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ABSTRACT

NAD-dependent lactate dehydrogenase ( EC 1.1.1.27) of Rhizopus oryzae
NRRL 395 was purified 175-fold with a yield of 63% by ammonium sulfate
fractionation and Polybuffer exchanger 94 chromatofocusing. The purified
enzyme had a specific activity of > 15 units per mg protein, and its sodium
dodecylsulfate—polyacrylamide gel electrophoresis (SDS-PAGE) pattern
showed only one protein band. As estimated by gel filtration, the molecular
weight of the native enzyme was 131000 daltons, and as determined by SDS-
PAGE, that of a subunit was 36 000 daltons. The purified enzyme was stable
at room temperature. The optimal pH was about 7-5 and the isoelectric point
(pl), as determined by chromatofocusing, was about 5-2. The K, values for
NADH, pyruvate, and 2-oxobutyrate were 148, 6:40, and 544 x 10™* m,
respectively. Activity was inhibited by Cd**, Fe**, Hg**, Pb** and Zn**,
but not by EDTA.

INTRODUCTION

Lactate dehydrogenases have been studied extensively in animals (Everse &
Kaplan, 1973), plants (Davies & Davies, 1972; Hoffman & Hanson, 1986),
and a variety of microorganisms (Haugaard, 1959; Yoshida & Freese, 1965;
Soler et al., 1982). However, the NAD-dependent lactate dehydrogenase (EC
1.1.1.27) of Rhizopus oryzae has not heretofore been amenable to high
purification because of its instability. Obayashi et al. (1966) reported that the
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purification of the enzyme was not successful beyond a 3-fold level, and
Pritchard (1973) achieved only a 10-fold purification with a yield of 16% by
ammonium sulfate fractionation and DEAE cellulose chromatography.
This report describes the isolation, 175-fold purification, and characteriza-
tion of an NAD-dependent lactate dehydrogenase from R. oryzae.

MATERIALS AND METHODS
Chemicals

Ammonium sulfate was obtained from Fischer Scientific Co. (Fair Lawn, NJ,
USA). Polybuffer exchanger 94 and Polybuffer 74 were obtained from
Pharmacia LKB (Uppsala, Sweden). Chemicals for polyacrylamide gels,
Coomassie Blue R-250, and Bio-Gel P-300 were obtained from Bio-Rad
Laboratories (Richmond, CA, USA). Sodium pyruvate, NADH, and
Sephadex (G25-80 were obtained from Sigma Chemicals Co. (St. Louis, MO,
USA).

Culture

A lactic acid-producing strain of Rhizopus oryzae NRRL 395 (C. W.
Hesseltine, Northern Regional Research Center, USDA, Peoria, IL, USA)
was maintained on potato dextrose agar slants. Fungal spores were
produced on steamed rice by the method of Wang et al. (1975).

Enzyme production

Standard enzyme production experiments were conducted in 500-ml
Erlenmeyer flasks containing 1 g of ground rice plus 100 ml of distilled water
(sterilized at 121°C for 15min). Each flask was inoculated with 107 viable
spores and incubated at 30°C for 24 h on a shaker operated at 240 rpm. After
fermentation, the mycelia were harvested by filtration and washed twice with
cold 20 mm phosphate buffer (pH 7-5) containing 1 mM EDTA.

Preparation of the crude extract

Washed mycelia (6-8 g) were suspended in 300 ml of 20 mM phosphate buffer
(pH 7-5) and blended in a Sorvall homogenizer for 1 min (16 000 rpm) at 4°C.
The homogenized material was centrifuged at 13 000 x g for 15 min at 4°C
and the pellet discarded. The supernatant was designated as the crude
extract.
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Enzyme purification

Solid ammonium sulfate was added to bring the crude extract to 30%
saturation. The precipitate, devoid of enzyme activity, was discarded and the
supernatant was then brought to 60% saturation by addition of an
appropriate amount of solid ammonium sulfate. The second precipitate,
collected by centrifuging at 13 000 x g for 15 min, was disselved in 20 ml of
20mm phosphate buffer (pH 7-5) and desalted by passing it through a
Sephadex G25-80 column (2cm x 10cm). The active fractions were pooled
and applied to a Polybuffer exchanger 94 column (1 cm x 10 cm) previously
equilibrated with 25 mm imidazole-HCI buffer (pH 7-4). The pH gradient
was formed by the addition of 12-5% Polybuffer 74 (pH was adjusted to 40
with HCI). Fractions of 2 ml were collected at a flow rate of 20 ml/h.

Molecular weight determination

The molecular weight of NAD-dependent lactate dehydrogenase from R.
oryzae was determined by the gel filtration method of Andrews (1964). The
molecular weight standards (Bio-Rad, Richmond, CA, USA) were: y
globulin (158 000), ovalbumin (44 000), myoglobin (17 000), and vitamin B, ,
(1350).

Determination of enzyme purity

The purity and molecular weight of the purified enzyme were estimated
by sodium dodecylsulfate-7-5% polyacrylamide gel electrophoresis
(SDS-PAGE) using the Laemmli system (1970). The reference proteins used
(Diversified Biotech., Newton Centre, MA, USA) were lactoglobulin
(18400), carbonic anhydrase (29000), lactate dehydrogenase (36000),
ovalbumin (43 000), glutamate dehydrogenase (55 000), and phosphorylase b
(95 500).

