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p-Mandelate dehydrogenases (p-ManDHs), belonging to a new p-2-hydroxyacid dehydrogenase family,
catalyze the conversion between benzoylformate and p-mandelate using NAD as a coenzyme. We deter-
mined the first o-ManDH structure, that of ManDH2 from Enterococcus faecalis IAM10071. The overall
structure showed ManDH2 has a similar fold to 2-ketopantoate reductase (KPR), which catalyzes the con-
version of 2-ketopantoate to p-pantoate using NADP as a coenzyme. They share conserved catalytic res-
idues, indicating ManDH2 has the same reaction mechanism as KPR. However, ManDH2 exhibits
significant structural variations in the coenzyme and substrate binding sites compared to KPR. These
structural observations could explain their different coenzyme and substrate specificities.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

p-2-Hydroxyacid dehydrogenases (p-2-HydDHs) catalyze the
oxidation-reduction between 2-ketoacids and p-2-hydroxyacids
using NAD or NADP as a coenzyme. Various p-2-HydDHs such as
p-phosphoglycerate [1], p-lactate [2-4], p-hydroxyisocaproate [5],
and p-glycerate[6] dehydrogenases share a common protein struc-
ture, and constitute a large p-2-HydDH family [7], together with
other dehydrogenases such as formate [8] and L-alanine [9] dehy-
drogenases. The substrate recognition by these enzymes has been
well studied, and subtle structural changes such as amino acid
substitutions were reported to cause drastic changes in substrate
specificity [10-14]. As for coenzyme specificity, although most p-
2-HydDH enzymes exhibit strict specificity toward NAD, amino
acid substitutions were reported to result in alteration of coen-
zyme specificity [14-16]. Thus, p-2-HydDH family enzymes exhibit
wide and variable catalytic properties. However, no enzymes

Abbreviations: CENDH, N-(1-bp-carboxyethyl)-i-norvaline dehydrogenase from
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mandelate dehydrogenase; ManDH2, p-mandelate dehydrogenase from Enterococ-
cus faecalis IAM10071; rmsd, root mean square deviation..
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belonging to the p-2-HydDH family have been reported to exhibit
high catalytic activity toward C3-branched substrates.

We previously reported the cloning and characterization of a p-
mandelate dehydrogenase (p-ManDH), ManDH2, catalyzing the
conversion between benzoylformate and p-mandelate from Entero-
coccus faecalis IAM10071 (Fig. 1A) [17,18]. Surprisingly, the se-
quences of ManDH2 show no homology with those of known b-
2-HydDHs. Sequence analysisrevealed ManDH2 shows weak se-
quence similarity to 2-ketopantoate reductases (KPRs) (Fig. 2),
which catalyze the conversion of 2-ketopantoate to p-pantoate
(Fig. 1B) [19]. This indicates p-ManDHs constitute a new family
of p-2-hydroxyacid dehydrogenases acting on C3-branched sub-
strates together with KPRs. However, p-ManDHs and KPRs do not
share substrate specificity. KPRs prefer hydrophilic substrates
including 2-ketopantoate, while p-ManDHs prefer bulkier hydro-
phobic substrates such as 2-ketoisovalerate, benzoylformate and
2-ketoisocaproate. In addition, p-ManDHs show strict coenzyme
specificity for NAD, but KPRsuse NADP as a coenzyme. Based on
the results of detail functional and structural analysis of Escherichia
coli KPR (EcKPR), substrate and coenzyme recognition mechanisms
have been proposed for KPRs [19-21]. However, how p-ManDHs
acquire the distinct substrate and coenzyme specificities has re-
mained unclear because p-ManDHs have been less characterized
so far. Here we report the crystal structure of ManDH2. The
ManDH2 structure shows that there are significant structural vari-
ations in the coenzyme and substrate binding sites between
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Fig. 1. Reaction schemes for p-ManDHs (A) and KPRs (B).

ManDH2 and EcKPR. Thus our work provides an insight into the
substrate and coenzyme recognition mechanisms of the new fam-
ily of p-2-hydroxyacid dehydrogenases acting on C3-branched
substrates.

2. Materials and methods
2.1. Preparation of purified recombinant ManDH2

E. coli BL21-Gold (DE3) pLysS cells (Takara, Ohtsu, Japan) har-
boring pET3a-manDH2 plasmid [18] were grown at 37 °C in 2
x YT medium (1.6% tryptone, 1.0% yeast extract and 0.5% NaCl)
containing 150 pg/ml ampicillin. After ODggp reached 0.5, protein
expression was induced by addition of 1 mM IPTG. The cells were
then cultured for an additional 4 h at 27 °C. From cell-free extracts
prepared by sonication, the recombinant ManDH2 protein was
purified by ammonium sulfate precipitation, and Butyl-Toyopearl
(Tosoh, Tokyo, Japan) and UnoQ (Biorad, Hercules, CA, USA) column
chromatographies. The enzyme assay was performed as described
previously [18].

