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Abstract  

Malate dehydrogenase catalyzes the interconversion of malate and oxaloacetate using 
Nicotinamide Adenine Dinucleotide (NAD+) as coenzyme. This paper communicates the results of first 
ever study on the large scale purification, characterization, cDNA cloning and sequence analysis of 
mitochondrial isozyme of malate dehydrogenase from the heart of River Buffalo (Bubalus bubalis). The 
enzyme was purified up to 1050 folds with 17.6% recovery by selective ammonium sulfate and acetone 
precipitations followed by cation exchange chromatography with Carboxymethyl Sephadex (CM-
Sephadex). The purified sample displayed specific activity of 3250 units per mg of the enzyme and Km 
value of 32µM for oxaloacetate. Optimum activity of purified enzyme was measured at 35˚C and pH 
7.5. The enzyme is a dimmer of 66kDa as determined by gel filtration chromatography. MALDI-TOF 
analysis has shown the subunit molecular weight of 33873.7 Da. The cDNA consisting of 1017 bp was 
generated by in vitro reverse transcription that encodes for 338 amino acids. The nucleotide sequence 
of cDNA encoding B. bubalis mitochondrial malate dehydrogenase has been compared with that of 
various mammalian species. Present study is a useful beginning towards cataloguing the genetic 
makeup and characteristics of encoded enzymes from B. bubalis, an unexplored species of great 
livestock importance in Asia. 

 
Key words: Heart mitochondrial malate dehydrogenase; Bubalus bubalis; Purification cDNA cloning; 
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Introduction 
 
 Malate dehydrogenase catalyzes the conversion of malate to oxaloacetate in a 
reversible reaction using Nicotinamide Adenine Dinucleotide (NAD+) as coenzyme. The 
enzyme is found in two major isozymic forms in eukaryotes. The mitochondrial isozyme 
functions in the tricarboxylic acid cycle (Lin et al., 2003), both of the isozymes control the 
exchange of metabolic intermediates and reducing equivalents across the mitochondrial 
membrane regulating the malate/aspartate shuttle (Tomasiak, 1987; Lo et al., 2005). The two 
isozymes have distinct molecular entities in several previously reported physical and chemical 
studies (Bernstein and Grisham, 1978; Pereira et al., 2006). Each subunit of a homodimer or 
homotetramer of malate dehydrogenase has a molecular weight of about 32,000Da to 35,000 
Da (Bleile et al., 1975; Yennaco et al., 2007). According to the recent information based on 
sequence analysis of malate dehydrogenase gene the theoretical molecular weight of enzyme 
polypeptide chain is from 33,000 Da to 35,000 Da (Kirby, 2000; Maloney et al., 2004).  
 The enzyme has been purified and characterized from a various species including 
plants (Hayes et al., 1991), yeast (McAlister-Henn and Thompson, 1987), animals 
(Okabayashi and Nakano, 1984; Wurochekke et al., 2008) and bacteria (Yennaco et al., 2007). 
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The biomimetic-dye adsorbents have been extensively used to purify mMDH from bovine 
heart. Immobilized anthraquinone-dyes were able to discriminate between the mitochondrial 
and cytosolic malate dehydrogenase isozymes (Labrou and Clonis, 1996). Present study 
describes the first report of purification and characterization of mitochondrial malate 
dehydrogenase, cloning and sequence analysis of cDNA encoding a complete polypeptide 
from the heart ventricles of Bubalus bubalis.  B. bubalis is an important animal in livestock, 
dairy which also serves as the predominant slaughter house animal. In Pakistan, buffalo is the 
source of 27 million tones of milk annually, which at minimum current prices is worth $ 12.8 
billion, 0.68 million tones of meat valued at $ 1.3 billion is also produced annually. The 
production of milk by cows in Pakistan is almost 55% of that produced by buffalos.  Overall, 
B. bubalis contributes 68% of milk and 32% of total meat production in Pakistan (Bilal et al., 
2006; Khan and Iqbal., 2009). Although mMDH has been extensively studied from a variety 
of organisms, there is no information available on this enzyme and its coding sequence from 
B. bubalis. We therefore, aimed at the characterization of this enzyme and its related 
nucleotide sequence. Full length cDNA encoding mitochondrial isozyme was generated from 
total RNA and analyzed for nucleotide sequence. 
 
Materials and methods 
 
Materials and reagents 
 Fresh B. bubalis heart tissue, used as raw material in this study was obtained from the 
main slaughter house in Lahore, Pakistan. Carboxymethyl-sephadex, oxaloacetate, 
nicotinamide adenine dinucleotide (NADH) and chromatography related reagents were 
obtained either from Sigma-Aldrich (Sigma-Aldrich, St. Louis, Mo.) or Calzyme (Calzyme 
Laboratories, Inc., San Luis Obispo, CA). 
 
