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ABSTRACT: L-Malate (MalDH) and.-lactate (LDH) dehydrogenases belong to the same family of NAD-
dependent enzymes. To gain insight into molecular relationships within this family, we studied two
hyperthermophilic (LDH-like).-MalDH (proteins with LDH-like structure and MalDH enzymatic activity)

from the archaeArchaeoglobus fulgidug\f) andMehanococcus jannasct{M]). The structural parameters

of these enzymes determined by neutron scattering and analytical centrifugation showedAh@i e

like) L-MalDH is a dimer whereas th#lj (LDH-like) L-MalDH is a tetramer. The effects of high
temperature, cofactor binding, and high phosphate concentration were studied. They did not modify the
oligomeric state of either enzyme. The enzymatic activity of the dimafi¢LDH-like) L-MalDH is
controlled by a pH-dependent transition at pH 7 without dissociation of the subunits. The data were analyzed
in the light of the crystallographic structure of the LDH-likeMalDH from Haloarcula marismortui

This showed that a specific loop at the dimeimer contact regions in these enzymes controls the tetramer
formation.

The L-malate dehydrogenases catalyze the NAD(P)- they cluster within the two large mitochondrial and cytosolic
dependent interconversion of oxaloacetate to malate. Analysisclades of.-MalDH (10). For the tetrameric-MalDH, the
of various genome sequences have suggested that this activitgrystallographic information is so far limited to a single
is achieved by two nonhomologous groups of enzynigs ( ArchaealL.-MalDH (11, 12. The enzymatic mechanism of

In the first group, proteins purified fromlethanothermus | -MalDH has been probed by using site-directed mutagenesis
fervidus (Mf),! Methanobacterium thermoautotrophicum tg modulate substrate specificity 3, 14 and coenzyme
(Mt), and Methanococcus jannasch{Mj) present malate  preference 15). A structure that mimics the catalytic state
dehydrogenase activity2¢-4). So far, however, precise has been trapped showing that a charge imbalance inside
information about the oligomeric state, phylogeny, and three- the catalytic vacuole is responsible for substrate discrimina-
dimensional structure of these proteins is lacking. The tjgn (16). The activity of the monomeric state remains
attribution of theMj protein (ORF 1425) as a MalDH remains  ontroversial {7-19). However, a dimeric species that
controversial, since it was demonstrated that it can act onynqenses to form the tetramericVlalDH has been char-

substrates ofther tr;]an malatde or oxaloac_:etza)‘.e ( biv b acterized to be active?(). Various biochemical studies and
Enzymes from the second group are incomparably better , i, sequence determinations have suggested that a

defined. They are 'm(.amber's of a large NAD-dependent specific LDH-like group of enzymes within theMalDH
dehydrogenase family includinglactate dehydrogenase (L- might be considered@, 21-25)
LDH) and alcohol dehydrogenase (ADH). A number of these i ' - .
L-MalDH have been purified, characterized, and sequenced 10 refine our understanding of the LDH-likeMalDH
from a wide variety of organisms). Solution studies have ~ We tried to establish if a strict oligomeric state/primary
shown that they exist as dimeric or tetrameric strucuées ( sequence correlation exists within this group. To achieve this,
7). Various crystallographic structures of bacterial and We used the recombinant hyperthermophilic LDH-like
eucaryal dimerie-MalDH have been described (ref8sand ~ MalDH of Methanococcus jannasch{iMj, ORF 0490) 25)
9 and references therein). Their phylogeny has shown thatandArchaeoglobus fulgidugAf) (24). The oligomeric states
of the Af andMj (LDH-like) L-MalDH were determined in

* Corresponding  author. Fax:  (33).(0).4.38.78.54.94. Tel: Solution, at ambient temperature and°f@ with the aim to
(33).(0).4.38.78.95.71. E-mail: madern@ibs.fr. record if these enzymes displayed a thermal-dependent

. Institut de Biologie Structurale. oligomeric state change as it was reported for various
University of Bergen.

