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ABSTRACT

A plant-derived Enterococcus mundtii 15-1A, that has been previously isolated from Brassica rapa L.
subsp. nipposinica (L.H. Bailey) Hanelt var. linearifolia by our group, possesses two kinds of -lactate
dehydrogenase (.-LDH): LDH-1 and LDH-2. LDH-1 was activated under low concentration of fluctose-
1,6-bisphosphate (FBP) at both pH 5.5 and 7.5. Although LDH-2 was also activated under the low
concentration of FBP at pH 5.5, a high concentration of FBP is necessary to activate it at pH 7.5.
The present study shows the crystal structures of the acidophilic LDH-2 in a complex with and with-
out FBP and NADH. Although the tertiary structure of the ligands-bound LDH-2 is similar to that of
the active form of other bacterial L-LDHs, the structure without the ligands is different from that of
any other previously determined -LDHs. Major structural alterations between the two structures of
LDH-2 were observed at two regions in one subunit. At the N-terminal parts of the two regions, the
ligands-bound form takes an a-helical structure, while the form without ligands displays more dis-
ordered and extended structures. A vacuum-ultraviolet circular dichroism analysis showed that the
a-helix content of LDH-2 in solution is approximately 30% at pH 7.5, which is close to that in the
crystal structure of the form without ligands. A D241N mutant of LDH-2, which was created by us
to easily form an a-helix at one of the two parts, exhibited catalytic activity even in the absence
of FBP at both pH 5.5 and 7.5.

© 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Lactic acid bacteria (LAB) have their natural habitats in rather
different environments and interact differently with human
beings. In spite of having their different lifestyles, LAB predomi-
nantly obtain energy by the lactic acid fermentation. In addition
to providing a characteristic flavor, lactic acid confers important
preservative properties to fermented products [1]. Lactic acid pro-
duced by LAB is also known to be a material essential to generate
polylactic acid. The free energy generated during homolactic acid
fermentation is 2 mol of ATP per 1 mol of glucose. The crucial
enzyme in this pathway is lactate dehydrogenase (LDH), which is
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responsible for catalyzing the reversible reduction of pyruvate to
L- or p-lactate [2]. p- and .-LDHs stereospecifically convert pyruvate
to p- and 1-lactate, respectively. This reaction serves to balance the
redox potential by oxidation of NADH to NAD.

L-LDH (EC 1.1.1.27), which is widely distributed in nature, is a
tetrameric enzyme composed of four subunits. The arrangement
of the subunits displays 222 symmetry where three 2-fold axes,
which we defined as X-, Y-, and Z-axes, are present. Each monomer
has one active site, and the tetramer has two allosteric sites, each
of which is situated at the Y-axis interface between two monomers.
Bacterial 1-LDHs are homotetrameric and usually allosteric
enzymes, which require fructose-1,6-bisphosphate (FBP), an inter-
mediate in the glycolysis pathway, for catalytic activities. On the
other hand, vertebrate cells contain non-allosteric L-LDH isozymes.

The mechanism for the allosteric regulation of the bacterial 1~
LDHs was first elucidated from the structural studies of the
enzyme from Bacillus (B.) stearothermophilus [3-5]. In the FBP-
bound tetrameric structure, each FBP molecule interacts with four

2211-5463/© 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
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positively charged residues (Arg173 and His188 residues in each of
two juxtaposed subunits). The tetramer of the B. stearothermophilus
L-LDH dissociates into two inactive X-axis-related dimers in the
absence of FBP [6,7]. FBP may play a role in stabilizing and main-
taining the tetrameric structure.

Another mechanism for allosteric regulation was proposed by
the structural studies of the Bifidobacterium (Bf.) longum L-LDH
[8,9]. In this case, the inactive tetrameric structures without and
with FBP and NADH were determined [8,9], as well as the active
tetrameric structure with FBP, NADH, and oxamate, a pyruvate
analog [9]. The quaternary structure of the enzyme is significantly
different between the inactive and active states, in which two Y-
axis-related dimers in a tetramer take open and closed conforma-
tions, respectively. Furthermore, the structure of the inactive dimer
of the B. stearothermophilus .-LDH [5] resembles the structure of
the X-axis-related dimer in the inactive tetramer of the Bf. longum
L-LDH in many features. Particularly, Arg171 residue, which is
essential for the binding of pyruvate, does not point toward the
pyruvate-binding site in both inactive structures. Therefore, it
was concluded that FBP plays an important role in inducing the
inter-subunit rearrangement of the .-LDH tetramer from an inac-
tive to an active state, which is accompanied by local intra-subunit
conformational changes. However, the fact that the crystal struc-
ture of the FBP-bound inactive state is present indicates that FBP
merely increases the ratio of the active state to the inactive one.
The binding of pyruvate to the active site may complete the struc-
tural change from the inactive to the active state.

However, it is unclear what key structural feature is responsible
for the distinct behavior of the allosteric and non-allosteric L.-LDHs,
since bacterial L.-LDHs are highly divergent and evolutionarily dis-
tant from the vertebrate non-allosteric enzymes. Bacterial L-LDHs
exhibit wide variation in their regulation properties, as well as in
their primary structures [2]. Some of them absolutely require FBP
for their catalytic activities, whereas some enzymes can exhibit
their activities even without FBP.

Among the allosteric bacterial .-LDHs, the enzyme from Lacto-
bacillus (Lb.) casei shows unique properties, exhibiting a great
pH-dependence in the enzyme activation [10-12]. The enzyme
absolutely requires a high concentration of FBP (about 10~! M)
for its maximum catalytic activity under the neutral pH condition,
where it exhibits low affinity for the substrate pyruvate. In con-
trast, under a weak acidic condition, the enzyme exhibits activity
even in the absence of FBP, despite the low affinity for pyruvate,
while the addition of FBP to the enzyme increases the affinity for
pyruvate. Structural and mutational analyses of the Lb. casei 1-
LDH indicated that two inter-subunit salt bridges formed between
His20 and Asp264 and between His205 and Glu211 are important
to form the active state [14]. The salt bridges seem to be efficiently
formed under the acidic condition, since the His residues are suffi-
ciently protonated.

On the other hand, the .-LDH from Lb. pentosus is known to be
an exceptionally non-allosteric enzyme [15], which constitutively
exhibits high catalytic activity independently of FBP, similar to
the vertebrate enzymes. The Lb. pentosus .-LDH constitutionally
takes an active state independently of the binding of FBP. Struc-
tural analysis of the Lb. pentosus 1.-LDH revealed that the subunit
interfaces of this enzyme are specifically stabilized to adopt the
active state by increased numbers of inter-subunit salt bridges
and hydrogen bonds and high geometrical complementarity [16].

Some strains of LAB produce antibacterial peptides, called bac-
teriocins, which are ribosomally synthesized and inhibitory to clo-
sely related Gram-positive bacteria [17,18]. Our group has recently
isolated a bacteriocin-producing LAB from Brassica rapa L. subsp.
nipposinica (L.H. Bailey) Hanelt var. linearifolia in Japan. The iso-
lated strain, designated 15-1A, was identified as Enterococcus
(Ec.) mundtii [19]. Whole genome sequence analysis of the 15-1A

strain, now in progress in our laboratory, indicates that the strain
contains at least two L-LDH-like proteins, designated LDH-1 and
LDH-2. Another strain classified as Ec. mundtii was demonstrated
to produce high yield of L-lactic acid with high optical purity from
cellobiose or xylose [20,21]. Therefore, elucidation of the regula-
tion mechanism of the Ec. mundtii .-LDHs at the molecular level
is important to know why this bacterium can efficiently produce
1-lactic acid.

