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The three-dimensional structure of four malate dehydrogenases (MDH)
from thermophilic and mesophilic phototropic bacteria have been deter-
mined by X-ray crystallography and the corresponding structures com-
pared. In contrast to the dimeric quaternary structure of most MDHs,
these MDHs are tetramers and are structurally related to tetrameric
malate dehydrogenases from Archaea and to lactate dehydrogenases.
The tetramers are dimers of dimers, where the structures of each subunit
and the dimers are similar to the dimeric malate dehydrogenases. The
difference in optimal growth temperature of the corresponding organisms
is relatively small, ranging from 32 to 55 °C. Nevertheless, on the basis of
the four crystal structures, a number of factors that are likely to contribute
to the relative thermostability in the present series have been identified. It
appears from the results obtained, that the difference in thermostability
between MDH from the mesophilic Chlorobium vibrioforme on one hand
and from the moderate thermophile Chlorobium tepidum on the other
hand is mainly due to the presence of polar residues that form additional
hydrogen bonds within each subunit. Furthermore, for the even more
thermostable Chloroflexus aurantiacus MDH, the use of charged residues
to form additional ionic interactions across the dimer—dimer interface is
favored. This enzyme has a favorable intercalation of His-Trp as well as
additional aromatic contacts at the monomer—monomer interface in each
dimer. A structural alignment of tetrameric and dimeric prokaryotic
MDHs reveal that structural elements that differ among dimeric and
tetrameric MDHs are located in a few loop regions.
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Introduction
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bacteria represent two distinct groups of photo-
tropic bacteria, which are found relatively far
apart in the current 16 S rRNA phylogenetic tree.'
However, the two groups share important charac-
teristics, such as the types of chlorophyll and the
structure of the antenna systems (chlorosomes). In
order to obtain information about structure and
thermostability, we have performed comparative
studies on malate dehydrogenase (MDH; malate-
NAD™" oxidoreductase; EC 1.1.1.37) and its corre-
sponding gene, mdh, from several green bacteria:

0022-2836/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved
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the green gliding bacterium Chloroflexus aurantiacus
(ca-MDH), a thermophile, the green sulfur bacteria
Chlorobium tepidum (ct-MDH), a moderate thermo-
phile, and Chlorobium vibrioforme (cv-MDH), a
mesophile. In addition, a hybrid mdh constructed
from C. vibrioforme and C. tepidum has been over-
expressed and the corresponding hybrid protein
analyzed.”® This hybrid-MDH contains residues
1-71 from ct-MDH and residues 72-310 from
co-MDH.

MDHs from a variety of organisms have been
studied extensively. In most species so far
examined, the native enzyme consists of identical
subunits with a molecular mass of about 35 kDa.
In most cases, including all eukaryotes, MDH is a
dimer. However, in some prokaryotes, i.e. some
Bacillus species,*” and in phototrophic bacteria,®”
MDH is tetrameric in its native state. The signifi-
cance of the oligomeric state of MDH is not
known with certainty, but the dimeric structure of
MDH from Escherichia coli is critical for enzyme
activity, since the activity of monomeric mutants,
unable to form dimers was decreased
dramatically.®* Whether the tetrameric form is
important for the thermostability of the present
MDHs is not known, but it has been suggested
that subunits in thermostable enzymes in general
are more tightly bound than in less stable homo-
logous species.’

Comparison of amino acid sequences of a wide
range of MDHs has revealed that tetrameric
MDHs, including those from phototrophic bacteria,
cluster together with lactate dehydrogenases
(LDHs) in a dendrogram, and that their overall
sequence similarity to LDHs is significantly greater
than to other MDHs.>® A high degree of similarity
to LDH is also the case for the tetrameric MDH
from Bacillus strain BI' and for MDH from the
Archaea Haloarcula marismortui, Archaeoglobus
fulgidus and Methanococcus fervidus." On the basis
of these findings, the term LDH-like MDH has
been suggested for a protein with LDH-like
structure and MDH enzymatic activity.*'?

The available data clearly indicate that the
intrinsic thermal stability of proteins cannot be
explained by a single mechanism.” On the
contrary, comparative studies of the structure of
homologous proteins from thermophiles and
mesophiles suggest that several factors, such as
tighter hydrophobic packing of the protein
increased hydrophobicity of the protein
surface,'” and electrostatic interactions as well as
hydrogen bonding are responsible for a more rigid
and therefore more stable protein. Thus, it appears
that in thermostable proteins there is an abundance
of ion pairs that form bonding networks that play
major roles in thermal stability."®"* Reduction of
the number and volume of cavities have been
shown to play a role in stability'*'>*! in addition
to improved inter-subunit contacts within oligo-
meric proteins.*

Comparison of the three-dimensional structure
between mesophilic and thermophilic proteins has
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been performed for a number of enzyme families,
including several dehydrogenases: glutamate
dehydrogenase,®*  glyceraldehyde-3-phosphate
dehydrogenase,” lactate dehydrogenase,” 3-iso-
propylmalate dehydrogenase® and malate dehydro-
genase.” In the latter case, only MDHs from the
thermophilic Thermus flavus*® and the hyperther-
mophilic Methanococcus jannaschii have been com-
pared with mesophilic MDHs. The optimum
temperatures of the organisms in the present
study are 32 °C for C. vibrioforme, 47 °C for C. tepidum
and 55 °C for C. aurantiacus. However, despite the
relatively small differences in the optimal growth
temperature of these organisms, it is possible to
explain the observed differences in MDH thermo-
stability by variations in the protein structures.

