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REVIEW 

Malate  dehydrogenase: 
A model for  structure,  evolution,  and catalysis 

CHRISTOPHER  R. GOWARD AND DAVID J. NICHOLLS 
Centre for Applied Microbiology and Research, Porton Down, Salisbury SP4 OJG, United Kingdom 

(RECEIVED March 23,  1994; ACCEPTED June 23,  1994) 

Abstract 

Malate dehydrogenases are widely distributed and alignment of the  amino acid sequences show that  the enzyme 
has diverged into 2 main phylogenetic groups. Multiple amino acid sequence alignments of malate dehydrog- 
enases also show that there is a low degree of primary structural similarity, apart  from in several positions crucial 
for nucleotide binding, catalysis, and  the subunit  interface.  The 3-dimensional structures of several malate de- 
hydrogenases are similar,  despite  their low amino acid sequence identity.  The coenzyme specificity of malate 
dehydrogenase may be modulated by substitution of a single residue, as can the  substrate specificity. The mecha- 
nism of catalysis of malate dehydrogenase is similar to  that of lactate  dehydrogenase,  an enzyme with which  it 
shares  a similar 3-dimensional structure.  Substitution of a single amino acid residue of a  lactate dehydrogenase 
changes the enzyme specificity to  that of a malate dehydrogenase, but a similar substitution in a malate dehydrog- 
enase resulted in relaxation of the high degree of specificity for oxaloacetate. Knowledge of the 3-dimensional 
structures of malate  and lactate dehydrogenases allows the redesign of enzymes by rational  rather than random 
mutation  and may have important commercial implications. 

Keywords: malate  dehydrogenase; molecular evolution;  protein engineering 

Many industrial processes involve chemical conversions of or- 
ganic compounds where productivity is achieved by use of rel- 
atively nonspecific inorganic  catalysts. Recent advances in the 
biological sciences have enhanced the potential for use of en- 
zyme catalysts, which offer a  number of advantages over con- 
ventional chemical catalysts, including high specificity for  the 
reactants, improved reaction  rates, and  the use of mild opera- 
tional conditions. There are already many examples of commer- 
cial applications where the properties of natural enzyme catalysts 
have been exploited to perform synthesis and degradation of 
compounds, as diagnostic reagents and in research applications. 
Enzymes isolated from  natural sources have been optimized 
through evolution to perform  a  particular biological role and 
often have disadvantages for the design of specific chemical ap- 
plication protocols. Genetic manipulation via protein engineer- 
ing allows the rational redesign of an enzyme primary sequence 
to change its chemical and physical properties. A lack of struc- 
tural  information  for many enzymes means that  the physiolog- 
ical effects of amino acid sequence alterations are difficult to 
predict. The enzyme malate dehydrogenase (MDH; EC 1.1.1.37) 
is a good candidate to test the efficiency  of  predictive amino acid 

Reprint requests to:  Christopher  R.  Goward,  Centre for Applied 
Microbiology and Research, Porton Down, Salisbury SP4 OJG, UK. 

sequence modification as it has been extensively characterized 
and many isozymes  with different properties are available from 
a variety of sources. 

Distribution of MDHs 

MDHs catalyze the interconversion of oxaloacetate and malate 
linked to  the oxidation/reduction of dinucleotide coenzymes. 
Oxaloacetate plays a crucial role in many metabolic pathways 
including operation of the tricarboxylic acid cycle, glyoxylate 
bypass, amino acid synthesis, gluconeogenesis, maintenance of 
oxidation/reduction  balance, and facilitation of the exchange 
of metabolites between cytoplasm and subcellular organelles. 
Consequently, MDH has  been isolated from many  diverse  sources, 
including eubacteria, archaea, fungi, plants, and mammals, and 
from subcellular organelles such as mitochondria, chloroplasts, 
glyoxysomes, and peroxisomes. 

