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Abbreviations

4-HIL

4-hydroxyisoleucine

asHPAL

4-hydroxy-3-methyl-2-keto-pentanoate aldolase from Arthrobacter
simplex strain AKU 626

BCAT

branched-chain aminotransferase

Bis-tris

bis(2-hydroxyethyl)-iminotris(hydroxymethyl)methane

BLAST

Basic Local Alignment Search Tool

CBB R-250

Coomassie Brilliant Blue R-250

DDS-d6

3-(trimethylsilyl)-1-propane-1,1,2,2,3,3-d6-sulfonate

DNA

deoxyribonucleic acid

DTT

dithiothreitol

ESI-TOF-MS

electrospray ionization time-of-flight mass spectrometry

GITC

2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl isothiocyanate

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HMKP

4-hydroxy-3-methyl-2-keto-pentanoate

HPLC

high performance liquid chromatography

IPTG

isopropyl β-D-1-thiogalactopyranoside

LB

Luria-Bertani

PCR

polymerase chain reaction

PDB

protein data bank

PEG

polyethylene glycol

PF

Photon Factory

PLP

pyridoxal phosphate

RMSD

root-mean-square deviation
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SDS-PAGE

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

TIM

triosephosphate isomerase

Tris

tris(hydroxymethyl)aminomethane
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Chapter 1
Introduction
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1.1 Chirality and chiral synthesis

Chirality is the configuration, or handedness (left or right), of a molecule that cannot be
completely overlapped by its enantiomer (mirror image of the molecule). Chirality is common
in organic molecules due to the presence of asymmetric carbon atoms [1]. At present, more than
60% of commercially available drugs are sold as single enantiomers [2, 3].
It is generally understood that different configurations of a given molecule often possess
different properties. The enantiomer of vitamin C, which shows no pharmacological activity,
cannot be absorbed by humans when ingested [4]. Quinidine and its stereoisomer quinine
possess both anti-malarial and myocardial depressive properties. Quinidine is also used as an
anti-arrhythmic drug [5]. Thalidomide is an immunomodulatory drug that is used for nausea
and for alleviating morning sickness in pregnant women. This drug is functional only in R-form,
whereas its S-form has been reported to be strongly teratogenic and is estimated to have caused
phocomelia in ten thousand infants [6]. The ability to obtain a single enantiomer therefore
significantly impacts not only drug efficacy but also drug safety.
There are three well-known approaches used to produce a single enantiomer of interest:
chiral resolution to separate a desired single enantiomer from a racemic mixture (a mixture with
equal parts left- and right-handed enantiomers of a chiral molecule) [7]; the chiral switch
method to transform the racemic mixture into a single enantiomer [7]; and the chiral synthesis
method, which involves either a single reaction or a chain of reactions, to generate one or more
new elements of chirality and obtain the target enantiomer directly [8]. With chiral resolution,
only 50% of the target enantiomer is obtained. The chiral switch is required for an additional
transformation reaction after synthesis. Compared with these methods, the chiral synthesis
method is more economical in terms of material and energy due to a lower workload. These
two advantages make the method more valued, and thus, this method is widely applied in
4

chemical industries [1].
The chiral synthesis methods proposed thus far are divided into chemical synthesis
methods and biocatalysis methods. Chemical synthesis methods include the following:
enantioselective catalysis using chiral coordination complexes [9, 10]; stereoselective catalysis
using chiral auxiliaries, which are combined with a prochiral substrate to form an intermediate
that controls the stereoselectivity of a subsequent reaction to generate a chiral product [11]; and
chiral pool synthesis, which directly connects an available chiral starting compound with
another compound to generate a new chiral compound. The biocatalysis method uses enzymes
to synthesize the target enantiomer preferentially [8]. Organic solvent and heavy metals are
widely used in the chemical synthesis methods. In contrast, the biocatalysis method is more
commonly used in industry when it demonstrates the advantages of considerably high
stereoselectivity, relatively mild reaction conditions, and a less harmful impact on human
environment [12].