To date, the three-dimensional structures have
been determined for several dimeric MDHs; those
from porcine heart mitochondria®* and cyto-
plasm,”**  from  E.coli,® T flavus®  and
Aquaspirillium arcticum,* and from the chloroplasts
of Sorghum vulgare® and Flaveria bidentis.*® By con-
trast, there is considerably less information
available about tetrameric MDHs. The only three-
dimensional structures of tetrameric MDHs
reported so far are those from the two Archaea,
the halophilic H. marismortui*”** at 2.9 A resolution
and the hyperthermophilic M. jannaschii*’ at 2.8 A
resolution.

Previously, dimeric MDHs from highly thermo-
philic organisms have been compared with meso-
philic forms of the enzyme in order to rationalize
structural factors that govern increased dimeric
MDH thermostability.”® In the present investi-
gation, we have solved and analyzed the crystal
structure of a series of tetrameric MDHs from
closely related bacterial species with different
optimal growth temperature; the thermophilic
C. aurantiacus (ca-MDH), the moderate thermo-
philic  C. tepidum (ct-MDH), the mesophilic
C. vibrioforme  (co-MDH) and a hybrid-MDH
between MDH from the latter two (hybrid-MDH).
The present crystal structures are the first examples
of tetrameric MDHs from bacteria, and MDH from
C. aurantiacus is the first thermophilic tetrameric
MDH structure to be solved by X-ray crystal-
lography. The fact that the three-dimensional struc-
ture has now been determined for the these four
MDHs and that the corresponding genes in all
cases are isolated and characterized, will allow us
to analyze in detail the contribution of individual
amino acid residues to the tetrameric thermo-
stability through site-directed mutagenesis. In the
case of ca-MDH, this kind of analysis is in progress
in our laboratory.

Results and discussion

Structure

A structure-based multiple sequence alignment
and secondary structure assignment for the four
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Figure 1. Structural alignment of the amino acid sequences of all prokaryotic MDHs with known three-dimensional
structure. The ct is from Chlorobioum tepidum, cv from Chlorobium vibrioforme, ca from Chloroflexus aurantiacus, mj from
Methanococcus jannaschii (2.8 A, PDB-access code 1HYG), hm from Haloarcula marismortui. (29A PDB-access code
1D3 A), tf from Thermus flavus (1.9 A, PDB-access code 1BMD), ec from Escherichia coli (1.9 A, PDB-access code 1EMD)
and aa from Aquaspirilium aquaticus (1.9 A, PDB-access code 1B8P). The sequences used to construct the hybrid-MDH
are underlined, and the sequence numbering refers to the cv and ct-MDHs. Boxed residues show sequence differences
between the ct and cv MDHs. Secondary structure elements in ca-MDH as assigned by PROCHECK® are indicated
above each alignment row. Fully conserved residues are marked in yellow; residues conserved in all enzymes except
one are marked in green.
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Figure 2. Ribbon diagram of a single MDH subunit
with bound NAD cofactor. Strands B1-B6 and helices
aA-aD form the NAD-binding domain. NAD is in
yellow. All Figures except for Figure 1 were prepared
using MOLSCRIPT,” Bobscript®® and Raster3D® and
AdobePhotoshop 6.0 (Adobe Systems Inc, 2001).

MDHs presented in this study are shown in Figure
1 together with all other prokaryotic MDHs with
known three-dimensional structure. There are 309
residues in ca-MDH, and 310 in each of ct-, hybrid-
and co-MDH. Compared to the latter three MDHs,
ca-MDH has two more residues at the N terminus,
two residues less in the C terminus as well as a
one residue deletion in the turn between oA and
B2. To simplify the discussion of specific residues
in the four structures, the residue numbering for
ct-MDH, cv-MDH, and the hybrid-MDH is used
throughout the text. The sequence of the hybrid-
MDH, which contains residues 1-71 from c¢t-MDH
and residues 72-310 from co-MDH, is underlined
in Figure 1.

The four MDH structures are determined within
the resolution range 2.0-2.5 A with good stereo-
chemistry (see Table 4). Approximately 90% of the
residues have torsion angles that correspond to
the most favored conformations for the protein
backbone.” The outliers are a few lysine residues
at the border of the a; region in the Ramachandran
plot. As for most MDHs, the loop of residues
80-90 close to the substrate-binding site is flexible
and not well defined in any of the structures.

The protein monomer contains nine well-defined
helices and 11 strands, of which strands B1-p6

form a parallel B-sheet that, together with helices
aA-aD, constitute the classical coenzyme binding
domain® (Figure 2). Strands B6 and p9-B11 par-
ticipate in a more complex anti-parallel twisted
sheet, whereas strands B7 and B8 form a small,
separate anti-parallel sheet between helix «E and
helix oF. The general structure of the four MDHs
is very similar. If the flexible loop 80-90 is
excluded, the subunits can be superimposed on
each other with root-mean-square deviations
(rmsd) of C* atoms of about 0.4 A between ct-MDH
and the hybrid, about 0.6 A between cv-MDH and
ct-MDH, and about 1.0 A between the ca-MDH
and the others.

Quaternary structure

All four enzymes are tetramers in the crystals
and elute as tetramers when analyzed by gel-
filtration. Sedimentation centrifugation and non-
denaturing PAGE of the thermostable ca-MDH
were also consistent with a tetramer.* On the
other hand, based on results from non-denatu-
rating PAGE, c¢t-MDH and cv-MDH have been
reported to be dimers,* indicating that the dimer—
dimer interactions are weaker in these two MDHs
than in ca-MDH. This is supported by the results
from the analysis in the following sections. Based
on the characteristics of the different monomer—
monomer interfaces, all four enzymes are best
described as a dimer of dimers where the subunits
A+B and C+ D constitute each of the two
dimers, which in turn interact back-to-back to
form the tetramer, as depicted in Figure 3. At
the dimer—dimer interface, regions 188-192 and
241-246 play important roles and fit well into
crevices on the opposite dimer. The monomeric
arrangement in each dimer resembles that in other
MDHs where the native active enzyme is a dimer.