In the present study, we performed an enzyme kinetic analysis
of the recombinant .-LDHs from Ec. mundtii. As a result, it was
found that the Ec. mundtii LDH-2 exhibits acidophilic kinetic prop-
erties. Understanding the allosteric regulation mechanism of the
Ec. mundtii LDH-2 will be useful for creating an artificial enzyme
with an acidophilic feature in future work. To clarify the allosteric
regulation mechanism of the acidophilic LDH-2, we performed
crystallographic, vacuum-ultraviolet circular dichroism (VUVCD)
and site-directed mutation analyses.

2. Results
2.1. Amino acid sequence of LDH-1 and LDH-2 from Ec. mundtii 15-1A

Ec. mundtii 15-1A has two genes encoding 1-LDH (LDH-1 and
LDH-2). Redundancy of the gene encoding .-LDH was also found
in many LAB including Lactococcus (Lc.) lactis [22], Lb. plantarum
[23], and Ec. faecalis [24]. There are two reports about the kinetic
characterizations of two L-LDHs contained in one bacterium.

Lc. lactis F1I9078, which is a derivative of the MG1363 strain car-
rying a disruption of the Idh gene, can convert glucose to L-lactate,
since the strain overexpresses the IdhB gene [25]. The K, value of
LDHB, which is defined as the concentration of FBP necessary for
activation at 50% of the maximum, was found to be strongly
dependent on pH (700-fold increase in the pH range from 6.0 to
7.0), in contrast to LDH. That is, the Lc. lactis LDHB is active under
the neutral pH condition only when the FBP concentration is high
enough, as with the Lb. casei L-LDH. However, the Lc. lactis LDHB is
different from the Lb. casei .-LDH, since the affinity of the former
enzyme for NADH, but not for pyruvate, is lowered with the
increase of pH even in the presence of a high concentration of FBP.

Ec. faecalis V583 also contains two L.-LDH-encoding genes (Idh-1
and Idh-2). The roles of the two genes were studied using knockout
mutants [26]. Deletion of Idh-1 caused a metabolic shift from
homolactic fermentation to ethanol, formate, and acetoin produc-
tion, with a high level of formate production even under aerobic
conditions. On the other hand, deletion of Idh-2 kept the homolac-
tic fermentation, suggesting that LDH-2 plays only a minor role in
the lactate production. Kinetic study showed that the K, values of
LDH-2 for both pyruvate and NADH are larger than those of LDH-1,
indicating the minor role in lactate production [27].

The sequence identity between the Ec. mundtii LDH-1 and LDH-
2 is 44.9% (Fig. 1). However, the Ec. mundtii LDH-1 shows a high
sequence identity with the Ec. faecalis LDH-1 (86.2%) and the Lc.
lactis LDH (68.7%), whereas the Ec. mundtii LDH-2 shows a high
sequence identity with the Ec. faecalis LDH-2 (65.0%) and the Lc.
lactis LDHB (71.0%). These results indicate that LDH-1 mainly plays
a role in L-lactate production in Ec. mundtii, while LDH-2 plays an
additional role.

2.2. Kinetic properties of LDH-1 and LDH-2 from Ec. mundtii 15-1A

To characterize the Ec. mundtii LDH-1 and LDH-2, we performed
enzyme kinetic analysis using each recombinant enzyme, which
was overexpressed in Escherichia (E.) coli and purified almost to
homogeneity. At first, we investigated the effect of pH on the cat-
alytic activities of LDH-1 and LDH-2. The pH profiles of the activi-
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Fig. 1. Sequence alignment of the Ec. mundtii LDH-2 with other .-LDHs from various LAB species. Sequence alignment was done using the ClustalX program [44]. Em-LDH-2,
Ec. mundtii LDH-2; Ef-LDH-2, Ec. faecalis LDH-2; LI-LDHB, Lc. lactis LDHB; Lp-LDH, Lb. pentosus .-LDH; BI-LDH, Bf. longum -LDH; Lc-LDH, Lb. casei .-LDH; Em-LDH-1, Ec. mundtii
LDH-1; Ef-LDH-1, Ec. faecalis LDH-1; LI-LDH, Lc. lactis LDH. The fully conserved residues in all sequences are marked with black shading. The residues conserved among
alternative L-LDHs (Em-LDH-2, Ef-LDH-2, and LI-LDHB) are marked with gray shading. In addition, the residues conserved among general allosteric .-LDHs (BI-LDH, Lc-LDH,
Em-LDH-1, Ef-LDH-1, and LI-LDH) are also marked with gray shading. The residues of .-LDHs are numbered according to the N-system for vertebrate L.-LDHs proposed by

Eventoff et al. [45].

ties of LDH-1 and LDH-2 in the presence of 20 mM pyruvate,
1.5 mM NADH, and 0.1 mM FBP are depicted in Fig. 2. LDH-1 main-
tains a high level of activity between pH 4.0 and pH 7.5. On the
other hand, the activity of LDH-2 was maximal at pH 5.5 and then
gradually decreased with the increase of pH.

The results of the detailed kinetic analysis, which was done at
pH 5.5 and pH 7.5, are summarized in Table 1. In the presence of
3mM FBP, both LDH-1 and LDH-2 showed hyperbolic kinetic
responses to increasing concentrations of pyruvate or NADH inde-
pendently of pH. The K, of LDH-1 for pyruvate increased substan-
tially (4-fold) with the increase of pH from 5.5 to 7.5, while the K,
for NADH decreased slightly along with pH. On the other hand, the
K, of LDH-2 for pyruvate was scarcely altered with pH, while the
K, of LDH-2 for NADH increased approximately 2-fold with the
increase of pH.

In the presence of 1.5 mM NADH and 20 mM pyruvate, LDH-1
and LDH-2 showed hyperbolic kinetic responses to an increasing

-
o
o

Relative activity (%)

Fig. 2. The effect of pH on LDH activity. The activities of the wild-type LDH-1 and
LDH-2 and the E60Q and D241N mutants derived from LDH-2 were measured
under the given pH conditions in the presence of 20 mM pyruvate, 1.5 mM NADH,
and 0.1 mM FBP. Diamonds, circles, triangles, and squares indicate the results of
LDH-1, LDH-2, and E60Q and D241N mutants of LDH-2, respectively.
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Table 1
Kinetic parameters of Ec. mundtii LDH-1, LDH-2, and D241N mutant of LDH-2.
LDH-1 LDH-2 LDH-2 D241N
pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5
Kyt for FBP (M) 39+1.0 7.0+2.0 24+03 1300 + 200 0.076 + 0.045 1.9+03
With 3 mM FBP
kear (s™1) 1600 + 100 1500 + 100 1800 + 100 1300 + 100 1800 + 100 1800+ 1 00
K, for NADH (mM) 0.18 £0.03 0.11£0.02 0.41+0.10 0.93+0.28 0.20 £ 0.04 0.26 £ 0.03
keat/Kin for NADH (mM~' s71) 9000 + 1600 13,000 + 3000 4400 £ 1100 1400 + 400 9000 + 1800 6800 + 700
Ky, for pyruvate (mM) 0.93+0.11 3.8+0.6 22+05 2.7+05 23+04 3.0+03
keat/Kin for pyruvate (M~"' s 1) 1700 + 200 390 + 60 810+ 180 480 + 100 790 + 160 610+ 60
Without FBP
Relative activity (%) ND ND ND ND 3612 30+5
K, for NADH (mM) ND ND ND ND 09+0.2 ND
keat/Kin for NADH (mM~'s71) ND ND ND ND 1200 + 300 200+ 10
K, for pyruvate (mM) ND ND ND ND 153 ND
keat/Kin for pyruvate (M~' s 1) ND ND ND ND 59+12 15+1

ND means “not determined”.

concentration of FBP at both pH 5.5 and 7.5. Both enzymes were
found to be allosteric ones that require FBP for their catalytic activ-
ities. The K, value of LDH-1 was not significantly altered with pH.
In contrast, the K, value of LDH-2 was increased 500-fold when
pH was shifted from 5.5 to 7.5. Like most bacterial 1-LDHs, the
Ec. mundtii LDH-1 was activated by the low concentration of FBP
(in a range of 1077-10">M) at pH 5.5 and pH 7.5. On the other
hand, although LDH-2 was activated under a low FBP concentra-
tion condition at pH 5.5, a high concentration condition is required
for activation at pH 7.5. These results suggest that although the Ec.
mundtii LDH-1 is classified into the general bacterial .-LDH, the
LDH-2 from Ec. mundtii is an acidophilic enzyme, as are the Lc. lac-
tis LDHB [25] and the Lb. casei .-LDH [10-12].