1.2

Aldol reaction

An aldol is a compound with β-hydroxyl and carbonyl groups and is a common structural
unit that can be found in many important compounds [13], such as the cholesterol-lowering
drug atorvastatin and the immunosuppressive drug tacrolimus. Aldols can be generated by the
aldol reaction of two reacting carbonyl compounds [1, 14-17]. This reaction is particularly
useful because it can generate new chiral centers (one or more) and form a new carbon-carbon
bond in a single reaction [18, 19]. The reaction mechanism and stereoselectivity have been
improved through extensive studies [20-24]. There are many methodologies that promote aldol
reactions in high yield and control the relative and absolute stereochemical configurations at
5

chiral centers simultaneously. The enantioselective regulation can be achieved by the use of
metal ions [25], specific electrophiles [26], enzymes as biocatalysts [15, 16], etc.
The aldol reaction proceeds by two fundamentally different mechanisms (Fig 1-1) [15, 16].
One of the reaction mechanisms includes an enol formation step (Fig. 1-1A). Carbonyl
compounds with one or two α-carbons (aldehyde and ketone) are generally nucleophilic at the
α-carbon and thus can be converted to enol intermediates in acidic conditions. The intermediate
attacks the protonated carbonyl carbon of aldehyde to generate an aldol. The other reaction
mechanism is via an enolate intermediate, which is formed by deprotonation at the α-carbon of
the carbonyl compound and then attacks the electrophile of aldehyde to generate aldol (Fig. 11B).

1.3

Aldolases

Aldolases are a type of enzyme that can catalyze the aldol reaction for specific substrates.
The reaction catalyzed by aldolases can proceed under mild conditions and thus has the
advantage of low environmental impact. In addition, some aldolases have the potential to be
used as biocatalysts for stereoselective aldol reactions. Aldolases are divided into two classes
(I and II) according to activation states of their reaction processes [27]. The reaction mechanism
of aldolases has been reported and thoroughly discussed [28-30]. Class I aldolases form a
ketimine Schiff base intermediate with the substrate using a lysine residue at the active site [31,
32]. Class II aldolases form an enolate intermediate from the substrate using metal ions that
polarize the carbonyl group of the substrates [33]. Aldolases are further classified into more
than 30 subfamilies according to their substrate specificities and the types of residues that
participate in the aldol reaction and metal ion coordination. Phylogenetic tree (Fig. 1-2)
6

constructed for these aldolases showed the obvious differences between these subfamilies. In
addition, aldolase existed widely in both eukaryote and prokaryote and were involved in
glycolysis pathway [34].

1.4

asHPAL, a member of the HpaI/HpcH aldolase subfamily

4-Hydroxy-3-methyl-2-keto-pentanoate aldolase (asHPAL) is an aldolase from
Arthrobacter simplex strain AKU 626 that belongs to the HpaI/HpcH aldolase subfamily of the
class II aldolases. asHPAL uses Mg2+ as a prosthetic group to catalyze aldol reactions and has
the potential for use in the synthesis of (2S,3R,4S)-4-hydroxyisoleucine (4-HIL) (Fig. 1-3) [35],
which is a chiral amino acid extracted from the seeds of fenugreek Trigonella foenum-graecum
[36]. Among the 8 possible enantiomers of 4-HIL, only (2S,3R,4S)-4-HIL exhibits the activity
in enhancing the production of insulin from pancreatic β-cells [37-40]. Therefore, (2S,3R,4S)4-HIL potentiates insulin secretion at supranormal glucose levels, whereas it is ineffective at
low or basal glucose concentrations. The (2S,3R,4S)-4-HIL synthesis method using asHPAL
involves two steps from the substrates 2-ketobutyrate and acetaldehyde (Fig. 1-3) [35]. In the
first step, asHPAL catalyzes the aldol reaction between 2-ketobutyrate and acetaldehyde to form
(3S,4S)-4-hydroxy-3-methyl-2-keto-pentanoate (HMKP). This product is converted to
(2S,3R,4S)-4-HIL by branched-chain amino-acid aminotransferase (BCAT). The Sconfiguration of the C2 atom of (2S,3R,4S)-4-HIL is strictly controlled by BCAT [41, 42].
Therefore, the first step catalyzed by asHPAL is the key step in determining the spatial
configuration of (2S,3R,4S)-4-HIL [35].
The HpaI/HpcH-aldolase subfamily is divided into three functional subgroups [15, 16]:
2,4-dihydroxyhept-2-ene-1,7-dioic acid (HHDE) aldolase, 2-keto-3-deoxyglucarate (KDG)
7

