J. Biochem. 2011;150(5):579-591 doi:10.1093/jb/mvr100

THE JOURNAL OF
BIOCHEMISTRY

A molecular design that stabilizes active state in bacterial
allosteric L-lactate dehydrogenases

Received May 26, 2011, accepted July 18, 2011; published online August 9, 2011

Kazuhito Arai’, Jun Ichikawa’,

Shinta Nonaka', Akimasa Miyanaga’,
Hiroyuki Uchikoba?, Shinya Fushinobu? and
Hayao Taguchi'*

"Department of Applied Biological Science, Faculty of Science and
Technology, Tokyo University of Science, 2641 Yamazaki, Noda,
Chiba 278-8510 and *Department of Biotechnology, The University
of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan

*Hayao Taguchi, Department of Applied Biological Science, Faculty
of Science and Technology, Tokyo University of Science, 2641
Yamazaki, Noda, Chiba 278-8510, Japan. Tel: +81-4-7122-9414,
Fax: +81-4-7123-9767, email: htaguchi@rs.noda.tus.ac.jp

L-Lactate dehydrogenase (L-LDH) of Lactobacillus
casei (LCLDH) is a typical bacterial allosteric L-LDH
that requires fructose 1,6-bisphosphate (FBP) for its
enzyme activity. A mutant LCLDH was designed to
introduce an inter-subunit salt bridge network at the Q-
axis subunit interface, mimicking Lactobacillus pentosus
non-allosteric L-LDH (LPLDH). The mutant LCLDH
exhibited high catalytic activity with hyperbolic pyruvate
saturation curves independently of FBP, and virtually
the equivalent K, and V,, values at pH 5.0 to those of
the fully activated wild-type enzyme with FBP, although
the K., value was slightly improved with FBP or Mn*" at
pH 7.0. The mutant enzyme exhibited a markedly higher
apparent denaturating temperature (7;,;) than the
wild-type enzyme in the presence of FBP, but showed
an even lower Ty, without FBP, where it exhibited
higher activation enthalpy of inactivation (AH*). This
result is consistent with the fact that the active state is
more unstable than the inactive state in allosteric equi-
librium of LCLDH. The LPLDH-like network appears
to be conserved in many bacterial non-allosteric L.-LDHs
and dimeric L-malate dehydrogenases, and thus to be a
key for the functional divergence of bacterial L-LDHs
during evolution.

Keywords: allosteric regulation/bacteria/catalysis/
glycolysis/site-directed mutagenesis.

Abbreviations: BLLDH, Bifidobacterium longum
L-LDH; BSLDH, Bacillus stearothermophilus 1.-LDH;
FBP, fructose 1,6-bisphosphate; LCLDH,
Lactobacillus casei L-LDH; L-LDH, L-lactate dehydro-
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L-Lactate dehydrogenase (L.-LDH; EC 1.1.1.27) cata-
lyses the reduction of pyruvate to L-lactate with the

oxidation of NADH to NAD™, and plays a key role
in the last step of anaerobic glycolysis and L-lactate
fermentation (/). L-LDH is a highly divergent enzyme
in primary structure and catalytic properties, depend-
ing on the organism or tissue. Many bacteria possess
allosteric types of L-LDH, including extreme thermo-
philes such as Thermus (2—5) and Thermotoga (6) spe-
cies, whereas vertebrates have non-allosteric types of
isozymes. For the bacterial allosteric enzymes, fructose
1,6-bisphosphate (FBP) commonly induces high cata-
lytic activity mostly through drastic improvement of
substrate binding, though such FBP requirement is un-
desirable for the industrial or experimental application
of L-LDHs. In the absence of FBP, many of the en-
zymes exhibit sigmoidal shaped substrate saturation
curves, or no enzyme activity with conventional pyru-
vate concentrations, and less frequently some enzymes
such as Bacillus stearothermophilus 1-LDH (BSLDH)
(7) show a hyperbolic substrate saturation curve with
much larger substrate K, values. It nevertheless re-
mains unclear which key structural feature endows
L-LDHs with an allosteric or non-allosteric property.

The allosteric regulation of L-LDHs has been exten-
sively studied for the allosteric enzymes of Thermus
caldophilus (TCLDH) (8—12), Bacillus stearothermo-
philus (BSLDH) (/3—18), Bifidobacterium longum
(BLLDH) (19-22) and Lactobacillus casei (LCLDH)
(23—30), all of which comprise four identical subunits
that are related through three 2-fold axes, the P, Q and
R axes, as in the case of the vertebrate enzymes
(Fig. 1A). The inactive and active state structures of
liganded BLLDH (20) and unliganded LCLDH (30)
consistently indicate that the two states coexist in allo-
steric equilibrium independently of allosteric ligands,
as described by Monod et al. (31). The two enzymes
commonly undergo a great quaternary structural
change between the inactive (T) and active (R) state
structures, in which the P-axis-related dimers take on
open and closed conformations, respectively (Fig. 1A),
although BSLDH is dissociated into the inactive
Q-axis-related dimer, which exhibits a low substrate
affinity (large K,), at a physiological protein concen-
tration in the absence of FBP (13, 14, 18).

Known allosteric L-LDHs have two FBP binding
sites per tetramer at the P-axis subunit interface,
which correspond to the anion-binding site of the ver-
tebrate enzymes (32) and four catalytic sites near
the Q-axis subunit interface in the tetramer (Fig. 1A)
(17, 20), as in the case of the vertebrate enzymes. In
each catalytic site, only one subunit contains all known
important amino acids for catalysis, but the Q-axis-
related subunit appears to indirectly participate in
the formation of the catalytic site structure through
inter-subunit interactions (Fig. 1B). The BLLDH and
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Fig. 1 Structural comparison of non-allosteric LPLDH, and the active (R) and inactive (T) states of LCLDH. (A) Ribbon diagrams of the
tetrameric structures of the T (left) and R (middle) states of LCLDH and LPLDH (right), viewed along the molecular R-axis. The four subunits
are coloured red, green, blue and grey in the three structures. The P and Q-axes, and R-axis are indicated by arrows and a circle, respectively. The
approximate regions shown in (B) and FBP binding sites are encircled in green and cyan, respectively. (B) The regions around Argl71 where
LPLDH forms unique inter-subunit salt bridges at the Q-axis subunit interface. The structures of the T (left) and R (middle) states of LCLDH
and LPLDH (right) are represented by ribbon diagrams, where only the amino acids at positions 67, 68, 171, 178 and 235 are indicated by a
ball and stick model. The two Q-axis-related subunits are coloured red and blue as in the case of (A). Salt bridges and hydrogen bonds
among these amino acids are indicated by green solid and broken lines, respectively. The figures were drawn using MOLSCRIPT (62) and

Raster3D (63).