Since the Ec. mundtii LDH-2 has a higher sequence similarity to
the Lc. lactis LDHB (71%) than to the Lb. casei 1.-LDH (46%), the reg-
ulation mechanism of the Ec. mundtii LDH-2 may be common with
that of the Lc. lactis LDHB but different from that of the Lb. casei 1~
LDH. In fact, in the presence of a high concentration of FBP, the Ec.
mundtii LDH-2 and the Lc. lactis LDHB commonly exhibit lowered
affinities for NADH, but not for pyruvate, with the increase of pH.
Furthermore, considering the amino acid sequence similarity, the
Ec. faecalis LDH-2 is likely to exhibit kinetic properties similar to
those of the Ec. mundtii LDH-2 and the Lc. lactis LDHB. However,
the kinetic parameters of the Ec. faecalis LDH-2 [27] are obviously
different from those of the Ec. mundtii LDH-2 and the Lc. lactis
LDHB [25].

2.3. Overall structures of ligands-unbound and -bound LDH-2

We crystallographically analyzed the acidophilic LDH-2 from Ec.
mundtii. Although we tried to crystallize the LDH-2 in various con-
ditions, we could obtain the measurable diffraction data from only
two crystals. One crystal was grown in the absence of any ligands,
while the other was grown in the presence of FBP and NADH
(Table 2). In both cases, an asymmetric unit in the crystal contains
one tetramer (Fig. 3a and b). The atomic coordinates and structure
factors of the ligands-unbound and -bound LDH-2 have been
deposited in the Protein Data Bank with accession codes 3WSV
and 3WSW, respectively. A secondary structure assignment based
on the crystal structures is shown in Fig. 4. In the crystal structure
of the ligands-bound LDH-2, two FBP and four NADH molecules
were modeled (Fig. 3a). The electron densities for the FBP mole-
cules are strong, while the densities for the NADH molecules are
relatively weak. Specifically, the densities for the nicotinamide

moiety of NADH were poorly defined, probably due to the high
mobility.

Four subunits in the ligands-bound tetramer of the Ec. mundtii
LDH-2 are similar to one another. They can be superimposed with
root mean square (rms) deviations in a range between 0.20 and
0.48 A for the 312 Cot atoms. When compared with the active state
of the Bf. longum L-LDH, the residues Val100-Leu112 and Val213-
Arg220a of the Ec. mundtii LDH-2 are structurally different (Fig. 5a).
The residues Val100-Leu112 protrude away from the main body of
the subunit, as found in the inactive state of the Bf. longum -LDH.
Since this region is one side of the pyruvate-binding pocket, the
binding of pyruvate to the active site may induce the structural
change of this region. On the other hand, the residues Val213-
Arg220a in the Ec. mundtii LDH-2 are structurally different from
the corresponding residues in the Bf. longum .-LDH because former
enzyme lacks two residues on the amino acid sequence (Figs. 1 and
4). However, without these residues, each subunit of the ligands-
bound Ec. mundtii LDH-2 is structurally similar to that of the Bf.
longum 1-LDH in the active state with rms deviations in a range
between 1.1 and 1.2 A. It should be noted that an a-helix (a1/2G
in Fig. 4) consisting of the residues Glu222-Lys243 is bent around
Asn234, as found in the active state of the Bf. longum 1-LDH.

It has been suggested that the side-chain orientation of the
Arg171 residue is important for discriminating between inactive
and active states. The side chain of the Arg171 residue of the Ec.
mundtii LDH-2, which seems to be important for the binding of
pyruvate, points toward the pyruvate-binding site (Fig. 6a), as seen
in the active state of other bacterial .-LDHs. Furthermore, the qua-
ternary structure of the ligands-bound LDH-2 is similar to that of
the other bacterial .-LDHs in the active state, in which a compact
tetramer is formed by many inter-subunit interactions (Fig. 7a
and c). Therefore, we defined the quaternary structure of the
ligands-bound LDH-2 as an active state.

For the general allosteric L.-LDHs, FBP is speculated to shift the
equilibrium toward an active state [9], although the sensitivities
to FBP are different among the enzymes. In the inactive state
(Fig. 7d), the Y-axis-related dimer takes an open conformation,
resulting in the expanded shape of the tetramer. In the presence
of FBP, the ratio of active state tetramer, in which the Y-axis-
related dimer is stabilized to take a closed conformation in accor-
dance with the rearrangement of the o-helices in each subunit
(Fig. 7c), is increased. The conformational change from an inactive
to an active state of L-LDH is not significantly associated with the
changes of the secondary structure in each subunit, as shown in
Table 3 and Fig. 4.
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The molecular shape of the LDH-2 tetramer without the binding
of ligands (Fig. 7b), determined in the present study, is more com-
pact than that of the ligands-bound tetramer (Fig. 7a) or that of the
other bacterial .-LDHs in the active state (Fig. 7c). For examples,
the distances between Co atoms of Argl171 in subunits A and B
and between the atoms in subunits A and D in the ligands-
unbound tetramer are shorter by 1.8 and 1.2 A than those in the
ligands-bound tetramer, respectively. In the four subunits of the
ligands-unbound LDH-2, subunits A and C, shown in Fig. 3b, can
be superimposed well with an rms deviation of 0.34 A for the
309 Ca atoms; subunits B and D can be also be superimposed well
with an rms deviation of 0.15 A for the 312 Co atoms. On the other
hand, rms deviations between the other pairs of subunits were cal-
culated to be large values in a range between 2.3 and 2.4 A.

When the structure of subunit A (or C) is compared with that of
subunit B (or D) in the ligands-unbound form of the Ec. mundtii
LDH-2, three regions including the residues Val54-Lys75,
Val100-Leu112, and Lys233-Gly249 are different (Fig. 5b). Atoms
in these regions have high B-factors commonly. Specifically, the
residues Glu62-Leu66 in subunit A (or C) in the ligands-unbound
form are invisible in the electron density map. The structures of
the residues Val100-Leu112 in subunits A (or C) and B (or D) are
similar to those of the corresponding residues of the Bf. longum L-
LDH in the inactive and active states, respectively (Fig. 5). The
Val100-Leu112 residues may be flexible due to the absence of
pyruvate.

In addition, both subunits A (or C) and B (or D) in the ligands-
unbound form are structurally different from the subunits in the
ligands-bound form due to the differences in some regions in the
subunit (Fig. 5b). In detail, rms deviations between subunit A (or
C) in the ligands-unbound form and subunits in the ligands-bound
form were calculated to be large values in a range between 2.2 and
2.4 A, while rms deviations between subunit B (or D) in the
ligands-unbound form and subunits in the ligands-bound form
ranged from 2.9 to 3.2 A. However, when calculated without the
residues Val54-Lys75, Val100-Leu112, and Lys233-Gly249, both
subunits A (or C) and B (or D) in the ligands-unbound form can
be superimposed on the subunits in the ligands-bound form with
rms deviations in a range between 0.74 and 0.82 A. It should be
noted that the regions Val54-Lys75 and Lys233-Gly249 in the
ligands-unbound form also take different structures from those
in the ligands-bound form (Fig. 5b). That is, these two regions in
the LDH-2 can take three different structures.

