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Abatract

The 4.3-kb gene coding for L-laciate dehydrogenase of Bacilius stearothermophilus has been subcloned and ex-
pressed in £. coli cells. The enzyme was purified 200-fold with 25% yield by heat treatment, DEAE-Sephadex, and
NAD*-Sephargse CL-4B affinity chromatography foliowed by gel filtration through Sephadex G-200. The molecw-
lar weight of the purified enzyme was estimated te be about 35,000 and 140,000 on SDS-polyacrylamide gel ele-
cirophoresis and gel filtration, respectively, indicating that the enzyme is composed of four identical subunits. The
enzyme for pyruvate reduction and factate oxidation was stable at 60 and 75° C for 30min, and the optimat temp-
eratures for both reactions were 60 and 70° C, respectively. The enzyme had an optimai pH at 5.5 and 8.5 in pyru-
vate reduction and lactate oxidation, respectively. The pH stability of enzyme for pyruvate reduction was stable
between pH 5 and 7. More than 90% of enzyme activily was lost ai tmM FeSOs and p-chloromercuribonzoate.
The maximal activation of the enzyme was obtained with 0.8mM fructose 1,6-bisphosphate.
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INTRODUCTION

L-lactate dehydrogenase (LDH ; L-lactate : NAD'
oxidoreductases, EC 1.1.1.27) is enzyme which cata-
lyzes the reversible reaction of pyruvate to lactate
using NADH or NAD' as cofactor under anaerobic
condition. LDHs have been found in a wide variety
of organisms, from bacteria to vertebrates™, and va-
rious kinds of bacterial LDHs showing genus-specif-
i or species-specific properties were reported”. The
structure and function of LDHs from skeletal muscle
and heart of vertebrates have been studied in great
detail”. Vertebrate LDHs are non-allosteric enzyme,
while some hacterial LDHs are known to be alloste-
ric enzymes activated by fructose 1,6-bisphosphate
(FBPY 2. All these enzymes are tetramers in the acti-
ve state, being composed of identical subunits with
molecular masses of 30~35kDa. In the microorgani-
sms, LDHs have been found in Streptococc?™™, Lact-
obacill”, Thermus sp.®”, Bifidobacterium longum'®
and others”. However, because amount of enzyme
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produced was comparatively of small quantity, the
study of bacterial LDHs has not been performed in
detail. In the recent years, nucleotide sequences of
some bacterial LDH genes and two tertiary structures
of therm have been reported™™. Thermostable enzy-
mes are of use in studies of the relationship between
the stability and structure of proteins, and are stable
catalysts for various practical applications. LDH gene
from thermophilic Baciflus stearothermophifus UK
788 has been cloned™, but enzymatic characterizati-
on of LDH produced in £, colf cells was not investiga-
ted.

In this paper, we describe the expression of LDH
gene from Bacillus stearothermophilus UK788, pur-
ification and enzymatic properties of LDH produced
in E. coli cells.

MATERIALS AND METHODS

Reagents

DEAE-Sephadex A-50, NAD'-Sepharose CL-4B
and Sephadex G200 were purchased from Pharm-
acia LKB Biotechnology. NAD™, NADH, sodium py-
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ryvate and L-lactate were obtained from Sigma Che-
micat Co. T4 DNA ligase and restriction enzymes
were obtained from Takara Shuzo, Toyobo Biochemi-
cals. Maolecuiar weight marker proteins were from
Pharmacia LKB Biotechnology. All other chemicals
used were of analytical grade and obtained commer-
cially.

Strain, media and cultivation

£. coli IM109 (recA 1, endA 1, gyrA 96, thi, hsaR 17,
supk 44, relA 1, Allac-proAB)/ F'ltral> 36, proAB", fac
¢, lacZAM 15}) was used as a host for expression of
LDH and the recipient for transformation. E. coli ]M
109 harboring recombinant plasmids was aerobically
grown at 37° C overnight in the LB medium{oH 7.2)
containing 1% tryptone, 0.5% vyeast extract, 0.5%
NaCl, and 100ug/m! of ampicillin. For efficient exp-
ression of LDH, an overnight culture was inoculated
{1%) into the same medium and cultured at 37° C for
15h. The cells were collected by centrifugation at 10,
000 x g for 5min, and stored in a freezer at —20°C
until use.