In general, the subunit structure of MDHs is
similar to that of LDHs,* which is supported by
the fact that it is possible to redesign LDH by
mutagenesis in the active site to become a highly
active MDH.* The tetrameric organization of the
four MDHs presented in this study shows a high
degree of similarity to that of the tetrameric
LDHs. Thus, the quaternary structure of these
MDHs can be described according to the PQR-
axes nomenclature proposed for LDH* (see Figure
3). The Q-axis relates the two subunits in the
dimeric MDHs whereas the P and R-axes relate
the two dimers, which comprise the full tetramer.
Each of the two dimers is formed by a large
number of direct and water-mediated contacts
across the Q-axis with most of the residues partici-
pating in these contacts located in the helices A
and B in one monomer and in the helices E, F and
H in the other. The dimer—dimer interactions
across the PR-plane particularly involve residues
located in strands 8, 9 and 10. These interactions
can be either parallel with the Q-axis (from A to C
or from B to D) or diagonal to it (from A to D or
from B to C).
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In ca-MDH and ct-MDH, the asymmetric unit
contains a dimer in which the two monomers are
related by a non-crystallographic 2-fold axis, the
Q-axis in Figure 3. The two monomers are almost
identical, with an rmsd between equivalent C*
atoms of 0.53 and 0.34 A in ca-MDH and ct-MDH,
respectively. The full tetramer is generated by
proper crystallographic 2-fold symmetry along the
P and R-axes (Figure 3). In co-MDH and hybrid-
MDH, the crystallographic asymmetric unit con-
tains a full tetramer, and there are similar relation-
ships between the monomers, except that all axes
are non-crystallographic. The rmsd values between
corresponding C* atoms in the different peptide
chains are all in the range 0.15-0.36 A for hybrid-

Asn167

wmg//

Ala188

Asp165

Thr186

Ala188

cv-MDH

Figure 3. Ribbon diagram of the
full MDH tetramer with close-up
views of two regions in ca-MDH

cv-MDHand co-MDH containing residues
that interact across the dimer—
dimer interface. The upper panel
shows polar interactions across the
2-fold P-axis (A-C) while the
lower panel illustrates differences
in ionic interactions. The Glu23 (in
ca-MDH only) and Asp55 form con-
tacts to residues 241 and 243
between monomers related by the
2-fold R-axis (A-D). Glulé4 (in ca-
MDH only) and Aspl65 interact
with residues across the P-axis
(B-D). All these interactions occur
also on symmetry-related interfaces.

MDH and in the range 0.38-0.57 A for co-MDH.
The dimeric and tetrameric organization is very
similar, and the dimers and tetramers of the four
MDH structures can be superimposed with C*
differences of 0.6-1.1 A.

Active site and coenzyme binding

The active-site architecture and active-site resi-
dues in the tetrameric bacterial MDHs are the
same as for MDHs from other species. The
His174-Asp147 couple and Argl50, which are
essential for substrate binding and catalysis, are
positioned in a manner similar to that of the
corresponding residues in the dimeric MDHs. All
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Asn119
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Figure 4. Final (2F, — F.) electron
density map. A close-up of the
map around one of the four NAD
cofactors in the hybrid-MDH
showing the quality of the map
(contoured at 1.00). Hydrogen
bonds are drawn with broken lines.
Residue Glul00 forms a hydrogen
bond to the amino group in the
adenine ring, while Asp32 forms
two hydrogen bonds to two
hydroxyl groups in the adenosine
ribose. The two phosphate groups
in NAD interact with main-chain
nitrogen atoms in Asnl0 and Valll

Glu100 as v%ell as with the side-chain
amino nitrogen atom in Asnl10. The

o NMN ribose is bonded to Asnl19
‘4,/ while the carboxyamide moiety of
the nicotinamide ring is hydrogen
bonded to His174 and the main-

chain carbonyl groups of residues Valll7 and Met142. The two conformations of Glul00 and His174 illustrate the shifts
in the hybrid-MDH relative to co-MDH upon binding of cofactor.

structures except cv-MDH contain NAD. The NAD
molecules have well-defined electron density and
have a boomerang-shaped conformation with
interactions similar to those in the case of dimeric
MDHs (Figure 4). The adenine ring is sandwiched
between Val/Ile at position 33 and Ala/Ser at
position 77, with a hydrogen bond to Glul00; the
adenosine ribose moiety is in the 2-endo confor-
mation and forms two hydrogen bonds to Asp32,
which clearly distinguish the specificity for NAD
relative to NADP. The phosphate groups in NAD
form hydrogen bonds with the main-chain nitro-
gen atoms of residues 10 and 11. The ribose moiety
in the nicotinamide mononucleotide adopts a
2-endo conformation and is hydrogen bonded to
Asnl19. The carboxyamide moiety of the nicotin-
amide ring is hydrogen bonded to His174 and to
the main-chain carbonyl groups of residues 117
and 142.

There are some conformational differences in the
protein around the coenzyme-binding site between
the coenzyme-containing hybrid-MDH and the
coenzyme-free cv-MDH. In the NAD-containing
hybrid-MDH, both the N terminus of aC, the loop
between B5 and oD as well as the loop between

B7 and B8 have moved towards the coenzyme-
binding cleft. The latter two loops form contacts
with helix ol at the protein surface. As a conse-
quence of the relocation of the loops, residues
297-302 in ol in the hybrid-MDH are shifted 1.6—
2.2 A toward the NAD-binding site. Further, dis-
placements in the range 1.5-3.0 A are observed
with regard to the side-chain atoms in residues
Glul00 and His174, as illustrated in Figure 4.

