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A comparison of the primary structures of NAD'-dependent D-lactate
dehydrogenase with L-lactate dehydrogenase and L-malate dehydrogenase failed to
show any sequence similarity. However, D-2-hydroxyisocaproate dehydrogenase from
Lactobacillus casei, glycerate dehydrogenase from cucumber, D-3-phosphoglycerate
dehydrogenase and erythronate 4-phosphate dehydrogenase from Escherichia coli
showed 38 %, 24 %, 24 % and 22 % amino acid identity, respectively. The profile
analysis of the aligned sequences confirmed their relatedness. The hydropathy
profiles of the aligned dehydrogenases were almost identical between residues
100-300 indicating largely preserved folding patterns of their polypeptide
chains. The data suggest that L- and D-specific 2-hydroxy acid dehydrogenase
genes evolved from two different ancestors and thus represent two different sets
of enzyme families. © 1992 Academic Press, Inc.

Comparative studies of three-dimensional structures of enzymes utilizing
NAD* as the cofactor in hydride transfer showed that the protein moiety is made
up of a highly conserved coenzyme-binding domain, and a variable catalytic domain
(1). Nevertheless, this domain is similar when substrates are similar e.g.,
L-lactate and L-malate dehydrogenase both utilize 2-oxo and 2-hydroxy acid
substrates (2). Both enzymes are structurally identical and show strict
enantiomeric specificity for the L-isomer of the substrate. The three-dimensional
structures of L-lactate dehydrogenase, e.g., from dogfish in unligated form (3-
5), in complex with NADH (6,7) and in ternary complex with NADH and substrate
analog (8) are known. In contrast, no structure-function information on D-lactate

dehydrogenase is available.

Recently, we determined the primary structure of NAD'-dependent D-lactate
dehydrogenase from Lactobacillus bulgaricus and identified the amino acid
residues at or near the active site (9). The amino acid sequence comparison data
indicate that similarities between D- and L-lactate dehydrogenase do not extend
beyond their functional similarities and that both have independently evolved.
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EXPERIMENTAL PROCEDURES

The amino acid sequence of D-lactate dehydrogenase was compared with the
protein sequence data base of the National Biomedical Research Foundation (NBRF)
and of the SWISSPROT using the programme FASTA (10). Pair-wise comparisons were
carried out by the programme GAP (11). The programme scores the similarity values
from the scoring matrix PAM250 (12,13). The profile analysis was carried out
using PILEUP, PROFILEMAKE and PROFILESEARCH programmes (14,15).

RESULTS

A computer search of the NBRF and the SWISSPROT protein sequence data banks
with the FASTA alogrithm (10) using the D-lactate dehydrogenase as the query
sequence indicated amino acid sequence similarity with four dehydrogenases,
namely; glycerate dehydrogenase (also known as hydroxypyruvate reductase) from
cucumber (16), D-3-phosphoglycerate dehydrogenase from E. coli (17),
D-2-hydroxyisocaproate from L. casei (18) and erythronate &4-phosphate
dehydrogenase from E. coli (19). The initial /optimized match score were 393/609,
177/158, 1637249 and 62/181 for D-2-hydroxyisocaproate, glycerate, D-3-
phosphoglycerate and erythronate 4-phosphate dehydrogenase, respectively. The
amino acid identity within the maximum overlap was >30 %Z. A rigorous pair-wise
sequence comparison by GAP alogrithm (11) with optimized gap penalty of 10
revealed >20 % amino acid identity among these dehydrogenases whereas non-related
proteins e.g., L-lactate dehydrogenase, L-malate dehydrogenase, glyceraldehyde
3-phosphate &ehydrogenase or L-2-hydroxyisocaproate dehydrogenase showed <12 %

amino acid identities (Table I). When the conservative mutations of amino acid

TABLE I
Percentage identity and similarity among certain L- and D-2-hydroxy
acid dehydrogenases

D-LDH  D-HicDH GDH PGDH EryPDH L-HicDH LcL-LDH BstL-LDH PHL-LDH

D-LDH* - 38 24 24 22 11 12 13 10
D-HicDH" 61 - 21 25 22 11 11 11 8
GDH* 46 40 - 23 19 15 10 12 11
PGDH* 44 43 44 - 20 1 11 11 10
EryPDH* 45 44 39 41 - 13 12 12 10
L-HicDH* 34 364 36 34 33 - 31 31 25
LcL-LDHs 33 31 31 33 32 56 - 53 37
BstL-LDH" 36 33 31 34 31 57 72 - 35
PHL-LDH* 29 27 33 30 31 51 61 60 -

