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Malate dehydrogenase (MDH; EC 1.1.1.37) from strain NCIB 8327 of the green sulfur bacterium
Chlorobium vibrioforme was purified to homogeneity by triazine dye affinity chromatography followed by gel
filtration. Purification of MDH gave an approximately 1,000-fold increase in specific activity and recoveries of
typically 15 to 20%o. The criteria of purity were single bands on sodium dodecyl sulfate (SDS) and
nondenaturing polyacrylamide electrophoresis (PAGE) and the detection of a single N terminus in an Edman
degradation analysis. MDH activity was detected in purified preparations by activity staining of gels in the
direction of malate oxidation. PAGE and gel filtration (Sephadex G-100) analyses showed the native enzyme to
be a dimer composed of identical subunits both at room temperature and at 4°C. The molecular weight of the
native enzyme as estimated by gel filtration was 77,000 and by gradient PAGE was 74,000. The subunit
molecular weight as estimated by SDS-gradient PAGE was 37,500. N-terminal sequences of MDHs from C.
vibrioforme, Chlorobium tepidum, and Heliobacterium gestii are presented. There are obvious key sequence
similarities in MDHs from the phototrophic green bacteria. The sequences presented probably possess a stretch
of amino acids involved in dinucleotide binding which is similar to that of Chloroflexus aurantiacus MDH and
other classes of dehydrogenase enzymes but unique among MDHs.

The green phototrophic bacteria comprise two families,
the Chlorobiaceae, or green sulfur bacteria, and the family
Chloroflexaceae, or green gliding bacteria (29). Common to
both families of green bacteria are the types of light-harvest-
ing pigments and their structural organization into chlo-
rosomes. Metabolically, however, the members of the two
families differ significantly. Members of the family Chloro-
biaceae as represented by the genus Chlorobium are obli-
gately anaerobic and photoautotrophic, whereas members of
the family Chloroflexaceae as represented by the genus
Chloroflexus are facultative photoheterotrophs, capable of
anaerobic photoautotrophic growth as well as aerobic het-
erotrophic growth in the dark. Chlorobium vibrioforme is a
mesophilic organism which in nature is found in meromictic
lakes. The natural habitat of the thermophile Chlorofle-xus
aurantiacus is hot springs. A thermophilic Chlorobium spe-
cies, Chlorobium tepidum, has recently been isolated from
hot springs in New Zealand (33).

In spite of the great similarity with regard to pigments and
fine structure, 16S rRNA molecular analyses indicate that
the genera Chlorobium and Chlorofle-xus are phylogeneti-
cally only distantly related (8).
The heliobacteria are a group of gram-positive, green,

strictly anaerobic nonsulfur bacteria, the natural habitat of
which is the soil of rice fields (38). Bacteria belonging to this
group have neither the internal photosynthetic membranes
typical of purple bacteria nor the chlorosomes typical of
green bacteria. They contain bacteriochlorophyll g, which is
structurally related to chlorophyll a (7) and which presum-
ably is associated with the cytoplasmic membrane. Data
from 16S rRNA sequence analysis indicate that heliobacteria
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are phylogenetically related to the gram-positive eubacteria
(38), and recently it has been reported that some species
form endospores (21).

In order to obtain information about proteins from ther-
mophilic sources and to do comparative and phylogenetic
studies of phototrophic bacteria, we have purified and char-
acterized malate dehydrogenase (MDH) from several bacte-
ria. In Chlorobium spp., this enzyme catalyzes one of the
reactions in the reductive tricarboxylic acid cycle, which is
the mechanism of CO2 fixation in this organism (6). In
Chloroflexus spp., the reaction catalyzed by MDH is part of
the tricarboxylic cycle and the glyoxylate cycle (13). High
levels ofMDH activity have been shown in crude extracts of
Heliobacterium gestii, but its role in the metabolism of the
cell has not yet been examined (22).
On the basis of molecular size, bacterial MDHs fall into

two classes: small and large. The molecular weight (MW) of
small MDHs is in the range from 60,000 to 74,000, and that
of the large form is between 117,000 and 146,000. All MDHs
studied so far are homogeneous in subunit composition, with
a subunit MW in the range from 30,000 to 38,000 (1, 16, 17,
23, 30, 31). The small enzymes are thus dimers, and the large
enzymes are thus tetramers. The large form is widespread
among the purple nonsulfur bacteria, though the small form
is also represented (31). The MDH of Chloroflexus auranti-
acus is a tetramer (23).

