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ABSTRACT: L-Malate (MalDH) and.-lactate (LDH) dehydrogenases belong to the same family of NAD-
dependent enzymes. LDHs are tetramers, whereas MalDHs can be either dimeric or tetrameric. To gain
insight into molecular relationships between LDHs and MalDHs, we studied folding intermediates of a
mutant of the LDH-like MalDH (a protein with LDH-like structure and MalDH enzymatic activity) from

the halophilic archaeoHaloarcula marismortu{Hm MalDH). Crystallographic analysis ¢im MalDH

had shown a tetramer made up of two dimers interacting mainly via complex salt bridge clusters. In the
R207S/R292%Fm MalDH mutant, these salt bridges are disrupted. Its structural parameters, determined
by neutron scattering and analytical centrifugation under different conditions, showed the protein to be a
tetramer m 4 M NaCl. At lower salt concentrations, stable oligomeric intermediates could be trapped at
a given pH, temperature, or NaCl solvent concentration. The spectroscopic properties and enzymatic
behavior of monomeric, dimeric, and tetrameric species were thus characterized. The properties of the
dimeric intermediate were compared to those of dimeric intermediates of LDH and dimeric MalDHs. A
detailed analysis of the putative dimetimer contact regions in these enzymes provided an explanation

of why some can form tetramers and others cannot. The study presented herddmeedDH the best
characterized example so far of an LDH-like MalDH.

The native state of an oligomeric protein is reached by cula marismortuil(Hm MalDH) to provide insights into the
following a pathway of various events, which prevent or molecular relationships between thenalate and -lactate
favor molecular association. Small-angle neutron scattering dehydrogenases (MalDH and LDH, respectively).

(SANS} and analytical ultracentrifugation (AUC) are power-  MalDH and LDH are members of a homologous class of
ful methods for characterizing macromolecular assembly in 2-ketoacid NAD-dependent dehydrogenases, which catalyze
solution. Their combination with the biochemical charac- the conversion of 2-hydroxyacids to the corresponding
terization of the different species that are involved can yield 2-ketoacids 1, 2). MalDH and LDH from a wide variety of
information of important biological relevance. By using such organisms have been purified and characterided (). They
complementary approaches, we probed the molecular properhave similar three-dimensional structures and are somewhat
ties of structural intermediates of a mutant of the LDH-like identical in sequence, but MalDH is specific for oxaloacetate
malate dehydrogenase from the halophilic archadaloar- and LDH for pyruvate substrate. The important residues for
substrate binding and catalysis have been identified, and
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Haloarcula marismortui vertebrates, activity is not allosterically regulat@®)( The
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crystallographic structures of various LDHs have been MATERIALS AND METHODS
obtained, which allowed us to suggest mechanisms by which
the enzymatically active tetrameric state is achieved. For
example, in LDHs fromBacillus stearothermophiluand

NADH and oxaloacetate were from Sigma. Chromato-
graphic resins were from Whatman (DEAE-cellulose DE52)

Bifidobacterium longumthe allosteric effector binds at a ©F Pharmacia (Sepharose 4B, Superose 12HR, and hydroxya-

specific anionic site and promotes the condensation of two Patite). Al other chemicals were from Merck.

weakly active dimers into a fully active tetramer, with high ~ Site-Directed MutagenesiShe gene encoding the halo-
affinity for the substrateQl, 22). On the other hand, in LDH  Philic MalDH was cloned into M13mp18 phage, and site-
from Thermotoga maritimathe effect on activity of fructose ~ directed mutagenesis was performed using the Oligonucle-
1,6-bisphosphate is not related to the oligomeric state of theotide Directed in Vitro Mutagenesis System, version 2
enzyme 19). In the case of mammalian LDHSs, the assembly (Amersham). The system of numbering residues is taken
of the tetramer depends on a long N-terminal extensgp ( from ref 31.

In contrast to LDH, both dimeric and tetrameric oligomeric ~ Protein Preparation.Expression, renaturation, and puri-
states of MalDH were characterized as fully active enzymes fication of recombinanHm MalDH have been described
without allosteric regulation2d, 25). previously (L3, 41).

The primary structure analysis of MalDHs showed that ~ Enzymatic Assay. (1) Standard Asstiye enzyme solution
they have diverged into various groups. One of these displayswas mixed with 1 mL 64 M NaCl and 50 mM Tris-HCI
stronger similarities with LDH than with other MalDH, (PH 8.0) supplemented with oxaloacetate (0.6 mM) and
suggesting the existence of a distinct so-called LDH-like NADH (0.2 mM). The oxidation of NADH was followed at
MalDH group (L3, 26—29). The link between LDH and the 25 °C by measuring the decrease in absorbance at 340 nm
LDH-like group of MalDHs was reinforced by the crystal- using a Beckman DU 7500 spectrophotometer.

lographic study oHm MalDH (30, 31) that showed a three- (2) Temperature-Dependent Enzymatic AsSde mea-
dimensional structure that was similar to LDH rather than surements were carried out at a protein concentration of 20
to dimeric MalDH @2—35). ug/mL in a 1 cmthermostated cuvette containing 1 mL of 4

