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Abstract-Malate dehydrogenase (EC 1.1.1.37) was purified to homogeneity from the marine diatom Cylindrotheca 
fusiformis. A typical experiment provided 353-fold purification with 26% yield. The purified enzyme migrated as a 
single polypeptide band on SDS-polyacrylamide gel electrophoresis and with M, of 38 500. Whereas the M, of the 
holoenzyme was estimated to be 3 11000 by gel filtration, suggesting that the enzyme consists of eight subunits with 
similar M,. The holoenzyme molecule shows a Stokes radius of 60 b;. The malate dehydrogenase exhibits pH optima at 
pH 6.0 for oxaloacetate reduction and pH 10.0 for malate oxidation. It 1s relatively stable in buffers with pH ranged 
from 6.0 to 8.5. The enzyme was sensitive to elevated temperature and the activation energy was calculated as 
5.64 kcal/mol. The amino-acid composition of the enzyme was determmed and the partial specific volume of the 
enzyme were calculated to be 0.736. The N-terminal sequence of the subunit polypeptide was determined to be Arg- 
Lys-Val-Ala-Val-Leu-Gly-Ala-Gly-Gly-Gly-Ile-Gly-Gln-Pro-Leu-Ser-Leu-~u-Leu-Lys-Leu-Ser-, near identical se- 
quences were reported for the malate dehydrogenases isolated from Escherichia coli, watermelon, and porcine heart. 

INTRODlJCrION 

The NAD+ dependent malate dehydrogenase (L-malate: 
NAD+ oxidoreductase, EC 1.1.1.37, abbreviated as 
MDH) catalyses the following reaction in vitro and in 
uiuo: malate + NAD+$ oxaloacetate + NADH + Hf. In 
higher plants, MDH, together with phosphoenolpyruvate 
carboxylase and malic enzyme-decarboxylatmg, regulate 
the synthesis and oxidation of malate which plays essen- 
tial roles in plant metabolism. For instance, it has been 
emphaslsed that malate regulates the nitrate assimilation 
pathway [l], maintains the ionic balance and pH [2,3], 
and functions as a mobile storage form of carbon dioxide 
and reducing equivalents in plant cells [4]. Besides, since 
the reaction catalysed by MDH is a key step in the citric 
acid cycle, MDH exists in all aerobic organism. So far the 
enzyme had been purified and characterized from various 
organisms including bacteria [S-9], fungi [lo, 111 ani- 
mals [12-171 and higher plants [18-241. 

Diatoms, as a whole, contribute ca 20 to 25% of the 
world primary production, they are the most important 
primary producer in the biosphere [25]. However, the 
biochemistry of the organisms are not well understood. In 
the present studies, the MDH of the marine diatom 
Cyiindrothecafusiformis was punfied to homogeneity and 
characterized with respect to vanous physicochemical 
and catalytic propertles. 

RESULTS 

Purrjication and homogeneity of the enzyme 

Malate dehydrogenase in Cylindrotheca fusiformis was 
purified to homogeneity as judged by SDS-polyacrylam- 
ide gel electrophoresis. The purification proc’edure em- 
ployed routinely provided greater than 25% of recovery 
with more than 350-fold of purification. A typical purifi- 
cation experiment is summanzed in Table 1. After the 

Table 1: Purification of malate dehydrogenase from C. jiislformas 

Purification step 

Protein Total Total Specdic 
Volume cont. protem activity activity Recovery Purification 

(ml) (mg/ml) (mg) (umts) (umts/mg) (%) (fold) 

Crude extract 169 1.72 291 600 2.06 100 1.0 
Ammomum sulphate (30 to 85%) 39 3.94 154 448 291 74.7 1.4 
DEAE-Sepharose CLdB 53 0.128 6.78 315 46.4 525 22.5 
Sepharose CL-6B 21 0.048 1.01 276 274 46.0 133 
AMP-Sepharose 40 0.0064 0.26 178 695 29 7 337 
Sepharose CL-6B 19 0.0112 0.21 155 728 25.8 353 
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consecutive steps of ammonium sulphate fractionation, 
DEAE-Sepharose ion-exchange chromatography, gel fil- 
tration on Sepharose CL-6B column, AMP-Sepharose 
affimty chromatography and a final gel filtration column, 
the recovery was 25.8% with 353-fold of purification. A 
total of 213 pg of purified enzyme was obtained from 30 1 
of cultured cells. 