aldolase, and 4-hydroxy-2-oxovalerate (HKP) aldolase. YfaU (putative HHDE aldolase) [43]
and YhaF (KDG aldolase) [44] from Escherichia coli and BphF (putative HKP-aldolase) from
Novosphingobium aromaticivorans [45] were also used to examine whether they could
stereoselectively catalyze the first step of the (2S,3R,4S)-4-HIL synthetic process similarly to
asHPAL. The reaction was catalyzed by YfaU, YhaF, and BphF, but asHPAL exhibited the most
preferential activity for the synthesis of (3S,4S)-HMKP (Fig. 1-4) [35]. Of the tested pH values,
the stereoselectivity of asHPAL was highest at pH 6.0. However, the stereoselectivity is not
strict for the production of (3S,4S)-HMKP. As described above, the stereoselective synthesis of
(3S,4S)-HMKP is the key step of the designed (2S,3R,4S)-4-HIL biosynthetic process, which
requires the uses of an enzyme with strict stereoselectivity. In addition, α-keto acids with several
functional groups are potentially useful as intermediates for pharmaceutical synthesis. The
enzymes with high stereoselectivity are expected to be useful for the stereoselective synthesis
of other compounds.
Among the enzymes of the HpaI/HpcH-aldolase subfamily, 2,4-dihydroxyhept-2-ene- 1,7dioic acid aldolase (HpcH) [46], YfaU [44], and YhaF [43] share 45%, 40%, and 38% sequence
similarities to asHPAL, respectively. The catalytic mechanisms of HpcH, YfaU, and YhaF have
been proposed based on their structures [43, 44, 46, 47]. Fig. 1-5 shows the proposed catalytic
mechanism of YfaU in the reverse aldol reaction [47]. (a) The Mg2+-bound water is activated
to hydroxide ion by the intersubunit His49-Asp88 dyad. (b) The substrate, 4-hydroxy-2oxopentanoate, binds to Mg2+ in a bidentate fashion with the C1 hydroxyl group and the C2
carbonyl oxygen. Arg74 interacts with the C2 carbonyl oxygen and the C4 hydroxyl group. An
activated hydroxide ion abstracts the C4 hydroxyl proton, which is coupled with the breakage
of the C3−C4 carbon−carbon bond to produce an aldehyde product and pyruvate enolate. (c)
The C2 oxygen of pyruvate enolate is protonated by the Mg2+-bound water. (d) The enzyme is
returned to its ground state, and the catalytic cycle is completed by producing pyruvate and
8

acetaldehyde. In contrast, the aldol reaction of HpcH is thought to proceed inversely and is
similar to that of YhaF (Fig. 1-6) [46]. (a) The Mg2+-bound water is activated to hydroxide ion
by His45. (b) The hydroxide ion abstracts a proton from the C2 methyl group of pyruvate to
generate the nucleophilic enolate. (c) The enolate attacks the electrophilic carbon of the succinic
semialdehyde acceptor. (d) The C4 oxygen is protonated by His45 to form a hydroxyl group.
(e) The catalytic cycle is completed by producing 4-hydroxy-2-ketoheptane-1,7-dioate.
The sequence alignment of asHPAL with HpcH, YhaF, and YfaU shows that the proposed
catalytic residues are conserved in asHPAL as His52, Arg77, and Asp91 (Fig. 1-7) [44, 47]. In
addition, the Mg2+-chelating residues of asHPAL are also conserved as Glu156 and Asp182.
These correlations suggest that asHPAL works via a reaction mechanism similar to HpcH, YhaF,
and YfaU. However, the sequence alignment cannot explain why asHPAL stereoselectively
synthesizes (3S,4S)-HMKP. In addition, it remains unclear how asHPAL defines substrate
specificity. asHPAL can catalyze the aldol reactions of small α-keto acids, including pyruvate
and 2-ketoburyrate (Table 1-1). This selectivity also limits the utility of asHPAL for other
stereoselective aldol reactions. The mechanistic bases of substrate specificities have not been
reported for the other enzymes of the HpaI/HpcH-aldolase subfamily.