LCLDH structures consistently indicate that structural
rearrangements of the catalytic site are mostly con-
cerned in switching of the orientation of Argl71 in
the o2F helix (Fig. 1B, left and middle) (20, 30)
which plays a pivotal role in anchoring the substrate
to the catalytic site through its bifurcated salt bridge
with the substrate carboxyl group (/, 33). The switch-
ing of Argl71 occurs through a sliding motion of the
o2F helix on the aC helix of the Q-axis-related subunit
[¢C(Q)], and thereby highly depends on the flexibility
of this contact area.

It is notable that the Lactobaccilus pentosus enzyme
(LPLDH), which constitutively exhibits high catalytic
activity independently of FBP in spite of its particular-
ly high amino acid sequence identity (66%) with
LCLDH (34), possesses a unique inter-subunit salt
bridge network in the o2F—aC(Q) contact area,
where basic residues, Argl71 and Lysl78, in the o2F
helix, and Lys235, in the o2G helix, form multiple
inter-subunit salt bridges with acidic residues, Asp67
and Glu68, in the oC helix of the counterpart subunit
(Fig. 1B, right) (35). This salt bridge network appears
to tightly lock the o2F and oC(Q) helices together,
with the orientation of Argl71. To determine the
actual role of this salt bridge network, we replaced
Ser67, Asn68, Glul78 and Ala235 of LCLDH by
Glu, Asp, Lys and Lys, respectively, mimicking the
salt bridge network of LPLDH. Concomitantly,
Asp234 was replaced with Asn, since it may disturb
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the network with its negatively charged side chain.
In this article, we describe the properties of the
mutant LCLDH with these five amino acid replace-
ments (Q5 mutant LCLDH).

Materials and Methods

Amino acid replacement and enzyme preparation

Site-directed mutagenesis was performed with a Quik-Change
in vitro mutagenesis kit (Stratagene, La Jolla, CA, USA) to con-
struct the gene of the Q5 mutant LCLDH, in which Ser67, Asn68,
Glul78, Asp234 and Ala235 were replaced by Glu, Asp, Lys, Asn
and Lys, respectively. The following primers and their complemen-
tary primers were purchased from Takara Syuzo (Kyoto, Japan),
and used for site-directed mutagenesis: S67E/N68D, 5'-GAC GCG
ATT GAC CTC GAG GAC GCG CTG CCA TTC-3;
E178K, 5-TTC CGT CAG TCC ATC GCG AAA ATG GTT
AAC GTT G-3'; and D234N/A235K, 5-TTT GAA GAC GTT
CGA AAC AAA GCA TAT GAA ATC-3. The wild-type and
mutant recombinant LCLDHs were expressed in Escherichia coli
MV 1184 cells, and purified essentially according to previous reports
(28, 29).

Enzyme assay and protein determination

Assaying of the purified enzymes was carried out at 30°C in 50 mM
sodium acetate buffer (pH 5.0) or S0 mM sodium MOPS (morpho-
linopropanesulfonic acid) buffer (pH 7.0) containing 0.1 mM
NADH, which is a saturating concentration for LCLDH. One unit
was defined as the rate of the conversion of 1 umol of substrate per
min. Protein concentrations were determined by the Bradford
method (36) with Bio-Rad Protein Assay protein reagent
(Bio-Rad), using bovine serum albumin as a standard protein. The
data that indicated significant substrate inhibition were interpreted
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using an equation for substrate inhibition, according to Eszes
et al. (37).

v [S]

Vm [S] + Km + [S]Z/KI

where v is the reaction velocity, V;, the maximal velocity, [S] the
substrate concentration and Kj the inhibition constant for the sub-
strate. In the case of data showing significant cooperative effects of

ligand, the following Hill equation (38) was used for sigmoidal curve
fitting.

vV, [ligand]"

Ve [ligand]"” 4 SpH

where ¥V is the reaction velocity with no ligand, (ligand) the con-
centration of ligand, such as pyruvate, FBP or Mn*", S;s the
half-saturating concentration of ligand, and nH the Hill coefficient.
Kinetic parameters were obtained by curve fitting of the data with
KaleidaGraph. An apparently biphasic saturation curve for FBP of
the mutant enzyme (see Fig. 4) was fitted using the following equa-
tion,

(Vintow = Vimin)[FBP]
So.5,1ow + [FBP]

. (Vimhigh — Vimjlow — Vmin ) [FBP]

So.5nigh+[FBP]

v =Vin +

where Vi, is the minimal reaction velocity without FBP, V7, 1oy and
Vinnign the maximal velocities with low and high concentration of
FBP, respectively, Sy 510w and So s hign the half-saturating FBP con-
centrations with low and high concentration of FBP, respectively,
and [FBP] the FBP concentration.

Results and discussion

FBP-Independent catalytic activity of Q5 mutant
LCLDH

LCLDH exhibits a uniquely high pH-dependence for
enzyme activation among known bacterial allosteric
L-LDHs (27-30, 39—41). Under acidic conditions
(e.g. pH 5.0), LCLDH exhibits marked catalytic activ-
ity due to the homotropic activation effect of substrate
pyruvate even in the absence of FBP, in which the
enzyme shows a sigmoidal-shaped pyruvate saturation
curve (Fig. 2). FBP greatly improves the catalytic re-
action of the enzyme by changing the sigmoidal satur-
ation curve into a hyperbolic one, which gives a greatly
reduced half-saturating concentration (Sps) and a
slightly increased V,, value for pyruvate. Under neu-
tral conditions (e.g. pH 7.0), on the other hand,
LCLDH exhibits virtually no catalytic activity unless
FBP is present (Fig. 3A), and requires a much higher
concentration of FBP (about 4 x 10*-fold) for enzyme
activation than at pH 5.0, although the activation
function of FBP is more than 100-fold improved in
the presence of certain divalent cations such as Mn**
(Fig. 4A). Since the allosteric regulation of LCLDH
thus highly depends on the pH, we compared the cata-
lytic properties of the wild-type and Q5 mutant en-
zymes at both pH 5.0 and 7.0.

