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THE PURIFICATION OF LACTATE DEHYDROGENASE ISOZYMES

LDH-A,, LDH-B, AND LDH-C, FROM HUMAN TISSUES
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Summary

We have purified all three of the homotetrameric isozymes of human laciate
dehydrogenase in milligram quantities. LDH-A, was purified 970-fold from human liver to a
specific activity of 283 L.U./mg with a yield of 26.5%,; LDH-B, was purified 60-fold from
human heart to a specific activity of 168 1.U./mg with a yield of 12.5%; LDH-C, was purified
586-fold from human testes to a specific activity of 80 LU./mg with a yield of 22%. On
polyacrylamide gel electrophoresis, LDH-A, and LDH-B, were shown to be homogeneous
with respect to enzyme activity and to protein. The minor contaminants present in the LDH-C,
preparation amount to less than 5% of the total protein and less than 2% of the LDH activity.
The relative merits and drawbacks of the procedures used are discussed.

Introduction

The enzyme L-lactate dehydrogenase (E.C.1.1.1.27) catalyses the interconver-
sion of pyruvate and lactate}. In vertebrates, there are five major isozymic forms LDH-A ,,
LDH-A 3B, LDH-A;B;, LDH-AB; and LDH-B,, formed by the random combination of
two types of polypeptide chains A and B into tetramers. The relative proportions of these
five isozymic forms varies considerably from tissue to tissue, with the LDH-A, isozyme
predominating in skeletal muscle and in liver, and the LDH-B, isozyme predominating in
cardiac muscle. On the basis of the differences in their kinetic properties, the biological
role of the LDH-A , isozyme has been proposed to be the conversion of pyruvate to lactate
as the terminal reaction of anaerobic glycolysis, while the LDH-B, isozyme is thought to be
involved in the production of pyruvate from lactate in actively respiring tissues such as
heart2.

More recently a sixth isozyme, LDH-C, las been shown to oceur only in the
mature testes and spermatozoa of vertbrates3. The mouse LDH-C, isozyme has been
shown to differ from the LDH-A, and LDH-B, isezymes ia its kinetic properties, immuso-
logical properties and amino acid composition#5,6. The presence of a unigue isozyme.
specific to the male reproductive system suggests that LDH-C, may have some special

*Present address: Departnrent of Chemistry, Faculty of Science, Prince of Songkhla University,
Haudyai



58 J. 8ci. Soc. Thailand, 1 (1975)

properties essential for the normal function of spermatozoa. Perhaps the most noteworthy
characteristic-of the LDH-C, isozyme is its ability to utilize a wider range of substrates,
such as a—ketobutyrate, than the other isozymes. Because of the species-specificity of the
reproductive process, comparative studies of the purified human LDH-A,, LDH-B, and
LDH-C, are required to clarify the biological role of LDH-C, in humans.

The LDH-A, and LDH-B, isozymes have been purified from many species!
including humans?:8:%,10 - while the LDH-C, isozyme has been purified from mice3,6
rates!! and bulls12, but not from humans. In this paper, the purification of all three of the
homotetrameric isozymes LDH-A,, LDH-B, and LDH-C, is presented for the first time.
The procedures used to isolate human LDH-A, and LDH-B, are somewhat simpler
than those described by other workers. We have previously presented preliminary data cn
the purification of human LDH-C, 13.

Materials and Methods

Human tissues (liver, heart, and testes) were obtained by autopsy from accident
victims with the kind co-operation of the Police Hospital, Bangkok. Specimens were
taken within 24 hours affer after death and stored frozen at -20°C until use. Chemicals used
were generally of analytical grade. '

Enzyme assays: Lactate dehydrogenase activity was measured by foliowing the rate of
oxidation of NADH by pyruvate at room temperature (about 25" C), using a Gilford Model
2000 recording spectrophotometer to monitor decreases in optical density at 340 nm, Reac-
tions were carried outin a cuvette of 1 cm light path containing 1 ml of 50 mM potassium
phosphate buffer, pH 7.5, 0.30 mM sodium pyruvate and 0.15 mM NADHS. The molar
extinction coeffientl4 for NADH (6.22 x 106 cm2 mole-1) was used to convert the rate of
change of optical density into pmoles NADH utilized in one minute. One international
unit (I.U.) of lactate dehydrogenase is defined as the amount of enzyme that will catalyze
the oxidation of one pmole of NADH per minute.

