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ABSTRACT The amino acid sequence of porcine heart mi-
tochondrial malate dehydrogenase (mMDH; L-malate:NAD+
oxidoreductase, EC 1.1.1.37) has been compared with the se-
quences of six different lactate dehydrogenases (LDH; L-
lactate:NAD' oxidoreductase, EC 1.1.1.27) and with the "x-ray"
sequence of cytoplasmic.malate dehydrogenase (sMDH). The
main points are that (i) all three enzymes are homologous; (ii) in-
variant residues in the catalytic center of these enzymes include
a histidine and an internally located aspartate that function as a
proton relay system; (iii) numerous residues important to coen-
zyme binding are conserved, including several glycines and
charged residues; and (iv) amino acid side chains present in the
subunit interface common to the MDHs and LDHs appear to be
better conserved than those in the protein interior. It is concluded
that LDH, sMDH, and mMDH are derived from a common an-
cestral gene and probably have similar catalytic mechanisms.

A large number ofenzymes occur in multiple forms (1). In some
cases, the different forms are compartmentalized in unique cel-
lular locations, such as in the mitochondrion and cytoplasm. For
the aspartate aminotransferases, which show such a distribu-
tion, it has been shown that the mitochondrial and cytoplasmic
forms are homologous proteins as judged by comparisons of
their amino acid sequences and their molecular structures (2).
The cytoplasmic (or soluble) and the mitochondrial forms of
malate dehydrogenase, sMDH and mMDH (L-malate:NAD'
oxidoreductase, EC 1.1.1.37), respectively, represent a com-
parable pair of enzymes.

The MDHg are the products of different nuclear genes and
both are synthesized in the cytoplasm (3). sMDH remains in
the cytosol after synthesis whereas mMDH is translocated into
the mitochondrial matrix, a process that may be facilitated by
the presence of a leader sequence at the amino terminus of the
polypeptide chain (4). The compartmentalization ofsMDH and
mMDH has physiological significance; sMDH functions in the
malate-aspartate shuttle whereas mMDH is a.key enzyme in
the same shuttle and in the citric acid cycle. Both sMDH and
mMDH are dimers of identical subunits having subunit molec-
ular weights of.36,000 and 34,000, respectively (5). Most oftheir
catalytic properties are similar, with the exception of the dif-
ferent inhibitory effects of high concentrations of the substrate
oxaloacetate and the substrate analogs mono- and difluoroox-
aloacetate (6). The activity ofsMDH appears less affected than
that ofmMDH by these compounds. Both sMDH and mMDH
have been crystallized and studied by x-ray diffraction methods.
However, while the x-ray studies on mMDH are still in their

preliminary stages, the molecular structure ofsMDH is known
at high resolution (7). The molecular structure of porcine heart
sMDH is very similar to that-of another NAD-dependent de-
hydrogenase, lactate dehydrogenase (LDH; L-lactate:NAD'
oxidoreductase, EC 1.1.1.27) (8).

Unlike the MDHs, which are cellular organelle specific, the
lactate dehydrogenase isozymes are found.in the cytoplasm of
different cell types. Three different forms of LDH have been
described: the A or muscle form (LDHA), the B or heart form
(LDHB), and the C or testes form (LDHC) (1). Although the
A and B forms occur throughout the respective organism, their
relative abundance varies from tissue to tissue. LDHA is more
abundant than LDHB in liver and skeletal muscle while LDHB
is present at higher levels in heart and kidney tissue (1). The
LDHC gene is expressed only in adult testes (3). The three-
dimensional structures and the amino acid sequences of the
three LDHs are very similar despite the fact that they are the
products of three distinct genes (9-11). The structural homol-
ogy among the LDHs extends to the level of subunit-subunit
interactions in that it is possible to form heterotetramers of the
three forms of LDH, as has been observed both in vivo and in
vitro (12).

The recent determination of the primary structure of pig
heart mMDH (13) has made it possible to compare the amino
acid sequence of this enzyme with those of the LDHs. A pre-
liminary "x-ray sequence" for porcine heart sMDH has also
been. determined (unpublished data). Thus, it is possible to
compare the amino acid sequences and structures of LDH,
mMDH, and sMDH in detail.