The Q5 mutant enzyme exhibited a hyperbolic sat-
uration curve for pyruvate at pH 5.0 even in the ab-
sence of FBP, in which it exhibited an about 32-fold
smaller Sy 5 for pyruvate and a 6-fold larger V, than
the wild-type enzyme (Fig. 2 and Table I). As com-
pared with the fully activated wild-type enzyme with
a saturation level (S5mM) of FBP, the mutant enzyme
exhibited a slightly larger (less than twice) Sy 5 (K)

Conversion of allosteric LDHs into non-allosteric enzymes
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Fig. 2 Saturation curves for pyruvate of the wild-type and QS mutant
LCLDHs at pH 5.0. The reaction velocities for the wild-type (open
symbols) and Q5 mutant (closed symbols) LCLDH were measured
in the presence of the indicated concentrations of pyruvate without
(circles) and with (squares) SmM FBP. Dashed and solid lines in-
dicate the calculated saturation curves for the wild-type and mutant
enzymes, respectively, obtained with the kinetic parameters shown in
Table 1.

value for substrate pyruvate and a significantly
increased (about twice) V7, value, and thereby rather
high catalytic efficiency (V,/So 5 value) in the absence
of FBP. In the presence of SmM FBP, on the other
hand, the mutant enzyme exhibited slightly reduced
Sos (Kyn) and V,, values for pyruvate, by 2.4 and
1.9-fold, respectively, and consequently exhibited an
only 1.3-fold larger Vi,../Sos value than the values
without FBP. The mutant enzyme thus exhibited vir-
tually the equivalent Sy s and V., values to those of
the fully activated wild-type enzyme, and also LPLDH
(28), independently of FBP, indicating that the
LPLDH-like network induces essentially the complete
activation of LCLDH at pH 5.0, through stabilization
of the R state structure on allosteric equilibrium.

The mutant enzyme apparently exhibited lower sub-
strate inhibition (larger K; value) in the presence of
FBP (Fig. 2 and Table I). It is known that L.-LDH
catalyses pyruvate reduction with NADH essentially
through a compulsory ordered mechanism (/), and
the substrate inhibition is thought to be a consequence
of the formation of a covalent adduct between pyru-
vate and NAD™, before NAD™ is released from the
enzyme (42) The substrate inhibition is therefore usu-
ally correlated with substrate K,, but the mutant
enzyme showed a markedly higher K;j/Sys ratio
(1,270) in the presence of FBP than the wild-type
enzyme with FBP (106) and the mutant enzyme with-
out FBP (122). This suggests that FBP enhances the
release of NAD™ from the enzyme or reduces the af-
finity of the enzyme-NAD™ complex to pyruvate in the
case of the mutant enzyme. Since Argl71 is in the same
o2F helix as Argl73, which is one of the key residues
for FBP binding, the binding of FBP may critically
influence the catalytic site structure through minor
structural change.
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Fig. 3 Saturation curves for pyruvate of the wild-type (A) and Q5 mutant (B) LCLDHs at pH 7.0. The reaction velocities for the wild-type (open
symbols) and Q5 mutant (closed symbols) LCLDH were measured in the presence of the indicated concentrations of pyruvate with no effector
(circles), 10mM MnSOy (squares), or 50 uM (for the mutant enzyme) or SmM (for the wild-type enzyme) FBP (triangles), and 10 mM MnSOy,
and 50 uM (for the mutant enzyme) or SmM (for the wild-type enzyme) FBP (diamonds). The lines indicate the calculated saturation curves for
the wild-type and Q5 mutant enzymes, respectively, obtained with the kinetic parameters shown in Table 1.

Table I. Kinetic parameters of the wild-type and Q5 mutant LCLDHs for substrate pyruvate”.

Vmax/SO.S
So.5 (mM) Vinax (U/mg) (U/mg/mM) K; (mM) ny’
pH 5.0
Wild-type
None 20 (2) 310 (21) 15.5 nd® 2.0
+5mM FBP 0.35 (0.04) 950 (30) 2,700 37 (4)
Q5 mutant
None 0.63 (0.05) 1,900 (50) 3,020 77 (8)
+5mM FBP 0.26 (0.02) 1,000 (20) 3,850 330 (60)
pH 7.0
Wild-type
None nd® nd® nd® nd®
+5mM FBP 60 (20) 1,300 (490) 22 nd® 1.9
+10mM Mn>* nd® nd® nd® nd*
+5mM FBP + 10mM Mn*" 6.0 (1.3) 1,300 (150) 220 86 (31)
Q5 mutant
None 52 (4) 1,100 (50) 21 nd®
+50 uM FBP 4.0 (0.3) 1,500 (50) 375 190 (40)
+10mM Mn>* 7.2 (0.6) 970 (25) 135 nd®
+50 uM FBP + 10mM Mn>* 6.1 (0.6) 1,440 (70) 236 310 (120)

“Parameters were determined as described under the ‘Materials and Methods’ section, and standard deviations are shown in
parentheses. "Hill coefficients (ny) are shown only for the cases that exhibit significant cooperativity. nd: reaction velocity is

too low for determination of exact values.

Unlike the wild-type enzyme, the mutant enzyme
exhibited marked catalytic activity also at pH 7.0 in
the absence of FBP, showing a hyperbolic shaped
pyruvate saturation curve (Fig. 3). In this case, how-
ever, the mutant enzyme exhibited a 8.7-fold larger Sy s
(K., value and a slightly reduced V,,,, value, and then
a 10-fold lower Vihax/So.5s value than the fully activated
wild-type enzyme with 5mM FBP and 10mM Mn*"
(Table I). In addition, the reaction of the mutant
enzyme was significantly enhanced with 50 uM FBP,
which apparently saturated the mutant enzyme 80%
(Fig. 4) mostly through reduction of the Sys value
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for pyruvate, and then gave slightly higher catalytic
efficiency (Vmax/Sos) than for the fully activated
wild-type enzyme (Fig. 3 and Table I). Figure 4
shows the dose-effects of FBP on the catalytic reac-
tions of the two types of enzyme at pH 7.0 in the pres-
ence of 10mM pyruvate. Unlike the case of the
wild-type enzyme, FBP showed no apparent coopera-
tive effect on the mutant enzyme, giving a 8,500-fold
lower S5 value than that of the wild-type enzyme.
These results indicate that the LPLDH-like network
greatly stabilized the R state structure of LCLDH on
allosteric equilibrium also at pH 7.0.
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Fig. 4 Effects of FBP on the catalytic reactions of the wild-type and Q5 mutant LCLDHs at pH 7.0. The reaction velocities for the wild type (open
symbols) and Q5 mutant (closed symbols) enzymes were measured in 50 mM sodium Mops buffer (pH 7.0) containing 0.1 mM NADH, 10 mM
pyruvate and the indicated concentrations of FBP in the absence (circles) and presence (squares) of 10 mM MnSO,. The lines indicate the
calculated saturation curves obtained with the kinetic parameters shown in Table II. (A) The reaction velocities of the two enzymes plotted
logarithmically as to the FBP concentration. (B) and (C) Linear plots of the reaction velocities of the wild-type and Q5 mutant enzymes,

respectively, as to FBP concentration.