Protein determination: The protein concentrations of samples during purification were
determined by measuring the optical density at 280 nm and 260 nm uring a Zeiss PNQ
spectrophotometer. From the radio of absorbanc at 280 nm to the absorbanc at 260 nm,
an appropriate factor was selected to account for nucleic acid contamination. The protein
concentration (mg/ml) is the product of the optical dedsity at 280 nm and this factor!5,
But for the purified isozymes, protein content was determined by the method of Lowry!6,
using bovine serum albumin as a standard.

Polyacrylamide gel electrophoresis: Electrophoresis was cariied out at 4 C in 0.4 cm x 10
em cylindrical gels containing 5.25% (w/v) polyacrylamide in 10 mM glycine-NaOH buffer,
pH 9.8. Samples were run towards the anode for about 2 hours at 200 volts with a current
of about 0.6-1.0 mA per tube. Gels were stained for lactate dehydrogenase activity by
incubating in the dark for three hoursin 10 ml of 0.1 M Tris-HCI, pH 8.0, 0.15 mM NAD+,
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5 mM nitroblue tetrazolium. Other gels were stained for protein with 0.1 9/ amido black
in acetic acid-ethanol-water (7:20:73 by volume). In both cases, gels were destained by
diffusion into 59 (v/v) acetic acid. The relative proportions of the different isozymes
present in any given sample was determined by scanning the destained gels at 600 nm in a
Gilford Model 2000 spectrophotometer. The absolute amount of any given isozyme (as
reported in Tables I, IT and III) is then the product of the total LDH activity and the per
cent of that isozyme present as determined by.scanning.

Experimental ‘and Results

All purification steps were carried out at 0—4'C and all solutions were made up

with double distilled water. All of the phosphate buffers used contained 1 mM f-mercapto-
ethanol and 1 mM EDTA.

LDH-A, purification: 360 g of human liver was homogenized in 400 ml of ice-cold potas-
sium phosphate buffer pH 7.0. The homogenate was filtered through four layers of cheese-
cloth and centrifuged at 12,000 g for 40 min. The supernatant was filtered through glass
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Fig. 1 Blue dextran Sepharose chromatography of LDH-A4. Liver crude extract was applied to a 4 cm x 23
cm column of blue-dextran Sepharose, equilibrated with 10 mM potassium phosphate buffer, pH
7.0. The column was eluted with the same buffer (Wash 1), followed by 0.3 M KCl in the same buffer
(Wash 2). Fractions of 17.5 ml per tube were collected. The 0.D.280 (0————0) and total

LDH activity (m————m) were measured. Tubes 101 to 116 were pooled, dialysed and fractionated
by CM-Sephadex chromatography.
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Fig. 2 CM-Sephadex chromatography of LDH-A,;. The dialysed blue dextran Sepharose pool was applied
to a 5 cm x 40 cm column of CM-Sephadex C-50, equilibrated with 40 mM potassium phosphate,
pH 6.0. The column was successively eluted with starting buffer (Wash 1), a linear gradient (21+21)
of 40 mM potassium phosphate buffer pH 6.0 to pH 9.1 (Gradient), followed by 40 mM potassium
phosphate, pH 9.1 (Wash 2). Fractions of 16.5 ml were collected. The 0.D.280 (0————-0)

and total LDH activity (s— — — —») were measured. Tubes 170-186 were pooled and further frac-
tionated. '

wool to remove fat. The filtrate (liver crude extract) was applied to a 4 cm x 23 cm column
of blue dextran covalently bound to Sepharose 4B (prepared as described by Ryan et al.17),
equilibrated with the same buffer. Most of the proteins could be washed out with starting
buffer. Most of the lactate dehydrogenase activity was retained by the column and could
be eluted out with 0.3 M KCl in 10 mM potassium phosphate buffer, pH 7.0 (Fig. 1). Tubes
101 to 116 were pooled and dialysed against 40 mM potassium phosphate buffer, pH 6.0.

