1 mM EDTA/0.5 mM dithiothreitol)
until absorbance at 280 nm was <0.03, and bound dehydro-
genases were eluted with low-salt buffer containing NADH (1
mg/ml). Eluted LDH activity (typically in 80 ml) was loaded
directly onto a Mono Q HR5/5 FPLC column (Pharmacia-
LKB) equilibrated with low-salt buffer; the column was
washed with this buffer until absorbance at 280 nm was
<0.01, and bound material was eluted with a linear KCI
gradient in low-salt buffer. Fractions (between 200 and 300
mM KCl) containing LDH activity were pooled, concen-
trated, and chromatographed on an oxamate-agarose column
(Sigma) as described (9). LDH peptides were prepared by
trypsin digestion or CNBr cleavage and separated by HPLC.
Amino acid sequences of individual peptides were deter-

Abbreviations: ADH, alcohol dehydrogenase; LDH, lactate dehy-
drogenase; PCR, polymerase chain reaction; PDC, pyruvate decar-
boxylase.
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Energy Plant Research Laboratory, Michigan State University,
East Lansing, MI 48824.
§The sequences reported in this paper have been deposited in the
EMBL/GenBank data base (accession nos. M31479 for LDHA and
M31478 for LDHB).
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Table 1. Purification of hypoxically induced LDH from
barley roots

Specific
Yield, activity,* Fold

Fraction % unit(s)/mg purification
Crude extract 100 0.13 1
Affi-Gel Blue agarose 40 14.4 110
Mono Q 30 120 920
Oxamate-agarose 18 425 3270

*One unit converts 1 gmol of substrate per min.

mined by automated Edman degradation either at the Uni-
versity of Michigan Protein Sequencing Facility, Ann Arbor,
or the National Research Council Biotechnology Research
Institute, Montreal. Anti-LDH serum was raised in rabbits
(20) and was tested for specificity by immunoblot analysis
(21).
RNA Isolation and in Vitro Translation. Total RNA was

isolated by the method of Hall et al. (22). Poly(A)+ RNA was
purified by chromatography on poly(U)-Sephadex (BRL) (23)
and was translated in a rabbit reticulocyte lysate system
(Promega) according to the manufacturer's instructions. In
vitro synthesized LDH was immunoprecipitated as described
(24).
Polymerase Chain Reaction (PCR). Oligonucleotide prim-

ers were synthesized based on the amino acid sequences of
two tryptic peptides. The amino acid sequence Gln-His-Ala3-
Phe was used to model the oligodeoxynucleotide pool 5'-
CARCAYGCNGCNGCNTT-3' (256-fold degenerate), and
Asp-Leu-Val-Ile-Val-Thr-Ala-Gly-Ala-Arg to model 5'-
CKIGCICCIGCIGTIACDATIACIARRTC-3' (24-fold de-
generate, plus 7 deoxyinosine residues). Poly(A)+ RNA
(from roots treated hypoxically for 4 days) was reverse-
transcribed using avian myeloblastosis virus reverse tran-
scriptase (Life Sciences) as described by Kimmel and Berger
(25). The single-stranded DNA was amplified using a DNA
amplification kit and a thermal cycler (Perkin-Elmer/Cetus).
Reaction mixtures contained 100 pg of DNA, 100 pmol of
each oligonucleotide pool, and 2.5 units of Thermus aquat-
icus (Taq) DNA polymerase in a volume of 100 A1l. One
thermal cycle consisted of94°C for 3 min, 50°C for 2 min, and
72°C for 3 min. A total of 30 cycles was performed. The
gel-purified PCR-synthesized product [100 base pairs (bp)]
was used as a PCR template to synthesize radiolabeled probe
(26).

Preparation and Screening of the cDNA Library. Poly(A)+
RNA (from roots treated hypoxically for 2 days) was used to
construct a cDNA library in phage Agtll (Promega). The
library was size-selected for inserts >1.0 kilobase (kb) and
was amplified. Anti-LDH serum (1:500 dilution) was used to
screen 540,000 plaques (50o recombinants) of the amplified
library (27). Immunoselected plaques were transferred to
duplicate nitrocellulose filters and hybridized to radiolabeled
PCR-synthesized probe (total radioactivity, 2.7 x 108 cpm;
specific activity, 7.6 x 109 cpm/,ug). Plaque hybridizations
were performed for 18 hr at 60°C in 50 ml of hybridization
buffer [5 x SSC (28) containing 10x Denhardt's solution (28),
50 mM sodium phosphate (pH 7.0), 0.1% (wt/vol) SDS, and
tRNA (brewer's yeast; Boehringer Mannheim) at 100 ,tg/ml].
Hybridized filters were washed in 5x SSC/0.1% sodium
pyrophosphate/0.1% SDS at 30°C for 20 min and at 60°C for
10 min.
A single immunopositive cDNA clone hybridized with the