Effect of Mn?* on the catalytic activity of Q5 mutant
LCLDH

Some L-LDHs from lactic acid bacteria, such as
L. casei and L. curvatus, constitute a subclass of bac-
terial allosteric L-LDHs that involve certain divalent
metal ions such as Mn”" in the allosteric regulation
(41). In the case of LCLDH, Mn*" ions exhibit no
apparent activation effect on the enzyme reaction
unless FBP is present, but greatly promote the activa-
tion function of FBP under neutral conditions through
reduction of the Sy value for FBP by more than
100-fold. It has been reported that LCLDH binds
one Mn>" jon per subunit in the absence of FBP,
giving a dissociation constant of 0.26 mM at pH 7.0
(25). However, little is known at present as to how
divalent cations are involved in the enzyme activity
or activation function of FBP. Our efforts to crystallize
the divalent metal-containing enzyme have not been
successful, and the exact location of the binding site
for divalent cations remains unclear, although SPR
analysis and chemical modification for the enzyme sug-
gested that the binding site is located in or near the
FBP binding site (24—26). We evaluated the effects of
Mn** on the catalytic properties of the Q5 mutant
enzyme to gain more information on the involvement
of Mn** in the allosteric regulation of LCLDH.

It is notable that Mn>" significantly improved the
reaction of the mutant enzyme in the absence of FBP,
unlike in the case of the wild-type enzyme (Fig. 3 and
Table I). The mutant enzyme exhibited an about 7-fold
smaller K,,, value for pyruvate and a slightly lower V,
value in the presence of 10mM Mn?", in which the
enzyme is sufficiently saturated with Mn>* (Fig. 5B).
However, Mn”" ions (10 mM) exhibited an apparently
lower activation effect on the enzyme than FBP
(50 uM), which exhibited a 1.8-fold smaller pyruvate
Sos and a 1.5-fold higher V,, than Mn*", and rather
inhibited the enzyme reaction in the presence of 50 uM
FBP through an increase in the pyruvate Sps and a
reduction in the V7, value (Fig. 3 and Table I).

Figure 5 shows the dose-effects of Mn** on the re-
action velocities of the two enzymes in the presence of
10mM pyruvate. The mutant enzyme exhibited a
slightly sigmoidal shaped saturation curve for Mn>",
unlike in the case of saturation curve for FBP or sub-
strate pyruvate. In addition, the mutant enzyme ex-
hibited an apparent Sy s value of 0.8 mM for Mn**,
which is comparable to the reported Ky for Mn>"
(0.26 mM) in the wild-type enzyme, indicating that
both the T and R states of LCLDH can bind Mn*"
with essentially the same affinity, unlike in the case of
FBP or pyruvate. It is therefore likely that Mn**
stimulates the reaction of the mutant enzyme in a dis-
tinct manner from the T—R allosteric transition caused
by FBP, possibly through induction of a minor struc-
tural change in the enzyme. On the other hand, Mn*"
reduced the catalytic efficiency of the mutant enzyme
when the reaction mixture contained 50 uM FBP, but
the inhibition curve of Mn** showed no apparent sig-
moidal profile, the apparent half-inhibition concentra-
tion (ICsg) being 0.12mM, indicating that FBP
enhances the binding of Mn*" in the mutant enzyme.
It is noteworthy that the FBP saturation curve of the
mutant enzyme showed an apparently biphasic profile,
which is kinked around 10 uM FBP, in the presence of
10mM Mn>* (Fig. 4A, closed squares). Consequently,
Mn?* (10mM) increased and decreased the reaction
velocities of the mutant enzyme with below and
above 10 uM FBP, respectively.

It has been reported that Mn*" and FBP form a
complex of 1:1 in ratio, the dissociation constant of
which is only about 1 mM at pH 7.0 (25). This gives a
simple explanation for the biphasic FBP saturation
profile of the mutant enzyme with 10mM Mn**. The
mutant enzyme predominantly binds the FBP—Mn>"
complex with a low concentration of FBP, at which
most FBP molecules exist as complexes, and increases
the enzyme reaction through occupation of the binding
site. Although the enzyme apparently exhibits 2.6-fold
lower affinity to the free FBP molecule than the
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Fig. 5 Effects of MnSOy, on the catalytic reactions of the wild-type (A) and Q5 mutant (B) LCLDHs at pH 7.0. The reaction velocities for the wild
type (open symbols) and Q5 mutant (closed symbols) enzymes were measured in 50 mM sodium Mops buffer (pH 7.0) containing 0.1 mM
NADH, 10 mM pyruvate and the indicated concentrations of MnSQO, in the absence (circles) and presence (squares) of 50 uM (for the Q5 mutant
enzyme) and 5SmM (for the wild-type enzyme) FBP. The lines indicate the calculated saturation curves obtained with the kinetic parameters

shown in Table II.

complex (Fig. 4 and Table II), the enzyme replaces the
complex with free FBP in the binding site with a high
concentration of FBP, at which free FBP is more pre-
dominant than the complex, and thereby further in-
creases the catalytic reaction. These features of the
ligand binding likely approximate those of the R
state of the wild-type LCLDH, i.e. the R state
LCLDH exhibits higher affinity to the FBP—Mn>"
complex than free FBP, but the catalytic reaction is
less improved with the complex than FBP alone.

The wild-type enzyme did not clearly show a biphas-
ic FBP saturation curve in the presence of 10mM
Mn>", but showed a somewhat complicated satur-
ation curve, which did not well fit to the simple
Michaelis—Menten equation (Fig. 4A, open squares).
Unlike the mutant enzyme, the wild-type enzyme re-
quires the allosteric transition to the R state to gain the
high affinity to the FBP—Mn*" complex, and therefore
requires a much higher concentration of FBP for acti-
vation by the complex. In the presence of a high con-
centration of FBP, the complex and free FBP coexist at
comparable levels, and therefore compete with each
other for the common binding site. These phenomena
likely allow the wild-type enzyme to exhibit such a
complicated FBP saturation curve with 10 mM Mn**.

Heat-stability of Q5 mutant LCLDH

Bacterial allosteric L-LDHs are usually stabilized
toward denaturation in the presence of FBP except
for the enzyme from Enterococcus faecalis (43), previ-
ously called Streptococcus faecalis, which is rather
labile in the presence of FBP (44). In the case of
non-allosteric LPLDH, on the other hand, the inter-
subunit network may stabilize the enzyme instead of
FBP, since it comprises six salt bridges (Fig. 1B) and
thereby 24 salt bridges for the enzyme tetramer. We
compared the heat-stabilities of the wild-type and Q5
mutant LCLDHs to determine the effects of the
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Table II. Apparent kinetic parameters of the wild-type and
Q5 mutant LCLDHs for FBP and Mn** at pH 7.0 in the
presence of 10mM pyruvate.