1.5

X-ray crystallography

X-ray crystallography is a powerful tool that is used to identify molecular structure at the
atomic level. A beam of incident X-rays is diffracted into a number of different specific
directions according to the distribution of the atoms in a crystal [48]. Each of the diffracted Xrays is detected as a diffraction spot by the detector. Measuring the distribution of the diffraction
spots and subsequent data processing produce a three-dimensional diagram of the electron
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density, which is useful for determining the mean positions of the atoms in the crystal. The
protein structure of interest can be determined by using molecular replacement methods
considering its amino acid sequence and the known structures of similar proteins [49]. From
the structural information including the distance between atoms, we can understand the
interaction between an enzyme and its substrate, the changes of protein states, and other
structure-function relationships of proteins. In addition, structural results are often useful for
protein engineering, such as to control protein function, expand substrate specificity, etc.

1.6 Purpose of the study

α-Keto acids are valuable intermediates that are conventionally used for pharmaceutical
synthesis, and the aldol reaction is a useful tool to extend the carbon chain. asHPAL has
potential as a biocatalyst for stereoselective aldol reactions, especially the stereoselective
synthesis of (2S,3R,4S)-4-HIL coupled with the reaction of BCAT. The catalytic mechanisms
of the HpaI/HpcH-aldolase subfamily toward α-keto acid substrates have been proposed in
previous reports [43, 46, 47]. However, the mechanistic bases of the HpaI/HpcH-aldolase
subfamily’s stereoselectivity and substrate specificity remain unclear. Understanding these
points will be conducive to improving the enzymatic properties of asHPAL. Here, I applied Xray crystallography to reveal the structural basis of the stereoselectivity and substrate specificity
of the aldol reaction catalyzed by asHPAL. Moreover, the obtained structural information was
successfully used to improve the stereoselectivity and expand the substrate specificity of
asHPAL.
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Tables and figures
Table 1-1 Substrate specificity of asHPAL.