PCR-generated probe. As the LDH insert of this clone was
too short to encode the entire protein, it was 32P-labeled by
the random primer method (29) and used to screen a further
540,000 plaques for clones with longer inserts. Plaque hy-
bridizations (total radioactivity, 5.9 x 108 cpm; specific
activity, 3.9 x 109 cpm/,ug) were performed at 60°C for 18 hr

in 120 ml of hybridization buffer containing polyadenylic acid
(Boehringer Mannheim) at 50 pug/ml. Hybridized filters were
washed as before, with a subsequent wash at 650C in 0.1 x
SSC/0.1% sodium pyrophosphate/0.1% SDS for 30 min.

Characterization ofcDNA Clones. EcoRI inserts of selected
Agtll phage were cloned in both orientations into plasmid
pUC119. Single-stranded plasmid DNA was prepared (30).
Series of nested-deletion subclones were generated (31).
Sequencing of DNA was by the dideoxynucleotide chain-
termination method (32).
RNA Blot Analysis. Poly(A)+ RNA was denatured and

electrophoresed (1 gg per lane) in 1.5% agarose gels con-
taining formaldehyde (33) and then was transferred to nitro-
cellulose. Filters were hybridized to insert DNA labeled with
32p by the random primer method.

RESULTS
Protein Purification and Antibody Production. Monospe-

cific anti-LDH serum was needed to immunologically screen
the Agtll expression library. As a result, an improved LDH
purification scheme was developed (Table 1, Fig. 1). This
scheme yielded LDH of specific activity almost double that
previously reported: 425 units/mg ofprotein compared to 250
units/mg (Table 1 and ref. 9). Purified enzyme activity was
unstable, with a half-life of 12 hr at 40C. Only one polypeptide
band (Mr 40,000) was detected after SDS/PAGE (Fig. 1).
Nondenaturing PAGE (data not shown) revealed that purified
LDH contained the five isozymes reported previously (8).
The anti-LDH serum recognized all five LDH isozymes but
did not react with any other proteins in native or SDS-
denatured preparations of total soluble root proteins (Fig. 1).

Effect of Hypoxia on Translatable LDH mRNA Level. Fol-
lowing 2 days of oxygen deprivation, levels of LDH mRNA
increased 8-fold (Fig. 2). During the same time, enzyme
activity was accumulating at maximum rates (data not shown,
see ref. 8). Based on these data, poly(A)+ RNA isolated from
barley roots subjected to 2 days of hypoxia was used for
cDNA synthesis.

Isolation of cDNA Clones. When 270,000 recombinants
were screened with anti-LDH serum, only one immunopos-
itive clone was found that also hybridized with the -100-bp
probe synthesized by PCR. The insert of this clone did not
encode a full-length LDH protein. When this insert was used
to screen a further 270,000 recombinants, 10 clones were
obtained, of which 9 fell into the same class with respect to
restriction fragment patterns given by Sal I, Pst I, and Xma
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FIG. 1. Purification of barley LDH and specificity of anti-LDH
serum. Lanes 1-3 are silver-stained SDS/PAGE profiles from the
following purification steps: lane 1, Affi-Gel Blue agarose; lane 2,
Mono Q; lane 3, Oxamate-agarose (3 gg of protein). Lanes 4 and 5
are immunoblots of total soluble proteins ("10 ug per lane) from
barley roots, separated by nondenaturing PAGE (lane 4) or SDS/
PAGE (lane 5) and probed with anti-LDH serum. Positions of SDS
molecular weight markers are shown at left.
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FIG. 2. Effect of hypoxia on the level of translatable LDH
message in barley roots. Poly(A)+ RNA obtained from roots hypoxi-
cally treated for the indicated times was translated in vitro. The
translated LDH (Mr -40,000) was immunoprecipitated, subjected to
SDS/PAGE, and visualized by fluorography (Inset). Levels ofLDH
mRNA were estimated from the amount of radioactive LDH syn-
thesized and are expressed relative to the total trichloroacetic
acid-precipitable radioactivity. Data points are means of 4-6 trans-
lations (± SE).