MATERIAL AND METHODS
In the comparison-studies, the amino acid sequence ofmMDH
is that reported by Fernley et aL (13). The amino acid sequences
for the LDHAs and LDHBs and their alignments are taken from
Eventoff et al. (14) and that of mouse LDHC is as reported by
Pan et aL (15). Atomic coordinates for the apo form and ternary
complex ofdogfish LDHA and for the apo form ofmouse LDHC
were obtained from the protein data bank at Brookhaven Na-
tional Laboratory (16). The x-ray sequence for sMDH has been
derived by correlating the available information on the amino
acid sequence of a number of peptides (unpublished observa-
tions) with electron density maps based on an x-ray structure

Abbreviations: sMDH and mMDH, cytoplasmic and mitochondrial
malate dehydrogenase, respectively; LDH, lactate dehydrogenase;
LDHA, muscle LDH; LDHB, heart LDH; LDHC, testes LDH.
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partially refined by restrained least-squares methods (17, 18).
The refinement has been continued, and at this time (June 1982)
the conventional crystallographic R factor for all diffraction data
to 2.5-A resolution is 33%. A listing of the "x-ray sequence"
based on the partially refined x-ray coordinates can be obtained
from the authors upon request. Considering that the resolution
of the x-ray diffraction data ofsMDH is only 2.5 A and that only
92% of all nonhydrogen atoms, as based on the amino acid com-
position (5), were used in the initial stages of the refinement,
the amino acid sequence ofsMDH presented here undoubtedly
contains some incorrect assignments. The structural homology
between sMDH and LDH is described elsewhere (18) and
forms the basis of the alignment ofsMDH and LDH shown in
Fig. 1.
The amino acid sequences ofmMDH and several LDHs were

initially compared by using the procedure described by Mc-
Lachlan with spans of 11 residues and weighting factors of 1,
2, 2, 3, 3, 3, 3, 3, 2, 2, 1 (19). The effect of the individual amino
acid substitutions on the structure, function, and properties of
mMDH was analyzed by using the known structure of dogfish
apo-LDHA as a starting point and making appropriate changes
in the model. This analysis was done on a MMS-X interactive
graphics system (20) using the programs BUILD (21) and
NEWNIP (22).

RESULTS AND DISCUSSION
Overall Similarity of Structures. The alignment ofthe amino

acid sequence ofmMDH, the sequences of six different LDHs,
and the x-ray sequence of sMDH is shown in Fig. 1. In this
alignment, 31% ofthe 314 amino acids in mMDH have an iden-
tical counterpart in one of the six LDH sequences. When the
comparison is done with the individual LDH sequences, the
homology index varies between 22% and 24% as shown in Table
1. While this value is low, it is by no means outside the range
observed for related protein systems (23). The alignment shown
in Fig. 1 introduced about 14 gaps in the sequences or 4.4 gaps
per 100 residues. This value, although high, is comparable with
that obtained with the bacterial serine proteases (23, 24). These
gaps are, with one exception, located on the molecular surface.
Only at the junction between the nucleotide binding and the
catalytic domain, residue 146,t does an internally located dele-
tion occur. The overall sequence homology appears to be
slightly better in the NAD-binding domain than in the catalytic
domain, although the differences, as given in Table 1, may not
be significant. The region where the greatest difficulty was en-
countered in aligning the sequences involved residues 182-209,
which includes the /-sheet strands 83H and /J and helix alG.
As used in Fig. 1, a and / indicate helical and /3 secondary struc-
ture, respectively, and the roman letter is assigned relative to
the sequence order beginning at the amino terminus. In both
LDH and sMDH, AH, pJ, and a1G are segments of the poly-
peptide chain that follow a meandering pathway across the pro-
tein surface and make several hairpin loops. In this region, the
mMDH sequence is 9 residues shorter than the dogfish LDH
sequence and 12 residues shorter than the other listed LDH
sequences. It is noteworthy that, in this part of the structure,
rather large conformational differences are observed between
LDH and sMDH (18) and among the three known LDH struc-
tures (10, 11).
Amino acid residues in the interior of these dehydrogenases

appear to be less susceptible to evolutionary changes than those
that are in contact with the surrounding solvent medium, as can

be seen from Fig. 1. If one defines as internal those residues
that, in the apo form of a sMDH subunit, do not appear to be
exposed to solvent, visual inspection of the hypothetical
mMDH model indicates that 35 out of 94 (37%) internal resi-
dues in mMDH have an identical counterpart in one of the six
LDHs. The remainder are for the most part replaced by resi-
dues ofa similar chemical nature. In a few instances, a nonpolar
residue is replaced by a residue with a polar side chain or vice
versa-for example, leucine to threonine at position 37. But in
no instance are any charged side chains introduced into the
protein interior.