Vmin Vmax
So.s (M) (U/mg)®  (U/mg) et
FBP
no Mn?*
Wild-type 110,000 (3,000) 0O 1,200 (100) 1.7
QS5 mutant 13 (2) 110 (20) 1,000 (50)
+10mM Mn>*
Wild-type 300 (50) 0 880 (20)
Q5 mutant
low conc. S5(1) 460 (10) 540 (10)
high conc. 4,600 (300) 1,000 (20)
Mn2*
no FBP
Wild-type nd¢ 0 nd¢
QS5 mutant 800 (100) 190 (10) 540 (20) 1.5
+FBP
Wild-type 640 (25) 0 580 (10) 2.4
(5mM)
QS5 mutant 120 (10) 620 (10) 800 (10) 2.1
(50 uM)

“Parameters were determined as described under the ‘Materials and
Methods’ section, and standard deviations are shown in parenth-
eses. °Vpmin: minimal reaction velocity. “Hill coefficients (ny) are
shown only for the cases that exhibit significant cooperativity. “nd:
reaction velocity is too low for determination of exact values.

introduced inter-subunit salt bridges and the allosteric
transition on the heat-stability.

Figure 6 shows the residual activities of the two
types of LCLDH after heat treatment for 30 min at
various temperatures. In the absence of FBP, the
mutant enzyme exhibited a similar, or even lower, ap-
parent denaturating temperature (7 ,) than the wild-
type enzyme in spite of the introduced salt bridge
network, while it exhibited a markedly higher 7'/, in
the presence of SmM FBP (Fig. 6 and Table III),
which is a saturating concentration for both types of
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Fig. 6 Inactivation of the wild-type and Q5 mutant LCLDHs treated at various temperatures. The purified wild-type (open symbols) and Q5
mutant (closed symbols) enzymes were diluted to 1 uM with 100 mM sodium Mops buffer (pH 7.0) (triangles) or 100 mM sodium acetate buffer
(pH 5.0) in the absence (circles) and presence (squares) of SmM FBP, and then treated for 30 min at the temperatures indicated.

enzyme at pH 5.0. In heat-stability, consequently, the
mutant enzyme showed higher FBP-dependence than
the wild-type enzyme, in contrast to in the case of cata-
lytic activity. This result is nevertheless reasonable for
the allosteric equilibrium of LCLDH, where the R
state structure is intrinsically more labile than the T
one, i.e. the allosteric constant (L) is 300 at pH 5.5,
from which the change in Gibbs activation free energy
of inactivation (4G) between the two state structures is
estimated to be 3.4 kcal/mol (30). The salt bridge net-
work likely increases the 7', of the R state structure to
be only equal to the level of the T state structure in the
absence of FBP, in which the wild-type and mutant
enzymes mostly form the T and R state structures, re-
spectively. In contrast, the actual effect of the network
on the heat-stability is clearly shown by the 7°C higher
Ty, of the mutant enzyme in the presence of FBP, in
which the two enzymes consistently form the R-state
structure. The apparent higher FBP dependence of the
mutant enzyme thus indicates that the R state structure
is predominantly stabilized toward denaturation by
FBP, as in the case of the allosteric equilibrium. On
the other hand, the two enzymes consistently exhibited
a markedly higher T, at pH 5.0 than pH 7.0 in the
absence of FBP, indicating that LCLDH intrinsically
exhibits great pH-dependence in the heat-stability,
which is essentially independent of the T or R state
structure.

Figure 7 shows the time-dependence of the heat-
inactivation of the two enzymes. It is notable that
the inactivation of the mutant enzyme apparently
occurred more abruptly around the T, than that of
the wild-type enzyme in the absence of FBP (Fig. 6).
The heat-stabilities were therefore evaluated at two
temperatures (45°C and 55°C, respectively) around
the T, at pH 7.0 (Fig. 7B and C), at which the two
enzymes exhibited apparently the same 7', (46°C). In
the absence of FBP, the mutant enzyme was inacti-
vated more slowly at 45°C, but more rapidly at 55°C

than the wild-type enzyme. Table III summarizes the
thermodynamic parameters that were calculated from
these data. The mutant enzyme exhibited greatly
increased activation enthalpy of heat-inactivation
(AH*%) than the wild-type enzyme, giving a change in
AH* (AAHY) of +38.9kcal/mol. The increased AH*
compensates for the activation free energy of
heat-inactivation (4G*) at the T, ;2 for the increased
activation entropy (4S5%), indicating that the two en-
zymes exhibit apparently the same 7, in distinct man-
ners. It is likely that the introduced LPLDH-like
network is mostly responsible for the AAH*. In the
presence of FBP, on the other hand, the wild-type
enzyme was also abruptly inactivated around the T
(80°C) at pH 5.0, as in the case of the mutant enzyme
(Fig. 6). In this case, AH* may be increased mostly
through the multiple salt bridges between the bound
FBP molecule and the enzyme (particularly Argl73
and His188).

At pH 5.0, the mutant enzyme lost the catalytic ac-
tivity much more rapidly than the wild-type enzyme in
the absence of FBP, but fully retained the activity for
60 min in the presence of SmM FBP, at which the
wild-type enzyme lost more than 60% of the activity
(tip=44 min~"), during heat treatment at 80°C (Fig. 7
A). At pH 7.0, the mutant enzyme was markedly pro-
tected from the heat-inactivation at 55°C by only a low
concentration of FBP (50 uM), which exhibited no sig-
nificant effect on the heat-stability of the wild-type
enzyme, and consequently showed higher heat-stability
than the wild-type enzyme (Fig. 7C). In the presence of
5mM FBP, in addition, the mutant enzyme completely
retained the enzyme activity in the treatment for
60 min, while the wild-type enzyme lost 50% of the
activity. These results consistently indicate that the
mutant enzyme is more greatly and sensitively affected
by FBP in heat-stability than the wild-type enzyme.
This is also consistent in the allosteric equilibrium of
LCLDH, where the R state structure is predominantly
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Table III. Heat-stabilities of the wild-type and Q5 mutant LCLDH
and thermodynamic parameters in heat-denaturation of the two
enzyme at pH 7.0 in the absence of allosteric effector.