M, determrnatlon 

The subumt M, for the enzyme was estimated using 10 
and 12 5% SDS-polyacrylamide gels. In both cases the 
M, of the MDH subunits was estimated as 38 500 + 300. 
The M, of native MDH was estimated by gel filtration on 
a Sepharose CL-6B column. The elution volume of the 
enzyme remained constant in pH from 6.0 to 8.5 and in 
the presence of up to 0 3 M of NaCl The M, of the 
holoenzyme was calculated to be 311000+700 from its 
relative elution volume (VJV’,) and those of the marker 
proteins with known M,s In consideration with the 
subunit M,, it IS hkely that the MDH from C fustfirmis is 
a octamer of similar sized subunits, 

pH optima and stabkties 

The pH optima for oxaloacetate reduction and malate 
oxidation were found to be 6 0 and 10.0, respectively. The 
stability of the enzyme between pH 4.0 and 100 was 
investigated after 90 min Incubation at 25” and sub- 
sequent assay of the rate of oxaloacetate reduction at the 
optimal pH. The MDH was very stable between pH 6.5 to 
8.5 Therefore, the marked activity changes m this region 
observed m the pH optimum experiments are not due to 
denaturation, but to the ionization of specific groups of 
the enzyme or substrates mvolved in the catalytic process. 
Outside this range, the enzyme actlvlty decreased sharply 
after 90 mm of mcubatlon 

Heat stabrltties 

When the enzyme was Incubated at superoptimal 
temperatures, i.e. 40 and 45”, Its activity respectively 

decreased by 17 and 92% after a 10 min period. In 
separate experiments, the enzymatic activities for oxaloa- 
cetate reduction were determined at various temperatures 
and the activation energy (E,) was then calculated as 5 64 
kcal/mole by an Arrhemus plot 

Kinetic constants 

K,s were determined for the MDH for the followmg 
four substrates. L-malate, oxaloacetate, NADC and 
NADH and values are presented in Table 2 m which 
other properties of the enzyme are also summarized 

Amino acid composrtzon and N-termmal sequence 

Homogeneous protein was subjected to actd hydrolysis 
and the amino acid composltlon IS shown m Table 3 The 
N-terminal amino-acid sequence of the enzyme IS deter- 
mmed to be Arg-Lys-Val-Ala-Val-Leu-Gly-Ala-Gly-Gly- 
Gly-Ile-Gly-Gln-Pro-Leu-Ser-IRu-Leu-Leu-Lys-Leu-Ser- 
Near identical sequences were found for malate dehy- 
drogenases isolated from Nztrthra ulba (unpubhshed 
data), porcine heart [26], E co/l 1271, yeast, watermelon 

CN. 

In the present study some molecular properties of the 
malate dehydrogenase from Cplrndrothecafus&rmrs were 
investigated. The enzyme shows oniy one active form, Its 
M, corresponds to 311000 on gel filtration column 
chromatography. The elutlon profile does not change 
between 0 and 0.3 M NaCl, pH 6 0 to 8.5 Under extreme 
conditions It can either associate mto high M, aggregates 
or dissociate mto another mactlve form which eluted near 
the bed volume on gel filtration column (data not shown) 
Therefore, our data suggested that the high M, form of 
MDH from C. jiisrformls IS not the result of aggregation 
SDS polyacrylamlde gel electrophoresls and N-terminal 
analysis Indicate that the MDH from C._fus$ormis con- 
sists of only one kmd of polypeptlde with a M, of 38 500. 
In conslderatlon of the M, of the nattve enzyme, we 

Table 2 Physlcal and catalytic propertles of malate dehydrogenase from C fut&rmts 

Physrcal propertzes 

M, 
Holoenzyme. gel filtration 
Subumt. SDS-gel electrophotests 

Number of subumts 
Partial specific volume (ti) 
Stokes radms 

Catalytic propertres 
K, values (M) 

L-Malate 
Oxaloacetate 
NAD+ 
NADH 

pH optima 
Malate oxldatlon 
Oxaloacetate reduction 

pH stab&y range 
Actlvatlon energy (E,) 

311000~7000* 
38 500 If- 300* 

8 
0 736 

60 A 

133 x 10-j 
561 x 10. 5 
102x10-3 
324x lo-” 

10.0 
60 

60 to 850 
5 64 

*Mean + standard error of mean from three mdependent experiments 
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Table 3. Ammo acid composition of malate dehydrogenase 
from C. fusiformrs 

Ammo acid 
Mol 

(%) 

Number of 
residues per 

subunit 

Aspartic aad/asparagine 129 42.8 
Threomne 6.3 24.4 
Senne 5.9 26.4 
Glutamlc acid/glutamme 10.4 10.4 
Prohne 6.6 25.8 
Glycme 6.5 44.0 
Alanine 6.1 33 5 
Vahne 8.2 32.4 
Methiomne 17 4.8 
Isoleucine 44 14.6 
Leuane 8.2 28.2 