Mutagenesis of protein interfaces has been a powerfulM NaCl, 0.2 mM NADH, and 0.6 mM oxaloacetate. The

approach to understanding the properties of subassemblieS!utions were buffered with 50 mM Tris-HCI (pH 8) or 50
and their role in a complex structurg 37). The wild type MM sodium cacodylate-HCI (pH 7). When the enzymatic

halophilic enzyme is a well-studied homotetramer (132 kDa, 2SSy Was performed at lower NaCl concentra_tions, it was
303 amino acid residues per subunit), which is deactivated necessary to adapt the oxaloacetate concentration, according

rapidly when the NaCl or KCI concentration of the solution t© IS Ku dependence on the NaCl concentratidd)( To

is lowered belw 2 M (38, 39). Deactivation is concomitant maintain saturating conditions, the oxaloacetate concentra-
with the dissociation of the tetramer into inactive unfolded 1ONS wgrelo.l, 0.3, and 0.4 mM for 1.0, 2.0, and 3.0 NaCl,
monomers, with no observable intermediatd€)( Two ~ fespectively. .

involve Arg 207 and Arg 292 in intra- and intersubunit desired salt and buffer conditions. The final protein concen-
interactions with Glu 188, Asp 209, Asp 211, and Glu 301 tration was then about 0.1 mg/mL. After the desired
salt bridges are formed during subunit folding, and once the In the standard buffer defined above. Results were expressed

native state of separate molecules is reached, the intermo@S the percentage of the activity relative to the enzyme
lecular salt bridges participate in the quaternary assemblyMaintainedm 4 M NaCl.

of the structure. In fact, at 3.2 A resolution, they appeared (1) Effect of Salt ConcentratiotBamples at 23C were

to be the only interdimer interactions stabilizing the tetramer. incubated at various salt concentrations for 24 h, and their
It was expected, therefore, that their disruption would lead residual activities were measured in the standard assay. The
to the dissociation of the tetramer into dimersB.and D-C solutions were buffered with 50 mM Tris-HCI (pH 8) or 50
(according to the nomenclature in ré&fl). To test this MM sodium cacodylate-HCI (pH 7).

hypothesis, Arg 207 and Arg 292, both involved in the  (2) Effect of Temperaturé&Samples were incubated in 4
complex salt bridges, were mutated to serines, as serines aM NaCl and 50 mM Tris-HCI (pH 8) for 30 min at the
these equivalent positions were most frequently found in indicated temperature, and their residual activities were
other MalDHs (sequence alignment not shown). measured. To avoid evaporation at high temperatures, the

This report describes the results of a set of complementarySamples were covered with paraffin oil.
biophysical methods, which showed that the R207S/R292S  (3) Effect of pH Samples were incubated 4 M NaCl at
Hm MalDH mutant can be found in different oligomeric 25 °C for 24 h, and their residual activities were measured
states depending on the pH and salt and protein concentrain the standard assay. The different pH values were obtained
tion. A comparative structural analysis of thien MalDH, by using the following buffers: 50 mM Tris-HCI (pH 8),
now determined to 2.6 A resolutior81), with dimeric 50 mM sodium cacodylate-HCI (pH 7), 50 mM sodium
MalDH and LDH elucidated the mechanism by which the phosphate (pH 6), or 50 mM sodium citrate (pH 8B
tetrameric state is obtained. From these results, it was Small-Angle Neutron Scattering. concentrated protein
possible to draw a foldingunfolding pathway that estab- sample of the mutant was extensively dialyzed atCG}
lishes a new link between MalDH and LDH molecular against 2 04 M NaCl and 50 mM Tris (pH 8.2), in kD
groups. and diluted with the dialysate in 0.100 cm quartz cuvettes
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to obtain three protein concentrations in theZ® mg/mL (8,0/3C2)M =1-pg 2)
range. A fourth point at 28 mg/mL was measured only at 4

M NacCl. Neutron scattering experiments were performed at Soow = Sext [(1 = Pu20P) (1 = p@)lnimy 28 (3)
the Institut Laue Langevin (Grenoble), on the D11 instru- o o -
ment, using two sets of wavelength-collimation distance Determination of the Association Constantée equilib-

sample-detector distance data: 1082 m—2.8 m, and 7  lum constantsk,, were determined from the concentration
A—4.0 m4.5 m. The detector was moved to 1.2 m to dependence of the measured sedimentation coefficigis,
measure the background intensities scattered at larger angleccording to eq 4.

to verify that the scattering of the buffer was properly

subtracted. The data were treated in a standard way, by Soow = (1 = 9C) (CaimSaim + CeetraSenra/C2 4)
subtracting the scattering of the buffer cuvette and dividing Caim T Crera= C

by that of 0.100 cm of water (}D) and calibrated by using

the procedure described in ¥4 The square of the apparent K,= ct,st,a(cdim2

radius of gyration IRgappz) and the forward intensity(0)/c;