MDHs are multimeric enzymes  consisting of identical subunits 
usually organized as either dimers or tetramers with subunit mo- 
lecular weights of between 30 and 35 kDa (Banaszak & Brad- 
shaw, 1975; Sundaram et al., 1980). Each subunit  functions 
independently in terms of catalysis (McEvily et al., 1985)  with 
no evidence of cooperativity between catalytic sites. In general, 
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NAD+-dependent MDHs  are not  subject to metabolic regula- 
tion, with the exception of the mitochondrial enzyme, which  is 
dependent on allosteric control by citrate at 1 site per subunit 
(Gelpi et al., 1992). The NADPf-dependent chloroplast MDHs 
are indirectly regulated by light. Active enzyme is produced af- 
ter reduction of disulfide bridges in the N-terminus as a result 
of the electron transport system  of photosynthesis (Gietl, 1992). 
Predictive modification of the enzyme  was  used to activate chlo- 
roplast MDH by substitution of both N- and C-terminal-exposed 
cysteine residues (Reng et al., 1993). 

Amino acid sequence identities 

The MDH  amino acid sequences show divergence into 2 main 
phylogenetic groups of closely related enzymes (Fig. 1). Some 
of the most distantly related isozymes of MDH are  found com- 
partmentalized in different subcellular organelles of the same 
cell types. The sequence relationship of MDH isozymes from 
different  sources is  very complex. For example, MDHs from 
some eubacteria (Escherichia coli, Salmonella typhimurium) 
have relatively high sequence identity with the mitochondrial 
isozymes  of eukaryotes, whereas other eubacterial MDHs (Ther- 
mus spp.) are more closely related to  the cytoplasmic and chlo- 
roplast isozymes of eukaryotic MDH. The archaeal MDH  from 
Haloarcula markmortui (Cendrin et al., 1993) has greater amino 
acid sequence identity with lactate dehydrogenase (LDH;  EC 
1.1.1.27), an enzyme with related structure and activity, than 
with other  MDHs (Figs. 1,2). This  archaeal sequence suggests 
a link between the evolution of MDHs  and LDHs.  An explana- 
tion of the differences between MDHs from organelles and those 
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from the cytosol is that  a common ancestral mdh gene may  have 
been duplicated  before invasion of primordial  eukaryotes by 
bacteria to produce  mitochondria  according to  the probable 
endosymbiotic origin of  these organelles (McAlister-Henn, 1988). 
The  pattern of relatedness between MDHs is very complicated 
and a  meaningful  interpretation of the evolutionary origins of 
this  enzyme  still requires more amino acid  sequence information. 

Three-dimensional structure 

The multiple amino acid sequence alignment of MDHs gener- 
ally shows a low degree of primary  structural similarity among 
the enzymes, in some cases as low as  about 20% sequence iden- 
tity (Fig. 2).  Of the relatively few absolutely conserved residues 
a  function has been assigned to several of these residues, which 
relate to nucleotide binding, catalysis, and the  subunit interface 
(Birktoft & Banaszak, 1984). Some of the crucial residues are 
highlighted in Figure 2 and their importance is illustrated in  Fig- 
ure 3. Despite relatively low amino acid sequence identity, there 
is considerable structural identity between the crystal structures 
of MDH from E. coli (Hall et al., 1992; Hall & Banaszak, 1993), 
pig cytoplasm (Birktoft et al., 1989b),  pig mitochondria (Roder- 
ick & Banaszak, 1986), and Thermusflavus (Kelly  et al., 1993). 
These include the essential elements of secondary structure, 
location of the coenzyme binding site (Birktoft et al., 1989b), 
and the position of  several  catalytically important residues  (Birk- 
toft et al., 1982). Comparison of the crystal structure of E. coli 
MDH:citrate complex with  pig cytoplasmic MDH:NAD+ com- 
plex, for example, shows that  the structures are essentially iden- 
tical,  although  there is only about 20% sequence identity. 

1 Cytoplasmic  MDHs 

Fig. 1. Phylogenetic tree. A phylogenetic tree was 
constructed by using the  program  PILEUP.  The 
following complete  MDH  amino acid sequences 
were available: maize (Metzler et al., 1989); sor- 
ghum (Luchetta et al., 1991);  pig  (c) (Birktoft et al., 
1989b); mouse (c) (Setoyama  et  al., 1988); T. flu- 
vus (Nishiyama et  al., 1986); S. typhimurium (Lu 
& Abdelal, 1993); E. coli (McAlister-Henn et  al., 

MDHs (Grant et al., 1987);  pig (m) (Birktoft & Banaszak, 
1987); mouse (m) (Takeshima et al., 1988); rat (m) 