Tyrosme 42 9.7 
Phenylalanme 50 12.5 
Hlstldme 21 64 
Lysme 6.7 19.6 
Argmme 4.1 10.3 
Half-cystme 0.8 3.3 

Tryptophan* 05 1.0 

Total 1006 350.1 

*Determined by the methods of Spande and Witkop [44]. 

suggest that the MDH from C. j%jiirmis is composed of 
eight subunits. With two exceptions, all MDHs purified 
from different sources are dimers and the M, of these 
enzymes were in the range 60000 to 70000 [29]. In 
Bacillus subtilis and Neurospora crassa, however, the 
enzyme were shown to be tetramers with native M,s of 
148000 and 56000, respectively [S, lo]. In the crude 
extract, it was shown that MDH might exist as oligomeric 
forms with M,s much higher than the usual 60000 to 
70 000 as indicated by nondenaturing polyacrylamide/- 
starch gel electrophoresis and gel filtration column chro- 
matography [30]. These high M, MDH species, usually 
in addition to the normal M, form of the enzyme, were 
reported in bacteria [S, 63, fungi [lo], animal mitochon- 
dria 1311, and, most commonly, in higher plants 
[30,32,33]. However, none of the high M, MDH had 
been purified to homogeneity, therefore the native confor- 
mation of the MDHs remained uncertain and the higher 
M, species of MDH in higher plants might result from 
aggregation of low M, species. In fact, it has been shown 
that the glyoxysomal MDH isozymes in castor bean were 
found to exist in “some sort of complex or aggregate” 
[23]. In contrast, our data imply that the high M, form of 
MDH from C. fisiformis is not the result of aggregation. 
The data suggests that the native C. jiisi$ormis MDH is 
octameric and m a higher M, form, which is different from 
the MDHs purified from all other species previously 
reported An octameric MDH was also observed in 
another marine diatom, Nltzschia alba (unpublished 
data). It is interesting to investigate whether high M, 
forms of MDH are common features in marine diatoms, 
and the significance of their existence. 

A list of physicochemical and catalytic properties of the 
C. jiislformis MDH have been determined and sum- 
manzed in Table 2. No substantial difference was ob- 

served among the C. jiisiformis MDH and the same 
enzyme purified from other sources. For instance, the pH 
optima of the C.fisijkmis MDH are comparable with the 
values obtained for the same enzyme from B. subtilis [5], 
Schizosaccharomyces pombe [ 111, beef heart mitochon- 
dria [12] and spinach leafmicrobodies [20]. The optima 
pH range of these enzymes are 9.0 to 10.0 for malate 
oxidation, and 7.0 to 8.0 for oxaloacetate reduction. A 
slightly lower pH optimum (6.0) for oxaloacetate reduc- 
tion is observed in C. fisiformis MDH. 

The activation energy of MDH were calculated for 
several species, including H. lanuginosa, M. puisillus [9], 
S. pombe [ 113, N. crassa 1343, and watermelon [ 143. The 
values were reported to be in the range 5 to 10 kcal/mol 
whereas the value for C. fwsiJormis MDH has been 
determined as 5.64 kcal/mol. 

From the amino acid composition of MDH from C. 
fusiformis, it is found that the enzyme molecule contains 
relatively large amounts of aspartic acid (or asparagine) 
glycine, alanine and valine but very little methionine, 
cysteine and tryptophan (Table 3). Similar feature was 
also found m the MDH obtained from other sources [8] 
except Mycobacterium phlei in which a large amount of 
methionine was reported [35]. Further comparison re- 
veals that a greater degree of similarity was found be- 
tween C. fusijixmis and animal sources than bateria and 
fungi [S]. 

The N-terminal sequence. of C.fusiformis MDH was 
compared with that of the MDH from porcine heart 
mitochondria [26], E. coli [27], yeast and watermelon 
[28]. The data indicate that a highly conservative region 
exists in the N-terminal of all MDHs There are at least 17 
identical residues in the first 21 N-terminal residues 
among the enzymes from different sources. Recently, the 
three-dimensional structure of porcine heart mitochon- 
erial MDH was determined by X-ray diffraction [36]. 
The result indicated that the N-terminal sequence (resi- 
dues 1 to 22) contams one B-conformation (residues 1 to 
S), one a-helix (residues 11 to 22) and one co-enzyme 
binding domain (residues 6 to 10). The a-helix is found to 
reside in the interface between the subunits and which 
may be important for subunit-subunit interaction of the 
enzyme molecule. Since there is a high degree of homol- 
ogy of N-terminal sequence between porcme heart mito- 
chondrial MDH and Cfisiformis MDH, It is conceivable 
that similar functional domains would exist in the same 
region. 

