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Abstract-Lactate dehydrogenase from potato tubers was purified by the use of several standard purification pro- 
cedures as well as by affmity chromatography on Cibacron Blue F3G-A Sepharose and the separation behaviour of 
the enzyme and its multiple molecular forms was compared with the isoenzyme pattern of mammalian lactate dehydro- 
genases. The plant LDH isoenzymes were found to be charge isomers having a MW of 84 500,106 Ooo and 115 Ooo for 
isoenzyme 1,2 and 3, respectively. On SDS-electrophoresis two different subunits were found having a MW of 41 Ooo 
and 43000, respectively. 

INTRODUCITON 

Under anaerobic conditions, pyruvate is reduced to 
lactate by the enzyme lactate dehydrogenase (LDH), 
and while lactic acid ac~urn~ate~ NAD which serves as a 
cosubstrate in this reaction is consumed within the 
glycolytic pathway. The production of lactate has been 
demonstrate not only in bacteria and animals, but also 
in several plants such as germinating seeds [l-4] and 
potato tubers [S, 61. 

The properties and signnicanee of LDH have been 
studied intensively in animals and adequately reviewed 
[7,8] but information about the plant enzyme is still 
scanty. Within the plant kingdom LDH has been found 
in ge~inating barley [9], bean seeds 123, soy-beans [lo] 
and potato tubers [ll]. While several attempts have 
been made to purify the plant enzyme by the use of stand- 
ard purification procedures such as ammonium sulfate 
saturation, gel chromatography, ion exchange chromato- 
graphyand electrophoresis [1&14],ao affinity chromato- 
graphic method to purify the plant enzyme has not 
yet been described. 

One of the striking features of mammalian LDH is its 
occurrence in multiple molecular forms (e.g. [ 15-19 3). 
The isoenzymes of animal LDH have been classified as 
primary isoenzymes [20] according to their ability to 
produce a total of 5 isoenzymes of the two homopoly- 
merit forms by random association of its 4 subunits 
[Zl]. Althou~ the existence of LDH is~~ymes has 
also been demonstrated in several plants, legume roots 
[22] and potato tubers [ I4,23,24], its isoenzymic nature 
has still to be investigated. The present work describes 
a procedure to purify potato tuber LDH and its iso- 
enzymes. 

RESULTS 

The activity of potato tuber LDH in crude extracts 
increased when Tris-acetate buffers were used instead 
of Pi buffers. With alkaline Tris-buffers more activity 

could be extracted than with neutral ones. During a 
longer period of storage at - 16”, the enzyme lost 
significantly more activity in Pi bu@ers than in Tris- 
buffers. 

Acid precipitation 

Fig. 1 gives the results of a typical ex~~ment in which 
we tried to precipitate non-LDH protein at acidic pH. 
The maximum sp. act. is reached when the solution is 
acid&d to pH 4.6-4.8. The p~~~~tion factor after 
acid precipitation was ca 2.2 (Table 1). 

I)EAE ion exclude c~ru~ur~~rup~y 
Several attempts were made to separate LDH on 

DEAE cellulose. This proved to be successful with a 
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Fig. 1. Acid precipitation of non LI)H proteins using a Sephadex 
G-25 extract of potato tubers. Plot of pH vs % of LDH activity 
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Table 1. Purification of lactate dehydrogenase from potato tubers 

Procedure 
Vol. 

(ml) 
Activity 

(nkat/ml) 

Crude extract 266 10.3 
G 25 chromatography 372 5.9 
Acid precipltatlon 365 6.2 
DEAE chromatography 114 116 
Centriflo concentration 18 577 
Blue Sepharose chromatography 8.5 111 
Centriflo and disc-elcctrophoresis Iso 1 3.3 39.8 

Is0 2 3.0 19.2 
Is0 3 2.5 2.9 

Total 
(nkat) 

Protein 
(m&ml) 

Specific 
activity 

(pkat/g) 

Yield 
0 

0 

Purifica- 
tion 

2740 
2200 
2260 
1330 
1040 
946 
131 
57 

11.1 0.93 100 1 .o 
5.2 1.13 80.1 1.2 
3.0 2.06 X2.6 2.2 
9.6 12.1 4X.4 13.0 

52.8 10.9 37.9 11.7 
3.9 28.5 34.5 30.7 
0.84 47.4 4.x 51.0 
0.64 30.0 2.1 32.2 
0.59 4.9 1 0.2 5.3 

20--40x ammonium sulfate extract made from a crude 
extract of potato tubers. LDH eluted at ca 0.19M KC], 
while protein peaked at ca 0.09 M KCL. Separation of 
isoenzymes could not be demonstrated. If the slope of 
the gradient was decreased, the enzyme eluted at about 
0.20M KCI but also with one single peak. 