Salient structural features of dehydrogenases. Dehydroge-
nases possess two structural domains. The one which is
closest to the N-terminal end of the polypeptide is involved
in binding the coenzyme, which is the dinucleotide NAD(H)
in the case of MDHs. The other domain binds the substrate
proper (2, 3, 25, 34).
The dinucleotide-binding domain consists of two structur-
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ally similar halves of super secondary structure (frequently
occurring combinations of secondary structure): ,-strand-a-
helix-p-strand-a-helix, so-called Rossmann folds (3, 25, 35).
The first Rossmann fold binds the ADP moiety of the
dinucleotide, which includes the adenine ring, one ribose
unit, and the PPi. The second fold binds the nicotinamide
ring.
Using X-ray chrystallography, Wierenga and Hol (34)

recognized a specific sequence pattern composed primarily
of glycine to be involved in binding the ADP moiety. In this
sequence, three glycines lie interspersed as follows:
GXGXXG, where X is any residue. This motif constitutes a
tight turn at the end of the first strand of a buried P-sheet
(preceding the first glycine) and marks the beginning of an
amphipathic ao-helix which has the second glycine at its N
terminus. The binding pocket constituted by the glycines
allows close interaction with the ADP. The electric dipole of
the amphipathic helix interacts optimally with the phos-
phates of the coenzyme (flavin adenine dinucleotide and
NAD) in the binding process (35). The sequence of glycines
appears to be highly conserved in enzymes with a require-
ment for NAD or flavin adenine dinucleotide (34, 36).
MDH sequences from phototrophic prokaryotes are avail-

able only for the green bacteria and include the sequences
presented in this work and that of Chloroflexus MDH, which
has been previously published (23). These MDHs have the
GXGXXG motif early in their N-terminal ends. All other
MDHs sequenced to date, including the complete gene-
derived sequences of Escherichia coli (32) and Thermus
flavus (18) lack this motif. Empirical analysis presented
herein suggests a variant glycine-rich region to be the
corresponding functional unit in these enzymes.

Eight other residues (or amino acid properties) have come
to be recognized as conserved in positions relative to the
glycine motif. These fingerprint residues have various roles
in the binding of the ADP moiety and in the related struc-
turing of the region. They may justifiably be used in locating
the glycine motif along the chain (35, 36).

MATERIALS AND METHODS

Organism, growth medium, and growth conditions. C.
vibrioforme f. sp. thiosulphatophilum NCIB 8327 (from N.
Pfennig) was grown in the medium of Sirevag and Ormerod
(27), either in 62-ml screw-cap bottles (for stock cultures) or
in 5- or 10-liter bottles completely filled with medium and
fitted with screw caps or rubber stoppers. The incubation
temperature was 30°C, and illumination was provided by two
60-W bulbs.

Preparation of cell extracts. Cells were harvested at room
temperature in a Cepa continuous centrifuge and washed
twice with 10 mM potassium phosphate buffer (pH 7.5). For
analysis, cells were suspended in the same buffer to a
concentration of 1 g (wet weight) per ml and broken by
passage three times through a precooled French pressure
cell (10 lb/in2). Intact cells and cell debris were removed by
centrifugation at 10,000 x g for 10 min at 4°C in a Sorvall
RC-5B Superspeed centrifuge with an SS-34 rotor. The
resulting supernatant was ultracentrifuged at 200,000 x g for
90 min at 4°C in a Beckman L8-55M ultracentrifuge with an
SW-50.1 rotor. The pellet was discarded, and the superna-
tant was the cell extract.
Enzyme assays. MDH was assayed at 25°C by monitoring

the rate of change of the A340 caused by the oxidation of
NADH. The standard assay mixture contained 50 mM
potassium phosphate buffer (pH 7.5), 0.2 mM oxaloacetate,

0.15 mM NADH, and enzyme in a total volume of 1 ml. All
measurements were performed with a Shimadzu UV-265
recording spectrophotometer. One unit of MDH activity is
defined as the amount of enzyme that catalyzes the oxidation
of 1 p,mol of NADH per min at 25°C.