2.2. Crystallization of ManDH2

ManDH2 apo crystals were grown from a 1:1 mixture of a pro-
tein solution (10 mg/ml in 10 mM Tris-HCl (pH 7.5)) and a reser-
voir solution (0.085M HEPES-Na (pH 7.5), 0.17 M ammonium
acetate and 22.5% PEG8000) using the hanging-drop vapor diffu-
sion method at 25 °C. ManDH2 cocrystals with NADH were grown
from a 1:1 mixture of a protein solution (10 mg/ml in 10 mM Tris-
HCI (pH 7.5) and 10 mM NADH) and a reservoir solution (0.1 M
Tris—-HCl (pH 7.0), 0.2 M calcium acetate, and 20%PEG3350) using
the hanging-drop vapor diffusion method at 25 °C. Prior to X-ray
data collection, crystals were transferred in the reservoir solution
containing 25% (v/v) glycerol as a cryoprotectant and flash-frozen
in the liquid nitrogen stream. X-ray data were collected using
beamline AR-NW12A (Photon Factory, Tsukuba, Japan). All diffrac-
tion data were indexed, integrated and scaled using the program
iMosflm [22]. The initial phases were determined by the molecular
replacement method using the program Molrep [23]. The crystal
structure of E. faecalis putative 2-dehydropantoate reductase
(PDB code: 2EW2) was used as a search model. The program
ARP/WARP [24] was used for automatic initial protein modelbuild-
ing. Coot [25] was used for visual inspection and manual rebuilding
of the model. Refmac [26] was used for refinement. The figures
were prepared using PyMOL [27]. The coordinates and structure
factors have been deposited in the Protein Data Bank (PDB codes:
3WFI and 3WFJ).

2.3. Site-directed mutagenesis

An expression plasmid, pET3a-manDH2 [18], was used for site-
directed mutagenesis. Site-directed mutagenesis was performed
with a QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA) using the following oligonucleotides. Oligonucleo-
tide 5'-CACTATTCTATTTATCGCGCAGCATGTGTGAACGGAACAATG-
3’ and its complementary oligonucleotide were used to obtain
K187A mutant. The mutation was confirmed by determining the
nucleotide sequence. This plasmid was transformed into E. coli
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Fig. 2. Amino acid sequence alignment of ManDH2 and EcKPR performed with ClustalW. Residues involved in the coenzyme binding are shown in red. Residues proposed for
the substrate-binding are shown in blue. The secondary structural elements of ManDH2 and EcKPR are indicated by bars above or below the sequence. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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BL21-Gold (DE3) pLysS cells, and the mutant enzyme was ex-
pressed, purified, and assayed as described above.

3. Results and discussion
3.1. Overall structure of ManDH2

We have determined the crystal structure of apo ManDH2 at 2.0
A resolution (Table 1). In the apo ManDH2 structure, there are two
ManDH2 molecules per crystallographic asymmetric unit. The re-
sult of gel-filtration chromatography showed that the ManDH2
protein actually exists as a homodimer in solution (data not
shown). The enzyme contains N-terminal (residues 1-176) and
C-terminal domains (residues 180-311) connected by a hinge re-
gion (residues 177-179) (Fig. 3A). The N-terminal domain shows
a typical Rossmann-type o/ fold. It has a central 8-stranded B-
sheet (B1, B2, p5-8, p11 and B12) flanked by 5 a-helices and an
additional 4-stranded B-sheet (B3, B4, B9 and P10). In contrast,
the C-terminal domain has 8 a-helices that form an a-helical fold.
The C-terminal domain interacts with the C-terminal domain of
the complementary subunit through a relatively small contact area
(1048 A?) to form a homodimer.

A search for structurally related proteins using the program Dali
[28] indicated structural homology to NADPH-dependent EcKPR
[19-21], which has been well characterized (Z score = 29.6, root
mean square deviation [rmsd] of 3.2 A, and sequence identity of
25%), as expected from amino acid sequence comparison. ECKPR
is monomeric, different from dimeric ManDH2. Dali analysis also
showed structural similarity to N-(1-p-carboxyethyl)-L-norvaline
dehydrogenase (CENDH) [29] of Arthrobacter sp. (Z score = 22.2,
rmsd of 3.5 A, and sequence identity of 18%), which is the most
similar NADH-dependent dehydrogenase. CENDH was also re-
ported to be a homodimer, which shows a similar dimeric interface
and dimeric conformation to ManDH2.

