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Abstract:    Malate dehydrogenase (MDH) is an enzyme widely distributed among living organisms and is a key 
protein in the central oxidative pathway. It catalyzes the interconversion between malate and oxaloacetate using NAD+ 
or NADP+ as a cofactor. Surprisingly, this enzyme has been extensively studied in eukaryotes but there are few reports 
about this enzyme in prokaryotes. It is necessary to review the relevant information to gain a better understanding of 
the function of this enzyme. Our review of the data generated from studies in bacteria shows much diversity in their 
molecular properties, including weight, oligomeric states, cofactor and substrate binding affinities, as well as differ-
ences in the direction of the enzymatic reaction. Furthermore, due to the importance of its function, the transcription 
and activity of this enzyme are rigorously regulated. Crystal structures of MDH from different bacterial sources led to 
the identification of the regions involved in substrate and cofactor binding and the residues important for the  
dimer-dimer interface. This structural information allows one to make direct modifications to improve the enzyme 
catalysis by increasing its activity, cofactor binding capacity, substrate specificity, and thermostability. A comparative 
analysis of the phylogenetic reconstruction of MDH reveals interesting facts about its evolutionary history, dividing this 
superfamily of proteins into two principle clades and establishing relationships between MDHs from different cellular 
compartments from archaea, bacteria, and eukaryotes. 
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1  Introduction 
 

The citric acid cycle is the central oxidative 
pathway in aerobic prokaryotes and eukaryotes 
(Sidhu et al., 2011). A key reaction of the cycle is the 
interconversion of malate and oxaloacetate catalyzed 
by NAD+- (EC 1.1.1.37) or NADP+-dependent (EC 

1.1.1.82) malate dehydrogenases (MDHs; L-malate: 
NAD oxidoreductase), which belong to the super-
family of 2-ketoacid NAD(P)+-dependent dehydro-
genases. In addition to their important metabolic role 
in aerobic energy production, they participate in di-
verse metabolic activities including aspartate bio-
synthesis, the malate-aspartate shuttle, gluconeogen-
esis, and lipogenesis (Labrou and Clonis, 1997). 

MDH is a ubiquitous enzyme found in prokary-
otic and eukaryotic organisms. MDHs from bacteria 
are less well studied and, unlike the enzyme from 
animals, they are heterogeneous in their molecular 
weight, subunit structure, and catalytic properties. In 
most eukaryotic cells, there are two major isozymes 
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of MDH, the cytosolic MDH and mitochondrial MDH. 
However, in plants and some eukaryotic microor-
ganisms, MDH isozymes are also present in other 
organelles such as glyoxysomes, chloroplasts, and 
peroxisomes (Gietl, 1992). 

Based on sequence similarity, Goward and 
Nicholls (1994) suggested that MDH has diverged 
into two distinct phylogenetic groups. One group 
includes cytoplasmic MDH, chloroplast MDH, and 
MDH from Thermus flavus; the other group includes 
MDHs that are similar to lactate dehydrogenase 
(LDH) (Naterstad et al., 1996). This review is a 
comprehensive overview of the properties, function, 
crystallization, and evolution of the microbial MDHs. 
 
 
2  Molecular properties 
 

In the literature, there are relatively few reports 
on the molecular characteristics of bacterial MDHs. 
In prokaryotes, MDH can be found in two forms: 
homodimeric and tetrameric. Generally, this enzyme 
is found as a dimeric molecule in Gram-negative 
microorganisms, with a molecular weight between 30 
and 38 kDa for each monomer. Most Gram-positive 
bacteria and archaea had a tetrameric MDH (130‒ 
172 kDa), e.g. Bacillus spp. (Wynne et al., 1996), 
Mycobacterium tuberculosis (Öhman and Ridell, 
1996), and Corynebacterium glutamicum (Molenaar 
et al., 1998). Other microorganisms such as Ther-
moactinomyces (Smith et al., 1984) and Salinibacter 
ruber (Madern and Zaccai, 2004) have a tetrameric 
MDH. In Beggiatoa leptomitiformis (Eprintsev et al., 
2003), Rhodopseudomonas palustris (Eprintsev et al., 
2008b), and Rhodobacter sphaeroides (Eprintsev et al., 
2008a), both forms are present and are involved in 
different pathways. The dimeric form functions in the 
tricarboxylic acid (TCA) cycle and the tetrameric form 
functions in the citramalate or glyoxalate cycle (Table 1). 

MDHs can be divided according to their pref-
erence for cofactors into NAD+-dependent MDH (EC 
1.1.1.37) and NADP+-dependent MDH (EC 1.1.1.82) 
and according to their preferences for oxaloacetate 
reduction over L-malate oxidation (Wang et al., 2011). 
Most bacterial MDHs have a strong preference for 
NADH; however, the C. glutamicum and T. flavus 
enzymes also exhibit some affinity for NADPH 
(Nishiyama et al., 1993; Molenaar et al., 1998). Ar-
chaeas contain NAD-MDHs, NADP-MDHs, or MDHs 

that have equal affinities for both cofactors (Nishiyama 
et al., 1993; Molenaar et al., 1998).  