Subunit structure of 1-LDH can be divided into N-terminal
NADH-binding domain and C-terminal catalytic domain. When
the superposition was calculated using the Co atoms in the cata-
lytic domain (The165-Arg330) of the Ec. mundtii LDH-2 without
the residues Lys233-Gly249, rms deviations were ranged between
0.66 and 0.75 A, which are slightly smaller than a global superpo-
sition without the residues Val54-Lys75, Val100-Leu112, and
Lys233-Gly249. The superposition shows an apparent rocking
motion of the NADH-binding domain with respect to the catalytic
domain (Fig. 5b). However, although the arrangement of subdo-
mains may contribute to the binding of NADH in a small extent,
conformational change of the residues Val54-Lys75 is primarily
required for the binding.

Based on the orientation of the side chain of Arg171, subunits A
and C are assumed to be in an active state, in which Arg171 points
toward the pyruvate-binding site without intra-subunit interac-
tions (Fig. 6b). On the other hand, subunits B and D are assumed
to be in an inactive state, in which Arg171 does not point toward
the pyruvate-binding site due to the intra-subunit interactions
with Glu175 and Tyr248 (Fig. 6¢). Especially, torsion angles
between Co and CB atoms of Arg171 in subunits A and C are differ-
ent by about 90°, when compared with those in subunits B and D.
However, the structure of each subunit in the ligands-unbound

Table 2
Data collection and refinement statistics.

Data set Ligands-unbound Ligands-bound

Data collection®

Space group P2,242,4 P24

Cell dimensions

a(A) 104.43 67.77

b (A) 127.82 123.54
c(A) 133.80 85.79
B(°) - 107.75
Wavelength (A) 1.0000 1.0000
Resolution (A) 100-2.38 100-2.30
Unique reflection 71,995 57,963
Redundancy 6.9 (4.8) 2.9(2.8)
Completeness (%) 99.5 (96.3) 97.3 (97.4)
Rimerge (%) 8.3 (40.9) 10.7 (41.3)
Ilo 27.2 (2.5) 8.2 (2.4)
Refinement

Resolution (A) 30-2.38 30-2.30
Used reflections 69,778 55,635
No. of atoms

Protein 9682 9655
Ligand 48 234
Water 408 507

R (%) 23.2 19.5
Rree (%) 27.1 24.6
Rms deviations®

Bond length (A) 0.006 0.006
Bond angle (°) 1.1 1.2
Mean B-factor (A?)

Protein 57.3 324
Ligand 81.6 65.8
Solvent 59.2 354
Ramachandran plot (%)

Favored 88.6 91.3
Allowed 11.1 8.4
Disallowed 0.4 0.3

PDB code 3WSsvV 3WSW

¢ Values in parentheses are for the highest resolution bin.
> Rms deviations are calculated by CNS.

LDH-2 is quite different from that of the subunit in the other bac-
terial L-LDHs in either the inactive or active state (Fig. 5). In fact,
even when calculated without the residues Val100-Leu112 and
Val213-Arg220a of the Ec. mundtii LDH-2, the subunits in the
ligands-unbound form are structurally different from the subunit
of the Bf. longum 1-LDH in the active state with rms deviations in
a range between 2.4 and 2.7 A, and from the subunit of the Bf. lon-
gum 1-LDH in the inactive state with rms deviations in a range
between 2.4 and 2.8 A. Importantly, secondary structure analysis
using the DSSP program indicated that o-helix content in the
ligands-unbound LDH-2 is about 34% on average (Table 3), which
is smaller than that in the ligands-bound form or those in the inac-
tive and active states of the other .-LDHs. The structure of ligands-
unbound LDH-2 seems to be an inactive form, since the NADH- and
pyruvate-binding pockets are different from those of the other bac-
terial .-LDHs in the active state, as described below. Therefore, we
defined the compact quaternary structure of the ligands-unbound
LDH-2 as another inactive state.

2.4. Substrate-binding sites

In the Val54-Lys75 region of the active state LDH-2, GIn56-
Trp72 contains helical structures including an o-helix (aC) and
following 31p-helix (Figs. 4 and 6a). On the other hand, the corre-
sponding region of subunit B in the inactive state has a shorter
a-helix consisting of Ala63-Trp72, and the helix is differently
oriented from that in the active state (Fig. 6¢). The corresponding
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Fig. 3. Ribbon diagrams of the tetrameric structures of the Ec. mundtii LDH-2. Structures of the Ec. mundtii LDH-2 with and without ligands are shown in a and b, respectively.
The four subunits are colored cyan, magenta, lightgreen, and yellow. In a, four NADH and two FBP molecules bound to the enzyme are shown in the stick model colored
orange. The X- and Y-axes are indicated by arrows. The structures are viewed along the Z-axis. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

region of subunit A in the inactive state is more extended
(Fig. 6b), and some of the residues are invisible in the electron
density map. Significantly, the N-terminal parts of this region in
both subunits A and B commonly take the disordered and
extended structures in the inactive state and occupy the binding
site for the adenosine moiety of NADH (Fig. 5b). Therefore, the
current inactive state of LDH-2 likely is unable to accommodate
NADH, which may be related to the kinetic result that LDH-2
exhibits low affinity for NADH even under the high concentration
of FBP (Table 1).

The Lys233-Gly249 region is positioned at one side of the pyru-
vate-binding pocket. In the active state, the N-terminal part of this
region (Ala235-Lys243) is a C-terminal part of the bent o-helix
(a1/2G), and the following part takes a rigid loop structure (Figs. 4
and 6a). On the other hand, in the inactive state, the corresponding
regions of subunits A and B have no helical structures (Fig. 6b and
¢), suggesting that the structures of the pyruvate-binding pockets
of subunits A and B in the inactive state are clearly different from
those in the active state. Therefore, this compact inactive state
likely is unable to bind to pyruvate, as with NADH.

In summary, the N-terminal parts of the two regions (Val54-
Lys75 and Lys233-Gly249) form the o-helices in the active state
LDH-2, while the parts take more disordered and extended struc-
tures in the compact inactive state LDH-2. It should be noted that
the residues Lys233-Gly249 of one subunit are positioned near the
residues Val54-Lys75 of the X-axis-related subunit (Fig. 8a and b),
indicating that the binding of NADH to one subunit facilitates the
formation of the pyruvate-binding pocket in the X-axis-related
subunit.

Interestingly, these two parts in the Ec. mundtii LDH-2 contain
two acidic residues separated by two residues in common (Glu57
and Glu60 in the former part and Glu238 and Asp241 in the latter,
Figs. 4 and 6). These two parts seem to have difficulty forming
a-helices under neutral to alkaline pH conditions because the posi-
tions of the negatively charged residues are three-dimensionally
close after the formation of o-helices. The difficulty in forming
the a-helices at the two parts may be related to the pH dependence
of the enzyme activation.