(c2is protein concentration) were obtained from Guinier plots where s,0,, are weight average values over the different
[In 1(Q) vs Q¥ in a Ry, ,Q range of 0.3-1.3 Q = 4x sin particles in the solutiorg; is the total protein concentration,
0/A, with 6 equal to half the scattering angle)5). Coef- Caim @ndcerraare the concentrations in the dimer and tetramer,
ficients describing the interparticle effect can be calculated respectively, andyim and Sera are the sedimentation coef-
from the dependence &f0)/c; onc; (eq 5, below). Thé(0)/ ficients at infinite dilution of the dimer and tetramer,
c. and Ry, 2 values were extrapolated to zero protein respectively. The concentrations are given in units of grams
concentration to correct for interparticle effects (eq 5) and per liter, and the factag accounts for the interparticle effect.
to obtain the mean square radius of gyratid®?( and The value used fog was 0.008 L/g as determined for the
forward scattered intensity corresponding to the particles in wild type at 4 °C in either 2 @ 4 M NaCl from the
solution. The extrapolated forward scattered intensity is concentration dependence of the forward intensity in the

related to the molar mash).. neutron scattering experiments:
[1(0)/c]]—o = M(3py/ac,), 2IN, 1) 1 Ohnorm{C2 = (1 — 9S)[1(O)nornfCalc =0 (5)

. , . Size-Exclusion Chromatograph®ne hundred microliters
whereNa is Avogadro’s number andig/acz), is the neutron - 4¢ 1 rified protein (5 mg/mL) was applied to a Superose 12
scattering length density increment expressing the contrastr 10/30 (Pharmacia) column equilibrated at"Z5in 4 M

between the particle and the solvedd. When the solution NaCl buffered at various pH values using 50 mM Tris-HCI
contains different types of particle (e.g., tetramers and (pH 8), 50 mM sodium cacodylate-HCI (pH 7), or 50 mM
dimers),Ry* and [(0)/cz]c,—o correspond to weighted mean 5o qiym phosphate (pH 6). A flow rate of 0.2 mL/min was
valugs that can b_e- calculated_ from a mpdel providing the qintained by means of the FPLC pump (Pharmacia). The
relative concentrations of the different particldS)( For each elution profile was monitored by the absorbance at 280 nm,
solvent condition,|(O)wrm/C, values were calculated by 54 the fractions were tested for specific activity in the
normalizing the forward scattered intensity to 1.00 for the i3ndard enzymatic assay.
molar mass and contrast corresponding to e MalDH Fluorescence Experiment&luorescence measurements
tetramer. For practical reasons, measurements were peryere carried out in a thermostated Aminco Bowman Series
formed at 4°C for the wild type protein and 2€C for the 2 luminescence spectrometer. For the intrinsic fluorescence
mutant. A control experiment on the wild type showed measyrement, a protein concentration ofi@mL was used
essentially identical results at the two temperatures. and the spectra were recorded between 300 and 450 nm at
Sedimentation VelocitySedimentation velocity experi- 20 °C in a 1 cmthermostated cuvette with an excitation
ments were performed using samples diluted from a stock wavelength of 280 nm and an integration time of 1 min. For
solution stored at 4C in 4 M NacCl (pH 8.2). Experiments  the ANS fluorescence measurement, the spectra were re-
were performed in a Beckman XLA analytical ultracentri- corded between 420 and 600 nm at 20 in a 1 cm
fuge, equipped with a UV scanning system, using a four- thermostated cuvette with an excitation wavelength of 400
hole AN-60 Ti rotor with double centerpieces with 1.2 and nm and an integration time of 1 min. The ANS concentration
0.3 cm path lengths. In a typical experiment, 30 absorbancewas 1 mM. All spectra were corrected for buffer.
profiles for each sample were recorded after a suitable delay The kinetic measurements of intrinsic fluorescence were
at 44 000 rpm. The delay (6240 min) and wavelength  performed on aliquots of different samples, each incubated
were chosen according to the characteristics of the samplesat a given temperature, at regular time intervals. The
The radial or time derivatives4{) of the profiles were amplitude of the fluorescence peak at 328 nm corresponding
analyzed using software provided by Beckman. The deriva- to maximal fluorescence for halophilic R207S/R292S MalDH,
tive profiles showed, unless otherwise mentioned, a sym- before incubation, was taken as 100%.
metrical peak, the position of which was used to calculate Circular Dichroism SpectroscopyA Jobin Yvon CD6
the experimental sedimentation coefficiesf, considered circular dichroism spectropolarimeter with a thermostated
below as a weight average value. The corrected coefficients,sample holder was used. Data were recorded &C2%ith
Sow, Were calculated using tabulated viscosjtsind density an interval of 1 nm and an integration time of 15 s using
p, and apparent specific volumes deduced from experi-  very narrow cells (0.01 cm) because of the strong absorption
mental density increment8d/ac,), (48). by the high NaCl concentration. The protein concentration
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Ficure 1: Deactivation of the wild type and R207S/R292S mutarttiof MalDH under various conditiongA and B) The extents of salt
concentration-dependent deactivation at pH 8 in NaCl and the pH-dependent deactivatidh NaCl were measured by the residual
activity of R207/R292Hm MalDH (A) and of wild typeHm MalDH (O) after incubation for 24 h at 2€C. (C) The extent of thermal-
dependent deactivation for both enzymes was measured after incubation for 30 min in NaCl (pH 8). (D) Kinetics of unfolding of R205S/
R291SHmM MalDH at various temperatures measured by the decrease in intrinsic fluorescence at 328 m)):382%), 38 (+), 44 ©),