Wild-type QS mutant
pH 5.0
Ti2" (°C)
no FBP 72 66
+5mM FBP 80 86
11,,° at 80°C (min)
no FBP 11.8 (0.6)° 2.82 (0.10)°
+5mM FBP 43.9 (5.5 nd?
pH 7.0
T, (°C, no ligand)® 46 46
11> at 45°C (min, no llgdl’ld) 35.5 (1.3)° 102.5 (7.2)°
11> at 55°C (min, no ligand)® 4.26 (0.07)° 1.88 (0.13)°
(+50 uM FBP) 4.41 (0.07)° 5.68 (0.18)°
(+5mM FBP) 61.2 (2.2)° nd?
(+10mM Mn**) 62.3 (2.4 52.1 (2.6)°
AG* (keal/mol) (45°C)° 249 25.6
A4G* (keal/mol) (45°C) 0 +0.7
AG* (keal/mol)® (55°C)° 24.3 23.8
A44G* (keal/mol) (55°C) 0 —0.5
AH* (kcal/mol) 43.3 82.2
AAH* (kcal/mol)® 0 +38.9
AAS* (keal/mol/deg)® 0 +0.120

4T\, the apparent half-denaturation temperature estimated from
Fig. 6. "1y, the apparent half-denaturation time, estimated from
Fig. 7. “Values in parentheses indicate standard deviations in curve
fitting of experimental data using Kleida Graph. “nd, the

half- denaturatmg time is too long to be exactly determined.

°AG*, the activation free energy of heat inactivation. 4G* was
calculated with the absolute reaction rate equation (61),

AG*= RTIn(k zT/h) — In(k)], where R is gas constant, T is the ab-
solute temperature, k3 is Boltzman’s constant, / is Plank’s constant
and k is the denaturation rate calculated from 7. "AHY, the ac-
tivation enthalpy of heat inactivation. 4H* was calculated from the
slope [—(T+ AH*/R)] of Arrhenius plot [In(k) vs 1/7], and essen-
tially the same value in 45 and 55°C. 8AAH* and A4S?, the dif-
ferences in the dCthdthﬂ enthalpy and entropy of heat inactivation,
respectlvely AAS+ was calculated from the equation,

AAGH = AAH* —TAAS".

stabilized by FBP because of its much higher affinity to
FBP than the T state structure, and implies that
LCLDH does not only regulate the catalytic activity
but also modulates the protein stability as to denatur-
ation through the allosteric equilibrium, using the in-
trinsically heat-stable T state structure and the specific
stabilization effect of FBP on the R state structure,
according to the surrounding FBP level.

Like the wild-type enzyme, the mutant enzyme was
markedly protected from heat-inactivation at 55°C
(pH 7.0) in the presence of 10mM Mn**, at which it
showed virtually the same heat-stability as that of the
wild-type enzyme (Fig. 7C). This result is consistent
with the fact that the two enzymes exhibit similar af-
finity to Mn>", and indicates that unlike FBP Mn>"
equally stabilizes the T state and R state structures
against heat-inactivation. Like the wild-type enzyme,
in addition, the mutant enzyme was synergically stabi-
lized in the presence of both Mn?" and FBP. In the
presence of 10mM Mn”", the mutant enzyme was
completely protected from inactivation for 60 min
with only 50 uM FBP, as the wild-type enzyme was
with SmM FBP. This result is in good agreement
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with the fact that the mutant enzyme, i.e. the R state
structure of LCLDH, exhibits higher affinity to the
FBP—Mn”" complex than free FBP or Mn>™.

Molecular design for constitutively active

bacterial L-LDHs

Until now, amino acid replacements concerning the
allosteric regulation of rL-LDHs have been mostly
centred in the P-axis subunit interface area. This area
contains the FBP-binding site, where two sets of con-
served Argl73 and Hisl88 play key roles in the regu-
lation by FBP in two juxtaposed subunits of the P-axis
related dimer through the formation of salt bridges
with the phosphate groups of FBP. Since replacement
of Argl73 or His188 induces not only desensitization
to FBP but also partial activation of TCLDH (9, 10,
12) and BLLDH (20—22), the positively charged side
chains of these residues appear to destabilize the closed
conformation of the P-axis related dimer in the R state
structure through static repulsion unless these residues
are neutralized by FBP. Nevertheless, the replacement
of Argl73 with Gln induces no significant enzyme ac-
tivation in the cases of BSLDH (/4) and LCLDH (un-
published results of ours). In the case of LCLDH, in
addition, no marked activation is induced by modifi-
cation of Hisl88, alkylation with 6-bromopyruvate
(26) or replacement with Asp (27). In the case of
BSLDH, on the other hand, a constitutively active
mutant enzyme was obtained through directed evolu-
tion (45). Among the three replacements in the mu-
tant enzyme, the Q203L replacement is likely
responsible for the change in allosteric properties,
since GIn203 is located at the P-axis subunit interface.
Nevertheless, the crucial activation mechanism under-
lying the replacement remains uncertain, and the pri-
mary and secondary structures around position 203 are
poorly conserved in other allosteric or non-allosteric
L-LDHs.

Our study demonstrates a new molecular design,
which likely introduces an LPLDH-like inter-subunit
salt bridge network at the Q-axis subunit interface, for
conversion of bacterial allosteric L-LDHs to constitu-
tively active enzymes. The Q5 mutant LCLDH was
crystallized by the same crystallization condition to
that for the R-state structure of the wild-type enzyme
(30), and preliminary X-ray analysis for the crystal
indicated that the mutant enzyme in the crystal forms
essentially the same overall structure to the R state of
the wild-type enzyme, giving 0. 27A of the deviation
(RMSD value) for all Ca atoms of tetramer (data
not shown). It is likely that the flexibility of Argl71,
i.e. the a2F-aC(Q) contact area, is ubiquitously pivotal
for the allosteric motion of allosteric L-LDHs, because
the side chain of Argl71 is consistently flipped out
from the active site in the inactive dimer of BSLDH
(18) and the T state tetramer of BLLDH (20), as in the
case of the T state of LCLDH (30). Since Argl71 is
directly involved and centred in the salt bridge net-
work, the network appears to be one of the keys for
the functional divergence of bacterial L-LDHs during
evolution, and the new design is likely available for
many allosteric L-LDHs to enhance their FBP-
independent activity.
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Fig. 7 Time-dependent heat-inactivation of the wild-type and Q5 mutant enzymes. The wild-type (open symbols) and Q5 mutant (closed symbols)
enzymes were diluted to 1 pM with 100 mM sodium acetate buffer (pH 5.0) (A) or 100 mM sodium Mops buffer (pH 7.0) (B and C), and then
treated at 80°C (A), 45°C (B), and 55°C (C) for the indicated time. Each heat treatment of the enzymes was performed with no ligand (circles),
S50 uM FBP (triangles), SmM FBP (squares), 10 mM MnCl, (inverted triangles), or 10 mM MnCl, and 50 uM (for the Q5 mutant enzyme) or
SmM (for the wild-type enzyme) FBP (diamonds). The dashed and solid lines indicate the calculated inactivation curves for the wild-type and Q5
mutant enzymes, respectively, obtained with the ¢, values shown in Table III.