Comparison of secondary structural elements revealed the N-
terminal region (Asp30-Val71) of ManDH2 shows significant
structural deviation from that of EcCKPR (Figs. 2 and 3B). The inser-
tion of an additional helix o2 comprising Ala33-His42 leads to
2.5 A movement of the B-sheet pairs of p3, B4, p9 and p10 away
from the domain-domain interface. The organization of secondary
structural elements in the N-terminal domain of ManDH2 rather
resembles that of CENDH (Supplementary Fig. 1). An additional he-

Table 1
Data collection and refinement statistics.

Datasets ManDH2 ManDH2
apo NADH

Data collection statistics

Beamline PF-AR NW12A PF-AR NW12A

Wavelength (A) 1.00 1.00

Space group P24 P2,

Unit-cell parameters

a(A) 84.80 115.65

b (A) 40.68 103.44

c(A) 88.94 119.74

B(°) 105.47 90.01

Resolution (A) 37.9-2.00 20.0-2.80

(Outer shell) (2.11-2.00) (2.87-2.80)

Unique reflections 37,418 (4,909) 68,132 (4,560)

Completeness (%) 93.1 (84.9) 98.0 (98.0)

Rmerge (%) 4.8 (16.4) 8.0 (26.1)

1/a(I) 16.1 (6.0) 11.1 (4.8)

Refinement statistics

Reac (%) 185 239

Rfree (%) 224 30.6

No. of waters 322 279

lix o2 is also observed in CENDH. In contrast, the C-terminal do-
main of ManDH2 shares similar structural features with that of
EcKPR.

3.2. Complex structure of ManDH2 with NADH coenzyme

In order to clarify the structural basis of the coenzyme specific-
ity, we also determined the complex structure of ManDH2 with
NADH at 2.8 A resolution (Table 1). In this complex structure, there
are eight ManDH2 molecules per crystallographic asymmetric unit.
Each eight ManDH2 monomer shares a closed conformation in
asymmetric unit. The NADH binding likely causes the C-terminal
domain to rotate 18° around the hinge axis toward the N-terminal
domain (Fig. 3C). This coenzyme induced domain closure was ob-
served in several dehydrogenases [21,30-33]. For example, ECKPR
was reported to show hinge bending domain closure induced by
the binding of coenzyme and substrate, based on comparison of
the ternaryEcKPR-NADP*-pantoate complex structure with the
apo EcKPR structure [21]. However, other dehydrogenases includ-
ing ECKPR were reported to show relatively smaller domain rota-
tion around the hinge axis. ECKPR, liver alcohol dehydrogenase,
Pseudomonas sp. formate dehydrogenase and Clostridium symbio-
sum glutamate dehydrogenase exhibit about 14°, 10°, 7.5° and
14° rotation, respectively, around the hinge axis. Structural com-
parison revealed that apo ManDH2 adopts a more open conforma-
tion compared to other apo dehydrogenase structures. This more
open apo ManDH2 structure probably causes the relatively large
conformational change during coenzyme binding.

The bound NADH coenzyme is located in the cleft between the
N-terminal domain and the C-terminal domain (Fig. 3C). Each part
of the NADH molecule interacts with ManDH2. The adenine ring of
NADH is sandwiched between the indole side-chain of Trp32 and
the aliphatic side-chain of Arg270 (Fig. 4A). These two residues
provide a hydrophobic pocket to anchor the adenine ring through
stacking interaction. The adenosine ribose 2’ and 3’-hydroxyl
groups form hydrogen bonds with the side-chain carboxyl group
of Asp30. The presence of an acidic residue at the end of second
strand B2 is a typical feature of NADH-dependent oxidoreductases
such as CENDH [29,34]. The previous mutational studies suggested
the interaction between this acidic residue and the adenosine ri-
bose of NADH is important for the coenzyme specificities of several
NADH-dependent oxidoreductases [34-38]. The pyrophosphate
moiety is located adjacent tothe glycine-rich region, Gly7-Gly12
(GAGAMG). This glycine-rich region, which is located at the begin-
ning of first helix o1 and is a common nucleotide binding site in
dehydrogenases [39], forms a tight turn to allow interactions be-
tween the pyrophosphate moiety and the main-chain amide
groups of Alal0 and Met11. In addition, the side-chain amine
groups of Lys79 and Arg270 form salt bridges with the pyrophos-
phate moiety from the opposite side of the glycine-rich region.
The nicotinamide-ribose hydroxyl groups form hydrogen bonds
with the side-chain carboxylate group of Glu273 and the side-
chain amide group of Asn105. The nicotinamide ring is recognized
by Met11 and Thr127 through hydrophobic interactions. The nico-
tinamide carbonyl and amide groups form hydrogen bonds with
the main-chain amide and carbonyl of Ala131. Thus, most residues
involved in the interaction with NADH are located in the N-termi-
nal domain, but some significant C-terminal domain residues such
as Arg270 and Glu273 are also involved in NADH binding. The par-
ticipation of Arg270 and Glu273 appears to facilitate the domain
closure through the interaction with NADH.