Comparison with other MDHs and LDHs

The monomeric structures of the present four
MDHs are very similar to those of other known
MDH and LDH structures. The rms differences in
C* positions of superimposed subunits are in the
range 1.1-2.2 A. Generally, the subunits in the
MDHs described are more similar to the subunits
of LDHs than to the subunits of MDHs from other
sources. For example, the subunit of LDH from
T. maritima® has an rmsd of 1.4 A when the C*
atoms are superimposed on the hybrid-MDH.
In contrast, the tetrameric MDH from
H. marismortui,*>® which has a structure most simi-
lar to the present MDHs, has a corresponding rmsd

Table 1. Half-lives of thermal inactivation and apparent melting temperatures (t.) for MDH from C. aurantiacus (ca-
MDH), C. tepidum (ct-MDH), C. vibrioforme (cv-MDH) and a hybrid between c¢t-MDH and co-MDH (hybrid-MDH). n.a.,

not applicable

Enzyme Half-life (min) at tm (°C) Optimal growth temperature of corresponding organism (°C)
55°C 60 °C 65 °C

ca-MDH >60 nd.? 25 67.8 55

ct-MDH >30 15 0 52.6 47

hybrid-MDH 11.5 1.0 0 48.7 n.a.

cv-MDH 0.5 0.5 0 445 32

2 n.d., Not determined.
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Table 2. Protein and cavity volume calculations for MDH from C. aurantiacus (ca-MDH), C. tepidum (ct-MDH) and

C. vibrioforme (cv-MDH) as obtained using VOIDOO®

Enzyme Protein volume (1°¥) Cavities per monomer

Monomer a Tetramer b A=b—4a Total cavity volumes (AS) Number of cavities
ca-MDH 28,530 114,000 —120 128 2
ct-MDH 28,650 114,500 —-100 172 3
cv-MDH 28,930 115,700 —-20 208 5

of 1.5 A. The monomer—monomer organizations in
H. marismortui and the hybrid-MDH are somewhat
different, so the rmsd_for superimposing a dimer
is slightly higher (1.9 A).

Thermostability and subunit structure

A major aim of the present investigation is to
obtain structural information in order to under-
stand the molecular basis for the observed
differences in thermostability between the various
tetrameric MDHs. Table 1 gives the half-lives of
thermal inactivation and apparent melting
temperatures (t.,) for the four enzymes examined.
As can be seen from the results obtained, the
observed differences in thermostability are signifi-
cant and are well in accordance with the optimum
growth temperatures of the corresponding orga-
nisms. To our knowledge, no t, value has been
determined for dimeric MDHs.

The most thermostable of the four, ca-MDH, has
a higher number of alanine and aromatic residues
than the others, 39 versus 25/26 and 16 versus 12,
respectively. Compared with the less thermostable
MDHs, some of the aromatic amino acid residues
in ca-MDH participate in additional aromatic inter-
actions, like Phel0 and Tyr225, or fill small cavities
and clefts, like Phel95 and Phe264. In addition,
the positively charged Argl38 interacts with the
w-system of Phel34, which also fills a small cleft
on the protein surface. All these effects could very
well stabilize the ca-MDH monomer relative to the
other MDHs. The cation to m-system type of
interaction was studied recently in relation to
thermostability.*> The backbone flexibility in the
more thermostable ca-MDH is probably reduced
due to a slightly higher proline content compared
with other enzymes. There are 16 proline residues
in ca-MDH, whereas there are only 11/13 in
ct/co-MDH.

Salt-bridges have been demonstrated to be an
important factor for temperature stability."®"*
Surprisingly, there is a higher number of charged
residues in the less thermostable MDHs; on
average, there are four less cationic and four less
anionic residues in ca-MDH than in the other
three. In ca-MDH there are only six salt-bridges on
the monomer surface compared with ten in
ct-MDH and seven in hybrid-MDH and ct-MDH.

It has been suggested that thermostable proteins
are more tightly packed than less thermostable
species. Table 2 gives the protein volumes of single

subunits for the four MDHs investigated. The
calculations show that there is an increase in the
packing density following a decrease in the protein
volume, in each monomer in the order of increased
thermal stability. This is consistent with cavity
calculations, which show that the volume and
number of cavities decrease in the order of higher
thermostability (Table 2).

However, more important differences between
the MDHs occur at the oligomeric level than at the
monomeric level, as discussed below.

Thermostability and quaternary structure

There is a clear correspondence between thermo-
stability (Table 1) and molecular protein volume
occupied by the full tetramers, as listed in Table 2.
Actually, the difference between the tetrameric
volume and the volume of the corresponding
number of monomeric units, A, is negative in all
cases, demonstrating that the protein density
increases slightly upon multimerization. Further,
this contraction is larger in the more temperature-
resistant enzymes, Table 2.

The central void in all four MDHs is connected
to the solvent environment viz a tunnel along
the R-axis (Figure 3). Further, in ct, hybrid and
cv-MDH this large void is connected to the sur-
roundings through another tunnel along the
Q-axis (i.e. along the 2-fold axis in each MDH-
dimer). In ca-MDH this tunnel is closed at the
His-Trp intercalation. Since the entrance to the
interior along the R-axis is relatively large, no
natural border can be used in volume calculations.
Surprisingly, calculations of buried surfaces show
no correlation with thermostability for the four
enzymes.