Percent identity i.e. invariant residues (in bold letters) and similarity
(conservative mutations) were calculated by alignment of the two sequences according to the
programme GAP (11) which uses the mutational matrix PAM250 (12, 13). The gap weight values were
set to 10.
®D-LDH, D-lactate dehydrogenase; ®D-HicDH, D-2-hydroxyisocaproate dehydrogenase; GDH, glycerate
dehydrogenase but also known as hydroxypyruvate reductase; 9PGDH, D-3-phosphoglycerate
dehydrogenase; °EryPDH, erythronate 4-phosphate dehydrogenase; 'L-HicDH, L-2-hydroxyisocaproate
dehydrogenase; 9LcL-LDH, L. casei L-lactate dehydrogenase; "BstL-LDH, B. stearothermophilus L-
lactate dehydrogenase; ‘PHL-LDH, pig heart L-lactate dehydrogenase.
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FIG. 2. Hydropathy profiles of D-lactate, glycerate, D-3-phosphoglycerate, D-2-
hydroxyisocaproate and Erythronate 4-phosphate dehydrogenases. Consecutive
hydropathy averages are plotted for a 9-residue window. Gaps for the optimal
alignment were same as shown in Fig. 1. The hydropathy profile of D-lactate
dehydrogenase is presented in black; D-2-hydroxyisocaproate dehydrogenase in
blue; D-3-phosphoglycerate dehydrogenase in red; erythronate &4-phosphate
dehydrogenase in magenta and of glycerate dehydrogenase in green.

residues with similar property, i.e. size, charge or hydrophobicity (12) were
taken into consideration, an average score of >50 % similarity was observed
(Table I). The aligned sequences of the similar dehydrogenases are presented in
Fig. 1. The NAD'-dependent dehydrogenases inherently show very poor sequence
similarity (1,20). However, aligned sequences of homologous proteins intimately
trelate to the structure and the function of the proteins (15). In order to
identify distant relatives of the D-2-hydroxy acid dehydrogenase family, a
profile sequence was constructed by using the multiple sequence alignment
programmes PILEUP (21) and PROFILEMAKE (14). A search through the SWISSPROT data
bank using PROFILESEARCH (15) showed high scores (ZScore) of >30 for the aligned
sequences whereas the other sequences in the data bank scored <4. A more rigorous
search in a data bank constructed from the 32 L-lactate dehydrogenase, 24 L-
malate dehydrogenase, 56 alcohol dehydrogenase, 52 glyceraldehyde 3-phosphate
dehydrogenase, 18 alanine dehydrogenase and 26 phosphoglycerate kinase sequences
also produced the same results. All lactate dehydrogenase sequences scored <1,
thus confirming no sequence relatedness between L- and D-specific dehydrogenases.
The N-1 profile sequence constructed by all but one of the aligned sequences (22)
always shoved a score of >29, thus confirming its unique relationship with other

members of D-2-hydroxy acid dehydrogenases.

A total of 19 residues were found to be invariant among the aligned

dehydrogenases (the number increases to 43 when a conservative mutation at one
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of the five positions is accepted). Six out of the 19 residues are glycine
residues (G79, G92, G149, G152, G154 and G157); five aspartate residues (D84,
D175, D200, D240 and D259), two glutamate residues (D108 and D264) and one each
of proline (P99), asparagine (N232), lysine (K225), arginine (235), alanine
(A243) and histidine (H296) residues. Five out of six invariant glycine residues
(G92, G149, G152, G154 and G157) are located at the NADH binding domain.
Secondary structure predictions showed that invariant G79 and P99 residues are
situated in a highly conserved pS-sheet, apparently satisfying important
structural requirements. The rest of the invariant residues are expected to be
of substantial catalytic importance. The hydropathy profiles of the aligned
dehydrogenases (Fig. 2) indicated that many of the structural domains of these

proteins are similar.