46 @), and 49°C (+).

was 3 mg/mL at various NaCl concentrations buffered with temperature for which the enzyme loses 50% of its residual
50 mM Tris-HCI (pH 8). Each spectrum is an average of activity in 30 min is lowered from 758C for the wild type

three scans, corrected for buffer. to 45°C for the mutant.n 4 M NaCl (pH 8), the kinetics of
unfolding of the mutant was measured by following the
RESULTS fluorescence emission during incubation at various temper-

Effect of the Mutation on StabilityR207S/R292SHm atures (Figure 1D). The process was found to be biphasic
MalDH requires higher salt concentrations than the wild type P&tween 35 and 48, while the thermal deactivation kinetics
for equivalent residual activity (Figure 1A). As previously ©Of the wild type protein is first-order4().
reported, the salt-dependent transition between active and In the case of wild typddm MalDH, loss of activity at
inactive species is strongly cooperative for the wild type low salt concentrations has been shown to be directly
enzyme 87, 39). In contrast, the transition for the mutant correlated with dissociation and concomitant unfoldi&8, (
was found to be biphasic at pH 8 in NaCl (Figure 1A) and 40). Residual activity measurements, in general, can be
in KCI (not shown), indicating the presence of inactivation related to kinetic and/or equilibrium processes affecting
intermediates in the solvent salt concentration range-gf 1~ €nzyme stability. The residual activity experiments with
M. The transition was also studied by observing the R207S/R292%imMalDH suggested that it exists as different
fluorescence intensity of the protein under the same condi- folded species depending on experimental conditions, and
tions. The data (not shown) reflect shifts in fluorescence biophysical experiments were then performed to monitor the
maxima that can be strictly superimposed on the residual molar mass and structure of each species.
activity curves. These are discussed further below. Small-Angle Neutron Scattering Identified Three Different

Compared to that of the wild type enzyme, the pH- Speciesin 4 M NaCl (pH 8) and for the protein concentration
dependent deactivation of R207S/R2928 MalDH in 4 range above 5 mg/mL, the R207S/R29R& MalDH is
M NaCl was shifted by 2 pH units (Figure 1B). predominantly a tetramer with a radius of gyratid®)(of

The mutations also induce a strong change in the thermal30 A, identical to the one measured previously for the wild
deactivation of the protein, which starts at 35, whereas  type protein 48). The normalized forward scattered neutron
the wild type is stable up to 60C (Figure 1C). The intensity, however, was slightly lower than that for the wild
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Ficure 2: Neutron scattering characterization of wild type and
R207S/R29231m MalDH. The square of the apparent radius of
gyration,Rgappz, and forward intensityl(0)nom/C2 (proportional to

the molar mass and normalized to 1.00 for the protein tetramer a
infinite dilution in each contrast condition), obtained from Guinier
plots are plotted as a function of protein concentrat@nfor the
wild type (black symbols) and the R207S/R292S mutant (white
symbols) in 4 M NaCl (squares) and 2 M NaCl (circles). The dotted

line is calculated using both neutron scattering and sedimentation

data, considering a dimetetramer equilibrium with interparticle
effects and an association constant of £.3° M~1in 4 M NaCl
(see Materials and Methods).

type, indicating mild dissociation. It could be modeled very
well in terms of a tetramerdimer equilibrium, with as-
sociation constants comparable with those found in the
sedimentation experiments (see below) (Figure 2).

At 2 M NaCl, anRy of 24 A was measured for the R207S/
R292SHmM MalDH. This value is much lower than the value
of 30 A obtainedm 4 M NaCl. On the other hand, tti of
the wild type MalDH is the same in 2 drd M NaCl. The
normalized forward scattered intensity of the mutantin 2 M
NaCl was lower by a factor of 2 when compared to that of
the wild type under similar conditions (Figure 2), clearly
indicating that the mutant is a dimer under these conditions.
The experimentaR, of 24 A found for the mutant in 2 M
NaCl is close to the value of 25 A, calculated for a
hypothetical dimer from the coordinates of the crystal-
lographic structure oHm MalDH (49). This value is also
very close to 23 A, thdR; of the dimeric cytoplasmic pig
MalDH (48). Addition of NADH has been found to increase
the half-life of dissociation of halophilic wild type MalDH
at low NaCl concentrations3g). In a SANS experiment,
addition of 2.5 mM NADH to R207S/R2928m MalDH in
2 M NacCl (pH 8) did not modify its association state. The
mutant remained in the dimeric form.

Another species with smaller dimensiof® & 20 A) than
the dimer was detected in a single SANS experiment
performed at 5 mg/mLni 4 M NaCl (pH 8) after incubation
for 15 min at 40°C. The Ry value of the tetrameric wild

Biochemistry, Vol. 39, No. 5, 2000.005

The monomer was not formed in the presence of NADH.
Upon addition of 2.5 mM NADH at 406C in 4 M NacCl
(pH 8), a constar®, value of 30 A was found for the mutant,
showing the protein remains tetrameric.