2.5. Site-directed mutation analysis

To elucidate the effects of acidic residues on catalytic activity,
site-directed mutational analysis was performed. Residues

selected to generate the mutation were Glu60 and Asp241. The for-
mer and latter residues were replaced by Gln and Asn, respectively.
The site-directed mutants were named E60Q and D241N, respec-
tively. The pH profiles of the activities of E60Q and D241N in the
presence of 20 mM pyruvate, 1.5 mM NADH, and 0.1 mM FBP are
depicted in Fig. 2. The activity of the mutant E60Q was maximal
at pH 5.5 and then gradually decreased in accordance with the
increase of pH, similar to the wild-type enzyme. On the other hand,
the activity of D241N was consistently high between pH 4.5 and
7.5, similar to the Ec. mundtii LDH-1 and other bacterial L-LDHs.
These results indicate that electrostatic repulsion between
Glu238 and Asp241 of the Ec. mundtii LDH-2 is an important factor
for the regulation of catalytic activity, whereas the repulsion
between Glu57 and GIu60 is not.

Detailed kinetic analysis of D241N, which was done at pH 5.5
and pH 7.5, is summarized in Table 1. The K, values for NADH
and pyruvate and the k¢, value of the D241N mutant were deter-
mined in the presence of 3 mM FBP. The K, values for NADH were
substantially lower than those of the parent enzyme (2-fold at pH
5.5 and 4-fold at pH 7.5). Other kinetic parameters of D241N were
not significantly different from those of the parent enzyme. Next,
we investigated the effect of FBP on the catalytic activity of the
D241N mutant in the presence of 1.5 mM NADH and 20 mM pyru-
vate. Although the wild-type LDH-2 absolutely requires FBP for
catalytic activity, its D241N mutant displays enzyme activity even
in the absence of FBP, which is approximately 30% of the maximum
at either pH 5.5 or pH 7.5. Although the K, value was increased
approximately 25-fold by the change of pH from 5.5 to 7.5, the
mutant was activated by a rather low concentration of FBP under
the neutral pH condition when compared with the wild-type
enzyme. These results indicate that, if the region including
Glu238 and Asp241 can form the o-helix easily, the enzyme has
a stronger affinity for NADH and is active in the absence or in
the presence of a low concentration of FBP. We also determined
the kinetic parameters of the D241N mutant in the absence of
FBP (Table 1). At pH 5.5, the kc./K;, values for NADH and pyruvate
were 7.5- and 13-fold lower than those obtained in the presence of
FBP, respectively. The kc,/K;, values were further decreased at pH
7.5 (for NADH and pyruvate, 34- and 41-fold lower than those
obtained in the presence of FBP, respectively). It is considered that
the allosteric regulation of the D241N mutant is still dependent on
the pH conditions, although the sensitivity to FBP was greatly
increased by the mutation.



840 Y. Matoba et al./FEBS Open Bio 4 (2014) 834-847
20 30 40 50 60 70 80 90 100
* * * * * * * *
Em-LDH-2 MKKTS-RKVVIVGTGFVGTSIAYAMINQGVANELVL IDVNQEKAEGEALDLLDGMAWGEKNVSVWSGT YEEC-QDANLYV ILTAGVNQ
Active A EEEEE  HHHHHHHHHHHHH EEEEE  HHHHHHHHHHHH GGG EEEE GGGG GG EEEE
Inactive A EEEEE  HHHHHHHHHHHHH EEEEE EEEEE GGGG EEEE
Inactive B EEEEE  HHHHHHHHHHHHH EEEEE HHHHHHHHHH EEEE GGGG EEEE
BI-LDH MAETTVKP-TKLAVIGAGAVGSTLAFAAAQRGI ARE I VLED I AKERVEAEVLDMOHGSSFYPTVS IDGSDDPE | C-RDADMVV I TAGPRQ
Active R EEEEE  HHHHHHHHHHHHH ~ EEEEE  HHHHHHHHHHHH GGG  EEEEE GGGG EEEE
Inactive T EEEEE  HHHHHHHHHHHH EEEEE  HHHHHHHHHHHH GGG EEEEE GGGG EEEE
=== ==
BA aB BB aC BC gD
110 120 130 140 150 160 170 180 190
* * * ab * * * * * *
Em-LDH-2 K-PGQTRLDLVKTNATI TRQIVKEVMASGFDGIFVVASNPYDILTYLTWQESGLPASRVVGTGT TLDTTRFRKEIALKLAVDPRSVHGYIL
Active A HHHHHHHHHHHHHHHHHHHHH EEEE HHHHHHHHHHHH ~ GGGEEE ~ HHHHHHHHHHHHHHH  GGGEE EE
Inactive A HHHHHHHHHHHHHHHHHHHHH EEEE HHHHHHHHHHHH ~ GGGEEE ~ HHHHHHHHHHHHHH GGGEE EE
Inactive B HHHHHHHHHHHHHHHHHHHH EEEE HHHHHHHHHHHH ~ GGGEEE ~ HHHHHHHHHHHHHHH  GGGEE EE
BI-LDH K-PGQSRLELVGATVNILKAIMPNLVKVAPNATYML I TNPVDIATHVAQKLTGLPENQ I FGSGTNLDSARLRFLIAQQTGVNVKNVHAYIA
Active R GGGGHHHHHHHHHHHHHHHHHH EEEE HHHHHHHHHHHH EEE  HHHHHHHHHHHHHHH GGG EE
Inactive T HHHHHHHHHHHHHHHHHHHHHH EEEE HHHHHHHHHHHH ~ GGGEEE ~ HHHHHHHHHHHHHHH  GGGEE EE
. ) — [ c—
aD/E BE a1F BF a2F BG
200 210 220 230 240 250 260 270
* abcdab ab * * * * *
Em-LDH-2 GEHGDSEVAAWSHTTVGGKP IMEYVE—KDHRLEENDL TVLADKVKNAAYE I DRKKATYYG IGMST TRIVKA ILNNEQAVLPVSAYLNGE
Active A EE GGG EE EEHHHHHH HHHHHHHHHHHH  HHHHHHHHH HHHHHHHHHHHHHHH EEE EEEEE G
Inactive A EE GGG EE EE HHHH HHHHHHHHHHHH HHHHHHHHHHHHHHH EEE EEEEE G
Inactive B EE GGG EE EE HHHHHHHHHHHH HHHHHHHHHHHHH EEE EEEEE G
BI-LDH GEHGDSEVPLWESAT 1 GGVPMSDWTPLPGHDPLDADKREE I HQEVKNAAYK T INGKGATNYA1GMSGVDI I EAVLHDTNR I LPVSSMLKDF
Active R EE GGG EE EEGGG HHHHHHHHHHHHHHHHHHHHHH HHHHHHHHHHHHHHH EEEEEEEEE
Inactive T EE GGG EE EEGGG HHHHHHHHHHHHHHHHHHHH HHHHHHHHHHHHHHH EEEEEEEE
1 ] | ] 1 )
BH  BJ a1/2G a3G BK
280 290 300 310 320 330
* * * * * *
Em-LDH-2  YGEED-IFTGVPSIVDENGVR-E 1 IDLS I TPOEKAMFHOSVSELKAVLDTVRLEHHHHHH
Active A GG EE EEEE EEEE EEE EE HHHHHHHHHHHHHHHHHHHHH
Inactive A GG EE EEEE EEEE EEE EE HHHHHHHHHHHHHHHHHH
Inactive B GG EE EEEE EEEE EEE EE HHHHHHHHHHHHHHHHHH
BI-LDH HGISD-1CMSVPTLLNRQGYN-NTINTPVSDKELAALKRSAETLKE TAAQFGF
Active R EEEEEEEEEE EEE EE HHHHHHHHHHHHHHHHHHH
Inactive T EEEEEEEEEE EEE HHHHHHHHHHHHHHHHHHH
| ]
BL BM aH

Fig. 4. Structure-based sequence alignment between the Ec. mundtii LDH-2 (Em-LDH-2) and the Bf. longum 1-LDH (BI-LDH). Subunits in the active and inactive states of Bl-
LDH were named R and T, respectively [9]. H, E, and G mean the residues assigned as a-helix, B-strand, and 3;0-helix, respectively. The secondary structure elements are
systematically named according to the accepted nomenclature [46]. The residues conserved between Em-LDH-2 and BI-LDH are marked with gray shading.