EXPERIMENTAL 

Plant materials and chemicals. The marine diatom Cyhndroth- 
eta fisijormis was obtained from Prof. B. Volvam (Scripps 
Institute of Oceanography, Umverslty of California at San 
DIego). The maintenance of stocks and mass culture .of the 
&atom were camed out as described [37]. The sources of 

chemicals were as follows Sepharose CLdB, DEAE-Sepharose 
CL-6B, AMP-Sepharose CLdB, and SDS low M, marker kit 
were purchased from Pharmacla. Yeast alcohol dehydrogenase, 
rabbit muscle aldolase, bovme serum albumin, bovine erythro- 
cyte carbonic anhydrase, bovme liver catalase, horse spleen 
ferntin, porane thyroglobulm, sweet potato fl-amylase, bovine 
fibrinogen, B-NAD+, /I-NADH, Tns and SDS were purchased 

from the Sigma. Acrylamlde, bn-acrylamide, Biolytes and pro- 
tein assay lot were obtamed from Bio-Rad. All other reagents 
were from Merck and of reagent grade or better. 
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Purification of maiate dehydrogenase from C lhsllbrmis All 
purification steps were carried out  at a temp. between 0 to 4 ° 
Unless otherwise specified, the buffer used in the purification 
procedures was 0 05 M K-phosphate ,  pH 7 0 containing l m M  
each of 2-mercaptoethanol and EDTA All centnfugation steps 
were performed at 10000q for 10 rain 

Extraction and precipitation with ammomum sulphate, For 
each purification preparation, a culture vessel containing 30 i o f  
enriched natural sea-water was inoculated with pre-grown log- 
phase cells The culture was grown at 25 ~ with slow st~rrmg and 
vigorous aeration When the culture reached 3 × 106 cells/ml, the 
cells were harvested by centrlfugation, washed twice with 4 vol 
of buffer, and then homogenized In same amount  of buffer with 
ultrasonics The homogenate  was centrifuged and the super- 
natant  was collected as the crude extract 

Solid (NH,~)2SO, ~ was added to the crude extract until it 
reached 35"/0 satn After 60 mm of continuous stirring, the pptd 
materials were collected by centnfugation and &scarded The 
supernatant  was saved and (NH,02SO4 conch was raised to 80% 
satn After another  60 mm of continuous stirring, the pre- 
cipitated protein collected by centnfugatlon was dissolved m 
min imum amount  o f  buffer, and  diafvsed against tile buffer tbr 
3 hr 

1on-exchange column chromatography The dmlysate was 
clarified by centrlfugatlon and the protein soln was applied onto 
a DEAE-Sepharose CL-6B column (2.6 x 10 cm) which was pre- 
equilibrated with buffer M D H  activity was found to be adsorb- 
ed onto the column and  tfie unbound  proteins were washed off 
by one bed vol. of buffer After washing, the column was 
developed by a 400 ml linear gradient concn" of NaC1, 0 1 to 
0.5 M prepared in the same buffer The fractions containing the 
M D H  activity were pooled The sample was then desalted and 
concd into a final vol 2 ml by ultrafiltration on an AmJcon YM 
10 membrane  

Get filtratzon on a Sepharose CL-6B column The sample 
obtained m the prewous step was apphed to a pre-eqmhbrated 
Sepharose CL-6B column (1 6 x 100 cm) Elutmn was by upward 
flow at 25 ml/hr  Fractions containing M D H  activity were 
pooled, desalted, and concd as previously described 

Aflimty chromatography The enzyme soln was applied onto a 
AMP-Sepharose  column (l x 3 cm) which was previously eqm- 
hbrated with buffer, The column was washed with 15 ml of buffer 
and the bound enzyme was eluted with 0 1 m M  N A D H  in the 
same buffer Fractions containing enzyme activity were pooled, 
concd by ultrafiltratlon and rechromatographed on the above 
gel filtration column to remove the final trace of contaminant  
Purified enzyme prepns were used lmmedlatel~ or stored at 
- -20 ° m 50% (v/v) glycerol 

Enzyme assays and protein determtnatton M D H  activity de- 
termined during purification and  in the characterization of  
purified enzyme was measured spectrophotometrlcally with a 
Hitachi spectrophotometer equipped with an automatic re- 
corder Unless otherwise specified, the reaction mixture contain- 
ed 5 0 m M  K-P1 (pH 70), 0 1 5 m M  NADH, 0 1 5 r a M  oxalo- 
acetate, 1 m M  each of 2-mercaptoethanol and EDTA An extrac- 
tion coefficient of 6 32/mM/cm was used for N A D H  Assays of 
enzymatic activities were carried out at 20 ~ Unless otherwise 
specified, protein content was determined according to the 
method of ref. [38] using bovine serum albumin as standard. 