I. One clone was distinct. The nucleotide sequence of the
longest insert from the class of 9, along with that of the
distinct clone, is shown in Fig. 3. The former (designated
LDHA) has a 1305-bp insert with an open reading frame
comprising 356 amino acids (Figs. 3 and 4). The predicted
ATG initiation codon occurs 65 bp from the EcoRI adaptor
site. The latter clone (LDHB) has a 1166-bp insert with a long
open reading frame, which lacks a start codon near the 5'
terminus and so is presumably truncated (Figs. 3 and 4). Both
clones have putative polyadenylylation signals (AATAAA)

LDHA
LDHR

10-20 bp from their 3' termini. The nucleotide sequences of
the coding regions of LDHA and LDHB show 92% identity.
Deduced Amino Acid Sequences. The deduced amino acid

sequences of LDHA and LDHB are 96% identical, and both
include ten amino acid sequences determined from barley
LDH peptides (Fig. 4). LDHA was calculated to encode a
peptide of 37.7 kDa, which is close to experimental values
from SDS/PAGE (Fig. 1 and ref. 9). The derived LDH amino
acid sequences were compared with the National Biomedical
Research Foundation Protein Sequence Data Bank (release
13.0, September 1987) by using the computer program FASTP
(34). To identify particularly conserved regions, the amino
acid sequences of LDHA and LDHB are aligned with those
of representative vertebrate and bacterial LDHs in Fig. 4.
From residue 45 onwards, both LDHA and LDHB exhibit
-50% and ;40% overall identity with vertebrate and bacte-
rial LDHs, respectively.

Expression of LDH mRNA. When the LDHA cDNA insert
was hybridized to RNA blots, a single 1.5-kb band was
detected (Fig. 5). Because the LDHA probe recognizes
LDHB as well as LDHA sequences, it is probable that the
1.5-kb band is a composite of LDHA and LDHB messages.
Hypoxic treatment caused LDH mRNA to accumulate in
roots; after 2 days the mRNA level was -8.5-fold higher than
in well-aerated roots (Fig. 5). This agrees well with the 8-fold
rise in translatable LDH message level shown in Fig. 2.

DISCUSSION
Biochemical data indicate that barley LDH is a tetramer that
exists as a set of five isozymes produced by random associ-
ation of two subunit types that differ in charge (8, 9). The
inheritance pattern of barley isozyme profiles can be ac-
counted for by a two-locus model (35) similar to that for LDH
isozymes in vertebrate somatic cells, where the M (muscle)
and H (heart) LDH subunits are the products of separate
genes (36). The genetic data for barley also imply that the two
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FIG. 3. Nucleotide sequences of the LDHA and LDHB cDNA clones. The putative initiation codon, stop codons, and polyadenylylation
signals are underlined. The sequences corresponding to the oligodeoxynucleotide pools used to prime the PCR reaction are highlighted.
Lowercase letters denote differences in nucleotide sequence between the two clones.
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Barley LDHA
Barley LDHB
Chicken LDH M
Chicken LDH H
Bacillus stearothermophilus LDH

FIG. 4. Deduced amino acid sequences of barley LDHA and LDHB, aligned with the amino acid sequences of representative vertebrate
muscle (M) and heart (H) LDH forms and a bacterial LDH. Highlighted residues are those common to barley LDHA or LDHB and one or more
of the other LDHs. Amino acid residue numbers are those of barley LDHA. Vertebrate and bacterial LDH amino acid sequences were obtained
from the National Biomedical Research Foundation Protein Sequence Data Bank as described in the text.

Ldh loci are tightly linked, perhaps reflecting a relatively
recent gene-duplication event (35). Our finding oftwo similar
but distinct types of LDH cDNA clone is clearly in accord
with the two-locus model. That the two types of cDNA
exhibit only minor nucleotide sequence divergence (8%) in
their coding regions is consistent with the hypothesis of a
recent gene duplication. For comparison, the two principal
vertebrate Ldh loci, which are functionally diverged and may
be on different chromosomes, typically show severalfold
more nucleotide sequence divergence and are considered to
be the result of an ancient duplication event (36, 37).
The deduced amino acid sequence of barley LDHA is

longer than vertebrate and bacterial LDHs by approximately
20 and 35 residues, respectively. Alignment of primary struc-
tures shows that these size differences reflect variation at the
N terminus. We cannot exclude the possibility that barley
LDHs undergo a processing event of some kind, such as
cleavage of a transit peptide. However, any substantial
modification seems unlikely for two reasons. First, the in
vitro translation product of LDH mRNA has the same
apparent molecular mass on SDS/PAGE as purified LDH.
Second, like other glycolytic enzymes, LDH is considered to
be cytosolic (1). Moreover, among vertebrate LDHs, the
N-terminal portion of the peptide is quite variable; it forms an
arm that extends from the body of the subunit and partici-