2.6. VUVCD spectroscopic analysis

The secondary structure contents of wild-type LDH-2 and its
D241N mutant at pH 7.5 were estimated by VUVCD analysis, and
the results are listed in Table 3. As shown in this table, the o-helix
content of wild-type LDH-2 was calculated to be 28.5%, which is
close to that in the crystal structure of the ligands-unbound form
(the average a-helical content for four subunits is 34.4%). The
D241N mutation was found to slightly increase the a-helix content
(30.1%). If the residues Ala235-Lys243 form an o-helix, the helix
content is expected to increase by 2.8%. Formation of an o-helix
at this region seems to be not completely induced by the mutation.
Since the wild-type LDH-2 and its D241N mutant with a concentra-
tion above 0.1 mg mL™! had the aggregations in the buffer at a pH
lower than 6, VUVCD analysis could not be performed under the
weak acidic pH conditions.

In the CD measurements, absorbance of the solution should be
kept as low as possible. The effect of NADH could not be investi-
gated due to the high absorption of the compound. Therefore, we
only examined the effect of FBP on the secondary structure con-
tents of the wild-type LDH-2 and its D241N mutant (Table 3). As
a result, it was found that the addition of FBP to the D241N mutant
slightly increased the o-helix content (30.1% and 32.6% in the
absence and presence of 20 mM FBP, respectively, Table 3). The
effect of the addition of FBP to wild type (1.1% increase in the o-
helix content) is smaller as compared with the case of the wild-
type enzyme (2.5%). These observations strongly indicate that the
sensitivity to FBP was increased by the mutation. However, the
o-helix content of the D241N mutant in the presence of 20 mM
FBP, which is the maximum value obtained in the present study,
is about 10% lower than that estimated from the crystal structure
of the ligands-bound form. Structural change from the inactive to
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Fig. 5. Superposition of subunit structures of the Ec. mundtii LDH-2 and the Bf. longum L-LDH. Subunit A in the active state and subunits A and B in the inactive state of the Ec.
mundtii LDH-2 are colored red, yellow, and darkgreen, respectively. Subunits of the Bf. longum 1-LDH in the active and inactive states [9] are colored blue and cyan,
respectively. In a, subunit A in the active state of the Ec. mundtii LDH-2 are compared with the subunits of the Bf. longum .-LDH in the active and inactive states. In b, subunit A
in the active state and subunits A and B in the inactive state of the Ec. mundtii LDH-2 are superimposed. Superpositions were calculated using all Coc atoms (a) or Co atoms in

the catalytic domain (b). NADH molecule bound to subunit A in the active state of the Ec. mundtii LDH-2 is shown in the stick model colored orange. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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E60 E60
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Fig. 6. Structural differences of the Val54-Lys75 and Lys233-Gly249 residues in the Ec. mundtii LDH-2. Structure of subunit A in the active state and structures of subunits A

and B in the inactive state, which are shown in the stereo view, are shown in a, b, and c, respectively. Glu57, Glu60, Arg171, Arg173, Glu175, His188, Glu238, Asp241, and
Tyr248 residues are shown in the stick model. Hydrogen bonds are shown by broken lines.
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Fig. 7. Molecular surfaces of the Ec. mundtii LDH-2 and the Bf. longum 1-LDH. The surfaces of the Ec. mundtii LDH-2 in the active and inactive states are shown in a and b,
respectively. The surfaces of the Bf. longum 1-LDH in the active and inactive states [9] are shown in ¢ and d, respectively. Each subunit in the tetramer is colored the same as in
Fig. 3.In a, ¢ and d, four NADH and two FBP molecules bound to the enzyme are shown in the stick model colored orange. In c, four oxamate (a pyruvate analog) molecules
bound to the active-state Bf. longum 1.-LDH are shown in the stick model colored blue. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 3
Contents of a-helix and B-strand calculated from crystal structure and VUVCD analysis.
o-Helix (%) B-Strand (%)

From crystal structure
Ligands-bound Ec. mundtii LDH-2
Subunit A 42.2 18.0
Subunit B 425 20.2
Subunit C 41.6 20.2
Subunit D 42.2 18.0
Average 42.1 19.1
Ligands-unbound Ec. mundtii LDH-2
Subunit A 33.9 183
Subunit B 35.1 18.0
Subunit C 32.9 17.7
Subunit D 35.7 18.0
Average 344 18.0
Bf. longum 1-LDH in the active state [9] 39.4 18.1
Bf. longum L-LDH in the inactive state [9] 39.7 17.8
From VUVCD analysis
wild type 285+1.3 163+23
Wild type + 20 mM FBP 29.6+1.5 15.8+2.2
D241N mutant 30114 163+1.8

D241N mutant + 20 mM FBP 326+1.8 143+28
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T166

Fig. 8. Inter-subunit interactions around the Arg171 residue found in the Ec. mundtii LDH-2. The structures around the Arg171 residue of subunit A in the active state and of
subunits A and B in the inactive state are shown in a, ¢, and d, respectively. Ribbon models of subunits A and B are shown in magenta and cyan, respectively. The residues
Lys58, Glu60, Glu62, Asp65, Asp68, Trp72, Gly73, and Asn76 in one subunit and Thr166, Thr170, Arg171, Lys174, Glu175, Lys243, Thr246, Tyr248, and Gly249 in the other
subunit are shown in the stick model. Hydrogen bonds are shown by broken lines. View directions are opposite in a and b.

the active state seems to be not completely induced by the
addition of FBP.

3. Discussion

More than two L-LDH-encoding genes exist in the genome of
LAB: one exhibits a major role, whereas the others have minor
roles [25-27]. In the present study, we also found that the Ec.
mundtii LDH-1 is a general t-LDH. On the other hand, Ec. mundtii
LDH-2 is an “alternative .-LDH”, like the Lc. lactis LDHB [25] and
the Ec. faecalis LDH-2 [26,27]. At this point, it is still unclear why
Ec. mundtii can efficiently produce 1-lactic acid. Alternative .-LDHs
seem to have in common a low affinity for NADH [25,27]. In
addition, the Ec. mundtii LDH-2 and the Lc. lactis LDHB [25] have
an acidophilic feature.

The quaternary structure of the ligands-bound form of LDH-2 is
similar to that of the active state of the other bacterial .-LDHs
[4,9,14,16]. On the other hand, the crystal structure of the
ligands-unbound LDH-2 may be an inactive form, although its qua-
ternary structure is very compact compared to that of other .-LDHs

in the inactive state [5,9,14]. In addition, we found that electro-
static repulsion between Glu238 and Asp241 of the Ec. mundtii
LDH-2 is an important factor for the regulation of catalytic activity.
A similar mechanism may be present in the Lc. lactis LDHB and the
Ec. faecalis LDH-2, since the Glu238 and Asp241 residues are con-
served in these two alternative .-LDHs (Fig. 1). In the general or
non-allosteric bacterial L-LDHs, at least one of two residues that
correspond to Glu238 and Asp241 in the Ec. mundtii LDH-2 is not
acidic.