Figure 8A shows the amino acid alignments for the
aC, a2F and a2G helices of representative L-LDHs and
L-malate dehydrogenase (L-MDH), together with the
amino acids corresponding to Hisl88. The five
structure-known allosteric L-LDHs, i.e. LCLDH (30),
BSLDH (7/7), BLLDH (20), TCLDH, which has the
same amino acid sequence as structure-known
Thermus thermophilus 1-LDH (46) except for the resi-
due at position 154, and Thermotoga maritina .-LDH
(TMLDH) (47) consistently lack the LPLDH-like net-
work at the Q-axis subunit interface, at which the rele-
vant amino acids are completely missing except for the
essential Argl71. In contrast, the relevant amino acids
are fully conserved in the L-LDHs of Pediococcus acid-
ilactici (PALDH) (48) and Mycoplasma hyopneumo-
niae (MHLDH) (49), in the latter of which only
Lys235 is replaced with Arg, another basic amino
acid. PALDH is known as an FBP-independent
enzyme (48), and MHLDH is also considered to be
an FBP-independent enzyme since it lacks both
Argl73 and His188, although its crucial catalytic prop-
erties have not been reported (49). Although the 3D
structures of the two enzymes remain unknown, these
facts strongly suggest that the two enzymes employ
the LPLDH-like network to exhibit their FBP-
independent catalytic activity. Bacterial FBP-
independent r-LDHs frequently lack Argl73 or
His188, or both, as in the cases of LPLDH, PALDH
and MHLDH. In the case of LPLDH, replacement
of Aspl88 with His induces no FBP-dependency of
its catalytic activity, but marked FBP-dependency of
its heat-stability (34). The mutant LPLDH exhibits a
lower T, without FBP but a higher 7, with FBP
than the wild-type enzyme. These characteristics
of the mutant LPLDH are well consistent in those of
the Q5 mutant LCLDH, and suggest that loss of
Argl73 or Hisl88 is important for these enzymes to
gain the FBP-independent protein stability rather than
the FBP-independent high catalytic activity.

In contrast to these bacterial non-allosteric L-LDHs,
vertebrate L-LDHs such as the dogfish muscle enzyme

(DFLDH) (50) lack the amino acid residues relevant to
the LPLDH-like network completely, but instead pos-
sess similar residues to those of allosteric L-LDHs, to-
gether with conserved Argl73 and His188 in the anion
binding site (Fig. 8A), suggesting that the vertebrate
enzymes employ a distinct strategy to gain their con-
stitutive enzyme activity. Unlike bacterial L-LDHs, the
vertebrate enzymes have a unique sequence of ~20
amino acids at the N-terminal of the first f strand
(BA) in the NAD-binding domain (/). This sequence
is called the ‘R-arm’ because it extends to the R-axis
related subunit and undergoes a large number of
inter-subunit interactions (/, 5/). On the other hand,
L-MDH exhibit high identity in secondary and tertiary
structure and functional amino acid residues with
L-LDHs, but usually have dimeric structures that cor-
respond to the Q-axis dimers of L-LDHs. Since the
R-arm is missing in vertebrate dimeric L.-MDHs, it
has been thought to be a key structure for the associ-
ation of the two Q-axis dimers into a tetramer of
L-LDHs during evolution (/, 52). It is notable that
vertebrate dimeric L-MDHs partially form an
LPLDH-like inter-salt bridge network. In pig heart
cytosol L-MDH (PGMDH) (53), for example, Glu67,
Lys178 and Lys235 of LPLDH are replaced with Gln,
Leu and Arg, respectively, and thereby the salt bridge
between Lys178 and Glu67(Q) is missing and the one
between Argl71 and Glu67(Q) is replaced by a
non-ionic hydrogen bond between Argl71 and
GIn67(Q) (Fig. 8B, left). Instead of Lys235, however,
Arg235 forms bidentate ionic hydrogen bonds with
Asp68, compensating for the salt bridge network.
These facts imply that vertebrate L-MDHs and
L-LDHs employed distinct strategies to gain their con-
stitutive catalytic activities during evolution.

While a dimeric L-MDH from Aquaspirilium arcti-
cum (AAMDH), a psychrophilic bacterium, has virtu-
ally the same inter-subunit network as that of
PGMDH, the enzyme from Thermus thermophilus
(TTMDH), an extremely thermophilic bacterium, has
a further strong inter-subunit network, which
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A aC a2F a2G
55 2 166 181 188 233 243
LOLDH  —KDKTKGDAIDLSNALPF———SLDTARFROS| AEMVN——H———VRDAAYE | [KLK-
BSLDH ~ESKAIGDANDFNHGKVF ——— ILDTARFRFLL GEYF S———H-——VRDAAYQ] | EXK~
BLLDH -KERVEAEVLOWOHGSSF——NLDSARLAFL 1 A00TG—H—VikNAAYKI INgk- T BP-dependent L-LDHs
TCLDH  ~RKLAQAHAEDILHATPF——— ILDTARFRALLAEHLR——H———VRRAAYR] |EGK-
TMLDH  ~KKRAEGDALDL IHGTPF———VLDTARLRTL | AGHCG———H-———TKRAAYE [ERK-

LPLDH  ~KDRTKGDALDLEDAGAF ———SLDSSRLRVAL GKOFN———D——VRNKAYD! INLK~
PALDH ~KVRTVGDALDLEDATPF ——SLDTARLRVALGKKFN———D—VRNKAYEI INGX-  FBP-independent L-LDHs
WHLDH  ~PDFADGNAFDFEDASAS———VLDTARLOF AL AKRAK———0———VSRRAYK INRK-
DFLDH -EDKLKGFMMDLOHGSLF ———NLDSARFRYLMGERL G———H———VVDSAYEV I KLK-

PGNDH  -MGVLDGVLWELODCALP———RLDHWRAKAQIALKLG—K——VOORGAAVIKAR- ..
AMNDH  ~QKAL OGVWE 1D0CAFP———RLDHNRAL SO AAKT6——£——VGxRoaal oar-  dimeric L-MDHs
TTMOH  ~MKALEGVVNELEDCAFP——RLDHNRAKAQLAKKTG——R——VAQRGAAI 10AR-
ECHDH  —VTPGVAVDLSHIPTA——TLDI IRSNTFVAELKG——E—— | ONAGTEVVEAK-