1 Abbreviations: L-MalDH, L-malate dehydrogenase (EC 1.1.1.37); hypert_hermophi_lic en_zymesZ@, 27). This was done in
L-LDH, L-lactate dehydrogenase (EC 1.1.1.27); AUC, analytical ultra- analytical centrifugation (AUC) and small-angle neutron

centrifugation; CD, circular dichroism; SANS, small-angle neutron scattering (SANS) experiments, in order to overcome pos-
scattering;Hm, Haloarcula marismortui Af, Archaeoglobus fulgiduys . . . . .
Mj, Methanococcus jannaschiMf, Methanothermus feidus Tm sible temperature or salt artifacts associated with the oligo-

Thermotoga maritimaADH, alcohol dehydrogenase. meric state determination by size exclusion chromatography.
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Our results demonstrated that thi¢is a tetramer and that  an interval of 1 nm and an integration timg2s using cells
the Af enzyme is the first LDH-like-MalDH characterized  of 0.1 cm optical pathlength. The protein concentration was
as a dimer. The results were analyzed with respect to 0.5 mg/mL in various solutions buffered at the chosen pH
biochemical and crystallographic properties of the well by a mixture of 50 mM KHPQW/K,HPOQ,. Each spectrum is
described tetrameric LDH-like-MalDH from Haloarcula an average of three scans, corrected for buffer.

marismortui(12, 20). Small-Angle Neutron Scatterin@oncentrated/j and Af
LDH-like L-MalDH samples were dialyzed at°€, against
MATERIALS AND METHODS 0.1 M KClI Tris-HCI pH 8, and diluted with the dialysate in

Protein Preparation The purification of recombinaritlj Q.lOO. cm quartz cuvettes to obtain three p“’te"." concentra-
(LDH-like) L-MalDH has been described previous®s]. tions in the 5-20 mg/mL range. Neutron scattering experi-

The pT7-7 plasmid carrying tHdj enzyme was transformed ments were performed_ at the Institut Laue ITangevin (Greno-
into the BL21DE3 pLysEscherichia col(E. col) cells prior ~ 1€: France) on the instrument D11, using two sets of
to expressiorThe amplification, cloning, and expression of wavelength-collimation distance sample-detector distance

Af (LDH-like) L-MalDH gene were carried out as described Values: 10 A-2.m-2.8 mand 7 A-4.0 m-4.5 m, to cover

in the instruction manual for the Invitrogen pBAD TOPO a large scattering vector range. The detector was moved to
TA Cloning Kit, version C. The following primers were 1.2 m to measure the background intensities scattered at

used: 5TGAACA AGG AGA TA ACA TATG AAA CTC larger angles, to verify that the scattering of the buffer was
GGT.TTT GTT GGT GCG 3(italicized: a stop codon and properly subtracted. The data were treated in a standard way,

a ribosome binding site)? £T TGG ATCCTAATA TCC by subtracting the scattering of the puffer and div.iding by
GAG TTC CTC AAG CC 3 (italicized: a stop codon). A that of 0.100 cm.of water (}0) and calibrated by using the
PLATINUM Tag DNA polymerase High Fidelity (Gibco- procedu_re describe@9). The square of the apparent rgdlus
BRL) was used for amplification. The pSJS124B(was  ©f gyration (Rg,) and forward intensityl(0)/c, (c. is
transformed into the One ShdE. coli cells prior to protein concentration) were obtained from Guinier plots (In
expression. The recombinaAf L-MalDH was purified o 1(Q) versusQ¥) in a (Rg,,)Q range of 0.3-1.3 Q = 4x(sin
homogeneity by heat treatment, affinity chromatography (Red 9)/4, with 6 equal to half the scattering angl&0j. Thel(0)/
Sepharose CL-6B, Amersham Pharmacia Biotech), where theCz and Rd,, values were extrapolated to zero protein
proteins were eluted with 10 mM-malate and 1.0 mM concentration to correct for interparticle effects and to obtain
NAD* in 50 mM sodium phosphate buffer pH 8.0, and anion the mean square radius of gyration {Rgnd forward
exchange chromatography (HiTrap Q Sepharose, Amershanscattered intensity corresponding to the particles in solution.
Pharmacia Biotech), where the proteins were eluted with a The extrapolated forward scattered intensity is related to the
salt gradient of +20% of NaCl in 50 mM Tris/HCI buffer =~ molar massM, as follows:

pH 8.1.
The recombinanff L-MalDH displays the same features (10)cy)c =0 = Mz(a,o,\,lacz)f/NA 1)

as the nativé\f L-MalDH with regard to thermostability and

the effect of salts on thermostability. HereN, is Avogadro’s number andgn/acy), is the neutron