A change in pH, saturation of ion exchanger with 
protein, or a change in the gradient volume did not 
alter the elution pattern of plant LDH significantly. 
However, if the combined fractions of the LDH peak 
were electrophoresed on polyacrylamide gels, 3 LDH 
isoenzymes could be separated. On DEAE ion exchange 
columns, LDH 1 from pig heart eluted at co 0.19.M KC1 
which is the concentration for elution of potato LDH, 
while LDH 5 from pig or rabbit muscle eluted at ca 
0.05 M KCI. Therefore, it seems that LDH 5 from animal 
sources has no similarity to the plant enzyme. 

Affinity chromuroyraphy 

In a further purification procedure, partially purified 
potato tuber LDH was chromatographed on Blue 
Sepharose C,-6,. The binding of potato tuber LDH to 
Blue Scpharose depends on pH. At pH 5, 4(r50’& more 
LDH was bound as compared to that at pH 7. If the cn- 
Lyme was adsorbed at pH 7 it could be eluted neither by 
KCI up to 0.5 M nor by NAD or NADH up to a concentra- 
tion of 3 mM. About IO?,‘, of LDH was desorbed at pH 5 
when the affinity gel was treated with 0.5 M KCl. No 
enzyme eluted if the gel was treated with 3 mM NAD at 
the same pH value. LDH from potato tubers, which was 
adsorbed at pH 4.7 (0.01 M Tris-acetate buffer) to Blue 
Sepharose, could be released by a pH-gradient from 
pH 4.7 to 8.8 or by elution at pH 9. The recovery was 
ca 73 9;, and the purification factor ca 2.6 (see Table I). 

The capacity of Blue Sepharose for the plant enzyme was 
6O-70pkat LDH activity/g of wet affinity gel. 

Pur$cation and electrophoresis 

Ascan be seen from Table I, LDH from potato tubers 
could be enriched to a sp. act. of 47 pkat/g protein 
(284OmU/mg). After every purification step. 100 pl 
ofenzyme solution was submitted to a polyacrylamide gel 
electrophoresis. Although no separation of isoenzymes 
could be observed in DEAE nor in affinity chromato- 
graphy, up to 3 isoenzymes were separated when the 
protein solutions of each procedure were electrophoresed 
on polyacrylamide. 

Electrophoretic comparison of plant and mammalian LDH 
isoenzymes 

Comparing LDH isoenzymes 1 and 5 from pig and 
rabbit with potato LDH isoenzymes by histochemical 
assay the latter are very similar in their electrophoretic 
separation behaviour and appear on the electrophoretic 
horizon of mammalian LDH isoenzyme 1. No plant 
isoenzyme could be found having a similar electro- 
phoretic mobility to animal LDH 5 

Deferminution qf M Ws 

The use of thin layer gel-chromatography on Sephadex 
G-100 according to the method of Jaworek [25] gave a 
MW for the plant LDH enzyme of cu 95 000. Purified 
isoenzyme 3 of potato tuber LDH was used for a SDS 
electrophoretic determination of the subunit MW of the 
enzyme. Two subunits were found having a MW of 
41000 and 43000 respectively. 

Determination of charge isomers 

The separation behaviour of plant LDH isoenzymes 
1, 2 and 3 was also investigated in polyacrylamide gels 
of 5 different acrylamide concentrations at a constant 
ratio of bismethylene acrylamidc. A plot of the log of the 
electrophoretic movement (R/) against per cent acryl- 
amide concentration of potato LDH resulted in 3 con- 
vergent lines indicating that the 3 isoenzymes do not 
differ in their charge but in their MW (Fig. 2). This 
figure also gives the separation behaviour of glucose-6- 
phosphate dehydrogenase from yeast under the same 
conditions. Using this enzyme as a standard the follow- 
ing MWs were determined for the LDH isoenzymes: 
1:84500, 2:106000 and 3:115000. 