Purification of enzyme 
 Fresh heart ventricle tissue (2.2 kg) was homogenized in 3 volumes of 10 mM 
potassium phosphate buffer, pH 7.4 (buffer-A), to prepare the crude extract. The sample was 
centrifuged at 2000xg for 20 min at 4˚C, residue was discarded and pH of supernatant was 
lowered to 5.0 with 0.1M acetic acid. Sample was kept on ice-box for 20 min and centrifuged 
at 9000 x g for 15 min at 4˚C and precipitate discarded, pH of supernatant was readjusted at 
7.4 with 1M dipotassium hydrogen phosphate. The protein precipitate obtained between 35 to 
75% (NH4)2SO4 saturation was centrifuged out and dissolved in (buffer-A). Unwanted 
proteins were further removed by selective precipitation with ice-cold acetone and final 
precipitate was dissolved and dialyzed in buffer-A at 4˚C. The dialyzate was centrifuged to 
make it clear and applied on to a manual chromatography column (2.5 x 36 cm) packed with 
30mL of carboxymethyl-sephadex equilibrated with the buffer used for dialysis and enzyme 
was eluted with a linear gradient of 0 to 0.5 M NaCl prepared in buffer A. Fractions 
containing significant enzyme activity were pooled after the measurement of activity and 
analysis on SDS-PAGE.  
 
Enzyme assay 
 Assay mixture for the measurement of enzyme activity was prepared in 50mM 
phosphate buffer pH 7.4. The experimental and blank cells, containing the reaction mixture 
with 5mM oxaloacetate and 200µM NADH were placed in a spectrophotometer (Shimadzu 
BioSpec-1601) equipped with a temperature control device adjusted at 35˚C. After 5 min of 
incubation, proper dilution of enzyme sample was added in the experimental cell. The change 
in absorbance at 340nm was monitored for 5min. Decrease in absorbance at 340nm because 
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of the oxidation of NADH was used as an indicator of enzyme activity and rate of 
oxaloacetate conversion to malate was calculated by using the conversion of NADH to NAD+ 
considering extinction coefficient of NADH as 6220 M-1 cm-1. Total protein content of 
enzyme sample was determined by Bradford assay. One unit of enzyme activity was defined 
as the amount of enzyme, which catalyzed the conversion of 1µmol of oxaloacetate per min at 
37˚C under the above assay conditions. 
 
Molecular weight Determination 
 The enzyme purified in the present study gave a single band at about 33kDa on 
Sodium Dodecyl Sulfate Polyacrylamide gel electrophoresis (SDS-PAGE), a modification of 
Laemmli,1970.To find out the quaternary structure of purified enzyme, the size exclusion 
chromatography was carried out for purified enzyme on an FPLC column, Superdex-200-
10/300-GL, with a bed volume of 24 mL, void volume (VO)8mL, column volume 25mL, and 
particle size 13μm. Mobile phase consisted of 50mM sodium phosphate buffer pH 7.5 
containing 150 mM NaCl and flow rate was maintained at 400µL per min. To determine the 
more accurate molecular weight of a subunit, the purified enzyme sample containing 2mg of 
protein per mL was subjected to MALDI-TOF analysis. 1µL (2 µg) protein sample was mixed 
with 20µL of matrix-B (5 mg Sinapinic acid dissolved in 1ml of 30 % acetonitrile containing 
0.3 % TFA). From this mixture, 5µL sample was spotted on stainless steel mass spectrometric 
plate and allowed to dry for 20-40 min. The mass spectra were recorded while the number of 
laser shots per spectrum was 100. On x-axis of mass spectrum, mass (m/z) was described 
while on y-axis % intensity of laser shot was plotted. The mass spectrophotometer used in this 
study was of Bruker Autoflex. 
 