HWOH  ~EDOTVGOAADTNHG I AY——RLDSARFRYVL SEEFD——E——L OE SANDV I ERK- ;
CVNDH  —G1POGKGLOMYETGPV——VLDAARFRSF IAMELG—N——RNGGAEIVEHK-  tetrameric L-MDHs
——— LDSARMAYY I SOKLG——N———TVNAGAKI TELR-

B MVDH - INKLEGLRED] YDALAG——HLDSLRFKVAI AKFFG——R——VKTKGEQ] IRLK-

Fig. 8 Structural comparison of the aC, o2F and 602G (C-terminal half of the a1/2G helix) regions of representative L-LDHs and 3D
structure-known L-malate dehydrogenases (L.-MDHs). (A) Structure-based sequence alignment of L-LDHs and L-MDHs. Amino acid sequences
were aligned for five FBP-dependent L-LDHs; L. casei (LCLDH) (64), B. stearothermophilus (BSLDH) (65), B. longum (BLLDH) (66), Thermus
caldophilus (TCLDH) (67), and Thermotoga maritima (TMMDH) (6) L-LDHs, four FBP-independent L-LDHs; L. pentosus (LPLDH) (68),
Pediococcus acidilactici (PALDH) (48), Mycoplasma hyopneumoniae (MHLDH) (1910283A) and dogfish muscle (DFLDH) (50) L-LDHs, four
dimeric L-MDHs; Sus scrofa (pig heart, cytosol) (PGMDH) (PDB: 4MDH), Aquaspirilium arcticum (AAMDH (PDB: 1B8P)), Thermus ther-
mophilus (TTMDH) (PDB:11Z9), and Escherichia coli (ECMDH) (PDB: 2CMD), and four tetrameric L-MDHs; Haloarcula marismortui
(HMMDH) (PDB: 1D3A), Chlorobium vibrioforme (CVMDH) (PDB: 1GV1), Aerooyrum pernix (APMDH) (PDB: 2D4A), and Methanococcus
Jannaschii (MJMDH) (PDB: IHYG) .-MDHs. The residues of L.-LDHs and .-MDHs are numbered according to the N-system for vertebrate
L-LDHs proposed by Eventoff et al. (69). Acidic and basic amino acids relevant to the inter-subunit salt bridge network in LPLDH are shown in
red and blue, respectively. Argl73 and His188 that are essential for the FBP binding are shown in green. (B) The Q-axis inter-subunit regions
around Argl71 of three .L-MDHs, PGMDH (left), TTMDH (middle), and MJIMDH (right). The structures are represented by ribbon diagrams,
where only the amino acids at positions 67, 68, 171, 178 and 235 are indicated by a ball and stick model. The two Q-axis-related subunits are
coloured red and blue, as in Fig. 1. Salt bridges and hydrogen bonds among these amino acids are indicated by green solid and broken lines,
respectively. The secondary structural elements of L-LDHs and L.-MDHs are systematically named according to the names of the corresponding
elements in vertebrate L-LDHs. The figures were drawn using MOLSCRIPT (62) and Raster3D (63).

comprises not only all the salt bridges of the LPLDH LPLDH-like network is not evident in these tetrameric

but also bidentate hydrogen bonds between Arg235
and Asp68 as in PGMDH and AAMDH (Fig. 8B,
middle), in striking contrast to Thermus allosteric
L-LDHs (54). Structural comparison thus strongly sug-
gests that the LPLDH-like salt bridge network is
widely used in constitutively active L-2-hydroxyacid
dehydrogenases such as non-allosteric L-LDH and t-
MDH.

Nevertheless, an LPLDH-like network is not evident
in the case of E. coli L-MDH (ECMDH), where none
of the relevant amino acids but Argl71 is conserved at
the Q-axis interface (Fig. 8A), although ECMDH has a
unique inter-subunit salt bridge between His68 and
Glu238(Q) (55), instead of the Asp68-Lys235(Q) salt
bridge of LPLDH. This suggests that the LPLDH-like
network is not the only way that provides dimeric L-
MDHs with active conformations. Furthermore, an
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L-MDHs, which were recently found in some micro-
organisms including Archaea (56), although their regu-
lation properties remain uncertain. The enzymes from
Haloarcula marismortui (HMMDH) (57), Aeropyrum
pernix (APMDH) (58) and Chlorobium vibrioforme
(CVMDH) (59) lack an LPLDH-like network com-
pletely, although instead of Asp68(Q) Glu68(Q)
forms a inter-subunit salt bridge with Argl71 in
CVMDH (1GVI1). On the other hand, the enzyme
from Methanococcus jannaschii (MJMDH) (60), a
hyperthermophilic archaeon, possesses the relevant
residues except Glu67, which is replaced by Tyr. In
the case of MJMDH, nevertheless, the relative pos-
itions of the a2F, «3G and aC(Q) helices are signifi-
cantly different from those in L-LDHs or dimeric
L-MDHs, and thereby Asp68(Q) forms no apparent
inter-subunit salt bridge with Lys235, but instead

2T0Z ‘9z Jequiidss uo [e1idsoH LeisLyD enybueyd e /Bio'sfeuinolpioyxo-qly/:dny wouy pspeojumod


http://jb.oxfordjournals.org/

exhibits bidentate hydrogen bonds with Argl71 (Fig.
8B, right), unlike in the case of LPLDH.

Conclusion

Introduction of an LPLDH-like inter-subunit salt
bridge network drastically increases the FBP-
independent catalytic activity in LCLDH, although it
does not completely abolish the activation effect of
FBP or Mn”*" under neutral conditions. Unlike for
the catalytic activity, the network rather enhances the
FBP-dependence of the heat-stability of the enzyme by
markedly raising the 7'/, and rather reducing the 7',
in the presence and absence of FBP, respectively, indi-
cating that the R state structure is intrinsically more
heat-labile than the T state structure, but predomin-
antly stabilized by FBP. Bacterial allosteric L-LDHs
thus likely modulate both their catalytic activity and
protein stability as to denaturation through the allo-
steric equilibrium, using the intrinsically stable T state
structure and the predominant stabilization effect of
FBP on the R state structure. The introduced network
markedly increases the activation enthalpy of enzyme
inactivation (4H*), which compensates for the activa-
tion free energy (4G*) for increased activation entropy
(4S%) at the T, 5 in the absence of FBP. An
LPLDH-like network is used in many constitutively
active L-2-hydroxyacid dehydrogenases, and thus ap-
pears to be one of the keys for bacterial L.-LDHs to
gain constitutive catalytic activity during evolution, al-
though it is not the only way. The molecular design
involving the network is likely available for many bac-
terial allosteric L-LDHs to allow them to exhibit high
catalytic activity independently of allosteric activators.
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