The dye Cibacron blue F3G-A has been recently 
introduced as a so-called group-specific ligand [26]. The 
dye covalently bound to an agarose matrix served in bind- 
ing studies of kinases and dehydrogenases [27] as well 
as in the final purification of phosphofructokinase [26], 
animal LDH and albumin [28]. Because the dye binds 
with a wide range of proteins [29], it is suggested that it 
is bound to those proteins which haveas a super secondary 
structure, the so-called dinucleotide fold. It has been 
reported that the binding capacity of Cibacron blue 
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Fig. 2. Determination of the MWs of potato LDH isoenzymes 1,2 and 3. respectively according to ref. [36] using 
glucose-&phosphate as a standard. The lines for the LDH isoenzymes I,2 and 3 intersect at one common point 

indicating that these multiple molecular forms differ in their MWs but have the same charge. 

F3G-A Sepharose for muscle and yeast phosphofructo- 
kinase is dependent on pH [30]. As could be shown in the 
present investigation, the binding capacity of Blue 
Sepharose for potato tuber LDH was also pH dependent. 
Although several animal enzymes from the glycolytic 
pathway were bound to the immobilized dye at neutral 
pH [27], the affinity gel adsorbed potato LDH best at 
ca pH 5. Animal LDH could be desorbed from Blue 
Sepharose at neutral pH and NaCl at a concentration 
of more than 1OOmM [28]. On the other hand, we were 
not able to elute potato LDH either at neutral or at 
acid pH using NaCl at a concentration of up to 500 mM. 
Potato LDH could be desorbed from Blue Sepharose by 
the use of a pH-gradient ranging from 4.7 to 8.8. In this 
respect the enzyme behaves like glucose-6-phosphate 
dehydrogenase and LDH from animal sources bound to 
N6-(aminohexyl)-S-AMP-Sepharose which can be de- 
sorbed by a change in the pH of the elution solution 
C31]- 

As has been demonstrated in this work, potato tuber 
LDH eluted with only one peak when chromatographed 
on Blue Sepharose or on DEAE<ellulose. On the other 
hand, the enzyme could be separated into 3 active enzyme 
bands after each purification procedure when electro- 
phoresed on polyacrylamide. AISO starch gel electro- 
phoresis resulted in the same isoenzyme pattern. This is 
in contrast to the mammalian LDH which can be sepa- 
rated into 5 isoenzymes when chromatographed on 
DEAE-cellulose 132-35) or when submitted to an 
electrophoretic separation [15, 16, 181. 

In comparison with the animal LDH &enzymes, the 
plant multiple molecular forms showed smaller dif- 
ferences in their electrophoretic mobility. Potato LDH 
isoenzyme 1,2 and 3 and pig LDH isoenzyme 1 migrated 
almost to the same position. Because the plant LDH 

isoenzymes cannot be separated by DEAE-cellulose 
ion exchange or by affinity chromatography on Blue 
Sepharose, it may be expected that the differences in 
the net charges of the 3 electrophoretically separated iso- 
enzymes are too small to be used for a separation with 
these methods. In accordance with this assumption 
we found that the plant isoenzymes belong to the group 
of the charge isomers having different MWs. This is in 
contrast to the mammalian isoenzymes which are size 
isomers having the same MW [36]. 

EXPERIMENTAL 

Potato tubers (Solanum tuberosum) of the middle-early-ripe 
cv Clivia, harvested in 1976, were purchased from ‘Pommersche 
Saatzucht’, Mainz and stored at 5” in the dark until used. Purified 
LDH iso 5 from rabbit and from pig muscle and LDH iso 1 from 
pig heart as well as glucose&phosphate dehydrogenase from 
yeast were from Boehringer, Mannheim. Ion exchanger (Servacel, 
23 SS, p.a., kap. 0.74) was obtained from Serva, Heidelhrg. 
Blue Sepharose CL-6 was a product of Pharmacia, Sweden. 

Protein measurement. Protein was determined by the spectro- 
photometric method of ref. [373 using the following formula: mg 
protein/ml = {A,,, -2.067 - A2,_,). 1 ,155 which was calculated 
taking BSA as standard. 

Enzyme assay. Enzyme activities were measured by the change 
in A for NADH at 334nm using a reaction mixture of OSml 
enzyme soln and 0.5ml substrate soln. The substrate soln 
contained: 1OOmM Tris-HCI buffer. 12.50mM pyruvate and 
0.125mM NADH at pH 7. 