The reported Michaelis constant (Km) values for 
oxaloacetate range from 20 to 189 μmol/L and for 
NADH range from 14 to 90 μmol/L. The MDH af-
finities for L-malate and NAD+ are lower than those 
for oxaloacetate; the Km values for L-malate and 
NAD+ range from 19 to 9000 μmol/L and from 24 to 
1100 μmol/L, respectively (Table 2). 

The optimal pH for MDH for the reduction of 
oxaloacetate is 8.00‒8.75, whereas the oxidation of 
malate in Pseudomonas stutzeri has an optimal pH of 
10.5 (Labrou and Clonis, 1997). 
 
 
3  Function of malate dehydrogenase 
 

MDH is an enzyme that catalyzes the intercon-
version between malate and oxaloacetate by using 
mostly NAD+/NADH as a cofactor. MDH is mainly 
involved in the oxidative TCA cycle (converting 
malate to oxaloacetate) even though the reaction that 
forms oxaloacetate is unfavorable under standard 
thermodynamic conditions. For this reason, it has 
been suggested that this enzyme has other functions 
inside the cell (Molenaar et al., 1998). MDH can 
participate in a reductive TCA cycle to protect against 
oxidative stress and also in the transport of substrates 
through the metabolic pathways. MDH from Esche-
richia coli grown under anaerobic conditions partic-
ipates in a reductive TCA cycle (converting oxalo-
acetate to malate) that produces succinic acid (Wu  
et al., 2007). Moreover, it participates in the protec-
tion against oxidative stress because oxaloacetate 
binds to free radicals (Oh et al., 2002). MDH, malic 
enzymes, and pyruvate carboxylase from Pseudo-
monas fluorescens are involved in an anti-oxidative 
pathway converting NADH, a pro-oxidant, into 
NADPH, an anti-oxidant (Singh et al., 2008).  

The MDH protein in some microorganisms can 
interact with other TCA cycle enzymes to facilitate 
the substrate channeling, resulting in increased activ-
ity. For example, in Bacillus subtilis, MDH interacts 
with two TCA cycle enzymes, isocitrate dehydro-
genase and citrate synthase, forming a metabolon 
(Meyer et al., 2011; Bartholomae et al., 2014). It has 
also been reported that MDH from E. coli interacts 
with complex I of the respiratory chain for the direct 
transfer of NADH (Amarneh and Vik, 2005). 
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Table 1  Organization of malate dehydrogenases (MDHs) in microorganisms 

Microorganism 
Oligomeric state of MDH  
(molecular weight (kDa)) 

Reference 

Deep-sea bacterium  
Photobacterium sp. strain SS9 

Monomer (37) Welch and Bartlett, 1997 

Aquaspirillium arcticum Dimeric Kim et al., 1999 
Archaeoglobus fulgidus Dimeric (70), monomer (31.9) Langelandsvik et al., 1997; Irimia et al., 

2004 
Escherichia coli Dimeric, monomer (30) Vogel et al., 1987; Hall et al., 1992 
Haemophilus parasuis Dimeric (68.4), monomer (34.6) Wise et al., 1997 
Micropolyspora faeni Dimeric  Smith et al., 1984 
Pseudomonas indigofera Dimeric  Sundaram et al., 1980 
Pseudomonas stutzeri Dimeric (66.5), monomer (34) Labrou and Clonis, 1997 
Rhodocyclus purpureus Dimeric Tayeh and Madigan, 1987 
Sphaerotilus sp. strain D-507 Dimeric (organotrophic conditions), dimeric 

or trimeric (mixotrophic conditions) 
Eprintsev et al., 2009b 

Streptomyces aureofaciens Dimeric (70), monomer (38) Mikulášová et al., 1998 
Streptomyces avermitilis Dimeric, monomer (35) Wang et al., 2011 
Streptomyces coelicolor Dimeric (73.3), monomer (36.7) Ge et al., 2010 
Streptomyces lividans Dimeric  Smith et al., 1984 
Syntrophic propionate-oxidizing 

bacterium strain MPOB 
Dimeric (68), monomer (35) van Kuijk and Stams, 1996 

Thermomonospora chromogena Dimeric  Smith et al., 1984 
Thermomonospora fusca Dimeric (65) Sundaram et al., 1980 
Thermus aquaticus Dimeric  Sundaram et al., 1980 
Thermus flavus Dimeric  Kelly et al., 1993 
Thermus thermophilus Dimeric (61) Hung et al., 2013 
Sulfur bacterium Beggiatoa  

leptomitiformis 
Tetrameric (172; glyoxalate cycle), dimeric 

(Krebs cycle), 4→2 depending on rate of 
thiosulfate oxidation 

Eprintsev et al., 2004 

Aeropyrum pernix Tetrameric (110), monomer (34) Kawakami et al., 2009 
Bacillus caldotenax Tetrameric (130) Smith et al., 1984 
Bacillus subtilis Tetrameric (140), monomer (33.6) Sundaram et al., 1980 
Chlorobium tepidum Tetrameric Dalhus et al., 2002 
Chlorobium vibrioforme Tetrameric  Dalhus et al., 2002 
Chloroflexus aurantiacus Tetrameric (35) Rolstad et al., 1988; Dalhus et al., 2002
Corynebacterium glutamicum Tetrameric (130), monomer (33) Genda et al., 2003 
Flavobacterium frigidimaris Tetrameric Fujii et al., 2007 
Haloarcula marismortui Tetrameric  Dym et al., 1995 
Methanococcus jannaschii Tetrameric  Lee et al., 2001 
Mycobacterium tuberculosis Tetrameric Öhman and Ridell, 1996 
Pyrobaculum islandicum Tetrameric Yennaco et al., 2007 
Rhodobacter capsulatus Tetrameric Tayeh and Madigan, 1987 
Rhodobacter sphaeroides Tetrameric (148; citramalate pathway),  