Protein determination. Protein was determined by the
method of Lowry et al. (14) with bovine serum albumin
(Sigma Chemical Co., St. Louis, Mo.) as the standard.

Affinity chromatography. Cell extract was applied directly
to a column of Matrix Gel Red A (binding capacity, 1 to 15
mg of protein per ml of gel; Amicon Corp., Lexington,
Mass.), previously equilibrated with 10 mM sodium phos-
phate buffer (pH 7.5) at 4°C. The minimum volume of gel
required to bind all of the applied units ofMDH activity was
used. This allowed the enzyme to be recovered in a small
volume of eluant. The column housing the gel had dimen-
sions of 1.6 by 20 cm. Following washing with the buffer,
bound proteins were eluted with buffer containing 5 mM
NAD and 10 mM malate. The fractions containing the
highest activity of MDH were pooled, and sucrose was
added to 20 mg/ml. Dithiothreitol was added to a final
concentration of 5 mM.

Gel filtration. A column (1.4 by 50 cm) of Sephadex G-100
equilibrated with 40 mM NaCl in 20 mM phosphate buffer
(pH 7.5) containing 0.02% NaN2 was used. For determina-
tion of the MW of native MDH, the column and buffer
conditions were identical to those used in the purification
procedure. Purified MDH and MW standards lipoxydase
(MW, 97,400), bovine serum albumin (MW, 66,000), egg
albumin (MW, 45,000), lysozyme (MW, 14,000) (1 mg each)
in 100 mM phosphate buffer containing 40 mM NaCl and
0.02% (wt/vol) sucrose were applied to the column. The
elution volume of MDH was determined by measuring
enzyme activity, and those of the protein markers were
determined by monitoring the A280. MDH from the gel
filtration column was desalted and concentrated in 10 mM
ammonium carbonate for N-terminal sequence analysis by
using an ultrafiltration cartridge (Bio-Rad).

Polyacrylamide gel electrophoresis (PAGE). Gels with lin-
ear gradients of polyacrylamide (5 to 20%, wt/vol) and
sucrose (0 to 16%, wt/vol) were used to determine native and
subunit MDH MWs. Buffers and other conditions were as
described by Laemmli (12) for homogenous gels, omitting
sodium dodecyl sulfate (SDS) and heat denaturation of the
samples for native gels. The position of MDH in the gel was
shown either by staining the gel with Coomassie blue R-250
(5) or by incubating the gel for 5 h in an activity-staining
solution composed of 20 mM malate, 0.5 mM NAD, 0.03 mg
of phenazine methosulfate per ml, and 0.1 mg of p-Nitro
Blue Tetrazolium per ml in 50 mM Tris-HCl buffer (pH 7.5).

Isoelectric focusing. The isoelectric point of MDH purified
from C. vibrioforme was determined with Phast System TM
gels and isoelectric focusing calibration proteins (Pharma-
cia).

Electroblotting and immunochemical analyses. Antibodies
to Chlorobium MDH and Chloroflexus MDH were produced
in rabbits as previously described (23). These were used to
detect Chlorobium MDH by the procedure described by
Young (40).

N-terminal amino acid sequence. The first 40 positions in
the N terminus of MDH from C. vibrioforme were deter-
mined by means of an Edman degradation analysis, employ-
ing an automatic sequence analyzer (Applied Biosystems 477
A). Partially purified MDHs from C. tepidum and H. gestii
were purified and sequenced in a two-step analysis using
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TABLE 1. Purification of MDH from C. vibrioforme

Activity Protein Sp act Yield Purifi-
Step AUi (mg) (U/mg) N cation(U)(mg) (U/mg) (%) ~~~(fold)

Crude extract 2,112 1,778 1.2 100 1
Matrix Gel Red A 1,646 1.8 906 78 755
Sephadex G-100 376 0.3 1,201 18 1,001

high-pressure liquid chromatography and a sequence ana-
lyzer.
Amino acid composition. The sample was hydrolyzed in 6

M HCl under vacuum and analyzed in an automatic amino
acid analyzer (LC-5000 Biotronic). The procedure required 8
to 20 jig of the enzyme.