Enzyme puri~cation ~2nd exfraction ofsoluble protein. AU steps 
were carried out at ca 4”. After washing and peeling, 1 part (wt) 
of potatoes was homogenized under N, for 3 min in a home- 
genizer with one part (vol.) of extraction medium. The medium 
was slightly moditied according to ref. [13] and contained: 
IOOmM Tris-acetate buffer, 1 mM EDTA*Na,, 10mM 2- 
mercaptoethanol and 0.1 x, (v/v) Triton X-100 at pH 9.5. The 
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resulting suspension was filtered through Miracloth and the 
filtrate centrifuged at 55OOg for 15 min. The supernatant was 
apain centrifuged at 5OooOg for 30 min and the clear super- 
natant taken as crude extract. 
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nesa/fina o/crud~ e.Kfrac’t und acid prwipitutim Crude extract 
(300 ml) was desalted on a column of 1.4 I Sephadex G-25 c 
(1 x 35 cm). The gel was equilibrated and eluted with a 10 mM 
Tris-acetate buffer pH 8.5. The resulting protein soln was acidi- 
lied with HOAc to pH 4.6-4.8 and precipitated protein removed 
by centrifugation (5OOOOg for I5 min). The supernatant which 
still contained LDH was brought to pH 8.5 with NaOH im- 
mediately after centrifugation. 

1. 
2. 

3. 

4. 

DEAE chromutogruphy. Desalted and acid precipitated 
protein extract (9Oml) were adsorbed to 12 ml of DEAE- 
cellulose previously equilibrated with 10mM Tris acetate 
buITer pH 8.5. The ion exchanger was washed with equilibration 
buffer using a IO-fold vol. of the column vol. For further purl- 
fication the exchanger was eluted with a gradient from 0 to 
0.09 M KC1 in IOmM Tris acetate buffer pH 8.5. The total vol. 
of the gradient was the same as that of the washing buffer. After 
that the exchanger was washed with a vol. of half the column 
vol. of a 10 mM Tris--acetate buffer of pH 8.5 including 0.09 M 
KCI. Finally LDH was eluted with 0.25 M KCl in IOmM Tris- 
acetate buffer pH 8.5. If no further purification was necessary 
a &0.4 M KCI gradient in IOmM Tris acetate buffer was 
used to elute LDH. 

5. 

6. 

7. 

Cossins, E. A. (1964) Nature 203, 989. 
Sherwin, T. and Simon. E. W. (1969) J. Exp. Borany 20. 

776. 
Leblovri, S, ZimPkov& J., Sofrov& D. and Barthov& J. 
( 1969) Biol. Pbnt. 11. 417. 
Leblov;i S., ZimBkov& J., Barthov& J. and Ehlichov& D. 
(1971) Biol. Plum. 13, 33. 
Baker, J. and El Saifi (1963) Proc. Roy. Sot. London Set B. 
140,362. 
Baker, J. and El Saifi (1963) Proc. Roy. Sot. London Ser. B. 
140,385. 
WilkInson. J. H (1970) in Isorn;lmes 2nd edn. Chapman & 
Half. 

8. 

9. 
IO. 
11. 
12. 

13. 
Blur Sepharose chromatography. Dry Blue Sepharose powder 

(I g) was swollen in H,O and washed on a glass lilter with 
300ml H,O. The rcsultmg tinity gel (3 ml) was packed in a 
column of 1.6 x IScm and equilibrated with a lOmM Tris- 
acetate bulTer pH 5. The purified soln of LDH was adjusted to 
pH 5 and adsorbed to the column. After extensive washing with 
the same buffer, LDH was either eluted with a pH-gradient or 
by the use of a 1OmM Tris-HCI buffer of pH 8. After extensive 
washing with this buffer and re-equilibration to pH 5 the column 
material was reused several times. For the determination of the 
capacity of the aflinity gel, 0.5 ml of Blue Sepharosc equilibrated 
in lOmM Tris-acetate buffer of different pH values were 
thoroughly mixed with 0.5 ml LDH extract of a corresponding 
pH value. After 15 min at room temp., the suspension was centri- 
fuged and the activity of the enzyme in the supernatant was com- 
pared with that of the starting enzyme. 

14 
15. 

16, 
17. 
18. 

19. 
20. 
21. 
22. 
23. 
24. 

Concenttazion anJ electrophoresis. During the purification 
procedure the protein was concentrated prior to electrophoresis 
according to the ‘Centriflo’ method. The final purification 
procedure was a large scale polyacrylamide gel clectrophoresis 
[ 141. except that no large pore gel was used. Protein soln (1 ml) 
wasseparatedonapolyacrylamidccolumn(~.S x Xcm)at40mA. 

25. 
26. 