Considering that the D241N mutant partially exhibits catalytic
activity in the absence of FBP, a small part of the Ec. mundtii
LDH-2 seems to adopt an active state without the help of FBP in
the solution state. In fact, the active state of the Ec. mundtii LDH-
2 is stabilized by an abundance of inter-subunit hydrophilic inter-
actions (120 interactions within a tetramer), although the inactive
state has only 48 interactions. The number of inter-subunit inter-
actions is larger than that in the other allosteric bacterial L.-LDHs
(64 interactions in the case of active state of Bf. longum
L-LDH) but smaller than that in the non-allosteric Lb. pentosus
L-LDH (128 interactions).
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It is important to note that most of the inter-subunit interac-
tions in the active state of the Ec. mundtii LDH-2 are formed by
the residues in the regions Val54-Lys75 and Lys233-Gly249
(Fig. 8a and b), which have different structures between inactive
and active states. In the inter-subunit interactions, although some
of them are common with the other bacterial 1-LDHs, some are
considered to be characteristic to alternative 1-LDHs. Specifically,
in the active state of the Ec. mundtii LDH-2, the side chain of
Asp68 in one subunit interacts with those of Arg171 and Lys174
in the X-axis-related subunit (Fig. 8a and b), indicating that the
Asp68 and Lys174 residues are important in making Arg171 pro-
trude toward the pyruvate-binding pocket. Furthermore, the side
chains of Trp72 and Thr170 in one subunit interact with the
main-chain carbonyls of Thr166 and Asp68 in the X-axis-related
subunit, respectively (Fig. 8a and b). These inter-subunit interac-
tions are not formed in the inactive state except for the hydrogen
bonds between Argl171 in subunit A and Asp68 in subunit B
(Fig. 8c and d). Furthermore, it is important to note that the
Asp68, Trp72, Thr170, and Lys174 residues are conserved in the
alternative L-LDHs but not in the other bacterial allosteric .-LDHs
(Fig. 1).

In the inactive tetramer of LDH-2, the Z-axis-related subunits
superimpose better than the X- or Y-axis-related subunits. In addi-
tion, the Val54-Lys75 and Lys233-Gly249 regions, which take dif-
ferent structures between inactive and active states, are positioned
at the X-axis interface. These observations indicate that the Val54-
Lys75 and Lys233-Gly249 regions in each subunit can deform the
structure to increase the geometric complementarity at the X-axis
interface. As far as we know, this is the first repot for the asymmet-
ric tetrameric structure of .-LDH. Probably, in the solution state, an
inactive tetramer where two AB dimers are related by Z-axis is
coexist with another tetramer where two AB dimers are related
by Y-axis. Current structure, which corresponds to the former tet-
ramer, is likely derived from selective crystallization.

The mechanism of the allosteric regulation of the Ec. mundtii
LDH-2 can be summarized as follows: under the weak acidic con-
dition, since the electrostatic repulsion between Glu238 and
Asp241 is lowered, the Ala235-Lys243 residues can form an o-
helix easily. The formation of the a-helix at the Ala235-Lys243 res-
idues may induce the structural change to generate a long o-helix
at residues GIn56-Leu67 in the X-axis-related subunit, which are
three-dimensionally close to the Ala235-Lys243 residues, leading
to the formation of a pocket for the accommodation of NADH. This
proposition is in agreement with the experimental results that the
K, value of the Ec. mundtii LDH-2 for NADH was lowered with the
decrease of pH (Table 1) and that the D241N mutation further
decreased the K,, values. The formation of o-helices in the two
regions may induce the change from the compact inactive state
to the expanded inactive or the compact active state, although
the expanded inactive state of the Ec. mundtii LDH-2 is structurally
undetermined.

The Ec. mundtii LDH-2 may dominantly take a compact inactive
state under the neutral pH condition, whereas the ratio of the
expanded inactive or compact active state would be increased with
the decrease of pH. Among the three states, only the expanded
inactive state may allow the invasion of FBP, whereas the compact
inactive or active state might not be bound to FBP due to the
molecular shape (Fig. 7). Therefore, FBP may act only on the
expanded inactive tetramer and induce the change of the quater-
nary structure to the active state. This proposition explains the
result that a higher concentration of FBP is required for catalytic
activity in accordance with the increase of pH. However, the CD
analysis indicated that induction of the structural change by the
addition of only FBP is difficult. Perhaps, in addition to FBP, high
concentration of NADH may be needed for the structural change.
A long a-helix at the GIn56-Leu67 residues would be completely

generated after the binding of NADH, although the formation of
an o-helix at the Ala235-Lys243 residues in the X-axis-related
subunit may induce the helix formation at the GIn56-Leu67
residues.

The D241N mutant loses the electrostatic repulsion between
Glu238 and Asp241, thus the Ala235-Lys243 residues can much
more easily form the a-helix. As a result, the D241N mutant shows
catalytic activity even without FBP or by the addition of a low con-
centration of FBP. However, the CD analysis also indicated that the
ratio of the active state was only slightly increased, even with the
addition of a high concentration of FBP. This result again suggests
that the high concentration of NADH is needed for the complete
structural change.

Like the Ec. mundtii LDH-2, the Lb. casei .-LDH is also known to
be an acidophilic enzyme showing a low sensitivity to FBP under a
neutral pH condition [12,13]. Another research group has sug-
gested that the acidophilicity of the Lb. casei .-LDH is caused by
the tendency to adopt an expanded inactive state [14]. They
insisted that the inter-subunit interactions formed between
His20 and Asp264 and between His205 and Glu211, which seem
necessary in order to form a compact active state, are not gener-
ated in the enzyme under a neutral pH condition. The His205
and Glu211 residues are also present in the Ec. mundtii LDH-2
(Fig. 1), which may be a reason for the acidophilicity found in
the D241N mutant in the absence of FBP. However, the His20,
His205, Glu211, and Asp264 residues are completely conserved
in Ec. mundtii LDH-1 (Fig. 1), which was classified as a general -
LDH in this study. Probably, the extraordinary low sensitivity of
Lb. casei .-LDH to FBP has another cause that is currently
undetermined.

The exact role of the acidophilic Ec. mundtii LDH-2 is currently
unknown. It may act only under a low pH condition or in the pres-
ence of a high concentration of FBP and NADH. However, in the
present study, we could clarify the allosteric regulation mechanism
of the acidophilic LDH-2. Another research group has recently sug-
gested that the computational studies are useful to predict the cat-
alytic properties of .-LDHs [27]. However, the study seems to be
meaningless, since their conclusions are based on the homology
models built using the active state structures as a reference. To
accurately predict the catalytic properties of .-LDHs, consideration
of the compact inactive state, shown in Fig. 3b, is necessary. Fur-
thermore, the knowledge obtained from the present study may
be applied to protein engineering if one wishes to add the acido-
philic feature to a specific protein.

4. Materials and methods
4.1. Gene cloning, expression, and purification of LDH-1 and LDH-2

The Idh-1 gene was amplified by PCR from Ec. mundtii 15-1A
genomic DNA with the forward primer, 5-GGAATTCCATATGACT-
GCAAACGCAGAAAAAAAAG-3' (the underline indicates an Ndel
site), and the reverse primer, 5-TCCGCTCGAGTTCAGCATCCAATT-
TAGC-3' (the underline indicates an Xhol site). The Idh-2
gene was amplified by PCR with the forward primer, 5-GGA-
ATTCCATATGAAAAAAACAAGTCG-3' (the wunderline indicates
an Ndel site), and the reverse primer, 5-TCCGCTC-
GAGGCGTACAGTATCAAGTAC-3' (the underline indicates an Xhol
site). The amplified DNA fragment including Idh-1 or Idh-2 was
digested with Ndel and Xhol and inserted into the pET-21a(+) vec-
tor (Novagen) to generate an expression plasmid for LDH-1 or LDH-
2, respectively. Each expression vector was introduced into the
E. coli BL21(DE3) pLysS strain. To overproduce the enzymes with
Hisg-tag at the C-terminus, the E. coli cells were grown at 28 °C
in the LB medium, and the production was induced by 1 mM iso-
propyl-B-p-thiogalactopyranoside. The cells were harvested by
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centrifugation and frozen until being lysed by sonication. Recombi-
nant LDH-1 and LDH-2 were purified using a Ni(Il)-chelated His-
Bind Resin (Novagen) according to the standard protocol.