1984); watermelon (Gietl  et al., 1990);  yeast (Minard 
& McAlister-Henn, 1991); H. marismortui (Cen- 
drin et al., 1993). The  LDH sequences used were 
rabbit chain" (Sass et al., 1989) and  dogfish 
chain" (Eventoff et al., 1977) and B. stearother- 
mophilus LDH (Barstow et al., 1986). hp' r:l:h 1 LDHs 

B. stearothemophilus 

H. marismonui Archaeal MDH 
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S V D A T K Q A Q D G V A T A V A T E A P A S R K E C F G V F C T T Y D L K A E G M I S N H L L F K L - - - - - - - - A S G E F G Q D Q P I A  

MSEPIRVLVTGAAGQIAYSLLYSI--------GNGSVFGKDQPII 
SEPIRVLVTGAAGQIAYSLLYSI--------GNGSVFGKDQPII 

MKAPVRVAVTGAAGQIGYSLLFRI--------AAGEMLGKDQPVI 
MKVAVLAAAGGIGQA--LALLLKNQLPSGSE""""" 
MKVAVLGAAGGIGQA--LALLLKTQLPSGSE--"""-- 
AKVAVLGASGGIGQP--LSLLLKNS-PLVSR------"" 
AKVAVLGASGGIGQP--LSLLLKNS-PLVSR-----""- 
AKVAVLGASGGIGOP--LSLLLKNS-PLVSR---------- 

SVDAAKQVQDGVATA---EAPASGNECFGVFCNIYDLKAEDKTKSWKKLVTIAVSGAAGMISNHLLFKL--------ASGEVFGQDQPIA 

ATESVPERKVAVLGAAGGIG~P--LALLMKLN-PLVSK---------- 

M A A L K D Q L I H N L - L K E E H V P Q N K I T W G - V G A V G M A C A I S I D E  
MPHSVTPSIEQDSLKIAILGAAGGIGQS--LSLLLKAQLQYQLKESNRSVTHIH 

ATLKDKLIGHLATSQEPRSYNKITWG-VGAVGMACAISILMKD-------------LADE 
MKNNGGARVWIG-AGFVGASYVFAL"-------------IADE 

DS3 R l O Z  R109 LKLLG~ERSFQALEGVAMELEDSLYPL----LREVSIGIDPYWFQDVDWALLIGAKPRGPGMERAALLDINGQIFADQGKALNAVAS-R 
LKLLGSERSFQALEGVRMELEDSLYPL----LREVSIGIGPYEVFQDVDWALLIGAKPRGPGMERAALLDINGQIFADQGKALNAVAS-R 
LVLLDITPMMGVLDGVLMELQDCALPL----LKDVIATDKEEIAFKDLDVAILVGSMPRRDGMERKDL~IFKCQGAALDKYAK-K 
LVLLDITPMMGVLDGVLMEMDCALPL----LQDVIATDKEEIAFKDLDVAVLVGSMPRREGMERKDL~IFKSQGTALEKYAK-K 
LQLLEIPQAMKALEGVVMELEDCAFPL----LAGLEATDDPKVAFKDADYALLVGAAP~GMERRDLLQVNGKIFTEQGRALAEVAK-K 
LSLYDIA--PVT-PGVAV---DLSHIPTAVKIKGFSGEDATP-ALEGADWLISAGVARKPGMDRSDLFNVNAGIVKNLVQQIAKTC--P 
LSLYDIA--PVT-PGVAV---DLSHIPTAVKIKGFSGEDATP-ALEGADWLISAGVRRKPGMDRSDLFNVNAGIVKNLVQQVAKTC--P 
LTLYDIA--H-T-PGVAA---DLSHIETRAKVKGYLGPEQLPDCLKGCDVWIPAGVPRKPGMTRDDLFNTNATIVATLTRACAQHC--P 
LTLYDIA--H-T-PGVAA---DLSHIETRANVKGYLGPEQLPDCLKGCDVWIPAGVPRKPGMTRDDLFNTNATIVATLTAACAQHC--P 
LTLYDIA--H-T-PGVAA---DLSHIETRATVKGYLGPEQLPDCLKGCDVWIPAGVPRKPGMTRDDLFNTNATIVATLTRACAQHC--P 
LALYDIA--G-T-PGVAA---DVGHVNTRSEVTGYVGEEQLGKALEGSDWIIPAGVPRKPGMTRDDLFNINAGIVKSLCTAIAKYC--P 
LALYDVN--QEAINGVTA---DLSHIDTPISVSSHSPAGGIENCLHNASIWIPAGVPRKPGMTRDDLFNVNAGIISQLGDSIAECCDLS 
LALVDV--MEDKLKGEM"--DLQHGSLFLRTPKIVSGKDYSVT-ANSKLVIITAGARPQEGESRLNLVQRIFKFIIPNWKYS--P 
VALVDV--MEDKLKGEM"--DMHGSLFLHTAKIVSGKDYSVS-AGSKLWITAGARLKIEGESRLNLVQRIFKFIIPNIVKHS--P 