SDS electrophoresis and thin lu?.pr gel ckrumutography. Pun- 
&d isoenzymc 3 of potato tuber LDH was used to dctermmc 
its subunit MW by SDS electrophoresis according to ret [38]. 
The following proteins were used as markers: aldolase. glycer- 
aldehydc-3-phosphate dchydrogenasc. glucose-&phosphate dc- 
hydrogenase and egg albumin. Thm layer gel chromatography 
on Sephadex G-100 was used to determme the native MW of 
potato tuber LDH according to ref. [ZS]. The marker proteins 
were: chymotrypsinogen A. egg albumin, beef serum albumln, 
aldolase and catatasc. 

27. 

28. 

29. 

30. 

31. 

32. 
33. 
:4 

Ananthakrlshnan. R. and Rothe. G. M. (1976) Bio/. Zhl. 
95.649. 
James, W. 0. and Cragg, J. M. (1943) New Phytol. 42, 28. 
King, J. (1970) Can. J. Botung 48, 533. 
Davies, D. D. and Davies. S. (I 972) Biochem. J. 129i.831. 
BarthovB, J., Hrbas, P. and L..eblovB, S. (1974) Collect. 
Czech. Chem. Commun. 39.3383. 
Barthovri J., Borvzik. J. and Leblov& S. (1976) Phytochemistr) 
15. 75. 
Rorhe, G. M. (1974) Arch. Biochem. BiophJs. 162, 17. 
Wieland, T., Pfleiderer, G. and Ortanderl, F. (1959) Biochem. 
2. 331, 103. 
Vesell, E. S. and Beam, A. G. (1958) J. Clin. Invest. 37, 672. 
Wieme, R. J. (1963) Nature, London 199,437. 
Markert, C. L. and Mallet. F. (1963) Proc. Nar. Acad. Sci. 
U.S.A. 45, 753. 
Palmer, L. and Kjellberg, B. (1967) Experientia 23, 800. 
Shaw, C. R. (1969) Int. Rev. Cytol. 25, 297. 
IMarkert. C. L. (1963) Scienrcj 140, 1329. 
Fottrell, P. F. (1966) Nature, London 210, 198. 
Rothe, G. M. (1976) Z. Pflanzenph_usiol. 79,384. 
Brinkman, F. G. and Van Der Meer, L. J. (1975) Z. PJlanzen- 
phJ..siol. 75, 32 I. 
Jaworek, D. (1969) Chromutographia 2, 289. 
KopperschlQer. G.. Diesel. W.. Frcyer. R.. Liebe. S. and 
Hofmann, E. (1971) Eur. J. Biochem. 22,4O. 
Stellwagen, E. Cass. R., Thompson S. T. and Woody, M. 
( 1975) Nature 257. 7 I6 
Travis. J, Bowen. J.. Tcwksbury. D.. Johnson, D. and 
Pannell. R. (1976) Biochem. J. 157, 301. 
Thompson, S. T.. Cass, K. H. and Stellwagen. E. (1975) 
Pror. Nat ,4rcrd. %I I? S ,I 72. 669 
Biihrnc, I-L J, KopptxschLger. G., Schul/, J. and Hofmann, 
E. ( 1972) J. Chromotogr. 69, 209. 
Lowe. R., Harvey, M. J. and Dean, 1’. D. G. (1974) Eur. J. 
Biochem. 41. 347. 

Determinatu)n of charge isomers. Charge and size isomers 
were determined according to the method of ref. [36]. Acryl- 
amide concentrations of 6. 7, 8. 9 and IO”, were used and the 
proportion of the acrylamide to N,N’-methylene-diacrylamide 
concentration was 30: 1. The MW of the 3 plant LDH isoenzymes 
was also determined according to this method using glucose-6- 
phosphatedehydrogenasefromyeast (MW 128OOO)asastandard. 

35. 

36. 

Hess, B. and Walter, S. I. (1960) K/in. Wuchenschr. 38, 1080. 
Wieland. T. and Determann. H. (1962) Experienria 18. 431. 
Rlchrcrlch. R . Locker. J.. Zupplnger. K. and Ross. I!. (lYh21 
Schweiz. 1Ued. Wochenscl~r. 92, 919. 
Wachsmuth. E. D. and Pfleiderer, G. (1963) &o&em. Z. 
336, 545. 
Hedrick, J. L. and Smith, A. J. (1968) Arch, Biochem. Bio- 
phys. 126, 155. 

37. Warburg, 0. and Christian, W. (1941) Biochem. Z. 310,384. 
38. Wetter. K. and Osborn, M. (1969) J. Biol. Chem. 244.4406. 

REFERENCES 