dimeric (74; Krebs cycle) 
Eprintsev et al., 2009a 

Rhodomicrobium vannielii Tetrameric Tayeh and Madigan, 1987 
Rhodopseudomonas palustris  

strain f8pt 
Dimeric (Krebs cycle), tetrameric  

(glyoxalate cycle) 
Eprintsev et al., 2006 

Rhodospirillum rubrum Tetrameric Tayeh and Madigan, 1987 
Extreme halophilic bacterium 

Salinibacter ruber 
Tetrameric (133), monomer (45) Madern and Zaccai, 2004 

Sulfolobus acidocaldarius Tetrameric Hartl et al., 1987 
Thermoactinomyces candidus Tetrameric Smith et al., 1984 
Thermoactinomyces sacchari Tetrameric (130) Sundaram et al., 1980 
Thermoplasma acidophilum Tetrameric Grossebüter et al., 1986 
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Several eukaryotic MDH isoforms are found in 
distinct cell organelles and are involved in diverse 
metabolic pathways (Gietl, 1992). In bacteria, the 
MDH isoforms are classified by their cofactor speci-
ficity or the number of subunits. In Methanobacte-
rium thermoautotrophicum, there are two MDH 
isoforms; one of them has specificity for NAD+ and 
catalyzes the interconversion of malate and oxalo-
acetate, and the other isoform can use either NAD+ or 
NADP+, but it catalyzes only the reduction of oxalo-
acetate (Thompson et al., 1998). Two MDH isoforms 
have been characterized in R. sphaeroides 2R, R. 
palustris f-8pt, and B. leptomitiformis D-402. The 
dimeric isoforms participate in the TCA cycle, and 
the tetrameric isoforms participate in the glyoxylate 
cycle (Eprintsev et al., 2004; 2008a; 2008b; 2009b). 
 
 
4  Malate:quinone oxidoreductase (MQO) 
 

Another enzyme, called malate:quinone oxi-
doreductase (MQO; EC 1.1.99.16), catalyzes the 
same reaction as MDH in Azotobacter (Jurtshuk et al., 
1969), Mycobacterium (Yano et al., 2006), Micro-
coccus (Cohn, 1956), B. subtilis (Bergsma et al., 
1982), C. glutamicum (Molenaar et al., 1998), E. coli 
(van der Rest et al., 2000), Pseudomonas aeruginosa 
(Kretzschmar et al., 2002), Pseudomonas citronel-
lolis (Förster-Fromme and Jendrossek, 2005), and 
Helicobacter pylori (Kather et al., 2000). MQO is a 
membrane protein that catalyzes the oxidation of 
malate to oxaloacetate using NAD+ as coenzyme and 
quinones as electron acceptors and the reaction is 
irreversible. Although both enzymes catalyze the 
same reaction, malate oxidation via MQO is more 
favorable (Gibbs free energy change (ΔG°')=−55.0 or 
−18.9 kJ/mol) than that catalyzed by MDH (ΔG°'= 
+28.6 kJ/mol). This observation suggests that if both 
enzymes are present at the same time, they will act in 
opposite directions (Molenaar et al., 2000).  

In E. coli, the expression of the mqo gene is 
regulated by carbon and energy sources and MQO 
activity was highest during exponential growth in 
pyruvate as a carbon source and declined after onset 
of the stationary phase, while MDH activity increased 
during the first 4 h and then remained between 2500 
and 3000 nmol/(mg·min). Both mdh and mqo genes 
are under the control of the ArcA-ArcB regulatory 

system (van der Rest et al., 2000). For C. glutamicum, 
it was reported that MQO is the principal enzyme 
catalyzing the oxidation of malate to oxaloacetate; by 
contrast, in E. coli, deletion of the mqo gene did not 
produce an effect on the growth rate, but deletion of 
the mdh gene did (Molenaar et al., 2000; van der Rest 
et al., 2000). 

The gene encoding MDH is absent in H. pylori. 
Therefore MQO is an important enzyme of the TCA 
cycle (Kather et al., 2000). On the other hand, 
Kretzschmar et al. (2002) reported that the mqo gene 
in P. aeruginosa is essential for growth on ethanol or 
acetate. 
 