Preparation of cell-free extract

The frozen cell was thawed and suspended in 50
mM potassium phosphate buffer (pH 6.5} and then so-
nicated for 2min three times in succession, After cen-
trifugation at 10,000 x g for 10min, the supernatant
was heated at 55°C for 20min to remove other im-
pure proteins. The supernatant obtained by centrifug-
ation at 10,000 x g for 20min was used as crude enz-
yme for purification,

Purification of thermostable L-lactate dehydrog-
enase

All purification procedures were carried out at 4°C
and 50mM sodium phosphate buffer (pH 6.5) was us-
ed throughout the purification.

Step 1. Ammonium sulfate precipitation : To the
cell-free extract, ammonium sulfate was slowly add-
ed to 80% saturation with stirring. The precipitate fo-
rmed was collected by centrifugation at 10,000x g
for 20min, dissolved in the buffer and diatyzed agai-
nst the same buffer.

Step 2. DEAE-Sephadex A-50 column chromato-

graphy : The dialyzed enzyme solution was loaded
onto a DEAE-Sephadex A-50 column (2.5 X 60cm)
equilibrated with the same buffer. Proteins were elut-
ed with a linear gradient of NaCl from 0 to 0.5M in
the same buffer, The enzyme fraction eluted from 0.2
to 0.35M NaCl were combined and dialyzed against
the same buffer.

Step 3. NAD -Sepharose CL-4B affinity chroma-
tography : The enzyme solution obtained was appli-
ed to Sepharose CL-48 column (1.0 X 20cm) coupled
to NAD' after equilibration of column with the same
buffer. Nonadsorbed proteins which had not affinity
against NAD™ were eluted in the same buffer. When
NADH solution was added to the same buffer to final
concentration of 0.2mM, the enzyme was recovered
by stronger affinity of NADH than NAD®,

Step 4. Gel filtration column chromatography :
The enzyme fraction was put on a column{1.0x
20cm) of Sephadex G-200 equilibrated with the sa-
me buffer to remove the remaining NADH and imp-
ure proteins. Proteins were eluted by the same buffer
at the flow rate of 0.1m} per minute and the active
enzyme fraction gave a single peak of protein. The
purified enzyme was stored at — 20° C until use.

Enzyme assay

The assay of LDH activity was performed by mea-
suring the change in absorbance of NADH or NAD™
at 340nm with LXB recording spectrophotometer. The
standard assay solution contained 50mM sadium ph-
osphate buffer (pH 6.5}, 10mM sodium pyruvate, 0.4
mM NADH and 0.5mM fructose 1,6-bisphosphate.
The reaction was usually initiated by the addition of
the enzyme (0.5ug) and carried out at 30°C unless
otherwise noted. One unit is the amount of enzyme
reguired to catalyze either the oxidation of 1umol
NAD™ per min at 30° C. Specific activity was express-
ed as units per mg of protein.

Protein measurement

Protein concentration was determined by the met-
hod of Lowry et al.” with bovine serum albumin as
the standard. The protein concentration in the colu-
mn chromatography was determined by optical den-
sity at 280nm.
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Measurement of molecuiar mass

Sodium dodecyt sulfate-polvacrylamide gel elec-
trophoresis (SDS-PAGE) was done by the method of
Laemmli'™ with 12% polyacrylamide gel. The molec-
ular mass of subunits was determined by comparing
its mobility on SDS-PAGE with those of the following
marker proteins {obtained from Pharmacia) © « -lact-
albumin (M.W. 14,400, soybean trypsin inhibitor (M.
W. 20,100), carbonic anhvdrase (MW, 30,000}, oval-
bumin (MW, 43,000), bovine serum albumin (M.W.
67,000), and phosphorylase bhi{M.W. 94,000). The
molecular mass of the native enzyme was measured
by gel fiitration on a column {1.0 % 20cm} of Sephad-
ex G-200 at a flow rate of 1.0mi/min. The purified
LDH and standard proteins, bovine thyroglobulin (M.
W, 670,000), bovine y-globulin (M.W. 158,000),
chicken ovalbumin (MM, 44,000} and horse myoglo-
bin (M.W. 17,000} were applied to the column equil-
ibrated with the same buffer.