Nucleotide sequence accession numbers. The sequence data
presented in this paper have been submitted to EMBL and
have been given the following accession numbers in the
SWISS-PROT protein sequence data base: H. gestii MDH,
P80037; C. vibrioforme MDH, P80038; C. tepidum MDH,
P80039; and Chloroflexus aurantiacus MDH, P80040.

RESULTS

FIG. 1. SDS-l
forme. Lane 1, p
thousands).
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Purification ofMDH. MDH was obtained efficiently and in
a high state of purity by affinity chromatography followed by
gel filtration. Table 1 gives a quantitative overview of the
purification procedure. In the gel filtration step, MDH eluted
as a single peak, which upon native-PAGE analysis revealed
only a single protein band. The critical and chief stage of
purification was that of affinity chromatography.

Criteria of enzyme purity. MDH was adjudged to be
homogeneous, since it migrated as a single band on SDS-
PAGE (Fig. 1) and on nondenaturing PAGE. Activity stain-
ing of nondenaturing gels yielded one active band for MDH,
the location of which coincided with the Coomassie blue-
stained band for the protein (results not shown). A further
criterion of purity was the detection of a single N-terminal
end in the Edman degradation analysis of the purified
protein.
The position of Chlorobium MDH blotted onto nitrocellu-

lose was revealed by antibodies raised both to itself and to
Chloroflexus MDH (results not shown).
The pI of Chlorobium MDH as determined by isoelectric

focusing was 5.95.
MW. To determine the MW of MDH from C. vibriofonne,

two methods were used: gel filtration through a calibrated
Sephadex G-100 column and gradient PAGE. There was
good agreement between these methods: the data indicate
that the native enzyme has an MW between 74,000 (gradient
PAGE) and 77,000 (gel filtration) and a subunit MW of
37,500.
Quaternary structure. The results from native and SDS-

PAGE suggest that MDH from C. vibrioforme, C. tepidum,
and H. gestii is a dimer of identical subunits. This result is in
keeping with the observation of two size classes, small
(homogenous dimers) and large (homogenous tetramers), for
bacterial MDHs (30).

N-terminal amino acid sequence and composition. Figure 2
shows the sequences of residues in the N terminus of MDH
from C. vibrioforme (40 positions), C. tepidum (33 posi-
tions), and H. gestii (29 positions). Those from the two
Chlorobium species show almost complete homology. Table
2 shows the amino acid composition of C. vibrioforme MDH.

The relative quantities of proline and tryptophan were not
determined. The analysis failed to detect arginine, indicating
either a concentration below 0.4 nM (threshold of detection)
or an analytical failure. It should be noted, however, that the
partial amino acid sequence has an arginine at position 18.

Catalytic properties. The specific activity of MDH in cell
extracts of C. vibrioforme was between 1.0 and 1.5 U/mg of
protein at 25°C. For the purified enzyme the value obtained
was 1,200 U/mg at 25°C. This is similar to MDH activities
reported for other mesophiles, including phototrophs and
chemotrophs (28, 31, 39).
The Km value for oxaloacetate reduction, as determined

by double reciprocal plots, was 5.9 x 10-5 M. This value is
similar to that for MDHs from both eubacterial and eukary-
otic sources. The temperature and pH optima of pure
preparations ofMDH were 39°C and 7.4 to 7.6, respectively.
For MDH in cell extracts, the corresponding values were
36°C and 7.3. So far, all MDHs examined for pH dependency
show a preference for a slightly alkaline environment (10, 19,
20, 23, 41).

DISCUSSION
MDH from C. vibrioforme was purified to homogeneity by

a two-stage procedure: triazine dye affinity chromatography
followed by a Sephadex G-100 gel filtration. Affinity chro-
matography was the critical stage in terms of the recovery of
units of activity. Similar purification procedures have been
used for the isolation of MDH from a number of other
bacterial sources (31). One disadvantage of the method,
however, is the relatively high concentration of NAD re-
quired to elute MDH from the ligand.
Chlorobium MDH belongs to the small class of this

enzyme. Dimeric and tetrameric forms are represented in
both mesophilic and thermophilic bacteria (20, 23, 28, 31, 39)
and within the same genus (30). The significance, if any, of
the two putative size classes is still not understood. It has
been suggested that large MDHs may be better suited than
small ones to the physiological and biochemical demands of
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1 10 20 30 40