 
5  Regulation of MDH activity 
 

MDH activity is regulated by feedback inhibi-
tion. Substrate inhibition studies have shown that 
MDH activity is strongly inhibited by excess of ox-
aloacetate and NADH. In some cases, high concen-
trations of malate can inhibit the reduction of oxalo-
acetate. The activation by L-malate has been reported 
in P. stutzeri (Labrou and Clonis, 1997) (Table 2). 
MDHs from Archaeoglobus fulgidus, Salinibacter ruber, 
and Saccharopolyspora erythraea are also inhibited 
by high oxaloacetate concentrations (Langelandsvik  
et al., 1997; Madern and Zaccai, 2004; Mendoza et al., 
2009). In M. thermoautotrophicum, A. fulgidus, and E. 
coli, NADH has the same inhibitory effect (Lange-
landsvik et al., 1997; Thompson et al., 1998). 

The carbon source or growth phase is another 
form of regulation. In C. glutamicum, both the suc-
cinate dehydrogenase and the MQO activities respond 
to the carbon source; their activities are 3.4 and 3.1 
times higher in acetate than in glucose, respectively. 
MDH is also regulated in a similar way (Molenaar  
et al., 2000). When S. erythraea is grown in fructose, 
the MDH activity reaches its maximum value at 72-h 
culture and then decreases; in contrast, the MDH 
activity remains constant throughout the culture when 
it is grown in glucose (Mendoza et al., 2009). 
 
 
6  Transcriptional regulation of mdh gene 
 

The mdh gene expression is regulated by carbon 
catabolic repression in several organisms. In Thermus 
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thermophilus, MDH had a higher expression level 
when it was grown on malate as the carbon source 
instead of glucose (Park and Kilbane II, 2004). In 
addition, mdh from E. coli is expressed at four-fold 
higher levels with pyruvate than with glucose under 
aerobic conditions (Park et al., 1995). When S. ery-
thraea is grown in glucose, expression remains con-
stant, whereas when grown in fructose, expression is 
induced (Mendoza et al., 2009). The mdh expression 
can also be regulated by transcriptional factors. In E. 
coli, the expression is down-regulated by the aerobic 
respiration control protein (ArcA), particularly under 
anaerobic conditions (Park et al., 1995). When E. coli 
was grown on acid media, it raised not only the MDH 
activity but also the isocitrate dehydrogenase and 
succinate dehydrogenase activities (Jain et al., 2013). 
 
 
7  Crystallization, cofactor binding sites, and 
catalytic domains 
 

The MDHs from E. coli (Hall and Banaszak, 
1993), T. flavus (Kelly et al., 1993), Haloarcula 
marismortui (Dym et al., 1995), A. fulgidus (Irimia  
et al., 2004), Methanococcus jannaschii (Lee et al., 
2001), T. thermophilus (Chang et al., 2013), Flavo-
bacterium frigidimaris (Fujii et al., 2007), and 
Streptomyces aureofaciens (Mernik et al., 1998) were 
crystallized. 

MDHs display a high level of 3-dimensional 
structure similarity despite having a low identity in 
the amino acid sequence. Most of the prokaryotic 
forms are homologous to mitochondrial MDH; how-
ever, the MDH from T. flavus is homologous to that of 
eukaryotic cytoplasm (Kelly et al., 1993) and the 
MDH from T. thermophilus is most similar to the 
amino acid sequence of chloroplast NADP-dependent 
MDH (Hung et al., 2013). 

When MDH is a dimeric protein, each subunit is 
composed of eleven β-sheets and nine to twelve 
α-helices. It is folded into two domains: the N-terminal 
domain contains the cofactor binding site and the 
C-terminal domain contains the active site (Hung et al., 
2013). In hyperthermophilic MDHs, the hydrophobic 
residues are mainly positioned in the protein core 
(Irimia et al., 2004) and an increase in the packing 
density decreases the protein volume (Dalhus et al., 
2002). 

The cofactor binding domain comprises six β-sheet 
strands surrounded by α-helices in the N-terminal 
domain. In proteins obtained from hyperthermophiles, 
the preferential use of NADPH as the cofactor is due 
to the presence of glycine at position 33 (Lee et al., 
2001) and the dual specificity for the cofactor results 
from alanine at position 53 in Methanobacterium 
jannaschii (Kawakami et al., 2009). The NAD+ speci-
ficity of hyperthermophilic Chloroflexus aurantiacus 
is determined by Asp32, which is similar to other 
MDHs in which the specificity is given by Asp or Glu 
(Dalhus et al., 2002). 

The residues involved in NAD binding vary 
among MDHs. For example, in Aquaspirillium arcticum, 
this cofactor is bound to Glu43, Gln115, Asn134, His190, 
Gly12, Gln16, Ile17, Val132, and Asn134, and a loop 
formed by residues 90‒100 is also important (Kim  
et al., 1999). In E. coli, the ribose from NAD+ inter-
acts with residues Gly10, Gly11, Ile12, Gly78, Val79, 
Asn119, Tyr33, Asp34, Ala77, Ile97, Leu101, Ser76, Ile117, 
Val146, and Met227. The cofactor binding site has a 
positive charge, whereas the rest of the protein is 
negatively charged (Hall and Banaszak, 1993). Sim-
ilarly, nicotinamide binds to the hydrophobic cleft of 
MDH from T. flavus composed of Leu40, Ile42, Ile107, 
Thr9, Gly10, Gly87, and Ala88 (Kelly et al., 1993). In  
M. jannaschii, NADP+ binds to Ser9, Arg34, His36, 
Ser37, Ile121, Asn123, and Glu219 (Lee et al., 2001). 
Finally, in C. aurantiacus, the adenine ring is posi-
tioned between Val/Ile at position 33 and Ala/Ser at 
position 77, and forms a hydrogen bond to Glu100 and 
two hydrogen bonds to Asp32, which clearly distin-
guishes the specificity for NAD relative to NADP 
(Dalhus et al., 2002). 