The coenzyme binding site comparison between ManDH2 and
EcKPR indicated that the interactions with pyrophophate and nic-
otinamide ribose moieties are almost identical. However, there are
significant structural differences in the adenosine binding pocket
between them (Fig. 4B). In EcKPR, Arg31, which is replaced by
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Fig. 3. Overall structure of ManDH2. (A) Ribbon drawing diagram of ManDH2. The N-terminal domain, hinge loop region and C-terminal domain are shown in blue, green and
red, respectively. (B) Superimpositioning of the apo ManDH2 structure with the apo EcKPR structure. ManDH2 and EcKPR are shown in green and gray, respectively. The
Asp30-Val71 region of ManDH2 and the corresponding region of EcKPR are shown in light blue and black, respectively. (C) Superimpositioning of the ManDH2 binary
complex structure with the apo ManDH2 structure. The apo structure and complex structure are shown in light brown and green, respectively. The NADH molecule bound to
the complex structure is shown as stick model. NADH binding site is indicated by the blue dotted line.

A

pantoate

Fig. 4. The coenzyme and substrate binding sites in the ManDH2 structure. (A) Interaction between NADH and ManDH2. The ManDH2 N-terminal domain, C-terminal
domain and NADH are shown in green, orange and cyan, respectively. An F,-F. electron density map contoured at 2.5¢ was constructed prior to incorporation of an NADH
molecule into the model structure. The residues shown as a stick model are important residues for NADH binding. Hydrogen bonds and salt bridge interactions are indicated
by green dashed lines. (B) Superimpositioning of the ManDH2 NADH-binding site on the ECKPR NADPH-binding site. The ManDH2 and EcKPR structures are shown in green
and gray, respectively. Specific interactions of the coenzyme with ManDH2 and EcKPR are indicated by green and gray dashed lines, respectively. (C) Superimpositioning of
the ManDH2 substrate-binding site on the EcKPR substrate-binding site. The ManDH and EcKPR structures are shown in green and gray, respectively. Hydrogen bonds
between EcKPR and pantoate are indicated by gray dashed lines. (D) Superimpositioning of the overall ManDH2 complex structure on the overall ECKPR complex structure.
ManDH2 and EcKPR are shown in green and gray, respectively. The Val237-Ser260 region of ManDH2 and the corresponding region of ECKPR are shown in light blue and
black, respectively.

Gly31 in ManDHZ2, forms a salt bridge interaction with the 2’-phos- adenine group is located in a hydrophobic pocket defined by Leu6,
phate group of NADPH. Arg253 of EcKPR corresponding to Arg270 Arg31, Leu71 and GIn75. ManDH2 has a similar hydrophobic pock-
of ManDH2 swings by around 4 A to form an additional salt bridge et at the equivalent position, but the side-chains of GIn62 and
with the 2’-phosphate group. In the case of EcKPR, in addition, the Met86 extend toward the hydrophobic pocket and appear to pre-
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vent the binding of the adenine ring of NADH with their bulky side-
chains. Instead, Asp30 and Trp32 of ManDH2, which are not con-
served in KPRs, contribute to the architecture of the adenosine
binding pocket, as described above. The Asp30-Gly31-Trp32 motif
is highly conserved among putative ManDH homologous genes.
This structural variation of the binding site leads to a striking con-
formational difference in the coenzyme. The adenosine moiety in
ManDH?2 is rotated by 92° around the pyrophosphate moiety so
that it is accommodated in the unique binding pocket of ManDH?2.
The deviation of the orientation of both the adenine and ribose
rings in enzymes in the same family was also reported for other
NAD(P)H-dependent oxidoreductases such as the ASADH family
[40]. For these enzymes, the various coenzyme preferences are
attributed to differences in the coenzyme binding conformation
and coenzyme binding pocket architecture.