Kinetic Properties 
 The effect of temperature and pH was determined on the enzyme stability and 
activity.To determine the effect of temperature on the enzyme activity the reaction mixture, 
without the addition of purified enzyme was pre-incubated at various temperatures for 5 min 
and activity was measured with the addition of enzyme dilution as described above in the assay 
method. In order to determine the thermostability, purified enzyme was incubated at different 
temperatures at pH 7.4 for 5 min and activity was measured with assay method described 
above. The effect of variation in pH on the activity of the purified enzyme was determined by 
preparing reaction mixture in the buffer solutions ranging in pH from 4.5 to 10, all other assay 
conditions were fixed. The enzyme activity was also measured at constant concentration of all 
reagents, pH and temperature with a linear increase in the concentration of oxaloacetate. The Km 
value of purified enzyme was determined by increasing the oxaloacetate concentration (2.0µM 
to 300µM) in the reaction mixture in a linear fashion and measuring enzyme activity at each 
substrate concentration; all other reaction parameters were kept constant. The value of Km was 
calculated by Lineweaver-Burk plot. The enzyme activity was measured in the presence of 
50µM metal ions to determine the effect of these ions on the activity. 
 
 cDNA Synthesis, Cloning and Sequence Analysis 
Total RNA was isolated from 100mg of fresh heart tissue with TRIzol® Reagent (Invitrogen, 
Carlsbad, CA, USA) according to the recommendations of the supplier. The complementary 
strand of mitochondrial malate dehydrogenase mRNA was synthesized by reverse 
transcriptase M-MuLV using gene-specific reverse primers based on cDNA sequence 
encoding mMDH in Bos taurus heart mitochondria as the nucleotide sequence from B. bubalis 
was not available in the gene bank.  Gene specific reverse primer 5’-tcatttcatgttcttgacaaactcct-
3’ was used in reverse transcription reaction which was carried out at 37˚C for 50 min and 
reverse transcriptase was inactivated by incubation at 94˚C for 5 min after the reaction was 
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complete. Double stranded DNA was synthesized with classical Polymerase Chain Reaction 
using forward primer (5’-cgtcccagccatgctttccgcc-3’) and the reverse primer above. The 
reaction mixture for PCR consisted of 1mM dNTPs. 2mM MgCl2, 1x Taq polymerase buffer 
containing KCl, 20pM of each primer, 2.5U of Taq polymerase and 5uL of cDNA product as 
template in a final reaction mixture of 25uL. The thermocycler was adjusted for denaturation 
at 94˚C for 3min in step one, 94˚C denaturation for 30sec, annealing at 50˚C for 1min, 
extension at 72˚C for 1min in the second step which was repeated as 35 cycles, the final 
extension at 72˚C for 10min was followed by hold at 20˚C. The PCR product was analyzed by 
1.2% agarose gel electrophoresis, the DNA was purified from the gel and used for T/A 
cloning. The DNA purified from the agarose gel was ligated into pTZ57R/T cloning vector and 
E. coli DH5α cells were transformed. The transformed cells were grown on LB-agar medium 
plates containing 100µg of ampicillin, 120µg each of isopropyl β-D-1-thiogalactopyranoside 
(IPTG) and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) per mL of the medium. 
The colonies of transformed cells were selected on the basis of blue and white color and the 
presence of ligated cDNA fragment in the plasmid was further confirmed by double restriction 
of isolated plasmids with EcoRI and SalI. One of the confirmed positive clones was 
sequenced by gene walking method on both the strands in duplicate.  
 
Results  
 
Purification of enzyme 
 Mitochondrial malate dehydrogenasewas purified by selective ammonium sulfate 
and acetone precipitations and ion-exchange chromatography. Most of the enzyme was 
precipitated between 45% to 80% ammonium sulfate saturation and 35% to 60% acetone 
fractionation at 4оC when the total protein content of the solution was between 30 to 50mg per 
mL of sample. After the removal of precipitant, the enzyme was tightly bound to the CM-
Sephadex column at pH 7.4. The purified enzyme fraction had specific activity of 3250U per 
mg of protein and gave a single band on 12.5% SDS-PAGE (Fig.1). Total recovery of the 
enzyme was 17.6 % and it was purified up to 1050 folds (Table.1). 
 

 
 

Fig.1. 12.5 % SDS-PAGE photograph. M-Protein marker. A- Purified mitochondrial malate dehydrogenase. M- 
Protein marker. The enzyme gave a single band at about 33kDa. 



MUHAMMAD SHAHID NADEEM, HABIB AHMAD, BIBI NAZIA MURTAZA AND ABDUL RAUF 
 

7508 Romanian Biotechnological Letters, Vol. 17, No. 4, 2012 

Table 1. Enzyme activity, specific activity, percentage recovery and fold purification at different stages of 
purification of mitochondrial malate dehydrogenase from the heart ventricles of B. bubalis are shown in the table 
below. One enzyme unit is the amount of enzyme that can convert one micromole of oxaloacetate to L-malate in 
one minute at 35 оC in 50 mM phosphate buffer pH 7.4. 
 