Intra-dimer interactions

The MDH dimers, comprised of subunits A + B
or C 4+ D, are formed by a high number of direct
and water-mediated contacts across the Q-axis
(Figure 3). The number and arrangement of hydro-
phobic residues that constitute the monomer-
monomer interfaces in the dimer are, in general,
the same in all four MDHs. However, the
monomer—monomer interface in ca-MDH is
improved through favorable interactions with
amino acid residues from both monomers (Figure
5). His17 and Trp18 from each monomer intercalate
to form a “zipper”. Furthermore, homologous
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Trp18 Tyr226 Tyr225
Phe10
His17
His17
Phe10
Trp18
Tyraae Tyr225

Ag18  phot7 1Y

Phe225
Asn10
Arg18  ppa17 Asn10
Tyr226 ~(phe225

cv-MDH

Figure 5. Ribbon diagram of one of the dimers in
ca-MDH along the Q-axis (Figure 3). The two detailed
pictures show selected interactions of this dimer inter-
face in ca-MDH (upper panel) and co-MDH (lower
panel). For the sake of clarity, the detailed Figures are
viewed with the Q-axis roughly horizontal. In ca-MDH,
the His17-Trp18 forms a tight intercalation whereas the
corresponding part of cv-MDH is open.

Ara18 25A
9 . Glu21
- [ =Y !
7 e * o
A 27A o
ct-MDH
° Glu21
o/ - 32A
Arg18 o ': J
268N 4 %
J
hybrid-MDH
® 37A
Arg18 b
3 ! As;321
§9 32A "\ o‘
J cvMDH e

Figure 6. Argl8-Glu/Asp2l interactions. Ball-and-
stick representation of the hydrogen bond interactions
between Argl8 and Glu/Asp21 in ct-MDH, hybrid-MDH
and co-MDH, which is probably the major interaction
that governs differences in thermostability between the
closely related hybrid and co-MDH. The hydrogen bond
distances are mean distances for each interaction.

interactions of two Phel0 residues are part of an
aromatic cluster, Phel0, Tyr225 and Tyr266 from
each peptide chain. Recent studies show that
additional aromatic clusters in thermophilic
enzymes are usually small.*

Interestingly, in the series ct, hybrid and co-MDH,
the Argl8-Glu2l salt-bridge contains two strong
hydrogen bonds in c¢t-MDH, one well-defined
hydrogen bond in the hybrid-MDH while only a
weak contact in cv-MDH, in accordance with the
observed thermostability (Figure 6).

Inter-dimer interactions

When the tetrameric assembly is examined, the
differences between the investigated MDHs are
more pronounced. Formations of tetrameric
MDHs occur through interactions between amino
acid residues in loop regions cA-B2, aE-B7, B8-
oF and aH-B9. Among the residues connecting
the AB and CD dimers across the PR-plane, there
are five ionic contacts in the most thermostable
ca-MDH compared to only two in the other three
enzymes (Table 3; Figure 3). Particularly, Glu23 in
ca-MDH forms two salt-bridges, one to Lys241
and one to Lys243 in the neighboring peptide
chain. This negatively charged glutamic acid resi-
due is replaced by the neutral GIn23 in ct-MDH
and hybrid-MDH, and with the positively charged
Lys23 in the least stable cv-MDH. Hence, the ionic
interaction gradually changes character from
attractive to repulsive, in full agreement with the
observed thermostability. Furthermore, the Arg
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Table 3. Direct hydrogen bonds (per monomer) within dimers AB and CD as well as between dimers AB and CD in ca,

ct, hybrid and co-MDH

ca-MDH ct-MDH hybrid-MDH cv-MDH
Hydrogen bonds within dimers AB and CD
513-Y226
R18-E21* R18-E21
R18-E21
K22-E52
D44-225y D44-225 D44-225y D44-225y
D44-226y D44-226y D44-226y D44-226y
D44-227y D44-227y D44-227y D44-227y
445-5227
E47-R150 E47-R150 E47-R150 E47-R150
548-5227°
548-T230
500-R152 500-R152 500-R152
D55-5162 D55-5162 D55-5162 D55-5162
D55-163y D55-163y D55-163y D55-163y
Sum 8 12 8 7
Hydrogen bonds between dimers AB and CD
R(-1)-241,
R(-1)-242,,
E23-K241
E23-K243
D55-K243 D55-R243 D55-R243 D55-K243
D55-R243 D55-R243 D55-K243
1595-K269 1595-K269 1595-K269
162n-2440 162n-2440 162x-2440 162n-2440
E164-K243 Q164-R243 Q164-R243 Q164-R243
Q164-R243 Q164-R243 Q164-R243
D165-R245 D165-R245 D165-R245 D165-R245
D165-R245 D165-R245 D165-R245 D165-R245
D165-246y D165-246y D165-246y D165-246y
1655-Q167
Q167-T186
Q167-189
T186-T186
5188-2460
D194-K282
Sum 15 10 9 9
Total 23 22 17 16

Main chain atoms are noted with a subscript whereas side chain interactions are noted with the residue type in one letter code.

? Forms two hydrogen bonds, listed twice.

that is present at the N terminus in ca-MDH but
not in the other MDHs, forms two well-defined
hydrogen bonds with two main-chain carbonyl
groups in helix aH in the neighboring monomer.

Another feature of ca-MDH that may explain
the increased thermostability through an improved
dimer—dimer interface compared with the other
three MDHs studied, is the presence of five hydro-
gen bonds between polar neutral residues unique
to ca-MDH across the dimer—dimer interface
(Table 3 and Figure 3).

Comparison of cv-MDH with hybrid-MDH and
ct-MDH

Since C. aurantiacus is significantly more thermo-
philic than the Chlorobium species investigated, it
is not surprising that ca-MDH differs from the
other three MDHs with regard to stabilizing
structural elements, particularly on the dimer-
dimer interface. The stabilizing differences

between ct, hybrid and cv-MDH are, in general,
less pronounced.