RESULTS AND DISCUSSION

Subcloning and expression of the clened LDH
gene in £, coli

As described previously'™, E. coli harboring the
hybrid plasmid pl.03 containing 4.3kb Hind Il frag-
ment of LDH gene produced an active | ~lactate deh-
vdrogenase. Subcloning experiments were performed
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to identify the minimum region of the insert DNA
necessary for the production of LDH. As shown in
Fig. 1, DNA was prepared from pl.D3 and cleaved
with various restriction enzymes. These fragments
were then subcioned into the corresponding sites of
pUIC18, respectively, and transformed into E. coli
IM109. E. coli cells harboring hybrid plasmids, pLD
30, 31 and 32 did not preduce an active LDH, but in
the case of a hybrid plasmid pLD33 with the 2.4kb
DNA fragment between Sadl site and Sphl site, active
enzyme was produced in £ coli cefls harboring it.
These results indicate that an open reading frame
coding for LOH gene is contained in 2.4kb fragment.
Furthermore, E. coli cells harboring plD33 produced
active LDH without addition of inducer (IPTG) of fac
promotor in pUCT8, sugpesting that the promotor
and the ribosome-binding sequence for the LDH
gene, both of which can function in F. coli, are pre-
sent in 2.4kb fragment, and the LDH gene is expre-
ssed constitutively without conirol of fac promotor.
When F. coli cells harboring pLD33 were grown at
37°C, the highest LDH activity was observed after
iate logarithmic phase of growth {data not shown).

Purification of LDH produced in £ coli

L-lactate dehydrogenase was purified from £ coli
cells by the procedure described in "Materials and
Methods™ (data not shown). The purification steps
and specific activities of LDH from the crude extract

A DNA fragment Activity
FLP X BLEE pUC12 HAS LA L AY

plb3 L AR f +
A pucCts AAS LA

piLO30 -1 L 11 —_
A puUCts v Al

pLD31 Ll 1 | —
A puCis H AY H

pLD32 [T 1 [ —
3 puUC18 Y § LA L AY

pLb33 [ E—t— I i | 4 +

Fig. 1. Subdoning of hybrid plasmid pLD33 harboring iL-tactate dehydrogenase gene of Bacillus stearothermaphilus UK788.

Open box indicates the plasmid pUCT2 or pUCTS.

Solid fine represents the inserted DNA fragment of Bacillusstearothermophifus. The following abbreviations were used for
restriction sites * A, Acc 1; B, Bamt 1 B, FcoRE 5 H, Hind I ; P Pstl s L, Safl; 8, Saci; X, Xbal; Y, Sphl.
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are summarized in Table 1. The specific activity of
the most purified sample was 200 times that of the
crude extract, and the vield of the enzyme was 25%.
After gel filtration chromatography, the purified enzy-
me preparation gave a single protein band having a
molecular mass of about 35,000 on SDS-polyacryl-
amide gel electrophoresis (Fig. 2). The molecular
mass of the native enzyme was estimated as approxi-
mately 140,000 by gel filtration on Sephadex G-206
{data not shown). This suggests that the native enzy-
me has a tetrameric structure, like the other known

Table 1. Purification of L-lactate dehydrogenase from E. coli harboring pLD33
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L-lactate dehydrogenases?.

Effect of pH on enzyme activity and stability

The effect of pH on the enzyme activity was exa-
mined for both lactate oxidation and gyruvate reduc-
tion at 30° C under standard assay condition. The op-
timum pH for reduction of pyruvate was 5.5 and that
for oxidation of lactate was 8.5 (Fig. 3}. This difference
of pH optima shows the strong dependence of both
reaction on the protonation or nonprotonation, res-
pectively, of a base in the active site, as in the case of

Purification step Total protein{mg) Total activity (L) Specific activity (U /mg) Activity yield (%)
Crude extract 31,600 23,400 6.5 100
Heal treatment 1,760 16,850 9.6 72
(NH4)2804 precipitation 1,620 16,300 10.1 69
DEAE-Sephadex A-50 150 12,870 86 55
Affinity chromatography 8 8,120 1,024 35
Cel filtration 4.5 5,850 1,300 25
10 -
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Fig. 2.