DISCUSSION

The overall sequence identity score of 22 % to 38 % with glycerate, D-3-
phosphoglycerate, erythronate 4-phosphate and D-2-hydroxyisocaproate
dehydrogenases together with the average sequence similarity of about 50 % when
conservative substitutions are also considered (12), clearly classifies them to
be homologous proteins. The high degree of sequence similarity in D-2-hydroxy
acid dehydrogenases indicate that the replacements have occurred subject to
common structural and functional constraints. This is corroborated by their near
identical hydropathy profiles and profile analysis of sequences constructed from
the aligned dehydrogenases. The comparatively longer length of the polypeptides
chains of D-3-phosphoglycerate dehydrogenase, glycerate dehydrogenase and
erythronate 4-phosphate dehydrogenase mainly corresponded to the extensions of
the polypeptide chain at the carboxyl terminus. Considering the fact that the
average degree of identity among L-lactate dehydrogenase from many different
species 1s around 38 % (similarity 60 %), a 38 % identity (61 % similarity)
between D-lactate dehydrogenase and D-2-hydroxyisocaproate dehydrogenase with
ouly one and two single amino acid deletions in the respective proteins together
with their near identical secondary structure predictions suggests that both
enzymes may interact with each other’s substrate. The absence of any detectable
reaction or inhibition of D-lactate dehydrogenase activity with 2-oxoisocaproate
(9) indicates a different active site architecture in these two proteins.

The catalytic domains of D-specific 2-hydroxy acid dehydrogenases are
expected to be divergent due to different substrate specificities of each
protein. Nevertheless, an interesting mechanistic feature found in the family
of L-2-hydroxy acid dehydrogenases is the presence of a similarly oriented
Asp-His pair linked by a hydrogen bond and functioning as a proton relay system

during catalysis (2). This type of catalytic arrangement is alsc found in the
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family of serine proteases (23), thermolysin (24) and phospholipase A2 (25).
Assuming that D-lactate dehydrogenase also possesses such an arrangement,
rigorous analysis of the primary structure revealed two possible candidates for
Asp-His pairs, namely, D175 - H205 and D259 - H296. In the former pair, the
spatial neighbor of Asp, the substrate binding arginine residue, is also present
at the expected position of D-X-X-R. However, in the present case D175 occupies
the position of the invariant aspartate residue of the consensus sequence of the
NADH binding domain, G-X-(G or A)-X-X-G-20X-D (1,20). This makes D175 equivalent
to D53 of L-lactate dehydrogenase rather than its active site D146. Furthermore,
the spatial neighbor of D175, R178 is not conserved among other D-2-hydroxy acid
dehydrogenases. In the case of, D259 - H296 pair, no substrate binding arginine
or lysine residues are present at the expected position. Chemical modification
of D-lactate dehydrogenase with diethylpyrocarbonate and subsequent isclation
of the modified peptide showed that modification of H303 was responsible for the
loss of enzyme activity (9). A conserved glutamate residue, E264 is also present
at the expected position. However, the histidine residue is not conserved, thus
making it difficult to speculate which one of the His-Asp pairs is catalytically
important.

In conclusion, the sequence comparison data suggest that L- and D- specific
dehydrogenases have independent pedigrees. The possibility that L- and D-specific
dehydrogenases have diverged so early that any similarity between their sequences
would be too weak for detection seems improbable. It is very unlikely that
stereospecificity with respect to substrate would drift whereas specificity with
respect to cofactor would be retained. The sequence similarities as well as the
similar hydropathy profiles of glycerate dehydrogenase, D-3-phosphoglycerate
dehydrogenase, erythronate 4-phosphate dehydrogenase, D-lactate dehydrogenase
and D-2-hydroxyisocaproate dehydrogenase, all from diverse species and different
with respect to their substrate specificity but identical in their
enantioselectivity, strongly suggests that D-specific 2-hydroxy acid
dehydrogenases constitute a separate family of proteins. A high degree of
sequence similarity between L-2-hydroxyisocaproate dehydrogenase with L-lactate
dehydrogenase (26) and between D-2-hydroxyisocaproate dehydrogenase with D-
lactate dehydrogenase on the one hand and a lack of any sequence similarity among
L- and D-lactate dehydrogenases as well as L- and D-2-hydroxyisocaproate
dehydrogenases on the other hand, strongly supports the conclusion that L- and
D-specific 2-hydroxy acid dehydrogenases may not be evolutionarily related and
their functional similarity is merely coincidental. Nevertheless, pair-wise
identities of 10 % to 13 % between D- and L-lactate dehydrogenase are typical
for the so-called "twilight zone" in which usually automatic alignment procedures
fail (27,28), but background information argues in favor of their similarity.
Thus, conclusive evidence for non-relatedness of L- and D-lactate dehydrogenase

must await the X-ray crystallographic structure of D-lactate dehydrogenase.
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