C. vibrioforme MKITVI~GAGNVcATTAFRIABKKLAEZLVLLBVVEGIPEG

Unas-

C. tepidum MKITVIFAGNVG,ATTAFRLAEKQLARZLVLLDVV
C. aurantlacus MRKKISIIGAGFVGSTTAHWLAAKELGDIVLLDIV

H. gestli MTKKIT1IIAGNVG|ATAA' -AASKDLGDIV

FIG. 2. The N-terminal sequences of MDH from C. vibrioforme, C. tepidum, Chlorofle-xus aurantiacus, and H. gestii. The Chou and
Fasman prediction (4) of the secondary structure of C. vibrioforme MDH is presented alongside the amino acid sequence. Amino acids
occupying positions indicated by dots are conserved relative to the glycine motif (35, 36).

the purple bacteria during growth on malate and other
organic compounds under phototrophic conditions (31). It is
possible that the dimeric Chlorobium MDH is an adaptation
to the negative internal redox potential of the illuminated cell
in which the supply of NADH is presumably large.

Binding of NAD by MDHs. The following sections of this
work involve empirical analyses of the MDH sequences
presented above. The presence in their N-terminal ends of a
binding region for the ADP moiety of NAD is argued for.
Furthermore, we propose that MDHs from the phototrophic
bacteria possess a glycine motif alternative to that found in
all other MDHs sequenced to date. This motif is in fact the
classical pattern for dehydrogenases (34). MDH sequences
from two other photosynthetic organisms (eukaryotes) are
known to the authors, namely those of the marine diatom
Nitschia alba (41) and watermelon (9). These enzymes
possess the glycine motif characteristic of the majority of
sequenced MDHs and not that of bacterial phototrophs. A
single MDH glycine motif is thus not ascribable to all
phototrophs. However, MDH sequences from purple bacte-
ria and from cyanobacteria would be helpful in ascertaining
whether a quasi-phylogeny exists for MDH from prokaryote
phototrophs.
Primary protein sequences as an indicator of phylogeny.

The N-terminal sequence of MDHs may be useful in phylo-
genetic analysis, in that this region is highly conserved for
the purpose of binding NAD. Variation in this region could
therefore be significant. To test this idea, the sequences of
MDHs from various eubacterial sources and those of the
archaebacterium Sulpholobus sp. and mouse were aligned to
achieve maximum homology between the first 20 residues in
their N-terminal ends (Table 3). The partial amino acid

TABLE 2. Amino acid composition of purified MDH
from C. vibnoforme

Amino acid mol%

Ala.9.8
Val.8.9
Leu.8.6
Ile.6.0
Met.4.5
Phe.2.8
Gly.0.9
Ser.7.2
Thr.11.3
Cys.1.0
Asp.5.8
Glu.12.2
Lys.6.3
Arg.0?
His.3.3

sequences for actinomycetal MDHs are homologous, in
accordance with results from 16S rRNA studies, which
indicate that the gram-positive eubacteria form a relatively
coherent phylogenetic cluster (37). It is thus somewhat
surprising that H. gestii MDH shows no greater alignment
with actinomycetal MDHs than it does with that of the
Sulpholobus sp. or indeed E. coli or T. flavus. Comparisons
of this nature are, however, by no means conclusive, and 20
amino acids are only a small part of a subunit in excess of 30
kDa. MDH from the photosynthetic bacteria shows little
resemblance to MDHs from the other organisms, regardless
of their group. In contrast, there is a relatively large homol-
ogy between MDHs from the photosynthetic prokaryotes,
including H. gestii. A factor other than pure phylogeny
might explain these tendencies, since there is no reason to
expect such an accord on the basis of 16S rRNA studies of
these organisms.