 

Enzyme purification 
steps 

Volum
e 

(mL) 

Enzyme 
activity 
(Units) 

Protein 
content 

(mg) 

Specific 
activity 

(U per mg)

Percentage 
Yield 

Fold 
Purification 

PR
O

TE
IN

 P
R

EC
IP

IT
A

TI
O

N
 S

TE
PS

 

Crude Extract 4800 554400 177600 3.12 100 1 
 
Supernatant  of 
45% 
Ammonium 
sulfate 
Saturation 

 
 

5230 

 
 

496850 

 
 

130750 

 
 

3.8 

 
 

89.9 

 
 

1.22 

 
Precipitate of 
80% 
Ammonium 
sulfate 
Saturation 

 
 

700 

 
 

448000 

 
 

92000 

 
 

4.86 

 
 

80.8 

 
 

1.58 

 
Supernatant  of 
30% acetone 
Saturation 

 
1000 

 
415000 

 
78000 

 
5.32 

 
74.8 

 
1.172 

 
Precipitate of 
60% acetone 
Saturation 

 
380 

 
391400 

 
72200 

 
5.42 

 
70.59 

 
1.174 

D
ia

ly
si

s  
Dialyzate 

 
600 

 
348000 

 
63000 

 
5.52 

 
62.77 

 
1.78 

C
M

-c
ol

um
 

 
Combined 

sample 

 
200 

 
98000 

 
30.15 

 
3250 

 
17.6 

 
1050 

 

 
Molecular weight determination 
The quaternary structure of purified enzyme was analyzed with gel filtration column 
chromatography, enzyme was eluted as a single peak at a retention volume of 14.0 mL (Fig.2) 
and a molecular weight of 66 kDa indicating that the enzyme exists as a dimmer. Theoretical 
molecular weight of a subunit of mature malate dehydrogenase as calculated from the amino 
acid sequence deduced from cDNA was 33834.3 Da. The molecular weight as determined by 
MALDI-TOF analysis (Fig.3) in the present study is 33873.7 Da which is more close to the 
actual molecular weight of an enzyme subunit. 
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Fig.2. FPLC gel filtration chromatogram showing a single peak for purified mitochondrial malate    
dehydrogenase with a retention volume of 14.0 mL. The MW calculated after the retention volume is 66kDa, 
indicating that the enzyme exists as a dimmer. 
 

 
Fig.3. MALDI-TOF analysis of purified heart mitochondrial malate dehydrogenase. X-axis indicates the protein 
MW in Daltons and the Y-axis indicates the intensity of laser beam. The MW of purified enzyme is found to be 
33873.7 Da. 
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Kinetic properties of enzyme 
Purified enzyme has shown activity at a wide range of temperature and pH. Optimum enzyme 
activity was measured at 35˚C (Fig.4A). Thermostability experiments revealed that the 
enzyme activity sharply decreased with the increased in temperature when incubated above 
40˚C and there was no measureable enzyme activity at 60˚C. Optimum enzyme activity was 
observed at pH 7.5 and it displayed more than 30% activity at extreme pH 4.0 and 10 used in 
this study (Fig.4B).The Km value for oxaloacetate was found 32 µM and its activity was 
enhanced by the presence of 50µM Zn2+. 
 

 
 (A)                                                                          (B) 
 

Fig.4. Effect of temperature and pH on the Enzyme activity. A- Effect of temperature on the 
stability and activity of purified mitochondrial malate dehydrogenase.  Maximum enzyme 
activity was observed at 35оC and enzyme was found stable at a wide range of temperature. 
However, the activity was completely lost by incubation at 60 оC for 5 min. Effect of pH on 
the activity of purified mitochondrial malate dehydrogenase. Enzyme was found active at a 
wide range of pH. The optimum activity was measured at pH 7.5 and it was decreased to 30% 
at the pH 4.5 and 10.0.  

1     2     M 

 
Fig.5. 1.2 % agarose gel electrophoresis photograph showing the restricted pTZ57R/T recombinant (ligated with 
malate dehydrogenase cDNA) plasmid. 1- Uncut recombinant plasmid, 2-Recombinant plasmid pTZ57RT-MDH 
restricted with EcoRI and SalI. The DNA fragment of 1000 bp was cleaved out, M-10 kbDNA marker 
(Fermentas cat# SM0403)   
 
 

Molecular cloning and cDNA sequence analysis 
The PCR amplification of cDNA prepared with gene specific reverse primer resulted in the 
amplification of DNA fragment of about 1000bp as determined by agarose gel 
electrophoresis. The purified recombinant plasmid was restricted with EcoRI and SalI 
enzymes to confirm the presence of target gene (Fig.5) which was analyzed for nucleotide 
sequence. The cDNA sequence encoding mitochondrial malate dehydrogenase of B. bubalis 
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heart was submitted to National Center for Biotechnology Information (NCBI)   under the 
accession number AB553739 (Fig.6). The comparison of cDNA sequence obtained in the 
present study with that of selected mammalian species has shown maximum homology with 
that of B. taurus (Fig.7). 