Protein ConcentrationThe protein concentrations were  scattering length density increment expressing the contrast
calculated by assuming molar extinction coefficients deter- petween the particle and the solve28), When the solution
mined from the primary sequence. They were 26150 and contains different types of particle (e.g. tetramers and
8160 mo’rl L cm™, for Af and M;j (_LDH-I|ke). L-MalDH, dimers), Répp and ((0)/c2)e=0 cOrrespond to weighted
respectively. The low value for tHej enzyme is due to the  ean values that can be calculated from a model providing
lack of tryp_tophan residues in the sequence. _ the relative concentrations of the different particles (30).

Enzymatic Assay. (a) Standard Ass&yzyme solution Sedimentation VelocitExperiments were performed on
was mixed with 1 mL of 0.1 M KCl and 50 mM Tris-HCl 5 gackman XLA analytical ultracentrifuge, equipped with a
pH 8.0 supplemented with oxaloacetate (0.3 mM) and NADH 3y scanning system, using a four hole AN-60 Ti rotor with
(0.2 mM). The oxidation of NADH accompanying the qoyple centerpieces of 1.20 cm path length. In a typical
conversion of oxaloacetate to malate was followed for both experiment, 200 absorbance profiles for each sample were
enzymes at 70C by measuring the decrease in absorbance ygcorded at 42 000 rpm. The wavelengths were chosen
at 340 nm using a Beckman DU 7500 spectrophotometer. 5ccording to the characteristics of the samples. The scan
The data were corrected for the thermal degradation of profiles were analyzed from 8 scans recorded in the range

NADH. ) i 83—122 min withMj LDH-like L-MalDH and in the range
(b) Effect of pHThe measurements were done in a mixture 59-87 min with the Af enzyme using the time derivative
of 50 mM KH,POJ/K>HPG, buffered at the chosen pH. software dcdt (31). The derivative profiles showed, unless

Sequence AlignmenAn alignment of the three archaeal otherwise mentioned, a symmetrical peak whose position was
L-MalDH sequences was done using the clustal W method. used to calculate the experimental sedimentation coefficient
It was modified by inspection according to the crystal- s, We used the program Sednterp (developed by D. B.
lographic information available for an LDH-like-MalDH Haynes, T. Laue, and J. Philo; htp://www.bbri.org/RASMB/
(12). Residue numbering is based on the system+lbDH, rasmb.html) to calculate partial specific volumes hydra-
which is also valid for the LDH-like group afMalDH (12). tion By, and solvent densitiep and viscositiesy. The

Circular Dichroism SpectroscopyA Jobin Yvon CDG6 corrected coefficientss,o w, were calculated using, =
circular dichroism spectropolarimeter with thermostated 0.7502 forMj L-MalDH and 0.7479 forAf L-MalDH and
sample holder was used. Data were recorded &C%ith hydrationB; = 0.41 g of water/g of protein for both enzymes.
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Ficure 1: Sedimentation analysis of thfe fulgidusand M. jannaschiiLDH-like L-MalDH. The sedimentation profile of scans recorded
at time= 0, 30, 60, 90, and 120 min were monitored at°#Das described in Materials and Methods: paneMA jannaschij panel C,
A. fulgidus The Mj g(s*) distribution at 5, 3, and 1 mg/mLi¥, A, @) is shown in panel B. Th&f g(s*) distribution at 5, 1, and 0.1 mg/mL

(+, A, @) is shown in panel D.

In the case of the 0.88 M PO, solution, a density of
1.124 316 g/crh and a viscosity of 1.424 mPa s were
determined experimentally using an ANTON PAAR DMA
500 density meter and an ANTON PAAR AMV 200
automated microviscosimeter, respectively.

Correcteds, w Were calculated using eq 2 since protein

hydration has to be considered in solution as having a density

significantly higher than water. This was the case with
phosphate solution of 0.48 and 0.88 M.= 1 mL/g is the
partial specific volume of water.