Relative mobility

Determination of the molecular weight of the purified enzyme.

{A) SDS-polyacryiamide gel electrophoresis(12% gel) ; lane 1. molecutar weight standard markers, lane 2. the purified
enzyme. (B} Calibration curve ; A. phosphorylase b (M. W. 94,00), B. bovine serum albumin (M. W, 67,000), C. ovalbumin
(M. W. 43,000}, D. carbonic anhydrase. (M. W. 30,000), E. soybean trypsin inhibitor (M. W. 20,100) F. ¢-lactalbumin (M. W,
14,400} @ ; purified enzyme.
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Relative activity (%)

Fig. 3.

Relative activity (%)

Fig. 4.
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Effect of pH on pyruvate reduction (A} and L-lactate
oxiation (B} by L-jactate dehydrogenase.
Each assay mixture contained 10mM sodium pyruvate,
0.4 NADH in the reduction and 0.5M L-lactate, 2
mM NAD™ in the oxidation, except for 0.5ug of enz-
yme. The enzyme reaction was carried out at 30°C.
The following buffers (at 50mM) were used ; sodium
citrate buffer{{0), sodium HEPES buffer (@), sodium
borate-HCI (D), sedium borate-NaOH (8) and Na:
HPOs-NaGH (/)
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Effect of pH on the stability of L-lactate dehydrogenase
for pyruvate reduction.

The enzyme (0.1mg of protein/ml) was incubated at 4°
C for 24h in the following buffers containing 0.5 mM
fructose 1,6-bisphosphate ; 50mM sodium citrate buf-
fer (), 30mM sodium phosphate buffer (@) and 50mMm
sodium HEPES buffer (7). Enzyme assay mixture cont-
ained OmM sodium pyruvate, 0.4mM NADH and 0.5
g of enzyme, and enzyme reaction was carried out at
30°C.

the vetebrate LDH". The enzyme was completely stab-
le in the pH range of 5.0 to 7.0 at 4° C for 24h (Fig. 4).

Effect of temperature on enzyme achivity and
stability

The optimum temperatures of enzyme reaction
was 60° C for pyruvate reduction and 70°C for lac-
tate oxidation (Fig. 5}, This difference for optimal
temperature in forward and reverse reactions has
also been observed in the enzymes from mesophitic
and thermophilic bacilli” as well as Thermus®. Fig, 6
shows the activity of the enzyme remaining after
treatment at the indicated temperatures for 30min.
The enzyme was stable upto 60 and 757 C for pyruv-
ate reduction and lactate oxidation, respectively.

Effect of metal ions and chemical reagents on
enzyme activity

The effect of metal ions on the LDH activity was

169 +—
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2¢ 44 60 80 100
Temperature (°C}

Fig. 5. Effect of temperature on pyruvate reduction () and L-
lactate oxidation (@) by L-lactate dehydrogenase,
Reaction mixture for pyruvate reduction contained 10mM
sodium pyruvate, O 4mm NADH, 0.5mM fructose 1.6-bi-
sphosphate and 50mM sodium phosphate buffer (pH 6.5).
L-lactate oxidation was performed in the reaction mix-
ture containing 0.5M L-lactate, 2mM NAD* and 50mMm
sodium phosphate buffer (pH 6.5). Enzyme solution (5
Hg of protein) was added to reaction mixture previously
warmed at the indicated temperatures, and then enzy-
me aclivity at 340nm was measured.
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Fig. 6. Effect of thermostability of L-lactate dehydrogenase on
pyruvate reduction () and L-lactate oxidation {@).
The enzyme (5up of profein) was treated for 30min at the
indicated tempeatures in 50uM sodium phasphate buffer
(pH 6.5). After solutions were cooled on ice bath, enzyme
activity with reaction mixtures were measured at 340nm,
Pyruvate reduction was carried out in the reaction mixture
containing 10mM sodium pyruvate, 0.4mM NADH, 0.
SmM fructose 1.6-bisphosphate and 50mM sodiurn phos-
phate buffer{pH 6.5). L-lactate oxidation was performed
in the reaction mixture containing 0.5M L-lactate, 2mM
NAD" and 50mM sodium phosphate buffer{ipH 6.5), The
remaining activity was compared with the activity of the
untreated enzyme under standard assay conditions.