Salt and pH-Dependent Structural Changes Monitored by
Sedimentation Velocity Experiment&nalytical ultracen-
trifugation (AUC) was used to investigate the structural
properties of the mutant in a protein concentration range that
was lower than that studied by SANS. Panels A and B of
Figure 3 present the distribution functions of the sedimenta-
tion coefficient for R207S/R292Bm MalDH in 4 and 2 M
NacCl, respectively.n 4 M NaCl, a symmetrical peak was
found, which shifted to larges values with higher protein
concentrations.n 2 M NacCl, the profiles superimpose for
the various protein concentrations, and some slow sediment-
ing material was detected. The amount of this slow species
increased significantly when the incubation time was in-
creased. The correctes , coefficients for the major peak
are presented in Figure 3C. Thg, measured for the wild
type proteinn 4 M NaCl was 6.7 S, corresponding to the
tetramer (data not plotted). Tlsg , value found at the lower

{protein concentration of R207S/R292#n MalDH in 4 M

NaCl was the same as found 2 M NaCl. These results
can be fitted reasonably well by a dim&etramer equilib-
rium (dotted lines). The reversibility of this salt-induced
dimer—tetramer equilibrium for the mutant was investigated
by preparig a 3 mg/mL protein sample that was incubated
for 1 h in 2 M NaCl and diluted wit 5 M NaCl to 4 M
NacCl prior to centrifugation. Thevalues measured for this
sample were identical to thosé 4 M NaCl without prior
incubation at the lower salt concentration. From the SANS
and AUC results, equilibrium constants of 1x310°, 1.6 x

104 2.6 x 1C® and 3.2x 10* M~* were calculated for the
dimer—tetramer association in 4, 3, 2.5,ca2 M NacCl,
respectively. For these calculations, &g value of 4.3 S
(corresponding to the mutant 2 M NaCl) was used for the
dimer; ansy vValue of 6.7 S was used for the tetramer. We
note that thesy, value found for the dimeri¢im MalDH

in 2 M NaCl is very close to the value obtained for the
dimeric intermediate of LDH%ow = 4.2 S) upon dissocia-
tion of the tetrameric protein following incubation in 1 M
guanidinium chloride 16).

The pH-dependent dissociation of the mutant was moni-
tored at high salt concentrations. The data shown in Figure
3D indicated that the hydrodynamic properties of the mutant
are the sameni4 M NaCl buffered at pH 8 or 7. The mutant
clearly remains a dimersfow = 4.3 S) at low protein
concentrations (52g/mL), whereas at pH 6, thgo value
decreased to 2.2 S, suggesting dissociation into monomers.

Fluorescent Properties of R207S/R292S Hm MalDH.
There are two tryptophans per monomer in the structure of
the enzyme, located at the intersubunit regiod8, 31).
Changes in their solvent accessibility upon dissociation were
expected to be correlated with changes in the fluorescent
properties of the protein. Fluorescence spectra were therefore
recorded for low protein concentrations under conditions
where the dimeric [4 M NaCl (pH 7 or 8)] or the monomeric

type protein was not sensitive to this temperature jump and species [4 M NaCl (pH 6)] of R207S/R2929m MalDH

remained constant. The value of 20 A is close to the were observed by AUC. The maximum of the fluorescence
theoretical value of 19 A calculated from the crystal structure emission of the tetrameric wild type enzyme, centered at 332
for a compact folded monomer. After incubatiom ®h at nm, is shifted to 328 nm for the mutant dimer (Figure 4A).

this temperature, the mutant protein was totally precipitated. The 4 nm red shift and the decrease in the maximum of
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Ficure 3: Sedimentation velocity experiments on R207S/R2B@&$MalDH. (A) Effect of R207S/R292%Im MalDH concentration on

the sedimentation coefficient distributiog(s), in 4 M NaCl at 20°C. The loading protein concentrations are 0.2§,(0.3 ©), and 2

mg/mL ([@). (B) In 2 M NacCl, at 0.050), 1 (»), and 2 mg/mL ¢). The crosses corresponal & 1 mg/mL sample incubated for 24 h at

20°C. (C) Effects of NaCl concentration with the corrected sedimentation coefficients of the R207S/R292S mutant derived from the major
peak at 2CC in 4 M (@), 3 M (), 2.5 M (©O), and 2 M NacCl ¢). (D) Effect of pH at 20°C: pH 8.2 (), 7 (»), and 6 (). The dotted

lines in panels C and D are calculated using both neutron scattering and sedimentation data consideringtetidimer equilibrium with

a correction for interparticle effects (see Materials and Methods). The dashed line in panel D is to guide the eye through the points for the
pH 6 data.
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FicurRe 4: Spectral properties of R207S/R2988 MalDH. (A) Intrinsic fluorescence of R207S/R292#n MalDH in 4 M NaCl buffered

at pH 6 ), 7 (+), or 8 (©) and of wild typeHm MalDH (x). The protein concentration was 20 mg/mL. (B) Far-UV circular dichroism
spectra of R207S/R292%m MalDH recorded at 20C in 4 M NaCl at pH 8 @), 2 M NaCl at pH 8 ©), 2 M NaCl at pH 8 after incubation
at 45°C for 10 min @), and 0 M NaCl at pH 8 after incubation for 24 h at 2D (+). (C) Effect of temperature on the 1-anilinonaphthalene-
8-sulfonate fluorescence of R207S/R2928 MalDH at 20°C in 4 M NaCl at pH 8 and¥) 4 M NaCl at pH 8 and 40C (a) and wild
type Hm MalDH at 20°C in 4 M NaCl at pH 8, ©).