Sow™ SexgMw,20(1 = Pu 200)/[(1 + By) —
p(v,+ Bioy)] (2)

RESULTS

Analytical ultracentrifugation (AUC), at 28C, and small-
angle neutron scattering (SANS) at 4D experiments were
used to investigate the structural properties ofh@andAf
(LDH-like) L-MalDH.

Mj LDH-like L-MalDH Is a Tetramer The 200 boundary
profiles were recorded during ultracentrifugation at three
different concentrations of thielj LDH-like L-MalDH. To

ensure a direct comparaison of the respectjeand Af
sedimentation velocities, only five boundary profiles, re-
corded at constant intervals of time, are shown in Figure 1
(panel A, C).

Theg(s*) profiles calculated for théj enzyme are shown
in Figure 1 (panel B). The peaks are always centered at the
same position, indicating that thdj LDH-like L-MalDH
does not dissociate when the protein concentration decreases.
The data were well fitted with a main species corresponding
to the Mj LDH-like L-MalDH and a small heterogeneity
corresponding to less than 5% of the signal. The calculated
SowValues in 0.1 M KCI displayed a linear relationship in
the protein concentration range from 0.05 up to 5 mg/mL
(Figure 2). The value extrapolated to zero concentratg, (
=6.9 S) is in agreement with thegy ,w = 7 measured for the
tetrameric wild-typeHm LDH-like L-MalDH (20), consistent
with a tetrameric structure for thdj enzyme. A calculated
molecular mass of 113 kDa was found, lower than but similar
to the expected value of 137 kDa. The difference is probably
due to a very small sample heterogenity.

The analytical centrifuge cannot reach a temperature above
40 °C. We chose, therefore, to monitor tivj LDH-like



Biophysical Characterization afMalDH Biochemistry, Vol. 40, No. 34, 200110313

8 mg/ml
7 5 10 15
. 1400 %
z N i
o Sf 1200 - A
w 400
N o looop
o
2 1 1 i 1 | [+ 4
0 1 2 3 4 5 6 800 F
mg/ml [
Ficure 2: Effect of protein concentration on the sedimentation ; o 0
coefficient of A. fulgidusand M. jannaschiiLDH-like L-MalDH. 600 - 0
The sy, values forAf (circles) andVj (triangles) were derived at
20 °C, from the major peaks generated from the time derivative , o
analysis. 0.07
L-MalDH oligomeric state at a higher temperature by using 006 A ﬁ
SANS. The experiments were performed at’@) a higher 005k 4
temperature could not be reached due to the design of the o A A
sample holder on the neutron small-angle camera. Radii of ~ ™
gyration (Rgpp and forward scattered neutron intensity °c -
values were recorded in a protein concentration range from T sl
5 to 15 mg/mL. With theMj LDH-like L-MalDH, the Rgyp ) $ ¢ A
values of 35 and 33 A obtained at 25 and°@) respectively, a0k
are in accordance with those expected for a tetrameric ’
enzyme. The Rg,value of 35 A determined at 25 with N e

the Mj LDH-like L-MalDH is larger than that of tetrameric 5 10 15
Hm enzyme, 30 A 7). The apparent Rg, and forward
scattered intensity, which increase at higher protein concen-
trations and at 70C, reflect the tendency d¥lj LDH-like FiGure 3: Neutron scattering characterization Af fulgidusand
L-MalDH to aggregate. This phenomenon was confirmed by ('\)/]1' Jg;rr;‘:’)cnh"l‘%"""lgjp:xaLDa':ngizq‘;;:zg;hﬁ] f‘e‘?]ps"’i‘tr;g);?d'us
the prec!pltate qbserved in the measuring cell at .10 mg/mL (lower part),, obtained from Guinier plots are plotted as functi20n of
after 2 h incubation at 70C. The forward scattered intensity  protein concentration. The data were monitored ar@5(open
(1(0)/cp) value is directly related to the molar mass. The symbols) and 70°C (closed symbols) forAf (circles) andMj
values found are about 20% lower than expected, suggestindtriangles).
a systematic 20% overestimation of thdj extinction
coefficient, by the sequence analysis method. The difficulty The high temperature and salt concentration have been
in the measurement of the sample concentration is relateddescribed to drive the oligomerization pathway of the
to the lack of W residues in the sequence. hexameric glutamate dehydrogenase frByrococcussp