In 2005, an MDH-NADPH complex from T. flavus 
was crystallized. The coenzyme interacted with the 
same amino acid residues as those involved in NADH 
binding; however, the nicotinamide was bound in the 
opposite orientation. This complex had two Tris 
molecules near the active site, which are necessary to 
stabilize the complex but not for cofactor binding in 
the reverse orientation (Tomita et al., 2005). 

The catalytic domain consists of five antiparallel 
twisted β-sheets surrounded by eight α-helices in  
T. thermophilus (Hung et al., 2013). It has been re-
ported that oxaloacetate and NAD do not interact 
directly and oxaloacetate binding does not induce  
any conformational changes in protein structure in  
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A. arcticum (Kim et al., 1999). In addition, substrate 
specificity is provided by an arginine residue near 
position 100 (Dym et al., 1995; Lee et al., 2001; 
Kawakami et al., 2009). In A. arcticum, the residues 
important for oxaloacetate binding are Arg165, His190, 
Ser241, Arg229, and Gly230 (Kim et al., 1999). In E. coli, 
Arg81 is in the NAD binding domain, and Arg153 is 
present at the catalytic site (Hall et al., 1992). 

In A. arcticum and M. jannaschii, the active site 
of the protein is in the middle of the cofactor binding 
site and the substrate binding site placed between 
residues 87‒92 (Kim et al., 1999; Lee et al., 2001). 
MDHs possess conserved catalytic residues, including 
Arg92, Asp151, His178, Arg154, Arg102, Arg109, Asp168, 
Arg171, and His195 in Aeropyrum pernix (Kawakami  
et al., 2009). In T. flavus, the Asn130, His186, Asp158, 
and Arg161 residues compose the active site (Kelly  
et al., 1993), and in H. marismortui, Arg100, Arg169, 
and Arg171 are in conserved regions that constitute this 
site (Dym et al., 1995). In both dimeric and tetrameric 
MDHs, the His174-Asp147 pair and Arg150 are essential 
for substrate binding and catalysis (Dalhus et al., 2002). 

The dimeric interface consists of two pairs of 
five helices in E. coli (Hall et al., 1992) and in T. 
thermophilus is about 1619 Å and involves 18 hy-
drogen bonds and extensive hydrophobic interactions 
(Hung et al., 2013). In A. arcticum it is formed from 
helices α1, α2, and α9-α10 (Kim et al., 1999). In C. 
aurantiacus MDH, residues His17 and Trp18 of each 
monomer are intercalated to form a “zipper” between 
the monomers. Some of the main differences between 
the tetrameric and dimeric MDHs with respect 
monomer-monomer interactions are found in regions 
190–196 and 241–245 (Dalhus et al., 2002). 

In tetrameric MDHs, the dimer-dimer interface 
is composed of regions 188–192 and 241–246, which 
fit well into crevices on the opposite dimer. The mo-
lecular packing around the 190–195 loop in tetram-
eric MDHs is different from that of dimeric MDHs 
(Dalhus et al., 2002). Additionally, in a halophilic 
MDH, salt bridges are observed at the dimer-dimer 
interface (Dym et al., 1995). 
 
 
8  Improvements to the enzyme malate de-
hydrogenase activity 
 

Studying thermophilic bacteria is important be-
cause they are a source for hyperthermophilic enzymes, 

which have multiple applications in biotechnology 
processes. Furthermore, identifying the amino acids 
involved in stability and defining their influence on 
kinetic parameters allows us to make specific changes 
that improve their characteristics and expand their 
potential applications. In this regard, the genus Thermus 
has been extensively studied. MDH from T. flavus 
was one of the first heat-stable enzymes described 
(Kelly et al., 1993). 

Nishiyama et al. (1986) cloned, sequenced, pu-
rified, and described the kinetic parameters of wild-type 
MDH from T. flavus AT-62. A multiple alignment 
between MDHs from different sources (Fernley et al., 
1981; Birktoft et al., 1982; Birktoft and Banaszak, 
1983) enabled them to determine the conserved regions 
involved in catalytic function (Asp152 and His180), a 
nucleotide binding domain (six parallel -sheets in NH2 
terminal) and several α-helices involved in the inter-
actions between subunits (Glu51-Leu65). They also 
cloned, sequenced, and described a mutant version of 
MDH from the same organism. The exchange of one 
residue (Thr190Ile) in the amino acid sequence causes 
large changes in the kinetic parameters, including a 
decrease in the inhibitory effect by oxaloacetate, an 
increase in catalytic rate constant (Kcat) and Km for 
oxaloacetate, a more acidic optimum pH activity, and 
a reduction in heat stability (Nishiyama et al., 1991).  