fluorescence emission suggest that W304 that is located inexposed upon dissociation into dimers. The other tryptophan,
the dimer-dimer interface, and becomes more solvent- W247, faces its counterpart on an adjacent monomer across
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a symmetry axis in the tetramer. This residue is also involved
in hydrophobic stacking with Y38 of the adjacent monomer. »
The strong decrease in the fluorescence and the shift at 335 o o®
nm when the spectrum was recorded @ NaCl (pH 6) (a "
condition that was shown to cause the dissociation of the
mutant enzyme to monomers) are in accordance with partial
solvent exposure of W247 upon dissociation into monomers.
The emission spectra of the unfolded monomers, obtained | o

after incubation for 24 h at 0.05 M NaCl (pH 8) for either .o 0 : o .
the mutant or the wild type protein, were identical, with an ‘ . ‘ : . :
emission maximum at a higher wavelength (350 nm) and a Teo 160
lower intensity {) (data not shown). ®

Combining the fluorescence spectra results presented .| e
above with the residual enzymatic measurements shown in
Figure 1A suggests that the stable dimeric form (above 2 M
NaCl) is active.

Secondary Structure Content of R207S/R292S Hm MalDH.
In 4 M NaCl (pH 8) ad 2 M NaCl (pH 8), the far-UvV CD
spectrum recorded at 3 mg/mL R207S/R232% MalDH
exhibited a broad negative dichroism band centered at210 g
220 nm, with an amplitude af 15000 deg crhdmol2, very P — et
similar to spectra observed for the wild type enzyme and - om
LDH (51) (Figure 4B). The overall secondary structure Fcure5: Thermal-dependent enzymatic activity of R207S/R292S
content of the tetramer or the dimer therefore is not modified Hm MalDH (&) and wild typeHm MalDH (O). The solution was

by the mutation. The spectrum of the mutant obtained after buffered at pH 8 (A) and 7 (B). The data were corrected for thermal

incubation for 24 h in 0.05 M NaCl is typical of the fully oxidation of NADH. The results are expressed as a percentage of
folded f howi ' d h the maximal velocity, which was identical for both enzymes. (C
unfolded form, showing no secondary structure. The CD 4nq p) Effect of NADH and oxaloacetate addition on the intrinsic

spectrum recorded under conditions similar to those wherefluorescence of R207S/R292S and wild tylgen MalDH in 4 M
the species with aRg of 20 A was detected by SANS [4 M NaCl at pH 8 or 7. The spectra were recorded at°@0 After
NaCl (pH 8), incubation at 45C for 10 min] indicates that a(:gif\i/loa?l 53;5(0 )mgﬂnc’i\levti)lg tto Séal-rprﬁlfﬂsélg?-lec(tor? ‘;Sgr'zzrg(s)/rsggzs
. : x

the monomeric species has less secondary structure than th etween 300 and 550 nm.nyter addition of 50 mM oxaloacetate
dimer or tetramer. to the previous samples, the fluorescence spectra were rescanned

The Dimer Exists in Acte and Inactie Forms Depending  for R207S/R292%im MalDH (2) and wild typeHm MalDH ().
on the pH.The respective activities of the wild type and
R207S/R2923H1m MalDH were measured in the standard rapidly (<1 min), and because NADdoes not stay bound
enzymatic assay buffered at pH 8 at various NaCl concentra-or have a quenching effect in solution, the intrinsic fluores-
tions and protein concentrations%0 ug/mL) where the cence of the apoprotein was restored (Figure 5C). At pH 7,
mutant was shown by analytical centrifugation to be dimeric. however, this was true only for the wt enzyme and not the
The catalytic velocities (millimoles of NADH consumed per case for the mutant (Figure 5D). Even after a long incubation
minute per milligram) of both enzymes were found to be at pH 7, the NADH still quenched the intrinsic fluorescence
identical between 4 @h2 M NaCl. The data recorded at 4 of the mutant, confirming that under these conditions the
M NaCl are presented (Figure 5A,B). The mutant displays enzyme is inactive. Since it was shown that the mutant does
its maximum activity at 60C, the same temperature as for not dissociate into monomers at pH 7, the results suggest
the wild type protein %2). Moreover, this temperature is that even if the dimeric R207S/R2928n MalDH is able
independent of the salt concentration for both wild type and to bind the coenzyme, it remains in a noncatalytic state.
mutant enzymes. Strikingly, a substantial loss of activity for ~ 8-Anilinosulfonate (ANS) Binding to R207S/R292S Hm
the R207S/R2923Hm MalDH was observed when the MalDH. At room temperatureni4 M NaCl (pH 8), ANS
standard enzymatic assay was performed at pH 7 (Figuredid not bind to the tetrameric wild typelm MalDH, and
5B). Weak enzymatic activity of the mutant was detected only a very low ANS fluorescence intensity was detected
only when the temperature of the assay reachetd3Bd he for R207S/R29231m MalDH in the dimeric state (Figure
enzymatic activity of wild typeHm MalDH, however, was  4C). The ANS fluorescence intensity of each of the wild
identical at pH 7 and 8. To achieve a better understandingtype and mutant proteins was also recorded at low protein
of this pH-dependent inactivation, the following experiment concentrations under conditions of thermal deactivation (not
was designed. The respective fluorescent spectra of the wildshown). For the mutant, the fluorescence increased between
type and mutant protein were recorded at X5 in the 35 and 45°C and decreased at higher temperatures. For the
reaction mixtures (i 4 M NacCl, at various pH values) before wild type, these variations started at a higher temperature
addition of the coenzyme, and then the NADH was added (75 °C) and with a 10-fold lower intensity. The monomeric
to the mixtures. As has been described for LDE3)( the state of R207S/R2928m MalDH obtained at low pH [in 4
addition of NADH strongly quenches the intrinsic fluores- M NaCl (pH 6)] was also able to bind ANS at 2C, with
cence of both enzymes. Excess NADH gives a signal at 450a spectrum similar to that of the high-temperature monomer
nm (Figure 5C,D). At pH 8, when oxaloacetate was added (not shown). These results indicated that the monomeric
to the samples, oxidation of all the NADH occurred very structure obtained in the mutant, with either high temperature
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or low pH, is less compact than the fully folded dimer or coenzyme has been shown to reactivate the enzyme, probably