Af LDH-like L-MalDH Is a Dimer under All Conditions ~ KOD1 (26) and the tetrameric formyltransferase from
Tested The boundary profiles recorded féf LDH-like Methanopyrus kandler{(27). We have therefore checked
L-MalDH at various constant intervals of time during whether similar mechanisms exist within the dimeAt
ultracentrifugation showed that the protein runs slower than LDH-like L-MalDH.
theMj enzyme (Figure 1, panels C, D). The dataAbt DH- High potassium phosphate concentrations enhance strongly
like L-MalDH were fitted reasonably well with a single the stability the Af LDH-like L-MalDH against thermal
species. Thg(s*) profiles calculated are shown in Figure 1  deactivation 24). To probe if this effect was not related to
(panel D). As in the case of thdj enzyme, lowering the  a salt-induced tetramerization, we tested, by AUC, the
protein concentration did not induce the dissociatioAbf  oligomeric state of the recombinaAf LDH-like L-MalDH
LDH-like L-MalDH. The calculateds,o values in 25 mM at three increasing phosphate salt concentrations &C20
sodium phosphate displayed a linear relathionship in a proteinusing a protein concentration of 0.5 mg/mL. The migration
concentration range from 0.05 up to 5 mg/mL (Figure 2). profiles were well fitted with a single species in solution for
The Af LDH-like L-MalDH sy, value extrapolated to zero  all the salt concentration tested. At 0.1, 0.48, and 0.88 M
concentration was 4.2 S in 25 mM sodium phosphate. This KH,PQ, buffered at pH 9, the experimental valuesafere
value is the same as obtained for a dimeric mutant of the 3.8, 2.5, and 1.5 S, respectively. We calculated shey
Hm LDH-like L-MalDH (20) and close to the value obtained considering a three-component system (protein, salt, and
for the dimeric intermediate af-LDH upon dissociation of ~ water). The solvation layer associated to the protein is
the wild-type tetrameric protein following incubation in 1  negligible at low salt concentration but not at high concen-
M guanidinium chloride 32). The fitting by theg(s*) profils tration 33). The calculated values of solvation based upon
provided a molecular mass of 57 kDa, lower but very similar amino acid composition is generally considered to be
to the expected value of 63 kDa for a dimer. These data accurate. A value of 0.4 g of water/g of protein was
show that theAf LDH-like L-MalDH is a dimer at 20°C. calculated using Sedntrep. After correction for density,

mg/ml
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Ficure 4: pH-dependent activeinactive transition of the dimerid. fulgidusLDH-like L-MalDH. In panel A, the enzymatic activity
(triangles),s;ow Values (black circles), and the residual molar ellipticity at 222 nm (crosses) were monitored at various pH values. The full
enzymatic activity and the molar ellipticity at 222 nm were normalized as % of the values obtained at pHs&, JVedues were derived

from time derivative analysis determined at a protein concentration of 0.6 mg/mL. The molar ellipticity was taken from spectra presented
in panel B. In panel B are shown far-UV circular dictsm spectra oAf LDH-like L-MalDH at 0.6 mg/mL incubated at pH {, pH 8

(+), pH 7 ), pH 6 (x), pH 5 @), and pH 4.3 @).

viscosity, and solvation, a constagbw value of ~4.1 S at position 292 involved in a second salt bridge cluster that
was calculated. Clearly, the protein remained dimeric. The also contributes to the tetramerization. The R292 is involved
high phosphate concentration effect on th&LDH-like in an intramonomeric interaction with E301 and in an
L-MalDH thermal properties is in agreement with the general intermonomeric interaction with D209. In th&f enzyme,
stabilizing properties of salting-out salts but not related to this kind of interaction was not conserved because there is

the oligomerization of dimers. a K residue at position 292 instead of R, and the D residue
The SANS experiments were used to probe the putativeis absent due to the reorganization of the connecting loop
effect of temperature on the oligomeric state AdfLDH- pH—0l1G. Disruption of these clusters by site-directed
like L-MalDH. When compared to the tertamekif enzyme, mutation of both the R207 and R292 has allowed to trap, in
thel(0)/c, values obtained at 25 and 7Q for the Af LDH- certain conditions, the dimer species of tHe LDH-like

like L-MalDH are approximatively lowered by a factor of 2 L-MalDH (20). In the Af enzyme it is obvious that the

in agreement with the AUC results demonstrating that the absence of such a loop prevents the association of dimeric
Af [LDH-like] L-MalDH is a dimer. The values of 25 and species to establish a higher level of oligomerization. A
26 A obtained for the radius of gyration at 25 and T® sequence alignement of 30 LDH-likeMalDH (not pre-
respectively, are very similar and clearly indicated that the sented) has shown that this loop deletion is a specific feature
oligomeric state was not thermally modified. These,fgg  of the Af enzyme.