α-Keto acid

a

Chemical formula

Availabilitya

Glyoxylate

–

Pyruvate

+

Hydroxypyruvate

–

2-Ketobutyrate

+

3-Methyl-2-ketobutyrate

–

Oxalacetate

–

2-Ketopentanoate

–

4-Methyl-2-oxovalerate

–

2-Ketoglutarate

–

Phenylpyruvate

–

“+” indicates that the compounds are used as substrates of asHPAL.
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Fig. 1-1 Two different mechanisms of aldol reaction [15, 16].
(A) The pathway via an enol intermediate, in which carbonyl compound (a) is
converted to enol (b) due to the nucleophilicity of α-carbon. The enol attacks aldehyde
(c) to generate product (d).
(B) The pathway via an enolate intermediate, in which carbonyl compound (a) is
deprotonated to form enolate (b). The enolate attacks the aldehyde (c) to generate
product (d). “M+” indicates a metal ion.
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Fig. 1-2 Neighbor joining phylogenetic trees showing the relationship of asHPAL
and other subfamilies of aldolase.
Similar results were obtained using maximum parsimony. The tree was constructed
using the MEGA 6.0 program with the neighbor-joining algorithm[50]. Only bootstrap
values greater than 50% are shown. The values are calculated with 0.2 substitution per
amino acid site.
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Fig. 1-3 Two-step enzymatic synthesis of (2S,3R,4S)-4-hydroxyisoleucine (HIL)
by asHPAL and BCAT [35].
Firstly, asHPAL converts 2-ketobutyrate and acetaldehyde to (3S,4S)-4-hydroxy- 3methyl-2-keto-pentanoate (HMKP). Secondly, (3S,4S)-HMKP is converted to
(2S,3R,4S)-4-HIL by BCAT. In the second reaction, the amino group of L-glutamic
acid (L-Glu) is transferred to (3S,4S)-HMKP.
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Fig. 1-4 pH dependency of 4-HIL enantiomer production catalyzed by each enzyme
of the HpaI/HpcH-aldolase subfamily and BCAT.
The amounts of (2S,3R,4S)-4-HIL and (2S,3R,4R)-4-HIL are equivalently estimated as
the amounts of (3S,4S)-HMKP and (3S,4R)-HMKP, respectively. The S-configuration
of the C2 atom of 4-HIL is strictly controlled by the BCAT [41, 42]. In the sequential
reaction to 4-HIL from 2-ketobutyrate and acetaldehyde (Fig. 1-2), the first reaction are
catalyzed by each enzyme of the HpaI/HpcH-aldolase subfamily (asHPAL, YhaF, YfaU
and BphF). asHPAL can preferentially catalyze the synthesis of (3S,4S)-HMKP
[(2S,3R,4S)-4-HIL] [51].
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Fig. 1-5 Proposed catalytic mechanism of YfaU which catalyzes the decomposition
of 2-keto-3-deoxy acid sugar.
(a) The Mg2+-bound water is activated to hydroxide ion by the intersubunit His49-Asp88
dyad. (b) The substrate, 2-keto-3-deoxy acid sugar, binds to Mg2+ in a bidentate fashion
with the C1 hydroxyl group and the C2 carbonyl oxygen. Arg74 interacts with the C2
carbonyl oxygen and the C4 hydroxyl group. An activated hydroxide ion abstracts the C4
hydroxyl proton, which is coupled with the breakage of the C3−C4 carbon−carbon bond
to produce aldehyde product and pyruvate enolate. (c) The C2 oxygen of pyruvate enolate
is protonated by the Mg2+-bound water. (d) The enzyme is returned to its ground state,
and the catalytic cycle is completed by producing pyruvate and acetaldehyde. [47].
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Fig. 1-6 The catalytic mechanism of HpcH which catalyzes aldol reaction.
(a) The Mg2+-bound water is activated by a hydroxide ion from His45. (b) The hydroxide
ion abstracts a proton from the C2 methyl group of pyruvate to generate the nucleophilic
enolate. (c) The nucleophilic enolate attacks the electrophilic carbon of the succinic
semialdehyde acceptor. (d) The C4 oxygen is protonated by His45 to form a hydroxyl
group. (e) The enzyme adopts a ground state, and catalytic cycle is completed by
producing 4-hydroxy-2-ketoheptane-1,7-dioate [46].
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Fig. 1-7 Sequence alignment of asHPAL with other class II aldolases.
The amino acid sequence of asHPAL is aligned with those of other enzymes of
HpaI/HpcH-aldolase subfamily, HpcH (45% sequence identity to asHPAL), YhaF
(38%), YfaU (40%), and BphF (39%). The sequence alignment was generated by
ClustalW [52]. Identical and highly conserved residues are indicated with asterisks,
and double or single dots, respectively. Active-site residues are shown by red triangles.
These enzymes share the amino acid residues which are important for the catalytic
reaction.
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Chapter 2
Crystal structure of asHPAL
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2.1 Exordium

X-ray crystallography is a powerful technique for analyzing enzymatic mechanisms. This
technique has been used to understand the structural bases of the stereoselectivity and substrate
specificity of asHPAL.
High quality crystals, which diffract X-rays at high resolution, provide detailed structural
information including the catalytic mechanism of enzymatic reactions. The discovery and
optimization of appropriate crystallization conditions are the bottlenecks of X-ray
crystallography. In addition, a large amount of protein (> 10 mg) of high purity is often required
for crystallization experiments. Therefore, protein expression and purification are also
important steps in X-ray crystallography, and the fundamental asHPAL preparation procedure
is the basis of further biochemical analyses. In this chapter, I describe the protein preparation,
crystallization, and X-ray diffraction data collection and processing used to determine the
crystal structure of asHPAL. The purified protein was also used to evaluate the properties of
asHPAL such as enzymatic activity and oligomer formation in solution.
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2.2