Standard enzyme assays

The activity of NAD-dependent lactate dehydrogenase was assayed by
measuring the decrease in the absorbance at 340 nm associated with NADH
oxidation in a Hitachi model 200 spectrophotometer equipped with a
recorder. The standard assay mixture as described by Hoffman & Hanson
(1986) contained 0-1m Tris—~HCl buffer (pH 80), 15 umoles of sodium
pyruvate, 150 ug of NADH, and appropriately diluted enzyme solution. The
reaction was started by the addition of pyruvate after measuring any NADH
oxidase in the enzyme solution. One unit of NAD-dependent lactate
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dehydrogenase is defined as the amount of the enzyme that causes 1 umole of
NADH oxidation per min under assayed conditions. The specific activity is
expressed as units per mg protein.

Protein determination

The protein content of the enzyme solution was determined by measuring
the absorbance at 590 nm using the protein-dye binding method of Bradford
(1976) with bovine serum albumin as the protein standard.

Enzyme properties

The effect of pH on enzyme activity was studied using the standard method
except that 0-1M of phosphate—citrate buffer was used in the pH range of
3-0-10-0.

The thermal stability of the enzyme was studied using the standard
method except that the enzyme was treated for 0 to 60 min at 30, 45 and
55°C. Heat-treated enzyme was cooled immediately in an ice bath and the
remaining activity then measured.

The Michaelis—-Menten constants (K|,)) of the enzyme for NADH, sodium
pyruvate, and 2-oxobutyrate were studied at pH 8:0 in 0-1M Tris—HCI buffer
containing different concentrations of a substrate. The K values were
derived by Lineweaver—-Burk plots of initial velocity for different
concentrations of a substrate.

The effect of various compounds on the enzyme activity was tested by
addition of 1 mM concentrations to the reaction mixture. Residual activity
was assayed as described above.

RESULTS AND DISCUSSION

Results for purification of NAD-dependent lactate dehydrogenase from R.
oryzae are summarized in Table 1. The specific activity of the crude extract
was less than 0-1 units per mg protein. The enzyme was purified only about
3-fold with a yield of 78% by ammonium sulfate fractionation (30-60%
saturation). Further purification of the enzyme was achieved by chromato-
focusing on a Polybuffer exchanger 94 column. The enzyme eluted as a sharp
single peak (Fig. 1), and had a specific activity of more than 15 units per mg
protein. The enzyme was further purified about 175-fold with a yield of 63 %
after treatment with the Polybuffer exchanger 94 column. Maximal enzyme
activity occurred at pH 5-2 (Fig. 1) and the isoelectric point (pI) of the NAD-
dependent lactate dehydrogenase of R. oryzae is thus about 5-2. The pl of
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TABLE 1
Lactate Dehydrogenase Purification by Ammonium Sulfate Fractionation and Chromato-
focusing on Polybuffer Exchanger 94

Step Total Total Specific Purification Yield
protein activity activity (fold) (%)
(mg) ) (U/mg)
1. Crude extract 84 7-35 0-088 1 100
2. Ammonium sulfate 241 574 0238 27 78
(30-60%)
3. Chromatofocusing 030 463 15-4 175 63

lactate dehydrogenase from potato tubers has been reported to be 5-1
(Davies & Davies, 1972).

The SDS~-PAGE pattern of the purified enzyme obtained by chromato-
focusing on Polybuffer exchanger 94 showed a single protein band with a
molecular weight of 36 000, identical to the lactate dehydrogenase standard.
The molecular weight of the purified NAD-dependent lactate dehydro-
genase of R. oryzae as determined by gel filtration on Bio-Gel P-300, was
131000. These results suggest that the native NAD-dependent lactate
dehydrogenase of R. oryzae is a tetramer and the single protein band
obtained in SDS-PAGE corresponds to the monomeric form of the enzyme.
Lactate dehydrogenases with a molecular weight range of 135 000-150 000
consisting of four subunits have been found in Bacillus subtilis (Y oshida &
Freese, 1965), Phycomyces blakesleeanus (Soler et al, 1982), and many
animal tissues (Everse & Kaplan, 1973).
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Fig. 1. Chromatofocusing of R. oryzae lactate dehydrogenase on Polybuffer exchanger 94.
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The optimal pH of the purified enzyme was found to be about 7-5.
Pritchard (1973) reported that the activity of lactate dehydrogenase from R.
oryzae was optimal at pH 7-2 in 0-1M phosphate buffer.

The purified enzyme was found to be very stable at 30°C. At 45°C, activity
was reduced to 55% after 1h, and at 55°C, activity was almost completely
lost after 30 min. Obayashi er al. (1966) reported that the same enzyme in
0-1m buffer at 4°C lost its activity completely for only 7h.

The K, values of the NAD-dependent lactate dehydrogenase of R. oryzae
for pyruvate and 2-oxobutyrate were 6-4 and 54-4 x 10~ * M, respectively,
indicating that pyruvate was a more suitable substrate than 2-oxobutyrate
for the enzyme. The K, value for NADH was found to be 1-48 x 107 %M. The
K, values of the purified enzyme for pyruvate and NADH obtained in this
work are in accord with those of Pritchard (1973).

The activity of the purified enzyme was completely inhibited by Hg?",
Pb2*, Fe?*,Zn?* and Cd?*. EDTA had little effect on the activity. Lack of
inhibition by EDTA indicates that metal ions may not be required for
activity.
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