The dialysed blue dextran pool was applied to a 5 cm x 40 cm column of CM-
Sephadex C-50 equilibrated with 40 mM potassium phosphate buffer, pH 6.0 and washed
with the same buffer. LDH-A, was retained by the column and was eluted out with a linear
gradient (2 1 + 2 1) of 40 mM potassium phosphate, pH 6.0 to 9.1 (Fig. 2). Tubes 170-186
were pooled and concentrated by dialysis against saturated ammonium sulphate. The
precipitate thus obtained was collected by centrifugation at 25,000 g for 30 min and then
resuspended in 0.1 M potassium phosphate buffer, pH 7.5 to give a protein concentration
of 5 mg/ml, Solid ammonium sulphate was added to give 409/ saturation. The superna-
tant was then repeatedly fractionated with solid ammonium sulphate to give 5% increments
in saturation until 65 % saturation was reached. The bulk of the enzyme activity was found

in the precipitates at 559 and 60 9, saturation, which were therefore pooled. This purifica-
tion procedure is summarized in Table I,
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Fig. 3 DEAE-Cellulose chromatography of LDH-B'4. The dialysed 25 %-60% ammonium sulphate cut was
applied to a 5 cm x 50 cm column of DEAE-cellulose equilibrated with 5 mM potassium phosphate
pH 7.0 The column was successively eluted with starting buffer (Wash 1), a linear gradient (500 ml +
500 ml) of 0to 0.3 M NaCl in the same buffer (Gradient), followed by 0.3 M NaCl in the same buffer
(Wash 2). The 0.D.280 (0————0) and total LDH activity (m— — —w) were measured. Fractions
of 4.8 ml were collected, and tubes 416 to 442 were pooled.

LDH-B, purification: 700 g of human hearts were homogenized in 950 ml of 1 mM
EDTA-1 mM B-mercaptoethano! The homogenate was filtered through cheesecloth and
centrifuged at 12,000 g for one hour. The supernatant was filtered through glass wool and
the filtrate (heart crude extract) was made up to be 709, saturated in ammonium sulphate.
The precipitate was collected by centrifugation at 12,000 g for one hour and made up to
25Y%; saturation in ammonium sulphate by the addition of 1 mM EDTA-1 mM f-mercap-
toethanol. This suspension was centrifuged at 12,000 g for one hour and the resulting
supernatant made up to 609 saturation by addition of solid ammonium sulphate. The
precipitate was collected by centrifugation at 12,000 g, dissolved in 40 ml of 1 mM EDTA-1
mM f-mercaptoethanol and dialysed against 5 mM potassium phosphate buffer, pH 7.0.
The dialysate was applied to a 5 cm x 50 cm column of DEAE-cellulose (Cellex-D) equi-
librated with the same buffer. LDH-B, is the isozyme most strongly adsorbed by this
column and could be eluted out free of other isozymes with a linear gradient (500 ml + 500
ml) of 0 to 0.3 M NaCl in 5 mM potassium phosphate buffer, pH 7.0 (Fig. 3). Tubes 416
to 442 were pooled and precipitated by adding solid ammonium sulphate to 709 saturation.
This purification procedure is summarized in Table II.
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Fig. 4 Second DEAE-Cellulose chromatography of LDH-C4. The dialysed breakthrough peak from the
first DEAE-cellulose column was applied to a second DEAE-cellulose column (4.5 c¢m x 60 ¢m),
equilibrated with 10 mM potassium phosphate buffer, pH 7.5 The column was eluted with 1.5 1 of
starting buffer, followed by 0.3 M NaCl in 10 mM potassium phosphate buffer, pH 7.5 For tubes
0 to 164 fractions of 6 ml were clolected and for tubes 165 to 278 fractions of 12 ml were collected.
0.D.280 (0———0) and total LDH activity (m— — ~ —w) were measured. Four pools (A, B, C and D)
were taken. )

LDH-C, purification: 225 gm of human testes were homogenized in 250 ml of 1 mM
EDTA-1 mM f-mercaptoethanol. The homogenate was filtered through cheesecloth and
centrifuged at 12,000 g for one hour. The supernatant (testis crude extract) was fraction-
ated by addition of solid ammonium sulphate to give 709, saturation. The precipitate
was collected by centrifugation, resuspended in 10 mM potassium phosphate, pH 7.5 to
give a protein concentration of about 30 mg/ml and fractionated with ammonium
sulphate. The fraction precipitating at between 409, and 609, saturation was dissolved
in 10 mM potassium phosphate buffer, pH 7.5 and dialysed against the same buffer.