In this type of sequence comparison, one of the most trou-
blesome problems is the replacement of a nonproline residue
by a proline. In some instances, this can necessitate a confor-
mational change in the homologous protein. No difficulties
were encountered in incorporating most of the prolines found
in the sequence into the putative mMDH structure, although
three unusual substitutions did occur-i.e., prolines-15, -125,
and -297-in the middle of a-helices. These replacements are
expected to interrupt the helical structure because of the dis-
ruption of the helical hydrogen bonding pattern and because
ofsteric problems caused by the pyrrolidine ring. However, the
presence ofa proline residue in the middle ofa stretch of helical
structure is not without precedent. In all such instances, the
proline introduces a bend in the otherwise linear helical axis.
Typically, in the case of lamprey hemoglobin, proline-25 is
found in the A-helix and the bend is about 200 (25). In LDH,
helix aD is separated from helix aE by a proline and the axes
of these two helices make an angle ofabout 300 with each other.
In sMDH, no proline is found in the corresponding position and
helices aD and aE do, in fact, form a continuous and straight
helix (7). Prolines-15 and -125 are located in internal positions
in helices aB and aiF, respectively, both of which are part of
the structure of the NAD-binding domain. Helix aB would also
be part of the Q-axis subunit interface in mMDH as will be
discussed below. Proline-297 occurs in the middle of helix aH,
which is stretched across the surface of the molecule and is near
the COOH-terminus. This proline would be located on the side
of the helix that is exposed to solvent and a helical kink, similar
to those observed in lamprey hemoglobin and LDH, could be
accomodated in the putative mMDH structure without causing
major structural disruption. Considering that the overall ho-
mologies adjacent to these proline residues are reasonably good,
it is possible that no major structural rearrangements have
occurred.

Subunit-Subunit Interactions. Both mMDH and sMDH are
found as dimeric proteins (5), whereas LDH usually occurs in
a tetrameric form (26). Comparison of the structure of dogfish
LDH and pig heart sMDH showed that these two oligomeric
enzymes share a common twofold symmetry axis, the Q axis
according to the nomenclature of Rossmann et al. (27). The two
additional symmetry elements present in LDH are called the
P and R axes, respectively. Inspection of the mMDH sequence
showed that those residues located in the Q-axis interface are
better preserved than those participating in the two other types
of subunit-subunit interactions. These results are summarized
in Table 2. It should also be noted that, in LDH, a larger num-
ber of residues participate in interactions in the Q-axis interface
than in the other two and that the residues around the Q axis
are better preserved among the LDHs than those in the P- and
R-axis interfaces (13). Overall, the data given in Table 2 suggest
that the mMDH dimer is formed around the Q axis and thus
resembles the sMDH dimer.

At low pH, mMDH undergoes reversible dissociation into
monomers, such that, at pH 5.0, the enzyme at low concentra-
tions is exclusively in the monomeric form (28). Several charged

t Unless stated otherwise, the numbering system used is based on the
mMDH sequence (13). The corresponding numbering for LDH can
be obtained from Fig. 1.
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FIG. 1. Sequence homology among 2-hydroxy acid dehydrogenases. (P), (C), (D), and (M) refer to pig, chicken, dogfish, and mouse, respectively,
as the enzyme source. a and indicate secondary structural elements according to the usual nomenclature for the dehydrogenases (7). Various
features of individual residues are indicated below the structural element designations: I, internally located; C, participating in catalysis; N, in
contact with NAD; S, involved in substrate binding; Q, part of the Q-axis interactions; P and R, involved inP-axis orR-axis interactions, respectively
(LDH only). The upper line of the numbering system refers to the linear mMDH sequence (13), and the lower line refers to the crystal structure
of dogfish LDHA (14). The P and R assignments are based on table 1 in ref. 10, and the I, C, N, S, and Q assignments are from analysis of the sMDH
structure (17, 18). Amino acids are indicated by the single-letter code; the NH2 terminus of sMDH is acetylated and is indicated by an 0.
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Table 1. Summary of homologies among the 2-hydroxy
acid dehydrogenases

Identities,
Comparison no./no. % homology

mMDH vs. any of six LDH sequences 97/314 31
mMDH vs. LDHA (pig) 69/314 22
mMDH vs. LDHA (dogfish) 76/314 24
mMDH vs. LDHB (pig) 68/314 22
mMDH vs. LDHC (mouse) 68/314 22
Dinucleotide binding domain
mMDH vs. any of six LDH sequences 50/146 34
mMDH vs. LDHB (pig) 34/146 23