WFVDIPDKEDDTVGQAA---DTNHGIAYDSNTR-VRQGGYEDT-AGSDVWITAGIPRQPGQTRIDLAGDNAPIMEDIQSSLDEHN--D 
IVLIDA--NESKAIGDAM---DFNHGKVFAPKPVDIWHGDYDDC-RDADLWICAGAN~KPGETRLDLVDKNIAIFRSIVESVMASG--F 

NDEVLWGNPCNTNALIC---------LKNAPNIPAKNFHALTRLDENRAKCQL------ALKAGVFYDKVSNVTIWGNESTTQVPDFLN 
NVKVLWGNPCNTNALIC---------LKNTPNIPAKNFHALTRLDENRAKCQI------ALKAGVFYDKVSNVTIWGNESTTQVPDFLN 
SVKVIWGNPANTNCLTA---------SKSAPSIPKENFSCLTRLDHN~QI------ALKLGVTSDDVKNVIIWGNESSTQYPDVNH 
SVKVIWGNPANTNCLTA---------SKSAPSIPKENFSCLTRLDHN~SQI------ALKLGVTADDVK~IIWGNESSTQYPDVNH 
D V K V L W G N P A N T N A L I A - - - - - - - - - Y K N A P G L N P R N F T R G N E S S T M F P D L F H  

KACIGIITNPVNTTVAIAAEVLKKAGVYDKN-----KLLGVTT-LDIIRSNTFV------AELK&KQPGEVEVPVI-GGESGVTILPLLS 
EAMVCIIANPVNSTIPITAEVFKKHGVYNPN-----KIFGVTT-LDI~TFV------AELKGLDPAR~PVI-GG~GKTIIPLIS 
EAMICIISNPVNSTIPITAEVFKKHGVYNPN-----KIFGVTT-LDI~TFV------AELKGLDPAR~PVI-GG~GKTIIPLIS 
DAMICIISNPVNSTIPITAEVFKKHGVYNPN-----KIFGVTT-LDI~AFV------AELKGLDPARVSVPVI-GG~GKTIIPLIS 
NALINMISNPVNSTVPIAAEVFKKAGTYDEK-----KLFGVTT-LD~TFY------AG~PVAE~PVI-GG~GITILPLFS 
KVFVLVISNPVNSLVPVMVSNILKNHPQSRNSGIERRIMGVTK-LDIVRASTFLREINIESGLTPRVNSMPDVPVI-GGESGETIIPLFS 
HCKLLWSNPVDI---LTYVAWKISGFPKNR------VIGSGCNLDSARFRYLM------GERLG~LSCHGWIL-GEEGDSSVPVWSG 
DCIILWSNPVDV---LTYVAWKLSGLPMHR------IIGSGCNLDSARFRYLM------GERLGVHSCSCSCHG~I-GEEGDSVPSVWSG 
QGLFLVATNPVDI---LTYAm(FSGLPHER------VIGSGTILDTARFRFLL------GEYFSVAPQ~YII-GEEGDTELPVWSQ 
DYISLTTSNPVDL---LNRHLYEAGDRSREQ------VIGFGGRLDSARFRYVL------SEEFDAPVQ~EGTIL-GEEGDAQVPVFSK 