The dialysed sample was loaded on to a 4.5 cm x 50 cm column of DEAE-cellu-
lose equilibrated with the same buffer. Since very little LDH activity was retained by this
column, the breakthrough peak was precipitated with ammonium sulphate at 709, satura-
tion, dialysed against 10 mM potassium phosphate buffer, pH 7.5 and applied to another
DEAE-cellulose column (4.5 cm x 60 cm) equilibrated with the same buffer. This column
was washed with 1.5 litres of starting buffer, followed by 2 litres of 0.3 M NaCl in 10 mM
potassium phosphate, pH 7.5 (Fig. 4). Four pools (A, B, C and C) were precipitated with
ammonium sulphate to 709, saturation and small samples of each pool were subjected to
electrophoretic analysis (Fig. 5). LDH-C, was present in both pools C and D. In pool D,
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it only comprised less than 109 of the total LDH activity, while in pool C, it appeared to be
the only isozyme present. The identification of pool C as LDH-C, was confirmed by its
ability to utilize a-ketobutyrate as a substrate far better than either the LDH-A, or LDH-
B, isozymes can!3. This purification procedure is summarized in Table 1.

Gel electrophoresis of purified isozymes: Duplicate samples of each of the purified isozymes
were subjected to polyacrylamide gel electrophoresis. One gel was stained for lactate dehy-
drogenase activity and the other gel for protein and the results are shown in Fig. 6. No
other proteins or isozymes are present in the gels of LDH-A, and LDH-B, (Fig. 6a, 6b),
indicating that these preparations are of high purity. Some minor contaminants are
present in the gels of LDH-C, but comprise less than 59, of the total protein and less than
2% of the total LDH activity.

Discussion

Nisselbaum et al. have described the isolation of LDH-A, from human liver8
and LDH-B, from human heart? using rather laborious purification procedures resulting
in relatively low yields (14% for LDH-A, and 139 for LDH-B,). More recently, Burd
et al.10 have described a less cumbersome general scheme for the isolation of human
LDH-A, from liver and human LDH-B, from erythrocytes involving the use of calcium
phosphate gel absorption, ammonium sulphate fractionation, DEAE-Sephadex and Sepha-
dex G-100 chromatography. They obtained yields of 239 for LDH-A, and 109 for
LDH-B,. The procedures used in the present study to isolate LDH-A, and LDH-B,
are much less complex. Tt is difficult to compare the specific activities of our preparations
with those of previous studies because different workers express their results in different
units. But from the polyacrylamide gels shown in Fig. 6, our preparations of LDH-A,
and LDH-B, are unlikely to be any less pure than others previously described.

Human LDH-B, was by far the simplest of the isozymes to purify, partly
because of its high initial specific activity compared to those of LDH-A, and LDH-C,
and partly because of its low isoelectric point. Our procedure for isolating LDH-B, (Table
1) was modified from that of Pesce e al.9 and differs from it only in the omission of
acetone fractionation. In our experience, acetone fractionation causes a considerable loss
of LDH activity and is not necessary since the subsequent DEAE-cellulose chromatography
provides sufficient purification. By making this omission, we were able to isolate LDH-B,
with more than double the yield obtained by Pesce ef al.9 (33%,). Although our yield of
human LDH-A, (Table I) is no better than that of Burd et al.10, we were able to avoid the
use of so many purification steps by having, as the first step, chromatography on blue
dextran covalently attached to Sepharosel?. This single step gave a 14-fold purification,
which made it possible to use CM-Sephadex chromatography as the next step (after dialy-
sis), without any danger of overloading the column. The yield of the affinity chromatogra-
phy step was lower than expected but it should be possible to improve this by using a larger
amount of blue dextran Sepharose.