These structural features may explain why ManDH2 strictly
utilizes only NADH as a coenzyme. As described above, the
Asp30 carboxylate group attracts both the 2’ and 3’-hydroxyl
groups of the adenosine ribose moiety through hydrogen bonds.
In addition, Trp32 stabilizes the adenine ring through an aromatic
stacking interaction. Thus, ManDH2 favors a twisted conformation
of the adenosine moiety of NADH through these interactions.
However, NADPH is unfavorable for ManDH2 because the extra
2’-phosphate group of NADPH causes steric hindrance and electro-
static repulsion of relatively large and negatively charged Asp30.

3.3. Substrate-binding pocket of ManDH2

We also attempted to cocrystallize ManDH2 with NADH and-
mandelate to determine the ternary structure, but no electron den-
sity corresponding to mandelate was observed. However,
comparison with the ternary complex structure of EcKPR with
NADP* and pantoate allowed us to speculate the substrate-binding
mode in ManDH2. In the ECKPR-NADP*-pantoate ternary structure,
Lys176, which is proposed to be a general acid, is located close to
the C2 oxygen of pantoate [21]. Ciulli et al. proposed the impor-
tance of Asn98 and Glu256 in addition to Lys176 in EcKPR. These
residues provide the hydrogen bonding network for the correct
cofactor conformation required for productive substrate-binding
and optimal hydride transfer. Moreover, Asn98 was proposed to
stabilize the active conformation of catalytic residue Lys176
through a hydrogen bond. Similarly, ManDH2 has a set of
conserved corresponding residues, Lys187, Asn105 and Glu273,
at equivalent positions (Fig. 4C) in the complex structure with
NADH. These ManDH2 residues are located adjacent to each other,
suggesting ManDH2 has the same hydrogen bonding networks as
EcKPR. In the apo ManDH2 structure, Lys187, Asn105 and Glu273
are far apart from each other, indicating these residues shift closer
to each other through the hinge domain closure during NADH
binding. Thus, the hinge domain closure seems to be important
for the correct placement of these residues for substrate binding
and the catalytic reaction. To confirm the function of Lys187, we
constructed the K187A mutant, and measured its activity. As a
result, the K187A mutant was found to have completely lost its
activity, suggesting Lys187 acts as the general acid, as observed
in Lys176 of EcKPR. Residues recognizing the C2 hydroxyl and
carboxylate groups of a 2-hydroxyacid substrate in the EcKPR
structure are also conserved and can be closely superimposed on
those in the ManDH2 structure. These observations suggest
ManDH?2 adopts the same reaction mechanism as KPRs.

On the other hand, the mode of recognition of the side-chain of
a substrate appears to be distinct between ManDH2 and EcKPR, in
agreement with their different substrate specificities (Fig. 4C). In
EcKPR, the C3 dimethyl group makes hydrophobic contacts with
Thr119, Val179, lle183, Val234 and Thr238, and C4 hydroxyl group
forms hydrogen bonds with Asn194 and Asn241 [21]. These

residues are not conserved in ManDH2. In the ManDH2 structure,
hydrophobic residues including Met128, Val190, Met194,
Met205, Cys248 and Ile254 define the hydrophobic pocket. This
hydrophobic pocket seems to accommodate the hydrophobic moi-
ety of a 2-ketoacid with a hydrophobic side-chain. This structural
observation is consistent with the substrate preference that
ManDH?2 exhibits high activity toward 2-ketoisovalerate, benzoyl-
formate and 2-ketoisocaproate [18]. In addition, ManDH2 lacks
hydrophilic residues, and thereby excludes hydrophilic side-chain
substrates such as 2-ketopantoate, which is a substrate for KPRs.
In contrast, ECKPR prefers hydrophilic 2-ketopantoate, and has no
activity toward hydrophobic benzoylformate and 2-ketoisocapro-
ate [41], probably because of the presence of hydrophilic residues
including Asn194 and Asn241 in the substrate binding pocket. This
amino acid diversity could explain the different substrate specific-
ities of ManDH2 and EcKPR. Thus, our work provides an insight
into the substrate recognition mechanisms of the new family of
p-2-hydroxyacid dehydrogenases acting on C3-branched substrate.
In addition, these findings may enable alteration of substrate spec-
ificity through rational design for stereospecificsynthesis of various
useful C3-branched p-hydroxy acids. However, it is difficult to
identify the amino acid residues directly responsible for substrate
binding and to elucidate the substrate recognition mechanism in
detail. The structural comparison between ManDH2 and EcKPR re-
vealed the structural variation of the proposed substrate binding
loop located between 10 and o11 of ManDH2 (Fig. 4D). This loop,
which contains Cys248 and Ile254, seems to be located away from
the substrate binding pocket, probably because of the absence of
substrate. The substrate binding might cause a conformational
change of this loop. Determination of the complex structure of
ManDH2 with substrates and elucidation of the substrate binding
mechanism are our future challenges.
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