Dl68  R171 E195 

KACVGIITNPVNTTVAIAAEVLKKAGVYDKN-----KLFGVTT-LDIIRSNPFV------AELKGKLPTEV~VI-GGESGVTILPLLS 

~ C T P K V D F P Q ~ Q L - - - - - - - - - - - A T L T G R I ~ E A G T E W K A G W E C S F - - - - - - - - - - - -  
Q C T P K V D F P Q D Q L - - - - - - - - - - - A T L T G R I Q E A G T E W K A G K E G V I E C S F - - - - - - - - - - - -  
O C T P K V D F P O D O L - - - - - - - - - - - S T L T G R I O E A G T E W K G A G S A T L S M A Y A G A R F V G K E G W E C S F - - - - - - - - - - - -  ~ATPRIUJLS~DTI-----------VALTKRTQDGGTEWEECSF------------ 
M N V A G V S L K T L H P E L G T D A D K E O W K O V H K O W D S A Y E V I K L P I - - - - - - - - - - - - - - - - -  
Q S N F L S R L N E D Q L - - - - - - - - - - - K Y L I H R V Q Y G G D E V V K N I E Q I H G T Y Y V P L K D A N N F P I  

"" TGNPYGIAEDIVFSMPCRSKGDGDYELASDVLMDDFL----WERIKKSEAELLAEKKCLTGEGNAFCDLPEDTMLPG _"_ TGNPYGIAEDIVFSMPCRSKGDGDYELATDVS"----WERIKKSEAEL~EKK~~LTGEGDAFCDLPED~LPGEN 
"" DGNSYGVPDDLLYSFPVTIK-DKTWKIVEGLPINDFS----REKMDLTAKELAEEKE--TAFEFLSSA 
"" DGNSYGVPDDLLYSLPWIK-NKm(FVEGLPINDFS-----RE~LTAKELTEEKE--TAFEFLSSA 
"" QGE-YGIPEGIVYSFPVTAK-DGAYRWEGLEINEFA----RKRnEITAQELLDEMEQVLGLI -""- VEGDGQYARFFSQPLLL-GKGVE--ERKSIGTLSAFE-QHS~~LDTLKKDIQLGEEIINK 
-""- VEGDGQYARFFSQPLLL-GKGVE--ERKSIGTLSAFE-QNALEGMLDTLKKDIALGQE~K _""_ VQSKETECTYFSTPLLL-GKKGLE--KNLGIGKITPFE-EKMIAEIPELKASIKKGEDFVKNMK 
-""_ VQSKETECTYFSTPLLL-G~GIE--KNLGIGKITPFE-EKMIAEIPELKASIKKGEDFVKNMK 
-""- 
""" 

VKSQETDCPYFSTPLLL-GKGIE--KNLGIGKISPFE-EKMIAEAIPELKASIKKGEEFVKNMK 
VQSTVTELPFFASKVKL-GKGVE--SVLDLGPLSDFE-KEGLEKLKPELKASIEKGIQFANAN 

A P G A D Q L L P L V D G A D Y F A I P L T I - T T K G V S Y V D Y D I V N R M S R S A S S  
-STMLKGLYGIKEDVFLSVPCL-GQNGISDWXVTLTS----EEEAHLKKSADTLWGI-QKELQF 
-STMVKDFYGIKDNVFLSLPCL-NDHGISNIVKMKLKP----DEEQQLKSATTLWDI-QKDLKF 
-SAYLDGLYGERD-VYIGVPAVI-NRNGIREVIEIELND----DEKRFHHSAATLKSVLARAFTR 
-SVKLEGEFGHEDTAF-GVPVL-GSNGVEEIVEWDLDD----YEQDLMADAAEKLSDQYDKIS 

Fig. 2. Amino acid sequence alignments of malate dehydrogenases and lactate dehydrogenases. The MDH and LDH sequences 
were aligned by using the  program PILEUP as implemented in the  GCG package (Devereux et ai., 1984). PILEUP creates a 
multiple sequence alignment from a group of related sequences by using a simplification of the method of pairwise alignments 
with the  algorithm of Feng and Doolittle (1987). Where appropriate the MDH sequences are marked as  mitochondrial (m) or 
cytoplasmic (c). The  LDH sequences from rabbit,  dogfish, and B. stearothermophilus (BsLDH) are shown for comparison. 
Residues important  for catalysis and coenzyme binding are shown in bold and numbered according to the system for LDH (Even- 
toff et al., 1977). Gaps have been introduced to produce an optimal  alignment. 
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Fig. 3. Active-site  vacuole of  MDH. The schematic drawing summarizes the function  of active-site residues with the substrate 
oxaloacetate and coenzyme NADH. The arrow indicates the position of phosphate in the case of  NADP+. 