In a later work, the same authors explored the 
enzymatic contribution of Thr190 to the kinetic pa-
rameters by making a series of substitutions at this 
position with all other amino acids using site-directed 
mutagenesis. Most of the substitutions evaluated 
showed an increase in inhibition constant (Ki) and Km 
for oxaloacetate and Kcat. The changes in sensitivity to 
substrate inhibition are attributed to the changes in Km 
for oxaloacetate (Nishiyama et al., 1991). An analysis 
of the 3-dimensional structure of porcine heart cyto-
plasmic MDH shows important residues forming 
hydrogen bonds around the catalytic loop. These 
residues are identical or similar in the Thermus MDH 
and all of them confer stability to the structure min-
imizing the effects of changes from other amino acids 
at this position. The changes to Pro and His resulted in 
the highest Km values and the greatest loss of substrate 
inhibition (Nishiyama et al., 1991). Similar ap-
proaches were performed to determine the amino 
acids involved in substrate specificity. It has been 
reported that one change in the amino acid sequence 
(Gln102Arg) between lactate and MDHs from E. coli 
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can convert the specificity of the enzyme from py-
ruvate to oxaloacetate (Wilks et al., 1988). However, 
the same modification made to its malate counterpart 
(Arg102Gln) does not change its specificity from ox-
aloacetate to pyruvate; it merely decreases its selec-
tivity. The mutation also reduces the enzyme’s rela-
tive binding energy for oxaloacetate by about 7 kcal/mol. 
These effects are due to weaker interactions (hydro-
gen bonds) within the carboxylate group of the sub-
strate with Gln in mutant MDH compared with Arg 
(salt bridge) in the wild-type version (Nicholls et al., 
1992).  

Using crystallographic evidence, Nishiyama et al. 
(1993) hypothesize that 7 residues inside a βB-αC 
loop of MDH are responsible for the cofactor specificity. 
Using directed mutagenesis in T. flavus NADH-MDH, 
they purified the EX7 mutant, which has 7 residues 
(Glu41-Met47) replaced by the corresponding residues 
in the NADPH-MDH of chloroplast. This EX7 mu-
tant enzyme had a 27-fold higher Km for NADH and a 
7-fold higher catalytic efficiency with NADPH than 
the wild-type enzyme, but a Km for NADPH 1/8 and a 
catalytic efficiency with NADH 1/71 of the size of the 
wild-type enzyme, changing the coenzyme specificity. 
To identify residues responsible for the coenzyme 
specificity, they mutated three residues and purified 
the mutant enzyme EX3, which exhibited similar 
effects in kinetic parameters, but a decreased Km for 
oxaloacetate in presence of NADPH. 

When a thermostable enzyme is not from a 
thermophilic organism, different approaches have 
been made to achieve enzymatic stability, such as 
modifying the residues involved in stability without 
affecting its catalytic efficiency. An example of this 
approach is the mutant MDH protein from E. coli 
(R102Q), which shows a higher thermal stability 
because the mutated residues are on a mobile loop 
causing the loop to remain closed in the structure, 
preventing collisional energy transfer from the sol-
vent. Because this mutation results in a different ter-
tiary structure of the enzyme, the kinetic parameters 
were affected (Goward et al., 1994). 

Nishiyama et al. (1996) made another type of 
improvement to the MDH enzyme. Using chemical 
mutagenesis, they obtained a mutant MDH with 
Thr189Ile, a mutation that increases its enzymatic 
activity. The Thr189 residue was replaced by the other 
18 amino acids, and the mutant enzymes showed the 

same results as with Thr189Ile. This residue is close 
to His186 and both belong to a hydrogen bond network 
around the catalytic site. The substitutions at this 
position cause the loss of at least two hydrogen bonds, 
increasing the flexibility at the catalytic site resulting 
in an increase in enzymatic activity. 

Bioinformatics approaches have also been used 
to improve the stability of enzymes. An example is 
the work of Kono et al. (1997), who developed 
computational programs to predict mutations in the 
amino acid sequence of MDH that conferred more 
thermal stability taking into consideration folded and 
unfolded states, entropic contributions and van der 
Waals energy, as well as side-chain packing of the 
hydrophobic core, hydration, and side chain entropy 
(Kono et al., 1998). Their model predicted the amino 
acid positions and identified V169L and the double 
mutants V169L/V199I and V169L/V199M as sub-
stitutions that would enhance enzyme stability (Kono 
et al., 1997). The stability of the variant proteins 
predicted by the programs was consistent with that 
obtained experimentally (Kono et al., 1998). 
 
 
9  Molecular evolution of bacterial malate 
dehydrogenase 
 

Because of its important catalytic role in me-
tabolism, it is not surprising that the MDH enzyme is 
ubiquitously found in organisms throughout the dif-
ferent domains of life. The current accessibility of the 
amino acid sequences deposited in public databases 
has allowed not only the determination of the im-
portant residues and domains involved in its function 
and catalysis but also the elucidation of evolutionary 
relationships among species.  