Table 2. Effect of metal jons and chemical reagents on the
activity of L-lactate dehydrogenase

Relative
activity (%)

Metal ions and Final
chemical reagents concentration

None 100
CaClz 1mM 85
2mM 83
MgSO4 TmM 74
2mM 69
CuSOa 1mMm 35
ZmM 22
FeSOs TmM 8
2mimt 2
iodoacetate TmM 52
2mm 38
p-Chlorometcuribonzoate 1mivt 10
2mM 5

The enzyme was incubated in 50mM sodium phosphate buffer
(pH 6.5} containing various metal ions ot chemical reagents for
30min at 30° C, and then the enzyme activity was assayed und-
er the standard conditions in the presence of the same metal
ions or chemical reagents.

examined. As shown in Table 2, Ca*” and Mg®  had
slightly effect on the enzyme activity, whereas the
activity was inhibited by iodoacetate and Cu?‘{less
than 50% inhibition). However, more than 96% of
enzyme activity was lost at 1TmM FeSO4 and p-chlo-
romercuribonzoate (PCMB), indicating that Fe*' and
pCMB have a great effect on the enzyme activity. In-
hibition of the enzvme activity by icdoacetate and
pCMB, which specifically bind to thiol group, sugge-
sts that amino acid residues with -SH group such as
cysteine or methionine pfay an important rofe in en-
zyme activity, and possibility that these residues may
be contained in the active site of LDH. But, the effect
of Cu*" and Fe*™ on the LDH activity is not clear. The
inhibition of enzyme activity by sodium oxalate was
decreased against the increase of pyruvate concentr-
ation (Fig. 7). This result suggests that sodium oxalate,
an analogue of pyruvate, reacts as competitive inhib-
itor in the interaction between substrate and enzyme,
as oxaloacetate in LDH from Baciflus subtilis®.

Dependence of the enzyme activity on fructese
1,6-bisphosphate (FBP)

Bacterial LDHs, which are usually allosteric enz-

160 —
80

60 -

w0l

Relative activity (%)

-0

b b vy b1
0 10 20 30 40 50
Sodium oxalate {mM)

Fig. 7. Effect of sodium oxalate on the activity of L-lactate
dehydrogenase.
Reaction mixtures contained 3.5mM fructose *,6-bisp-
hosphate, 0.4mM NADH, TmM (O} or 10mM (@) sodi-
um pyruvate, as well as various concentration of sodi-
um oxalate, in 50mM sodium phosphate buffer (pH 6.
5), Enzyme assay was cartied out under standard assay
conditions.
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Fig. 8. Effect of fructose 1,6-hisphosphate on pyruvate reduc-

tion by L-lactate dehydrogenase.

Reaction mixtures contained 0.4mM NADH, 10mM so-

diumn pyruvate and various concentration of fructose 1,

6-bisphosphate in 50mM sodium phosphate buffer (pH

6.5}, Enzyme assay was cartied out under standard ass-

ay conditions.
yme, are activated by FBP*. Fig. 8 showed the effect
of FBP on the enzyme activity under the standard as-
say condition. The maximal activation was obtained
with 0.8mM FBP, but the enzyme activity seemed to
be inhibited by higher concentration of FBP. About
50% of the maximai activation was seen with 10mM
FBP. This result indicates that FBP has an effect on
the enzyme activity as a kind of allosteric activator,
like in other bacterial LDH**" FBP not only activa-
tes the enzyme reaction, but also increases the ther-
mostanility of the native enzyme®, The alfosteric acti-
vation mechanism by analysis of the three-dimen-
sional structure of LDH clarified that FBP binding in-
duced the conformational change at the effector site
and, therefore, resulied in the substrate affinity chan-
ge at the activity site’™. Morever, chemical modificat-
ion and site-directed mutagenesis showed that argi-
nine at 173 and histidine at 188 in bacterial LDHs
were essential to FBP-induced activation**, and
recent structure analysis demonstrated that these two
residues were FBP-binding site™.
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