If the N-terminal regions of the different MDH sequences
are examined in detail, evidence for a unique grouping of
MDHs from photosynthetic prokaryotes based on NAD-
binding is strengthened. Figure 2 shows that the N-terminal
sequences of MDHs from the Chlorobium species and H.
gestii fit exactly the predictions for an ADP-binding region in
terms of a glycine motif and fingerprint residues. The reader
is also referred to the MDH sequence of Chlorofle-xus
aurantiacus (23), which similarly obeys the predictions (Fig.
2). Compelling empirical evidence is thus given for the
presence of the ADP-binding region early in the N terminus
of these four enzymes. Figure 2 also shows the results for
MDH from both Chlorobium species when the method of
Chou and Fasman (4) is applied to predict regions of sec-
ondary structure. These predictions can be compared with
the well-characterized secondary structure of an ADP-bind-
ing region (1, 25, 36). There is good accord in that a 1-strand
has been predicted to precede the first G in the glycine motif.
Similarly, the unassigned residues (8 to 10) correspond to the
expected bridgehead between a 13-strand and ao-helix, ema-
nating from the second G of the motif. However, the
prediction of a 1-strand arrangement for residues 11 to 15 is
at odds with the expected pattern: the mode of ADP binding
requires a run-through of a-helix incorporating about 14
residues. This suggests that the interspersing stretch of
13-strand as predicted by the method of Chou and Fasman (4)
is a rogue statistic. This is returned to below.
The alternating -a-o13 pattern corresponding to a Ross-

mann fold is identified in the prediction. The method of
Schiffer and Edmunson (26) for the prediction of amphip-
athic oc-helices involves the plotting of candidate residues on
a "helical wheel." Hydrophobic and hydrophilic residues
along an a-helix will cluster on opposite sides of the wheel
(amphipathically). If we plot the sequence of C. vibrioforme
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TABLE 3. Number of nonalignments when the first 20 amino acid residues in the N terminus of MDH from various sources are
juxtaposed to achieve maximum homology

No. of nonalignments with MDH from:
MDH source Sulpho-
(reference) C vibrio- C tepidum H. gestiia myces Planomo- planes E. coli T. favus Phenylo- Sul Mouse

forme csp spora sp. Sp . bacterium sp. (24)

Chloroflxus aurantiacus (23) 9 9 5 17 16 17 15 17 16 15 16
C. vibrioforne 1 5 17 15 16 15 15 16 15 16
C. tepidum 5 17 15 16 14 15 17 15 16
H. gestiia 15 14 14 13 15 15 14 13
Streptomyces sp. (24) 0 4 10 6 7 16 8
Planomonospora sp. (24) 5 9 6 7 15 8
Actinoplanes sp. (24) 10 7 8 17 7
E. coli (32) 10 10 12 12
T. flavus (18) 5 15 5
Phenylobacterium sp. (24) 6 7
Sulpholobus sp. (24) 18

a Comparison over only 18 residues, since residues 19 and 20 were not determined.

MDH, assuming an (x-helix to originate in the second G of
the motif (residue 9), and continue through the short
1-strand predicted by the Chou and Fasman method, a
helical wheel is obtained with only a single misplaced residue
(data not shown). This suggests that the short interspersing
1-strand of the Chou and Fasman prediction (4) is a statis-
tical artifact.

Figure 3 shows the hydrophobicity profile of C. vibrio-
forme MDH, according to the method of Miller et al. (15).
The method of Chou and Fasman (4) predicts residues 37 to
40 to constitute a turn in the sequence, and these residues
occupy a region of hydrophilicity (negative hydrophobicity)
in the profile. Turns are almost always on the surface of a
protein. The buried 1-strand preceding the first G of the
glycine motif, which is a characteristic of an ADP-binding
region, is represented by a segment of hydrophobicity. The
trace describes a region either on the surface or shallowly
buried corresponding in position to the functional glycines.
This topology would be necessary for access of NAD to the
binding site.
A composite of the results of empirical analyses of the C.

vibnoforme MDH sequence provides very strong argument
for the involvement of the N terminus of the enzyme in the
binding of NAD.
A recent analysis of cytoplasmic pig heart MDH by X-ray

crystallography provides support for the ideas put forward in
the present work (3). This analysis showed a short 1-strand
beginning just beyond the N terminus (third residue) of this

1 o
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FIG. 3. Hydrophobicity plot of the N-terminal end (33 amino
acids) of C. vibriofonne, according to Miller et al. (15).

enzyme, followed by a short break in secondary structure
(residues 11 to 12). An a-helix originates from the glycine
residue in position 13, and the residues in positions 10
(glycine) and 12 (alanine) are implicated in the direct binding
of the ADP moiety. The situation can be summarized thus:

1 10 13
N-terminus-SE PIRVLVTGAAGQ IA

--strand- -a-helix-

The early location in the N terminus and secondary
structural features of the ADP-binding region of the pig heart
MDH are as for the MDH sequences in the present work.
However, neither in this segment of pig heart MDH nor
elsewhere in the enzyme sequence is there a glycine motif
GXGXXG. As was noted above, it is also missing in the
complete nucleotide sequences of E. coli MDH (32) and T.
flavus MDH (18). Instead, in common with every MDH
sequence known to date (with the exception of those from
prokaryotic phototrophs), the pig heart MDH sequence has
a glycine motif early in the N terminus (residues 10 to 16),
which can be represented as GAXGXXG/A. We propose in
addition that this is also the glycine motif of yeast alcohol
dehydrogenase (36).

If a different glycine motif is the functional unit in the
majority of characterized MDHs, the fingerprint residues
should also be conserved in positions relative to it. Table 4
shows MDH sequences which have been scored for glycine
motif and fingerprint residues according to the method of
Wierenga et al. (35, 36). Four points are given for the
possession of glycine residues arranged in the ADP-binding
motif proposed above. A further eight points are obtained if
a residue with the required amino acid property is located in
each of the fingerprint positions. The analysis gives either
perfect scores or a single mismatch. Attempts to score with
any other G-rich region, such as AXGXXG as was suggested
for yeast alcohol dehydrogenase (36), resulted in lower
tallies in each instance.

It is beyond the scope of this work to conjecture on the
evolutionary origin of the two putative ADP-binding motifs
presented. At present, few Km (NAD) values are available
for MDHs, and although this enzyme has been purified from
several purple bacteria (31) and a Chloroflexus sp. (23), the
Km (NAD) for MDH is known for only one prokaryotic
phototroph, the cyanobacterium Coccochlons penicystis
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TABLE 4. Appraisal of a variant glycine motif for the binding
of the ADP portion of NAD

Glycine motif Source of MDH (reference)a Scoreb

GASGGIG m pig (2) 11
GAAGGIG m yeast (11) 12
GAAGGIG m melon (9) 9/9C
GAAGQIA c pig (24) 9/9
GAGGGIG c yeast (11) 9/9
GAAGGIG c melon (9) 9/9
GAAGQIA c mouse (24) 9/9
GAAGGIG c diatom (41) 9/9
GAAGGIG E. coli (32) 12
GAAGQIG T. flavus (18) 11
GAAGNIG Phenylobactenum sp. (24) 8/8
GAAGQIG Streptomyces sp. (24) 9/9
GAAGQIG Acintomycetes sp. (24) 8/8
GAAGLGG ADH c yeast (36) 11
a c, cytoplasmic; m, mitochondrial.
bThe maximum score of 12 included glycine motif (4 points), basic or

hydrophobic residue (1 point), small or hydrophobic residue (6 points), acidic
residue (1 point). Some small leeway is tolerated for the fingerprint residues:
of the eight recognized positions at which a particular amino acid property is
preferred, six or more coincidences invariably denoted an ADP-binding
Rossmann fold. For lowers scores the relationship rapidly broke down. The
glycine motif and the acid residue are strictly conserved in all instances (35,
36). ADH, alcohol dehydrogenase.

c Some of the sequenced lengths are too short to include all the fingerprint
residues.

(19). The MDH from Coccochloris penicystis has not been
sequenced; however, its Km (NAD) of 24 ,uM is similar to the
value of 200 ,uM which was obtained with MDH from the
thermophile Thermoleophilum album (20), which has the
glycine motifwe have proposed for the majority of MDHs. A
thorough analysis ofKm (NAD) for MDHs is pertinent to see
whether a correlation between catalytic efficiency and the
primary structure of the ADP-binding region emerges. How-
ever, specific activities of MDH obtained from various
prokaryotic sources, including phototrophs and heterotro-
phs, are available (23, 28, 30, 31, 39), and these do not
appear to partition along lines of trophic type or genus.
For phototrophic organisms it would be useful to study

fluctuations in the level ofMDH in cells grown with different
light intensities. This would go some way towards ascertain-
ing a possible relationship between the expression of the
MDH gene and photosynthetic activity.
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