One of the first comparative analyses for the 
phylogenetic reconstruction of MDH was performed 
by McAlister-Henn (1988). In this study, the MDH 
amino acid sequences of different cellular compart-
ments (cytoplasm and mitochondria) were used. This 
analysis showed that their folding and catalytic 
mechanisms were similar as well as their kinetic 
properties. However, they have low similarity in 
amino acid sequence. These differences are noticea-
ble when isoenzymes from the same compartments 
between different organisms are compared. Con-
trasting results are observed from the comparison 
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between mitochondrial versus bacterial MDH, ob-
taining highly conserved substrate (71%) and cofactor 
(80%) domains. This indicates that the mitochondrial 
enzyme is more closely related to its prokaryotic 
counterpart than to its cytoplasmic counterpart, sup-
porting the endosymbiotic theory of the origin of 
mitochondrial evolution.  

General approaches where complete genomes of 
different species are studied enable the identification 
of the presence of genes encoding proteins involved 
in specific metabolic pathways in the cell. In this type 
of study, the absence of genes is also informative 
because one can infer that some organisms do not 
have a particular route or suffer some adaptations to 
cover these gaps in metabolism. A study to elucidate 
the evolution of the TCA cycle, which included the 
complete genome of organisms from the three domains 
of life, showed that only the larger bacterial genomes 
(E. coli, B. subtilis, M. tuberculosis, and Rickettsia 
prowazekii) have the ability to run the complete cycle. 
In the genomes of some organisms, the cycle is in-
terrupted, or, in some cases, is missing completely. 
The MDH reaction is conserved in the majority of 
species evaluated, including those whose cycles are 
incomplete. This conservation may be by functional 
replacement via non-homologous gene displacement 
(Huynen et al., 1999; Koonin and Galperin, 2003). 

Homo-oligomeric proteins are a source of di-
versity and structural specificity under intensive study 
for a better understanding of their functional roles in 
providing stability and protection against denatura-
tion and for the elucidation of the mechanisms in-
volved in the evolution of structure-function (Hash-
imoto and Panchenko, 2010). In this regard, the MDH 
enzyme has been widely used as a model because of 
its presence in different subcellular compartments and 
as different functional oligomeric states (dimers or 
tetramers). Structural alignments of four crystals 
reported for the cytoplasmic and mitochondrial MDH 
from eukaryote (pig) and two prokaryotic proteins (E. 
coli and T. flavus) were performed to determine the 
site critical for dimer formation. As expected, mutants 
in this site (D45Y) in E. coli promote the dissociation 
of the dimer. This purified mutant protein is mono-
meric and displays 1/14 000 the enzymatic activity of 
the wild type, with altered kinetic parameters that 
show a reduced affinity for both its substrate and 
cofactor. This evidence supports the reciprocating 

compulsory order mechanism model, in which the 
subunits alternate between two roles, as an active 
subunit or as a helper subunit. From this model, it 
may be inferred that the monomers are inactive 
(Breiter et al., 1994; Musrati et al., 1998). 

Evolutionary studies of ancient organisms such 
as archaea have led to the establishment of phyloge-
netic relationships between MDHs and LDHs due to 
greater similarity between these families than within 
the MDHs from different compartments in the cell. 
The process of evolution involved in the explanation 
of these differences is the ancestral duplication of the 
mdh gene prior to the invasion of primordial eukary-
otes by bacteria, the origin of mitochondria (Goward 
and Nicholls, 1994). The catalytic and cofactor binding 
domains between these two protein families are highly 
conserved. In both cases, the catalytic site is a hy-
drophobic pocket that contains both domains. Bind-
ing the substrate and the cofactor changes the protein 
structure, including the movement of an external loop 
that seals the catalytic site and positions the active 
residues involved in catalysis closer together through 
a proton relay system (Goward and Nicholls, 1994).  

The integration of the information generated from 
biochemical parameters, structural determinations, and 
bioinformatics data has enabled a more detailed re-
construction of the evolutionary history of the MDH 
family. The phylogenetic tree based on the enzymatic 
function divides the superfamily into the MDH and 
LDH groups as previously reported (Goward and 
Nicholls, 1994). When this tree was analyzed with 
reference to the oligomeric state, the superfamily is 
divided into the first two groups plus a third group 
comprising the proteins whose sequences correspond 
to MDH and that are similar to the proteins in the 
LDH group. This third group has been named the 
tetrameric [LDH-like]L-MDH (Madern, 2002). 

A distinctive feature of this new group is the 
presence of an Arg and a Pro at the 102 and 250 po-
sitions, respectively. The latter residue is an Ile in 
LDHs and a Ser in dimeric MDHs. In agreement with 
previous analysis (Goward and Nicholls, 1994), the 
MDH group is separated into two clades. The first 
clade includes mitochondrial MDHs as well as the 
glycosomal MDHs, suggesting an inherited from a 
mitochondrial gene duplication and then a subsequent 
acquisition of the signal sequence. The other clade 
includes cytoplasmic and chloroplast MDHs. With all 



Takahashi-Íñiguez et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2016 17(4):247-261 256

of these data, it is presumed that the ancestral gene 
encodes for [LDH-like]L-MDH and underwent a ge-
netic duplication giving rise to two copies. This first 
event of duplication is associated with changes in 
oligomeric states that modified the biochemical 
properties without affecting function. One copy 
evolved into the dimeric MDHs from which the two 
versions that correspond to cytosolic and mitochon-
drial clades were generated. The other tetrameric 
copy originating from the first gene duplication un-
derwent a second duplication during its evolution 
which is associated to changes in function; one of 
them became the LDH group and the other one re-
mained as an [LDH-like]L-MDH protein. In contrast to 
previous work (Gray et al., 1999; Karlberg et al., 2001), 
Madern (2002) proposes an endosymbiotic origin for 
the [LDH-like]L-MDH group, while the presence of 
dimeric MDHs in eukaryotes is better explained by 
cryptic endosymbiosis, lateral gene transfer, or the 
presence of a pre-existing gene in a protoeukaryotic 
ancestor. 