Wong et al.6 and Goldberg> have independently used the greater heat stability
and higher isoelectric point of mouse LDH-C, to purify it free of other isozymes to a speci-
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Fig. 5 Polyacrylamide gel electrophoresis of DEAE-cellulose pools. Samples of the DEAE-cellulose pools
A, B, Cand D (Fig. 4) were run on 5.25% polyacrylamide gels in 10 mM glycine-NaOH buffer
pH 9.8 and stained for LDH activity. Gel a: pool C + pool D; gel b: pool D; gel ¢: pool C;
gel d: pool B+ pool C; gel e: pool B; gel f: pool A+ pool B; gel g: pool A; gel h: testis
crude extract; gel/ i: mixture of partially purified LDH-A,; and LDH-B;. Markings at the side
1, 2, 3,4, 5 and X indicate the bands corresponding to LDH isozymes By, ABs, AsBs, A3B, A and
C, respectively. Arrow indicates the presence of a band (in gels f and g) not present in the crude
extract.
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Fig. 6 Polyacrylamide gel electrophoresis of LDH-A4. Duplicate samples of the purified isozymes were run
on 5.35% polyacrylamide gels in 16 mM glycine-NaOH buffer, pH 9.8 at 200 volts for about 2 hours.
One sample {1) was stained for LDH activity and the other (2) was stained for protein. (a) LDH-Ay;
(b) LDH-B,; (c) LDH-C;.



J. Séi. Sos. Thatland, 1 (1975) ’ 69

fic activity of about 32 I.U./mg. Unfortunately, human LDH-C, is not much more heat
stable than other human isozymes and has an electrophoretic mobility in between LDH-
A,B, and LDH-A;B. Bovine LDH-C,, which has similar disadvantages to human LDH-
C,, has been purified to homogeneity but only 3 mg enzyme was obtained from 3 Kg of
bull testesl2, In our purification of LDH-C,, although some very minor contaminants
are still present, 4 mg of LDH-C, were obtained with a specific activity of 80 I.U./mg
from only 225 gm of human testes.

There are three interesting points concerning our purification procedure for
human LDH-C, (Table III). Firstly, the large increase in specific activity in the last step is
a little surprising as ammonium sulphate precipitation has already been used in previous
steps. This observation may be due to the fact that the protein concentration in pool C
(0.33 mg/ml) was very low so that not all the proteins were precipitated. Secondly, in the
gels shown in Fig. 5, an extra band (marked by arrow), with too low a yield to be observed
in testis crude extract, is present between LDH-A ;B and LDH-A,. One possible explana-
tion is that in humans there are multiple C loci as is sometimes found in pigeonsi8. A
more likely éxplanation is that this band may represent a hybrid form between the A
subunit and the C subunit as was found in the rat and the guinea pig!9. But in our pre-
paration this may not be an in vivo phenomenon because testes were stored frozen on
collection and thawed before use, so that hybridization might have occurred as an artifact.

Finally, in the first DEAE-cellulose column LDH-C, was eluted out in the void
volume producing a two-fold increase in specific activity but in the second DEAE-cellulose
column LDH-C, is retarded and can be eluted out with starting buffer in pool C with a
23-fold purification. These different results could be due to slight unintentional differences
in the chromatographic conditions used, such as pH or concentrations of buffer. Alterna-
tively, they may be caused by the differences in amount of total protein loaded (2,125 mg
in the first column and 840 mg in the second column). Such minor differences may be of
importance since the present conditions appear to be close to the limit at which LDH-C,
can be retarded. Similar explanations may account for the differences between our results
and those of Blanco et al.20, who found that human LDH-C, is retained by DEAE-cellulose
in the presence of 10 mM sodium phosphate buffer, pH 7.0 and could be eluted out, con-
taminated with LDH-A,B,, with 75 mM NaCl. Nevertheless, we have been able to obain
reproducible separation of human LDH-C, from other human LDH isozymes using DEAE-
cellulose chromatography with a low loading of total protein. But the specific activity of
LDH-C, obtained is not reproducibly high, so that a further fractionation step using affinity
chromatography on NAD+-Sepharose2] or oxamate-Sepharose22 may be required. The
least satisfactory aspect of separating LDH-C, from other isozymes on DEAE-cellulose is
the fact that some LDH-C, is also found in pool B and in pool D (Fig. 5), making the
yield of LDH-C, in pool C rather low (Table III). We have explored other possible methods
for separating LDH-C, from other isozymes, such as CM-Sephadex chromatography and
preparative isoelectric focussing, but the results have so far not been satisfactory.

Nomenclature

The nomenclature for LDH isozymes used in this paper is the one recently
adopted at the Third International Conference on Isozymes, held at Yale University on
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April 17-20, 1974. Alternative names for LDH-A, and LDH-B, are M,, LDH-1, LHD-5
and H,, LDH-5, LDH-1 respectively. LDH-C, is also known as LDH-X.
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