As can be seen from Figure 1, approximately
75% of hybrid-MDH is derived from that of the
cv-MDH gene. It is not surprising that the amino
acid sequences of cv-MDH and hybrid-MDH are
dissimilar in only seven positions. For that reason,
the observed difference in thermostability between
the two MDHs (Table 1) is most likely due to struc-
tural changes introduced through one or more of
these residues. The fact that hybrid-MDH has an
alanine residue in position 42 whereas glycine
is present in this position in co-MDH probably
stabilizes the helix aB somewhat, since the residue
in question is in the middle of the helix.* However,
the amino acid residue most likely responsible for
much of the increase in thermostability in the
hybrid-MDH compared to that of cv-MDH, is
Glu21 in the former. Glu21 makes one well-defined
hydrogen bond to Argl8 across the monomer—
monomer interface in each dimer. The corresponding
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Asp21 in cv-MDH is less favorable, at a distance of
about 3.6 A (Figure 6).

ct-MDH and cv-MDH differ in their amino acid
sequence at 43 positions, marked with boxed resi-
dues in Figure 1. In addition to the above-
mentioned stabilizing factors in hybrid-MDH com-
pared to cv-MDH, there are further structural
elements distinguishing ct-MDH and co-MDH.
There are four more salt-bridges across each
monomer surface in c¢t-MDH, of which several
probably contribute towards a more rigid protein
backbone, as the residues in question belong
to different secondary structure elements, e.g.
Glul58-Arg200, Asp242-Lys272. Interestingly, the
number of Ser and Thr is somewhat higher in
ct-MDH than in hybrid/co-MDH with 37 wversus
31/31 amino acid residues, respectively. Several of
these residues participate in hydrogen bond stabili-
zation of each subunit in ¢t--MDH. In total, there
are eight more hydrogen bonds involving such
hydroxyl groups in ct-MDH compared to hybrid-
MDH and cv-MDH. There are only minor dif-
ferences between ct-MDH and cv-MDH as far as
interactions across subunit interfaces are con-
cerned. A few serine residues contribute towards
higher stability of the dimeric unit, and one
additional salt-bridge, Asp194-Lys282, in the tetra-
meric state. The main stabilizing factors are thus
probably located to each monomeric unit.

Comparison of dimeric and tetrameric MDHs

Six tetrameric MDHs have been crystallized and
determined by X-ray crystallography; the four
MDHs presented here together with MDH from
H. marismorui®?® and from M. jannaschii.”” When
comparing tetrameric and dimeric MDHs from
prokaryotes, as in the structure-based multiple
sequence alignment in Figure 1, possible determi-
nants of tetrameric MDH formation are revealed.
The loop in the region 51-55 is larger in all six
tetrameric MDHs compared with the dimeric
counterparts. The residues in this loop form
several interactions with residues in helix aA and
aH in the tetrameric state, e.g. the salt-bridge
Lys22-Glu52 in ca-MDH. Furthermore, the aspartic
acid residue in position 55 forms a well-defined
salt-bridge with arginine/lysine 243 in all the
present tetrameric MDHs. In the dimeric MDHs,
the amino acid residues in the corresponding
position are hydrophobic.

A C< superposition of two dimeric entities from
each dimeric MDH onto the full tetrameric
ca-MDH show that some of the largest differences
occur in regions 190-196 and 241-245, which is
two loops with several important monomer-—
monomer interactions in the tetrameric MDHs,
e.g. the salt-bridges Asp55-Lys/Arg243 and
Aspl65-Arg245 in all our four structures. A few
surface loops vary between the dimeric and tetra-
meric MDHs, e.g. around residues 24 and 133, but
in general, most loops at the protein surface seems
well conserved among all MDHs.

More specifically, the C* superposition reveals
that the larger loops in MDH from A. aquaticus
and T. flavus around position 24/25 get too close
to their symmetry-equivalent partners to form
tetramers. A few extra residues around position
245/246 have similar unfavorable contacts with
loop 164-167 in another monomer. Furthermore,
the molecular packing around loop 190-195 varies
between the tetrameric and dimeric MDHs. Two
loops in the E. coli MDH structure, around residues
165 and 190, have conformations that would
prevent formation of a corresponding tetramer
due to steric interference.

Conclusions

Comparison of tetrameric malate dehydrogen-
ases from two moderate thermophilic and one
mesophilic phototropic bacterium, with tempera-
tures for optimal growth in the limited range
32-55°C, has highlighted a number of structural
differences consistent with the current ideas for
thermal stabilization. The study shows that
thermal stability in these oligomeric MDHs arises
from a combination of different mechanisms, such
as increased number of salt-bridges, hydrogen
bonds and aromatic interactions across the subunit
interface, where the influence of each type of
molecular interaction varies in the series. Further-
more, a slight increase in packing density as well
as a reduction of the number and volumes of
cavities within subunits is observed.

The more thermostable ca-MDH contains more
proline and alanine residues than the others and
this is in agreement with earlier studies of various
proteins showing that protein and alanine appear
to stabilize the protein backbone.*” = Compared to
the less thermostable MDHs, ca-MDH has a larger
number of ionic-pair and hydrogen bond inter-
actions across the dimer—dimer interface that con-
tribute to the stabilization of the quaternary
structure. Similar stabilization by subunits inter-
actions and higher oligomeric states were observed
for other proteins.>**' In one study,™ it was
demonstrated by site-directed mutagenesis that
only a few residues participating in the mono-
mer—monomer interface could have a substantial
influence on the temperature-stability of the oligo-
mer. Two clusters at the monomer—monomer inter-
face in the dimeric subunit, involving residues
Phel0, Hisl7 and Trpl8 appear to contribute to
the thermostability of ca-MDH. Protein volume
calculations suggest that the multimerization pro-
cess forms more compact tetramers for the most
temperature-resistant species.