Catalytic domain
mMDH vs. any of six LDH sequence 47/168 28
mMDH vs. LDHB (pig) 34/168 20

Identities were not tabulated for the chicken LDH enzymes because
of the long stretches for which the sequences have not been determined.

side chains are located in the putative Q-axis interface in
mMDH (aspartic acids43 and -164, histidine-46, glutamic acid-
212, lysine-215). Protonation of a single amino acid has been
shown to be responsible for this pH-dependent dissociation
(29). Either one of the acidic amino acids or possibly the his-
tidine could be responsible for this dissociation. Except for as-
partic acid-164, these residues are also conserved in LDH and
this enzyme has been shown to undergo reversible dissociation
into dimers and monomers at pH 3.5-4.5 (30).

Active Site and Substrate Binding. The principal difference
in the enzymatic properties ofLDH and MDH is found in their
substrate specificities although both enzymes utilize 2-hydroxy
(or the corresponding 2-keto) acids as substrates. LDH shows
a preference for straight-chain alkyl 2-hydroxy acids, L-lactate
(pyruvate) being optimal (31), whereas MDH favors 2-hydroxy
dicarboxylic acids with L-malate (oxaloacetate) being the pre-
ferred substrate(s) (32). In addition, the dissociation constants
for the cofactors NAD and NADH and the pH dependence of
their binding are similar for both the MDHs and LDHs (26, 33,
34).
The catalytic sites in both LDH and sMDH are believed to

contain a histidine-aspartate pair linked by a hydrogen bond
(17) and both of these residues are preserved in mMDH as his-
tidine-176 and aspartic acid-149. This aspartate is nearly com-
pletely shielded from the solvent by surrounding protein, and
many of the amino acid side chains that form this shield are
either invariant (residues 148, 152, and 176), or replaced by
similar residues in mMDH (residues 146, 151, 172, 180, and
206). Thus, the function of this histidine-aspartate pair should
be the same in mMDH as has been proposed for LDH and
sMDH (18).

It has previously been shown that the binding sites for the
co-factor NAD (NADH) are structurally very similar in LDH
and sMDH (8, 17). The adenine ring is located in a shallow crev-

Table 2. Conservation of residues in subunit-subunit interfaces
of the 2-hydroxy acid dehydrogenases

Identities
mMDH mMDH mMDH

Resi- vs. any of vs. LDHA vs. LDHB
dues,* six LDHs (pig) (pig) Six LDHs

Axis no. No. % No. % No. % No. %
Q 22 15 68 13 59 13 59 15 68
P 14 3 21 1 7 3 21 6 43
R 12 2 17 2 17 1 8 4 33

* Based on table 2 of ref. 13.

ice lined by predominantly hydrophobic residues. Four out of
nine residues contained in this crevice are conserved in
mMDH-i.e., residues 33, 74, 76, and 96-and the remainder
consist offairly conservative substitutions-i.e., residues 6, 32,
34, 61, and 100. Therefore, the hydrophobic nature of the ad-
enine binding site is also conserved. The residue at position 61
is a tyrosine in LDH and is hydrogen bonded to a nitrogen on
the adenine ring. This residue is replaced in mMDH by a glu-
tamine so the possibility for maintaining this particular hydro-
gen bond still exists. The serine assigned to this position in
sMDH does not appear to be in contact with NAD (17).
The interactions between the enzyme and the ribose/py-

rophosphate/ribose moieties of NAD are largely polar in na-
ture, with nearly every oxygen atom forming a hydrogen bond
with the enzyme (17). Most of the hydrogen bonds described
for the coenzyme complexes ofsMDH (17) and LDH (9) appear
to exist in mMDH. The most noticeable difference is the re-
placement of arginine by proline at position 79 in mMDH. In
LDH, this residue is thought to be involved in an ionic inter-
action with the negatively charged phosphate oxygens of the
coenzyme. However, the succeeding two residues in the
mMDH sequence are both basic, arginine-80 and lysine-81, and
one of these may serve the same function as the arginine in
LDH. In fact, modification of lysine-81 in mMDH causes in-
activation and this reaction is inhibited by NAD, ADP, and
AMP (35), strongly suggesting that lysine-81 in mMDH is in-
volved in interaction with the pyrophosphate in NAD. In
sMDH, residue 79 is thought to be serine and this side chain
appears to be in contact with NAD (17).