All these studies from which the structural and 
functional characteristics of the MDH, as well as the 
information about their evolutionary history, are de-
rived, have turned this enzyme into a tool for the 
reconstruction of genealogies. MDH was selected as a 
molecular marker from a variety of enzymes to de-
termine differences in inter- and intra-species in mi-
crobial source tracking assays (Ivanetich et al., 2006). 
Likewise, this enzyme was used as a marker to obtain 
the phylogeny of γ-proteobacteria, a group known to be 
taxonomically complex (Farfán et al., 2010). 
 
 

10  Conclusions 
 

The TCA cycle is the most important metabolic 
pathway for supplying adenosine triphosphate (ATP) 
to aerobic organisms. MDH is one of the last enzymes 
in this cycle and carries out the interconversion be-
tween malate and oxaloacetate employing either 
NAD+ or NADP+ as a cofactor. In prokaryotes, this 
enzyme can be found in homodimeric or tetrameric 
forms, ranging from 30 to 38 kDa per monomer. 
There are NAD+- or NADP+-dependent enzymes and, 
in some organisms, the enzymes can bind both co-
factors with the same affinity. From the kinetic data, 
we observed a great variation among the Km values 
reported for substrate and cofactor.  

It has been suggested that MDH can participate 
in a reductive TCA cycle and can function as a  
substrate-delivering enzyme to other members of this 
cycle. Being a ubiquitous enzyme, its function has to 
be precisely regulated. MDH suffers feedback inhi-
bition and is inhibited by high concentrations of ox-
aloacetate and NADH, and, in some cases, malate. At 
the transcriptional level, mdh gene expression is reg-
ulated by carbon catabolic repression. However, in 
some organisms, its expression is induced by certain 
carbon sources such as fructose. 

MDH shows a highly conserved 3-dimensional 
structure despite having a low identity in the amino 
acid sequence. The cofactor binding domain is in the 
N-terminal domain of the protein and the presence of 
a specific amino acid at certain positions defines the 
NAD+ or NADP+ binding specificity. The substrate 
binding domain contains similar catalytic residues 
that form the most highly conserved region of the 
protein between species. Substrate binding does not 
induce a significant change in the structure and the 
substrate does not interact with the cofactor.  

The determination of the tertiary structure of 
MDH from hyperthermophilic organisms allowed for 
improvements by direct mutagenesis of the enzyme. 
These mutations yielded an enzyme with increased 
affinity for its cofactor, increased stability, and im-
proved catalytic activity. Thus, an enzyme suitable for 
many biotechnological applications was generated.  

MDH is widely distributed among living organ-
isms, and all the reported data made the reconstruc-
tion of its evolutionary history possible. LDHs and 
MDHs are the two principal groups that form the 
superfamily. A closer examination of the MDH clade 
shows a close relation among bacterial and mito-
chondrial enzymes, reinforcing the endosymbiotic 
evolution theory. In addition to these two groups, a 
more detailed analysis took into consideration the 
oligomeric state, biochemical parameters, and enzy-
matic function, resulting in another group within the 
MDH and LDH superfamily, the [LDH-like]L-MDH 
group. It is presumed that the ancestor gene of this 
superfamily was derived from this group.  
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中文概要 
 
题 目：微生物苹果酸脱氢酶的功能、动力学特征、晶体

结构以及调控 

概 要：苹果酸脱氢酶（MDH）广泛存在于动物、植物以

及微生物体内，是生物体进行糖代谢的关键酶之 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

一。在辅酶 I（NAD+）或辅酶 II（NADP+）的作

用下，能够催化草酰乙酸和苹果酸之间相互转

化。虽然目前真核微生物中 MDH 已被广泛研究，

但是对原核生物中的这种酶却鲜有报道。因此，

有必要对 MDH 的相关研究信息进行综述，以期

更好地了解这种酶的功能。本文综述了细菌相关

研究的各种数据信息，进一步挖掘 MDH 的分子

多样性，包括分子量、低聚态、辅因子与底物的

结合力，以及酶反应方向的差异等。通过对不同

细菌来源的 MDH 的晶体结构的分析，可鉴别底

物与辅因子结合的部位以及形成二聚体的重要

残基。对这些结构信息的了解将有利于指导研究

人员对酶的结构进行修饰从而提高其催化能力，

比如增加酶的活性、辅助因子的结合能力、底物

特异性和热稳定性等。另外，本文通过分析比较

MDH 系统发生树的重建，将其蛋白超家族分成

两个主分支，同时在古生菌、细菌和真核微生物

等不同细胞的 MDH 之间建立联系。 
关键词：苹果酸脱氢酶；碳代谢；三羧酸循环 