Determmatton of M~ of the native enzyme and its subumt The 
M, of the purified enzyme was determined by gel filtration 
chromatography in a Sepharose CL-6B column (I 6 x 100 cm), 
with the following M, standards porcine thyroglobuhn 
(669 000), sweet potato fl-amylase (2000001, yeast alcohol dehy- 
drogenase (150 000), bovine serum albumin (67 000) and bovine 
erythrocyte carbonic anhydrase (29000) These samples were 

analysedlndlvldually at a flow rate of 18 ml/hr The elutlon vols 
of the standards were determined by a UV monitor, and that of 
the M D H  determined by activity assays The M, o f  the native 
enzyme was then calculated according to the method ref [39] 
The subumt  Mr of the M D H  was estimated by SDS-poly- 
acrylamlde gel electrophoresls as described m ref [40] In 
Laemmh's  slab gel system [41]. 

Determmatzon of Stokes radms The Stokes radius was esti- 
mated by gel filtration techmques using Sepharose CL-6B gels 
The column was calibrated with the following protein standards 
bovine fibrmogen (107 ,~), porcine thyroglobuhn (85/~), horse 
spleen ferntln (61 ,~), rabbit muscle aldolase (48 1 ~) and bovine 
serum albumin (35,~) The Stokes radius of the M D H  was 
calculated according to the method of ref [42]. 

pH optima and stabthtws The pH optima of the purified 
enzyme were determined by assaying M D H  activity over the pH 
range 40  to 100 using the following buffers m the reaction 
mixture 0 1 M NaOAc, pH 4 0 to 5 5, 0 1 M Na-Pl, pH 5 5 to 7 5, 
0 1 M Tns--HCI, pH 7 5 to 9 0 and 0 1 M glycme-NaOH,  pH 9 0 
to 100 The pH stabilities of the enzyme were obtained by 
incubating the enzyme at 25 ~ m the above buffers o f  varying pl-l- 
lbr 90 mm and  then the remaining actwit~es were determined by 
the standard assays 

Heat stabdities and acttvation energy For heat stability stud- 
ies. l-ml sample of enzymes m 005 M K-Pi, pH 70 were 
incubated m sealed test tubes at various temps Ahquots  (10 to 
20#1) were removed at 2 to 10 mm intervals and assayed for 
MDHact lv l ty  immediately The activation energy oftfie purified 
enzyme was determined by assaying the rate of oxaloacetate 
reduction at temps ranged from 10 to 35 ~ and the value was 
calculated by Arrhemus plot (logk vs 1/T where k is the rate 
constant  and T is the temp m K) 

Mtchaehs constants The estimat~on of Mlchaehs constants 
(K,,) for the M D H  was performed using a 6 × 6 array analysis 
and all assays were carried out m 005 M Tns-HC1 buffer (pH 
8 0) The substrate ranges used were as follows malate, 0 6 to 
2 raM, NAD +, 1 to 2 5 raM, oxaloacetate, 25 to 125 #M; and 
NADH,  75 to 200 ,uM K,, values were calculated by double 
reciprocal and secondary plots (I/ t  vs I/[S]) 

Determmatton of the amino acid composttion and the N-terminal 
sequence For amino acid composition analysis, purified enzyme 
sample was washed m double dlst H 2 0  and concd by ultrafil- 
tratlon The sample was then hydrolysed in 6 M HC1 at f l0  ° for 
24 hr m vacuo The acid lysate was dried under vacuum in a 
desiccator containing concentrated H2SO 4 and K O H  pellets as 
desiccants The amino acid composition of the sample was then 
determined by an automatic amino acid analyser (Beckman 
Model 6300) according to the method of ref [43] The trypto- 
phan content of the protein was determined by the method of ref. 
[44] Subsequently, the partial specific vol of  the enzyme was 
calculated from the amino acid composition as described m ref 
[45] Automated Edman degradations [46] were performed on 
an Applied Blosystem Inc. (ABI) gas/qlqmd phase Model 470A 
Sequencer wlth an on line 120A phenylthlohydantom (PTH)- 
amino acids analyser The resulting PTH-amino  acids were 
analysed on an ABI PTH-C18 reverse phase cartridge column 
(2 1 mm × 22 cm) according to the manufacturer 's  specification 
and the data were analysed by a Waters 740 data module and an 
ABI model 900 data module simultaneously 
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