tetramer. by inducing dimerization. An electrostatic calculation on the
Reactiation of the Monomeric Statelhe presence of ~HmM MalDH structure has shown strongkp shifts for -
partially folded monomeric species of R207S/R2928 catalytic residues upon dissociation into monomers, which

MalDH was detected also by size-exclusion liquid chroma- Would be incompatible with enzymatic activityp4). We
tography using Superose 12HR (not shown). When equili- Propose, therefore, that thém MalDH monomer is in an
brated wih 4 M NaCl buffered at pH 8, 7, or 6, the elution inactive “molten globule-like” state, which can be reactivated
volume {e) of the tetrameric wild typeHm MalDH was  through a structural change induced by NADH binding that
found to be 9.8 mL under all conditions. On the other hand, allows it to associate into active dimers.

the elution volume for the mutant was shifted to 12.6 mL at  Properties of the DimerA pH-dependent deactivation of
pH 6, suggesting a monomeric state, whereas it was the saméetrameric MalDH has been observed for two species of
for the wild type at the higher pH values. This confirmed Bacilluis The MalDH from Bacillus subtilisis reversibly

the dissociation into monomers observed also by AUC in 4 inactivated at pH 8 to form monomers, with no observable
M NaCl (pH 6). It has been shown that size-exclusion liquid intermediates. The enzyme frdacillus israelj on the other
chromatography was a good method for separating folding hand, dissociates into dimers at pH 3.5, but it is not clear if
intermediates, including molten globule statés})( The  they are enzymatically activelQ, 65). In wild type Hm
properties {max Of intrinsic fluorescence at 335 nm and ANS MalDH, the salt-dependent deactivation is significantly
binding) of the purified monomeric species eluted from the modified by a pH shift between 7 and 8; at a constant salt
column at 12.6 mL were found to be similar to those concentration, the protein is markedly more stable at pH 8
previously observed. The monomeric species was found to(66). We suggest that this effect is probably related to the
be enzymatically inactive under the standard conditions PH-dependent stability and activity of the dimeric intermedi-
during the time of the assay (less than 1 min). When the ate, which, in the wild type, is very unstable under low-salt
NADH oxidation was recorded for a longer period of time conditions. The mutation, on the other hand, stabilizes the
(10 min), however, it was possible to detect some activity. dimer sufficiently so that it can be observed and studied.
The initial rate of the reaction increased with time, suggesting R207S/R29234m MalDH dissociates into dimers at 2 M

a continuous reactivation induced by the components of theNacCl, or at very low protein concentrations 4 M NaCl
standard enzymatic buffer. When the protein concentration @bove pH 7. This dimer is as active as the wild type tetramer
was raised, the reactivation occurred more rapidly. Either at pH 8 but loses its activity at pH 7, without large changes
NADH or Tris-HCI buffer (pH 8), therefore, fully restored in structure or association state. The intrinsic fluorescence,

enzymatic activity to the monomeric fractions. far-UV CD spectrum, andyo values remain identical at
pH 7 and 8. The switch between an active and inactive dimer
DISCUSSION of R207S/R2923%m MalDH, therefore, is likely to be due

to a change in the ionization state of a critical active site
Properties of the MonomerMeasurements of ANS  residue with a [ value between 7 and 8. Dimeric mito-
fluorescence intensity are commonly applied to detect molten chondrial MalDH also displays a reversible pH-dependent
globule intermediates upon protein folding or unfoldisg¢ dissociation into monomers, related to the ionization state
55). The monomer oHm MalDH has the ability to bind  of a histidine residue (H68), located at the monomer
ANS, and its far-UV CD spectrum shows reduced secondary monomer interface within the dime6@, 61, 67). H68 is
structure. These are properties of a molten globule-like involved in dimer stabilization, but it also interacts with an
structure. Of the criteria defining this statsg], only the  important catalytic residue in the adjacent subunit, which
absence of tertiary interactions was not established. This istakes part in substrate bindingg). The 2.6 A resolution