 
 

Fig.6. Nucleotide and deduced amino acid sequences of a subunit of mitochondrial malate dehydrogenase from 
the river buffalo heart. The active site residues reported in the crystal structure of porcine mitochondrial malate 
dehydrogenase enzyme including: Asp-149, Arg-152 and His-176 are conserved in B. bubalis enzyme.  
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Fig.7. Percentage homology between the cDNAs encoding mitochondrial malate dehydrogenase in B. bubalis 
and different mammalian species. 
 
Discussion 
 
Despite of the tremendous importance in livestock and dairy, B. bubalis could not get the 
attention of biologists and remained unexplored for the characteristics of its proteins, enzymes 
and related gene sequences. Present study was aimed to reveal the characteristics of heart 
mitochondrial malate dehydrogenase and analysis of its related cDNA sequence. The enzyme 
was purified from the heart mitochondria by selective precipitations with ammonium 
sulphate, acetone, acid precipitatioon and cation exchange chromatography with carboxy 
methyl-Sephadex (CM-Sephadex). Purified enzyme exhibited a single band on SDS-PAGE 
with a molecular weight of 33kDa under the denaturing conditions.  There are several reports 
about the purification of enzyme with stationary phase consisting of colored dyes (Labrou and 
Clonis, 1996), in the present study, we have separated the cytoplasmic and mitochondrial 
malate dehydrogenase enzymes using the ion exchange mechanism. Gel filtration 
chromatography results have shown that the enzyme exists as a dimmer of 66 kDa. It is 
similar to the molecular weight of enzyme reported from Bos taurus, Sus scrofa and other 
species reported in literature (Grimm and Doherty, 1961; Stoklosa and Latz, 1974; 
Okabayashi and Nakano, 1984; Takeshima et al., 1987;Kirby, 2000). However, the molecular 
weight of a subunit as determined in the present study by MALDI-TOF analysis is 33873.7 
Da which is more accurate and closer to the theoretical molecular weight of a subunit of 
mature malate dehydrogenase as calculated by ProtParam software using the amino acid 
sequence deduced from cDNA. The optimum temperature for the enzyme activity is 35○C. 
More than 18 % of enzyme activity was retained when incubated at 55○C for 5min, there was 
a complete activity loss after incubation at 60○C for 5 min. The half-life of enzyme is 5min at 
50○C, optimum pH for its activity is 7.5. The features correlate with the previous studies on 
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mitochondrial enzyme by (Steffan and  McAlister-Henn, 1991;  Mansiniet al., 1986). 
However, the studies on heat stability of enzyme have shown an increased temperature 
stability in the presence of NADH (Mansini et al., 1989). There was no considerable effect of 
50µM of Ca2+, Mn2+, Fe2+ and Co2+. However, the enzyme activity was enhanced by Zn2+ 
ions. The Km value of purified enzyme was 32µM for oxaloacetate which is similar to the Km 
value of the enzyme from the porcine heart mitochondria (Km 31 µM) (Jurgensen et al., 
1981), hare heart mitochondria (Km 38 µM) but different from the Km values of the enzyme 
from rabbit heart (Km 77µM) (Strumilo et al., 2006). Interestingly, the enzyme isolated from 
bacterium Beggiatoa alba has Km value similar to that of enzyme purified in the present study 
(Km 30 µM) (Eprintsev et al., 2003). However, the enzyme of marine diatom Nitzschia alba 
(Km 56µM) has difference from the enzyme under investigation (Yueh et al., 1989).  The 
cDNA encoding Bubalus bubalis was generated from total RNA isolated from the fresh heart 
ventricle tissue, cloned in pTZ57RT plasmid and the nucleotide sequence was analyzed for 
both strands with plasmid specific and internal primers derived from the partial terminal 
sequences (primer sequence not shown). The sequence of cDNA generated from Bubalus 
bubalis heart RNA was compared with that of other mammalian species by alignment. Present 
study with the mMDH and its related cDNA sequence has shown that the DNA sequence 
encoding B. bubalis enzyme has 98% homology with that of B. taurus indicating a close 
phylogenetic position of the two species. Structural studies with the porcine mitochondrial 
malate dehydrogenase have shown that the active site include His-176, Asp-149 and Agr-152 
(Rodericks and Banaszak, 1986). These residues are conserved in the amino acid sequence 
deduced from cDNA sequence of B. bubalis mMDH (Fig.6). 
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