All of the basic residues involved in NAD binding are located
in the "loop" region, which in mMDH includes residues 77-90.
In both LDH and sMDH, this loop undergoes a substantial
conformational change on formation of the enzyme-NAD com-
plex (9, 36). Several other residues in this part of the polypep-
tide chain are also conserved, including glycines at positions 77
and 83. It is possible that these two residues function as "hinges"
for the conformational change accompanying coenzyme binding
as observed in LDH and sMDH.
Two additional amino acids in LDH are involved in ionic in-

teraction with NAD and are found in mMDH as well. Aspartic
acid-33 is hydrogen bonded to the adenosine ribose 0-2 position
and is found in all NAD-binding proteins (27). Lysine 58 (in the
LDH numbering system) is located nearby and probably is in-
volved in an electrostatic interaction with the pyrophosphate
moiety. It is conservatively replaced by histidine in mMDH.

In the dehydrogenases, the contacts between the nicotin-
amide ring of the coenzyme and the enzyme are predominantly
hydrophobic in nature. Most of these residues are either in-
variant-i. e., residues 117, 118, and 148-or conservatively
replaced-i.e., residues 10, 116, 221, and 223-by chemically
similar side chains. Asparagine-118 is located close to the ni-
trogen of the nicotinamide ring.
When bound to LDH, the carboxamide group of NAD is

probably hydrogen bonded to the carbonyl group of residue 117
and to the side chain hydroxyl group of a serine at position 145
(9, 11). These two hydrogen bonds help in the orientation ofthe
nicotinamide ring, such that the proper stereochemistry is pro-
vided for hydride transfer. In mMDH, serine-117 is present,
but unexpectedly the serine at position 145 is replaced by va-
line. However, the two succeeding residues (positions 146 and
147) in the mMDH sequence are both threonine. mMDH, like
sMDH, has one residue less than LDH in this region (Fig. 1).
At this place, a minor structural difference is observed between
LDH and sMDH and may also be found between mMDH and
LDH. Therefore, although the overall chemical nature of the
nicotinamide binding subsite is similar in all of these enzymes,
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some differences may occur near the carboxamide group.
The substrate for the MDHs differs from that ofLDH by the

presence of an additional carboxyl group. In both LDH and
sMDH, the end of the substrate opposite from the 1-carboxyl
group is pointed toward a solvent-filled cavity. Only a few con-
tacts appear to exist between enzyme and substrate at this point,
explaining the lack of strict specificity of LDH. In a model-
building experiment, an L-malate ion was placed in the putative
substrate binding site of mMDH such that hydrogen bonds
were formed between arginine-152 and the 1-carboxyl group
and between histidine-176 and the 2-hydroxyl group ofthe sub-
strate. When this is done, the only polar side chain in mMDH
that could possibly interact with the 4-carboxyl group of L-ma-
late appears to be that of glutamine-207. The corresponding
residue in LDH is valine and, in sMDH, is currently estimated
to be glutamine or a glutamate residue. This side chain could
account for the difference in substrate specificity between the
MDHs and the LDHs.

Finally, it has been proposed that a so-called ring of negative
charges near the active site of LDH may be of some functional
significance (14). This group of negative charges includes resi-
dues 84, 178, 208, and 212, but only the last two are conserved
in mMDH. This lack of homology with the MDHs suggests that
the clustering of negative charges in this region of LDH prob-
ably has little functional significance.

CONCLUSION
Comparison of the amino acid sequence of mMDH with the
sequences of several LDHs has shown that these two enzymes
are homologous. Because it has previously been shown that
sMDH is also structurally similar to LDH, it can now be in-
ferred that mMDH and sMDH are homologous enzymes. Com-
parison of the tentative sMDH sequence derived from the elec-
tron density map with those ofmMDH and LDH indicates that
sMDH will show some similarities at the amino acid sequence
level as well. This means that the mitochondrial and cytoplasmic
forms of MDH must have a common evolutionary origin as has
been established for the aspartate aminotransferases (2).

Those amino acids that are directly involved in the mecha-
nism of action of the 2-hydroxy acid dehydrogenases are exten-
sively conserved. Only with respect to the substrate binding
site are significant differences between MDH and LDH ap-
parent. Formation of the oligomeric forms ofsMDH and LDHs
is dominated by the dimerization around the so-called Q axis,
where a high degree of conservation of amino acid residues is
also found in mMDH. Thus, it is predicted that protein-protein
interactions in mMDH are probably the same as in sMDH. The
similarities among the 2-hydroxy acid dehydrogenases as ex-
emplified by MDH and LDH suggest that they also originated
from a common ancestral gene.
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