usually observed in the near-UV CD spectrum, which could structure ofHm MalDH shows the H68 equivalent residue
not be determined for them MalDH monomer because of s also involved in intersubunit contacts in the dimer and
the strong light absorption induced by the high NaCl interacting with R171 in the catalytic site of the adjacent
concentration in the samples. The monomeric intermediate monomer 81). R171 contributes to substrate binding and
aggregates and precipitates at protein concentrations highefecognition and is strictly conserved in all MalDHs and
than about 1 mg/mL, probably because of its nonpolar surface pHs (24). If H68 is responsible for the pH inactivation of
area. The rate of fluorescence change of the mutant proteinthe dimeric R207S/R2928m MalDH, then other interac-
exhibited biphasic behavior as a function of temperature, tions must be invoked to stabilize the dimer structure, which,
which can be interpreted as dissociation of the dimer in contrast to mitochondrial MalDH, is maintained during
followed by unfolding of the monomer. A two-step process thjs transition. This suggested that there are subtle differences
had also been observed for the thermal inactivation of the at the monomermonomer interface between tetrameric
dimeric mitochondrial pig MalDH, immobilized via one (LDH-like) and dimeric (e.g., mitochondrial) MalDH. We
protomer on Sepharose beads, and interpreted as a rapigote that of the two different possible dimers in the LDH-
dissociation of the dimer followed by a slower inactivation |ike tetramer [AB-DC or AD—BC (31)], only the one
of the Sepharose-bound monomeric ub)( discussed in this paper (ABDC) can be enzymatically
Whether or not the MalDH monomer is active has been a active. The catalytic site residues of the ABC dimer
subject of controversy60—62). A stable monomeric unit  would not have the correct ionization sta@y,
of Escherichia coliMalDH has been constructed by protein Dimers have been observed previously for some bacterial
engineering and demonstrated to be inactigé8).( It is LDHs, but they are only weakly activa, 17, 69, 70). The
difficult to establish if the monomeric intermediate ldm dimer—dimer interface in these enzymes is such that the
MalDH is slightly active, because the addition of NADH binding of an allosteric activator controls tetramer oligo-
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merization and activity, whereas this property has not been species M which condenses into dimers D. Once the dimeric

observed for a tetrameric MalDH. Tiém MalDH dimeric species is formed, the various enzymatic states (active A and

intermediates have, depending on the conditions, activity inactivel) observed for halophilic LDH-like MalDH allow

properties that are similar either to those of the LDH dimeric us to establish a subtle evolutionary divergence between LDH

intermediates or to those of the dimeric MalDH enzyme (inactive dimers) and active dimeric MalDH (cytoplasmic

families. and mitochondrial). The molecular contacts between active
Mechanisms That R@r and Maintain the Tetrameric  dimers that take place in the formation of tetramers, T, are

State.Our results showed that thdm MalDH tetramer can  forbidden due to steric clashes at the dimeéimer interface.

be considered as an association of two active dimers. In

dimeric MalDH enzymes, such as pig mitochondrial MalDH, ACKNOWLEDGMENT
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an additional six-residue deletion and the omission of a

secondary structure element compared with tetrameric LDH, REFERENCES

thus positioning two aspartic residues (D209 and D211)
involved in complex salt bridge clusters across the dimer
dimer interface31). A second clash is also abolishedHm
MalDH, the loop being similar to LDH, whereas it is four
residues longer in dimeric MalDH. Thém MalDH structure,
however, is the only one available so far for a tetrameric
MalDH, and it is not clear which characteristics correspond
to general properties of the [LDH-like] MalDH and which
are specific to halophilic adaptation. In the wild type protein,
the Arg residues contribute strongly to the stabilization of
the tetramer, because of their particularly favorable structure
for complex salt bridge formation. Arg residues have in fact
been seen to play pivotal roles in ionic network stabilization
of interface interactions in hyperthermophilic proteii8)(
Solvent-protein interactions have not been discussed, previ-
ously, with respect to oligomerization of LDH. The novel
solvent interactions observed in the crystallographic structure
of Hm MalDH (31), however, appear to play an essential
role and help us understand that even with the disrupted
intramolecular salt bridges, the recombinant protein remains
a tetramer at high NaCl concentrations.

Bridging the Gap between LDH and MalDHhe study
presented here shows that the active mutatimfMalDH
dissociates under certain conditions to active dimers and
under other conditions to inactive dimers. These dimers
further dissociate into folded monomers which eventually
unfold. It was demonstrated previously that wild tyiden
MalDH can be reactivated from monomers with second-order
kinetics (7, 52), which implies that dimeric intermediates
should exist also in the wild typelm MalDH. Combining
these results with the folding and association pathways of
L-LDH and dimeric MalDH (7) suggests a general mech-
anism:

TA LDH

D —

2 DI

4My —4M—4 M *»2 D1/2 DA —— TA LDH-like MalDH
2 DA X%

MalDH

My is the unfolded chain; it folds into an inactive monomeric
species M that can undergo a conformational change to a
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