Comparison of the crystal structures suggests
that the differences in thermostability between cv/
hybrid-MDH on one hand and c¢t-MDH on the
other hand, are mainly due to the presence of
specific polar residues in c¢t-MDH that form
additional hydrogen bonds that stabilize each
monomeric subunit.
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Table 4. Crystal data, data collection and refinement statistics

ca-MDH ct-MDH hybrid-MDH co-MDH

Crystal data
Space group P3,21 C222, P2,2,2, P2,
Cell parameters

a(A) 106.7 114.3 83.9 64.4

b (A) 106.7 1494 117.4 85.8

c(A) 104.0 97.7 125.3 117.5

B (deg.) 104.6
Content of the asymmetric unit Dimer Dimer Tetramer Tetramer
Data collection
X-ray source DESY MAX-II DESY ESRF
Beamline BW7B 1711 BW7A ID14-1
Wavelength 0.956 0.9831 0.992 0.934
Temperature (K) 100 100 100 100
Resolution range (A) 25-2.20 40.8-2.50 30.0-2.00 40-2.50
No. total reflections 80,712 117,908 502,001 388,140
No. unique reflections 35,062 28,459 82,230 37,824
No. reflections in working set 33,979 25,636 78,116 34,009
No. reflections in test set . 1083 2823 4114 3815
Outer shell resolution range (A) 2.33-2.20 2.64-2.50 2.07-2.00 2.59-2.50
Rinerge (%) 12.4 (28.4) 7.0 (25.4) 12.5(29.7) 7.9 (25.1)
Completeness (%) 99.7 (87.1) 100 (100) 97.7 (85.6) 92.5 (84.1)
Refinement statistics
Model content of the a.u.

No. amino acid residues 596 596 1201 1192

No. protein non-H atoms 4418 4449 9022 8949

No. solvent water molecules 316 234 869 452

No. NAD-cofactor atoms 88 88 176 0

No. heterogen atoms (Cd) 5 - - -
R-factor (%) 17.4 22.1 24.2 21.6
Reree . 19.7 27.5 29.2 30.5
Average protein B-factor (A?) 19.9 314 28.4 26.6
rmsd from ideal values?

Bond lengths (A) 0.005 0.007 0.006 0.007

Bond angles (deg.) 113 1.15 1.19 1.26

Dihedrals (deg.) 21.3 21.9 21.8 22.6
Ramachandran plot®

In most favored regions (%) 90.7 90.0 90.5 86.5

In other allowed regions (%) 8.9 9.6 8.8 13.1

In disallowed regions (%) 0.4 0.4 0.7 0.4
Mean coordinate error (A) 0.21 0.33 0.31 0.33

 CNS 1.0.¢°

b PROCHECK.*

Comparison of the crystal structures of the
present four MDHs with that of all other known
prokaryotic MDH structures suggests that a few
extra residues in each of three different loop
regions have a major impact on the monomer
multimerization process. In all tetrameric MDHs
examined, analysis of various interactions in the
tetramers demonstrates that residues at the subunit
interfaces play an important role for the main-
tenance of the tetrameric state.

Experimental

Protein production, purification
and characterization

The genes for MDH from C.aurantiacus,
C. tepidum, C. vibrioforme and a hybrid-MDH was
cloned, overexpressed in E.coli and purified as
described.”® After elution from a Blue Sepharose
CL-6B column (Pharmacia, Uppsala, Sweden),

each protein was more than 99% pure, as judged
by SDS-PAGE. The elution buffer contained 5 mM
NAD*, 10 mM malate, 1 mM dithiothreitol, 20 mM
potassium phosphate at pH 7.5. The proteins were
concentrated to 10-20 mg/ml, with a simultaneous
change of phosphate buffer to Milli-Q water or
50 mM Tris—HCI buffer (pH 7.4) and stored frozen.
The enzyme activity and thermostability measure-
ments were performed as described,’ at the
temperatures indicated and after removal of
substrate and cofactor by dialysis.

Melting temperature measurements

Thermal unfolding of the enzymes were fol-
lowed by circular dichroism (CD) spectroscopy
using a Jasco J-810 spectropolarimeter calibrated
with ammonium D-camphor-10-sulfonate. Measure-
ments were done at 23 °C using a quartz cuvette
with a path-length of 0.1 cm. All the measurements
were done with a protein concentration of
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0.10-0.15mg/ml in 10 mM potassium phosphate
buffer (pH 7.4). Samples were scanned five times
at 50 nm/minute with a bandwidth of 1nm and a
response time of one second, over the wavelength
range 190-240 nm. The data were averaged and
the spectrum of a protein-free control sample was
subtracted. All measurements were done at least
twice. Thermal denaturation curves were deter-
mined by monitoring the change in the CD value
at 222 nm with a temperature slope of 1degC/
min. The enzymes unfold irreversibly in a coopera-
tive process, and apparent melting temperatures
(tm) were determined from the transition midpoint
in each case. There is no significant difference in
tn values whether or not NAD is present.

Crystallization

Crystals of all four MDHs were obtained by the
hanging-drop, vapor-diffusion method. Crystal
data are listed in Table 4. For ca-MDH, two crystal
forms were obtained under different conditions.
For the trigonal crystal form, the precipitant
solution was 5-15% polyethylene glycol 400
(PEG400), 100 mM sodium acetate (pH 4.6),
40 mM cadmium acetate. The reservoir solution
was 15% PEG400, 100 mM sodium acetate (pH
4.6). For the orthorhombic form, the reservoir and
precipitant solution contained 10% PEG2000 in
2M NaCl without additional buffer. The latter
form has not been subjected to further investi-
gation but was used in the initial multiple crystal
averaging to improve the maps. The protein
concentration of ca-MDH was 10 mg/ml.