1.5 kb -
.L

1 2 3
FIG. 5. RNA blot analysis of LDH mRNA levels in well-aerated

roots (lane 1) and roots exposed to hypoxic conditions for 2 days
(lane 2) or 4 days (lane 3). The size of the hybridizing RNA (1.5 kb)
is indicated.

pates in subunit interaction rather than catalysis (37-39).
From approximately residue 45 onwards, the barley LDH
chains show considerable similarity to vertebrate and bacte-
rial LDHs. By analogy with vertebrate LDH (37, 38), this
region can be divided into three domains: the coenzyme-
binding domain (residues 45-117 and 140-185), the substrate-
binding domain (residues 186-356), and the loop region
(residues 118-139). As among vertebrates (37), the substrate-
binding domain is somewhat less conserved than the two
others. It is interesting that amino acid residues which are
directly involved in the catalytic mechanism in other LDHs
(38, 40) have precise counterparts in barley LDH. In barley,
these include Gln-122, Arg-128, Asp-188, His-215, Asp-217,
and Thr-270. Localized, highly conserved regions surround
these catalytically important residues. The sequence of one
of these regions has been reported for potato LDH (41) and
is identical to barley LDH residues 180-191.

Plant LDHs have much potential for investigating evolu-
tionary relationships among higher plant taxa and between
plants and other organisms. Evolutionary trends among
animal LDHs have been studied extensively (36, 37), and
there is hence a large data base for comparisons. As a marker
of evolutionary divergence between plants and other groups,
LDH offers the simplifying feature that not only its biochem-
ical function but also its main physiological role in fermen-
tative metabolism have remained unaltered over time. This is
not always so for glycolytic and other enzymes common to
plants and other organisms. For instance, in plants ADH is
primarily used during ethanol fermentation to reduce acetal-
dehyde, whereas in animals it serves to oxidize alcohols.
Other glycolytic enzymes, such as glyceraldehyde phosphate
dehydrogenase, a well-studied evolutionary marker in plants
(42), have both a cytoplasmic form that functions in glycol-
ysis and a chloroplastic form that participates in photosyh-
thesis.
The data reported here demonstrate that the anaerobic

induction ofLDH activity is accompanied by a large increase
in the abundance of LDH mRNA, so that LDH can be
classified as an anaerobic protein as defined by Sachs et al.
(10). As is the case with LDH enzyme levels (8-9), the LDH
message accumulates to high levels during periods of hy-
poxia. These results are surprising inasmuch as the contri-
bution of lactate glycolysis to total glycolytic carbon flux

Botany: Hondred and Hanson



7304 Botany: Hondred and Hanson

declines rather than increases as LDH mRNA and protein
accumulate (8). At the least, our results confirm that the
metabolic flux through the glycolytic pathways is not deter-
mined simply by relative levels of gene expression. More
intriguingly, the data imply that there may be an undiscov-
ered function for the large reserve of LDH accumulating in
hypoxic roots. One possibility is that lactate glycolysis be-
comes far more important under environmental conditions
that are not reproduced in laboratory studies. An example
would be Zn2+ deficiency, which can limit production of
ADH holoenzyme (43).

Neither the in vitro translation experiments of Fig. 2 nor

the RNA blot analysis of Fig. 5 discriminates between the
induction of LDHA and LDHB. Indirect evidence from the
LDH isozyme profile indicates that both Ldh genes are

anaerobically induced (8). Future studies of the relative
abundance of the LDHA and LDHB transcripts could con-

firm this and also show whether or not these two Ldh genes
are regulated coordinately with the other anaerobically in-
duced genes. While present results do not show whether
LDH mRNA accumulates due to increased transcription or

decreased degradation, the former is probable inasmuch as
the induction ofADH and other anaerobic proteins involves
enhanced transcription (16, 17, 44). The availability ofcDNA
clones for barley LDH will make possible further study ofthe
anaerobic induction mechanism; it will be of particular in-
terest to determine whether cis-acting regulatory elements
such as the proposed anaerobic regulatory elements of maize
(17) are to be found in LDH genes.
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