Catalysis 

The active-site of MDH consists of a  predominantly  hydro- 
phobic vacuole, which contains binding sites for  the substrate 
and nicotinamide ring of the coenzyme. Upon  formation of 
the enzyme:coenzyme:substrate ternary complex there is a  pro- 
tein conformational change in which an external loop closes  over 
the active-site vacuole to screen the  substrate  and catalytically 
important residues from the solvent. In addition, other function- 
ally important residues are brought into close proximity to  the 
substrate (Clarke et al., 1986; Grau et al., 1981; Wigley et al., 
1992). X-ray structures of MDHs and LDH crystallized in the 
presence and absence of substrate analogues, which bind to  the 
active site, have identified 2 conformationally distinct forms of 
the enzyme with the external loop in either the  up  or down po- 
sition. Real-time movement of this  loop  region,  demonstrated 
in LDH by using fluorescence anisotropy  measurements, was 
correlated with the rate-determining step in the reaction for 
Bacillusstearothermophilus LDH (Waldman et al., 1988). The 

loop region  is  highly conserved among MDHs (residues 98-1  10; 
Fig. 2), reflecting its crucial role in catalysis. There is additional 
evidence to  support the existence  of different molecular confor- 
mations of MDH that are involved at different stages of the cat- 
alytic cycle. The mobility of a fluorescent substrate  analogue 
showed that binding of NAD' and NADH conferred 2 differ- 
ent conformational states on  the  substrate binding-site of mi- 
tochondrial MDH (Hones, 1985). Similarly, using fluorescent 
coenzyme analogues, binding of substrate was found to induce 
a localized conformational change in the nicotinamide binding- 
site (Hones et al., 1986). 

One of the most striking similarities observed between the se- 
quences and structures of MDH and LDH is the invariant and 
interacting H195 and Dl68 residues (Fig. 2). This histidine- 
aspartate pair form a proton relay system in the active site and 
allow the imidazole ring of the histidine to act as both  an acid 
and a base (Birktoft & Banaszak, 1983). This facilitates cataly- 
sis, which strongly suggests that both MDH and LDH operate 
by a similar mechanism. 
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Modulation  of  coenzyme specificity 

The side chain of residue 53 is important for coenzyme binding 
and specificity by hydrogen bonding with the adenosine ribose 
hydroxyl groups (Birktoft et al., 1989a,  1989b; Hall et al., 1992; 
Wigley et a!., 1992;  Kelly  et al., 1993). Residue 53 is chemically 
conserved with an acidic side chain in all NAD+-dependent 
MDHs, but is found as glycine  in the NADP+-dependent chlo- 
roplast enzymes of maize and sorghum (Fig. 2). Several work- 
ers have used sequence information  from chloroplast MDH  to 
engineer NADP+ specificity into NAD+-specific MDH and the 
related enzyme LDH. The specificity of T flavus MDH was  al- 
tered from  NAD+  to  NADP+ by substitution of 3 residues on 
a  loop including residue 53 (Nishiyama et al., 1993). A natural 
NADP+-specific enzyme has not yet been isolated for  LDH, 
but this was artificially achieved for B. stearothermophilus LDH 
by the single amino acid substitution of D53S (Feeney et al., 
1990). This shows that nucleotide binding characteristics can be 
altered in both LDH and  MDH by a single amino acid change, 
and also shows that  the same factors apply in both enzymes. 

Modulation  of substrate specificity 

In contrast to most MDHs, eubacterial LDHs are subject to allo- 
steric regulation by fructose 1,6-bisphosphate. The 3-dimensional 
X-ray structures for dogfish (Abad-Zapatero et al., 1987) and 
B. stearotherrnophilus (Wigley  et al., 1992) LDH have led to an 
understanding of catalysis by these molecules. 

There are  3 arginine residues  (R102,  R109, and R171) that  are 
absolutely conserved in all MDHs and are  important for sub- 
strate binding and catalysis (Figs. 2, 3). R102 and R109 are  on 
the underside of the mobile loop  and interact with substrate in 
the ternary complex. R109 has been shown to play a role in sta- 
bilization of the substrate  transition  state in LDH, which is 
thought to involve polarization of the substrate carbonyl bond, 
which  is stabilized by R109 (Clarke et al., 1986). Conservation 
of this residue in MDH suggests that  the mechanism of cataly- 
sis is very similar to  that in LDH. The  guanidinium side chains 
of R102 and R171 form counterions for  the  substrate carbox- 
ylate groups, which contribute to binding and orientation of the 
substrate in the active site (Fig. 3). 