For ct-MDH, crystallization conditions were
screened with CRYSTOOL.> Plate-shaped crystals
of the enzyme were grown at 15 °C. The protein
solution (~20 mg/ml, 50 mM Tris—HCI, pH 7.4)
was equilibrated against a reservoir containing
53% (v/v) methyl-24-pentanediol (MPD) and
100 mM Hepes (pH 7.5). For cv-MDH, small and
thin plates were obtained by equilibrating the
protein solution (~20mg/ml, 50 mM Tris—HC],
pH 7.4) against a reservoir with 40% PEG-
MMES5000, 100 mM sodium succinate buffer (pH
6.0). For the hybrid form of MDH (10 mg/ml),
crystals were obtained in drops with 0.15M
sodium acetate, 75 mM Tris—HCI (pH 8.5) with
22.5% PEG 4000 as a precipitant.

Data collection

Both in-house X-ray sources and synchrotron
radiation have been used in the current project.
Final data for ca-MDH were collected at BW7B,
EMBL, Hamburg. Data for ct-MDH were collected
at beam-line 711 at the MAX-II Synchrotron in
Lund, Sweden. For co-MDH, the ID14-1 station at
ESRF in Grenoble, France, was used for the diffrac-
tion experiment. Data for the hybrid-MDH were
collected at BW7A, EMBL, Hamburg. Diffraction
images for the various datasets were processed
with either DENZO™ and scaled and merged with

Scalepack™ or using the MOSFLM package™ with
subsequent scaling and merging within the CCP4
software suite.”” Further details on the data collec-
tion are summarized in Table 4.

Structure solution

The structure of ca-MDH was determined with
the molecular replacement method using the pro-
gram AMoRe.” A homology model was used that
was generated automatically by the SwissModel
server, whereby the ca-MDH sequence was
homology modeled onto the coordinates of Bacillus
stearothermophilus LDH (PDBcode: 11db). The first
residue, Lys4 of the ca-MDH homology model
corresponds to Arg8 of LDH, and the last residue,
Leu303 of the ca-MDH homology model corre-
sponds to residue Leu311 of LDH. A solution with
two positions for the monomer was found in the
trigonal form. The structure of hybrid-MDH was
determined with molecular replacement using
AMoRe with a polyalanine model of ca-MDH as a
search model. The asymmetric unit contains four
crystallographically independent monomers (Table
4). The ct-MDH structure was solved with molecu-
lar replacement using the program EPMR> with
one monomer from the hybrid-MDH as a search
model. The model included side-chains, since less
than 10% of the side-chains vary between the
three molecules ct-MDH, co-MDH and hybrid-
MDH. The positions of both peptide chains in the
ct-MDH  dimer were found (correlation
coefficient = 0.624, R = 0.396 for both molecules).
For cv-MDH, the full hybrid-MDH tetramer
including side-chains was used in the molecular
replacement module of CNS 1.0.°

Refinement

Refinement of all four structures was performed
with CNS 1.0 with the maximum likelihood func-
tion as the target function. In each case, the weight
between the X-ray terms and the energy terms
was optimized by the program. Initial rigid-body
refinements of the various solutions from MR
were followed by simulated annealing protocols.
Except for the co-MDH, all NAD cofactors could
be placed in well-defined electron density calcu-
lated with amplitudes F, — F. after a simulated
annealing refinement step. To begin with, tight
non-crystallographic symmetry (NCS) restraints
between the crystallographically independent
monomeric protein-chains were applied. All NCS
restraints were removed in the final rounds of
model refinement.

The models were adjusted in the program O°
using both F, — F,, 2F, — F. and, to a lesser extent,
composite-omit maps (omitting 10%). Electron
density maps were calculated within CNS and
transformed to O format with MAPMAN.%

Solvent water molecules were identified with
the water-picking procedure of CNS over several
iterations. Only those water molecules with
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well-defined electron density and reasonable
hydrogen bond geometries have been retained in
the final models. In our comparative analysis, we
have not included water-mediated contacts across
dimer interfaces since the co-MDH and ct-MDH
structures were determined to 2.5 A resolution
only.

For all four proteins, some amino acid side-
chains on the surface of the tetramers have weak
or no density at all, especially some Lys residues.
The side-chains have, nevertheless, been retained
in the final models. In general, all amino acid resi-
dues in the dimer—dimer interface relevant for the
present discussion have well-defined density with
no sign of alternative conformations. The only
exception to this is Ser227 in ct-MDH, which has
weak density.

As is observed in other MDH structures without
bound substrate or inhibitor, the flexible loop
around residues 80-90 is difficult to model.”” In
cv-MDH and the hybrid-MDH, this loop is recog-
nizable, and included in the model for two of the
four peptide-chains. In ct-MDH the loop is well
defined for one monomer only. For all four
enzymes, the last four or five residues at the C
terminus have poor density and all models termi-
nate at residue 305, except in cv-MDH, where two
of the four crystallographically independent chains
terminate at 299 and 302. Residue 120 is a cis-Pro in
all structures.

Volume calculations

Molecular protein volumes and cavity calcu-
lations were performed with the program
VOIDOO.” The molecular volumes were calcu-
lated using a probe with radius 0 A in order to get
the protein volume per se. The cavity volumes
were calculated using a probe with 1.4 A radius,
comparable to the size of a water molecule, and
the volumes were defined as the probe-occupied
regions, thus resembling Connolly-type of surfaces.
Volumes were refined until shifts in volumes were
less than 0.1 A® or 0.1%. The flexible loop region
80-90, the flexible C termini 300-305/306, the
NAD cofactor and solvent water molecules were
all omitted from the calculations in order to get
comparable values for all four MDHs. Accessible
surfaces were calculated using SURFACE.”

PDB Data Bank accession codes

The atomic coordinates and structure factors
have been deposited in the PDB as entries 1guy
(ca-MDH), 1guz (hybrid-MDH), 1gv0 (ct-MDH)
and 1gv1l (co-MDH).
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