values of~25 A for the dimeric WTAf LDH-like L-MalDH There is no charged residue within the tetramitj¢. DH-

are essentially identical to the one measured (24 A) with like L-MalDH at a position equivalent to those involved in
the recombinant dimeridm LDH-like L-MalDH (20). There the dimer-dimer ionic network of theHm LDH-like L-

is therefore no temperature-dependent tetramerization of theMalDH. This observation suggested that, at Mijedimer—
wild-type dimericAf LDH-like L-MalDH. dimer interface, nonelectrostatic interactions have been

We also tested, using SANS, the effect of the coenzyme selected in the course of evolution. Théj LDH-like
on the oligomeric state of thaf LDH-like L-MalDH. We L-MalDH and the L-LDH from the hyperthermophilic
chose a ratio of 12 NADH/active site, assuming that all the bacteriumThermotoga maritimg@Tm) have strong sequence
sites would be saturated. The addition of 2.5 mM NADH to similarities 4, 25. TheTmL-LDH crystallographic struc-

a sample of 12 mg/mL incubated at 7CG did not modify ture shows a slight increase in the number of intra-subunit
the Rgppor 1(0)/c, of the protein, which, therefore, remains ion pairs compared with mesophilicLDH (34). Only one
in its dimeric state. of the seven arginine residues involved in ion pair formation

In Af LDH-like L-MalDH a Loop Deletion Modifies the in the TmL-LDH was conserved iivlji LDH-like L-MalDH.
Quaternary StructureThe sequence alignment (Figure 5, With Mj LDH-like L-MalDH, the arginine distribution
panel A) of the three archaeal LDH-likeMalDH, analyzed throughout the sequence is different, making impossible the
in the light of theHm crystallographic structurel®), helps prediction of their spatial arrangement. It has been suggested
one to understand why th&f LDH-like L-MalDH cannot that an additional “thermohelix” located at the dimelimer
reach the tetrameric state. interface making a tetramer may stabilize TmaL-LDH (34).

In the Af sequence there is a large gap between stp&hd  The use of secondary structure prediction programs was
and helixalG. The equivalent sequence in tHen enzyme unsuccessful to describe if an equivalent “thermohelix” exists
corresponds to a loop (residues 2(8.1) located at the  in Mj LDH-like L-MalDH.
interface between the dimeric units (AB and CD) making a  pH-Dependent Enzymatic Properties of the Dimeric Af
tetramer (Figure 5, panel B). In thém enzyme, the R207  LDH-like L-MalDH. Until now, the tetramericdm LDH-
residue interacts with D211 to make a complex salt bridge like L-MalDH is the only enzyme from this group for which
cluster involving intra- and intermonomeric interactions. This a crystallographic structure is known. It can be seen as a
loop is also acting as a chloride binding site, which uses dimer of dimers, maintained by a network of ionic interac-
K205 as ligand. In thélm enzyme there is another R residue tions (11, 12). This network was disrupted by site-directed
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A. fulgidus AKTIRERIFE
M. jamnaschii AEITKKYCEE
H. marismortui AEKLSDQYDK

Ficure 5: Comparative analysis of archaeal LDH-likeMalDH. In panel A is the sequence alignmentAff Mj, and Hm LDH-like

L-MalDH. The numbering of residues is according to theDH and L-MalDH superfamily 6, 12). Some residue numbers are not used

(82, 104, 300), and in cases where the same number refers to more than one amino acid residue these are distinguished by letters (e.g. 29A,
29B, 54A, 54B, 54C, 132A, 132B, 210A, 210B). The stars indicate the strictly conserved active site residialDH (R102, R109,