Rational redesign of MDH and  LDH molecules has shown 
how substrate specificity  of an enzyme can be redefined by a sin- 
gle amino acid change. The  amino acid at position 102  is argi- 
nine in MDH  and glutamine in LDH (Fig. 2). The preferred 
substrates are oxaloacetate for MDH and pyruvate for LDH 
(Fig. 4). An R102Q mutant enzyme of E. coli MDH had  the ef- 
fect of relaxing the high degree of specificity for  the substrate 
oxaloacetate (Nicholls et al., 1992). These results were differ- 
ent from those for a Q102R mutant of B. stearothermophilus 
LDH where MDH specificity  was conferred on  the  LDH enzyme 
framework (Wilks et al., 1988) and  for an R102Q mutant of 
H .  marismortui MDH where LDH activity was conferred  on 
the  MDH enzyme framework  (Cendrin et al., 1993) (Fig. 5 ) .  
The switching of specificity observed with the B. sfearother- 
mophilus LDH  and H.  marismortui MDH may reflect the close 
phylogenetic grouping of these enzymes (Fig. 1). The arginine 
residue of MDH  appears to provide a mechanism that precludes 
catalysis of pyruvate. By introducing  a charge imbalance in the 
ternary complex with an uncharged substrate this is of physio- 
logical importance to an organism because of the relatively  high 

HO 

L 

1887 

HO 
\c/o 

LDH R-CH, Pyruvate 

MDH R=C~-L~OOH Oxaloacetate 

Lactate 

Malate 

Fig. 4. Preferred substrates of  MDH  and  LDH. 

concentrations of pyruvate in vivo. R102 appears  to be con- 
served in MDH as the result of a  strong  evolutionary pressure 
on  an organism to develop a highly  selective binding mechanism 
for oxaloacetate with a  strong bias against  oxaloacetate as  the 
product. 

The redesign of MDH by rational  rather than  random muta- 
tions is proving to be a useful method for study of catalysis of 
small substrates.  One result of this work is redesign of E. coli 
MDH, which is highly specific for oxaloacetate, to  an enzyme 
with broad specificity for 2-ketoacid substrates by a single mu- 
tation (R102Q) (Nicholls et al., 1992). The R102Q mutant en- 
zyme may find  industrial  applications as a single reagent to 
perform 2-hydroxy acid chiral conversions. This has been made 
possible by knowledge of 3-dimensional structures of MDH and 
the related LDH. The relatedness of MDH  and  LDH has been 
shown by sequence alignments, phylogenetic relationships, and 
3-dimensional structures. Sequence identity between MDHs and 
LDHs has allowed information  from  one enzyme to be extrap- 
olated to other enzymes and facilitates the prediction of impor- 
tant residues. With the  information gained on  MDH  the result 
is an enzyme framework that may be modified to suit a partic- 
ular 2-hydroxyacid substrate for use as an industrial catalyst or 
as a diagnostic reagent and this may  be obtained by rational re- 

BsLDH WT 

BsLDH Q102R 

HmMDH WT 

HmMDH R102Q 

EcMDH WT 

EcMDH R102Q 

LDH MDE 

I , ,  I l l  

8 6 4 2 0 2 4 6 8  
log kcJKn> @ymvate) log ka/Km (oxaloacetate) 

Fig. 5. Influence of the residue at position 102 on substrate selection. 
The data show  efficiency, expressed as log k,,,/K,,,, of wild-type and 
mutant enzymes for the natural substrate of MDH  (oxaloacetate) and 
LDH  (pyruvate).  The enzymes used were from B. stearotherrnophilus 
LDH  (BsLDH) (Wilks et al., 1988), H. rnarismortui MDH  (HmMDH) 
(Cendrin et al., 1993). and E. coli (EcMDH)  (Nicholls et al., 1992). 
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design  of  the  enzyme  catalytic  properties.  This  process is sim- 
plified by the knowledge that change of very few or single amino 
acid residues in MDH and LDH may result in profound changes 
in specificity for either  substrate  or  coenzyme. 
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