4.2. Mutation

A QuikChange Site-Directed Mutagenesis Kit (Stratagene) was
used. To create the E60Q mutant of LDH-2, an LDH-2-expression
vector was amplified by PCR with the mutagenesis primer,
5-CGATGTCAACCAAGAAAAAGCACAAGGAGAAGCTTTAGAC-3' (the
underline indicates the mutation site), and its complement
chain. To create the D241N mutant of LDH-2, the vector was ampli-
fied with the mutagenesis primer, 5-GCAGCTTATGAAATC-
ATTAACCGTAAAAAAGC-3' (the underline indicates the mutation
site), and its complement chain. The confirmation of the mutation
was done by DNA-sequencing analysis. Each of the mutated
vectors was introduced into the E. coli BL21(DE3) pLysS strain.
Overproduction and purification of the mutated product were done
as described above.

4.3. X-ray crystallography

Prior to crystallization, the LDH-2 protein was concentrated to
12 mg mL~' using Amicon Ultra (Millipore). Crystals of a ligands-
unbound form of LDH-2 were obtained using the sitting-drop vapor
diffusion method, with a 1:1 (v/v) ratio of protein solution to preci-
pitant solution. Crystals were successfully formed at 25 °C when the
0.1 M MES-NaOH buffer (pH 6.2) containing 7% (w/v) PEG 20,000
was used as a precipitant solution. Crystals of the ligands-bound
form were grown in the presence of 1.5 mM NADH and 1 mM FBP.
Initial crystals were obtained by using the 0.1 M sodium citrate buf-
fer (pH 5.3) containing 6% (w/v) PEG 4000 and 0.2 M ammonium
acetate as a precipitant solution. The quality of the crystals was
improved by repeating the micro-seeding method.

The diffraction intensities of the crystals were obtained using
synchrotron radiation from the BL26B2 station at SPring-8, Japan.
Each crystal was captured in a loop and then frozen in liquid nitro-
gen. After the delivery of the crystals to the facility, they were
placed on goniometer head in a stream of nitrogen gas cooled to
100 K automatically. We obtained the diffraction intensity data of
ligands-unbound and -bound crystals up to 2.38 and 2.30 A resolu-
tions, respectively. The diffraction intensities of ligands-unbound
crystal were integrated and scaled by HKL2000 [28], while those
of ligands-bound crystal were processed by the combination of
Mosflm and Scala in the CCP4 program suite [29]. The three-
dimensional structure of the ligands-unbound LDH-2 was solved
by the molecular replacement method using the program Molrep
in the CCP4 program suite [29]. The starting model used in this
study was one subunit in the active state of the B. stearothermophi-
lus 1-LDH (PDB code 1LDN) [4]. The model was further refined with
simulated annealing and conventional restrained refinement
methods using the CNS program [30]. A subset of 5% of the reflec-
tions was used to monitor the free R factor (Rgee) [31]. Each refine-
ment cycle includes the refinement of the positional parameters,
individual isotropic B-factors, and revision of the model visualized
by the program Xfit in the XtalView software package [32]. The
ligands-bound crystal structure was also determined by molecular
replacement using Molrep and refined by CNS. The details of the
data collection and refinement statistics are shown in Table 2.

4.4. Activity assay of LDH

The LDH activity was determined by measuring the rate of
NADH oxidation at 340 nm (¢=6220 M 'cm™!) in a quartz cell
with a path-length of 0.1 or 0.2 mm. All measurements were
based on at least duplicate determinations of the reaction rates.

To measure the pH profiles of activity, reactions were carried out
in a broad-range buffer (50 mM 3,3-dimethylglutaric acid, 50 mM
Tris, and 50 mM 2-amino-2-methyl-1,3-propandiol), adjusted at a
given pH, containing 5 mM magnesium chloride, 20 mM pyruvate,
1.5 mM NADH, and 0.1 mM FBP at 37 °C. Detailed kinetic analysis
was performed using 100 mM MES-NaOH (pH 5.5) or HEPES-
NaOH (pH 7.5) buffer. To determine the K, value for NADH, reac-
tions were carried out in the buffer containing 20 mM pyruvate,
3 mM FBP, and a given concentration of NADH (0-1.5 mM). To
determine the K, value for pyruvate, reactions were carried out
in the buffer containing 1.5 mM NADH, 3 mM FBP, and a given con-
centration of pyruvate (0-20 mM). To determine the K, value,
reactions were carried out in the buffer containing 1.5 mM NADH,
20 mM pyruvate, and a given concentration of FBP (0-3 mM).

In any case, the enzymes exhibited a hyperbolic kinetic
response to increasing concentrations of pyruvate, NADH, or FBP.
Therefore, kinetic data were fitted to Eq. (1):

_ kcat ‘Et ) (B+X)
VTTTAGX M

In the equation, v is the initial velocity, k., is the catalytic con-
stant, A and B are constant parameters, E; is the concentration of
the enzyme, and X is the concentration of pyruvate, NADH, or
FBP. In general, B was fixed to zero, and k., and A, which means
K, (for pyruvate or NADH) or K, (for FBP), were determined by
the non-linear least square method. Exceptionally, since the
mutant enzyme D241N exhibited catalytic activity in the absence
of FBP, B was also determined in addition to k.;; and A. In this case,
the ratio of activity in the absence of FBP to the maximum activity
is correspondent with B/A, and K, is expressed as A — 2B.

In the case of the D241N mutant, we also determined the
kcar and K, values in the absence of FBP. At pH 7.5, the kc,c and K,
values for NADH and pyruvate could not be determined due to the
fact that the enzyme activities did not reach the plateau in the con-
centration range of substrates. Since the enzymatic activity of the
mutant increased linearly related to the increasing concentration
of substrates, data for the steady-state kinetics were fitted to Eq. (2):

y:kcat'Et'X

4.5. VUVCD measurements

CD spectroscopy is obviously useful for the estimation of the
secondary-structure content of proteins, and the accuracy is
improved by the extension of CD measurements to the VUV region
below 190 nm [33-39]. The VUVCD spectra of the Ec. mundtii LDH-
2 in a 20 mM sodium phosphate buffer (pH 7.5) were measured
from 260 to 175 nm using the synchrotron-radiation VUVCD spec-
trophotometer constructed at Hiroshima Synchrotron Radiation
Center and an assembled-type optical cell [40,41] at 25 °C. The
path length of the cell was adjusted with a Teflon spacer to
10 pum. The details of the optical devices of the spectrophotometer
and the optical cell are available elsewhere [41]. All of the VUVCD
spectra were recorded with a 0.25-mm slit, a 4-s time constant, a
20-nm min~' scan speed, and 4 accumulations. The ellipticity
was reproducible within an error margin of 5%, which was mainly
attributable to noise and to inaccuracy in the optical path length.
The secondary structures of LDH-2 were analyzed using the SEL-
CON3 program [42], which was improved by using the VUVCD
spectra down to 160 nm of the 31 reference proteins with known
X-ray structures [36,37]. The secondary structures in the crystal
form were assigned using the DSSP program [43] based on the
numbers and positions of hydrogen bonds between peptide
groups. In this analysis, the 3;o-helix was classified as an unor-
dered structure.
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