D168, R171, and H195) and those which are discussed in the text. In panel B is the crystallographic structiteaDhtlike L-MalDH,

monomer B 12). The looppHO1G is indicated by a black arrow. In panel C, the location of the loop at the interface between the dimers

(AB) and (DC) that make a tetramer is in bold on the schematic drawing dfithenzyme.

mutagenesis leading to trap, in certain conditions, a dimeric  The pH-dependent transition of the recombinafit DH-

species that was characterized as active or inactive dependingike L-MalDH between an active and inactive dimeric state

on pH 0). We monitored if this pH effect was observable without observable conformational changes could be ana-

with the dimeric recombinamif LDH-like L-MalDH, too. lyzed to a change in the ionization state of the critical active
The activity was measured at various temperatures (nothistidine residue with akp value between 6 and 8. InLDH

all shown) over the pH range of 4:3. As it was observed  and L-MalDH in general, this strictly conserved His at

with the recombinanHm dimeric enzyme, a strong loss of position 195 acts as a proton dora@cceptor §). This

activity at 70°C for theAf LDH-like L-MalDH was observed  transition from the active to the nonactive enzyme has already

when the standard enzymatic assay was performed belowbeen observed at pH values between 8 and 7 with the dimeric

pH 8. To probe the oligomeric state of thd LDH-like Hm LDH-like L-MalDH obtained by mutagenesis but is not

L-MalDH, the sedimentation coefficient was determined over observable with the wild-type tetrametitm enzyme 20).

the same pH range. Ths, value= 4.2 S is constant over Our data suggest that the oligomeric dimeric state within

the pH range 4.39, indicating that thé\f enzyme is always  the LDH-like group of.-MalDH displays specific properties

a dimer at these conditions. The far-UV CD spectrum of compared to the dimeric mitochondrial and cytosolic sub-

the Af LDH-like L-MalDH showed a broad negative dichro- group ofL-MalDH. The dimers display also pH-dependent

ism band centered at 23220 nm, with an amplitude of  enzymatic properties. The transition between active and

>14 000 deg crhdmol* (Figure 4). They were identical  inactive dimers, however, was the consequence of a revers-

over the pH range from 9 to 5. The small change observedible pH-dependent dissociation into monome35+37).

at pH 4.3 may probably reflect the beginning of the transition

toward the unfolded state as it has been observed withpiscussiON

proteins at low pH in general. Correlated with the AUC and

CD measurements, these enzymatic tests suggested that the According to the stoechiometry characterized@roro-

dimeric Af LDH-like L-MalDH exists as active or inactive  flexus aurantiacusHaloarcula marismortui and Bacillus

structures israeli enzymes, which belong to the LDH-like group of
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L-MalDH (7, 23, 3§, the Mj enzyme is a tetramer. The
L-MalDH from Rhodobacter capsulaty®c andSulfolobus
acidocaldariug(Sg have been purified and characterized as
tetramers 9, 40. Their genome sequencing is in progress
and accessible from the GOLD web site at http // igweb.in-
tegratedgenomics.com. It is possible to characterize Roth
and Sa L-MalDH as members of the LDH-like group of
L-MalDH, in a similarity sequence search (not shown), by
using theM] LDH-like L-MalDH sequence as a query. In
contrast to this, théf enzyme remains the only example of
dimeric LDH-like L-MalDH. Such an exceptional oligomeric
state is probably related to the deletion of a loop involved
in the assembly of the tetramer. This work suggested that
within the L-MalDH family, there is a strong link between
primary sequence and oligomeric state. The tetrameric state
is favored when-MalDH sequences dispay strong similarity
with L-LDH rather with sequences from the mitochondrial
and cytosolic group of-MalDH.

Primary sequence and oligomeric state analyses have been22.

used to discriminate between subgroups of thHéalDH
family. To this we can now add the analysis of a further
property, the pH-dependent activity only observable at the
dimeric level. In the case of the LDH-like group, this pH-
dependent enzymatic activity occurs without dissociation of
the dimer. In contrast, in otherMalDH members, enzymatic
activity is coupled to a pH-dependent dissociation of dimers
into monomers.

NOTE ADDED IN PROOF

The crystal structure of th&ethanococcus jannaschii
LDH-like L-MalDH was published recently in refl.
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