Materials and methods

2.2.1 Materials
An E. coli plasmid vector for the expression of recombinant asHPAL and purified
(2S,3R,4S)-4-HIL were provided by Prof. Dr. OGAWA Jun (Kyoto University). All other
chemicals were of biochemical research grade and were purchased from Nacalai Tesque,
Sigma-Aldrich, Wako Pure Chemical Industries, Hampton Research, Merck, and Tokyo
Chemical Industry.

2.2.2

Protein expression
asHPAL was overexpressed in E. coli Rosetta (DE3) (Novagen) harboring the plasmid

vector for recombinant asHPAL. The expressed protein (residues 1–259) has an N-terminal
sequence including a His-tag. The E. coli cells were cultivated in Luria-Bertani (LB) medium
(Merck) containing 30 µg ml-1 ampicillin at 310 K. The expression conditions for asHPAL were
optimized by changing the induction temperature (291 K, 298 K, and 310 K) and the
concentration of isopropyl β-D-thiogalactopyranoside (IPTG) (0.1 mM, 0.25 mM, 0.5 mM, and
1.0 mM final concentrations). Cell lysates were separated into soluble and insoluble fractions
by centrifugation and then analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; total acrylamide concentration of the separation gel, 15%). The
separation gel was stained with Coomassie Brilliant Blue (CBB) R-250. The optimal expression
conditions were chosen based on the amount of asHPAL in the soluble fraction.

2.2.3

Purification of recombinant asHPAL

The harvested cells were suspended in buffer A (40 mM Tris-HCl, pH 7.5, 400 mM NaCl,
21

5 mM imidazole, and 1 mM DTT) and were then disrupted by sonication on ice. After
centrifugation at 40,000 ×g at 277 K for 30 min, the supernatant was loaded onto a Ni-Sepharose
6 Fast Flow (GE Healthcare Life Sciences) column (3-ml gel bed) at 298 K. After washing with
buffer B (40 mM Tris-HCl, pH 7.5, 400 mM NaCl, 50 mM imidazole, and 1 mM DTT), the
asHPAL protein was eluted with buffer C (40 mM Tris-HCl, pH 7.5, 400 mM NaCl, 200 mM
imidazole, and 1 mM DTT) at 298 K. The eluted protein was dialyzed against a 100-fold excess
of the external solution (40 mM Tris-HCl, pH 7.5 and 1 mM DTT) at 277 K for 12 h.
The protein was further purified by anion-exchange column chromatography using the
ÄKTA purifier system (GE Healthcare). The proteins were loaded onto a Resource Q 6-ml (GE
Healthcare) column pre-equilibrated with 40 mM Tris-HCl (pH 7.5) at 277 K and were eluted
with a linear gradient of 0–1 M NaCl in 40 mM Tris-HCl (pH 7.5) at 277 K. The purity of
asHPAL was evaluated by SDS-PAGE (total acrylamide concentration of the separation gel,
15%). The separation gel was stained with CBB R-250. The purified asHPAL was dialyzed
against 20 mM Tris-HCl (pH 7.5) at 277 K and was concentrated to 10 mg ml-1 using a Vivaspin
20 concentrator (molecular weight cut off, 5 k, hydrozart membrane; Vivascience) at 277 K.
Protein concentrations were determined by the absorbance at 280 nm with a molar extinction
coefficient of 14,565 M-1 cm-1 [53] and a molecular weight of 27,130.

2.2.4

Size-exclusion chromatography
本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年

以内に出版予定。

2.2.5

Assay for the stereoselectivity of asHPAL

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
22

以内に出版予定。

2.2.6

Crystallization of asHPAL

The purified asHPAL (10 mg ml-1) was used for crystallization experiments. Initial
crystallization trials were performed by the sitting-drop vapor diffusion method using sparsematrix screening kits: Crystal Screen HT, Index HT (Hampton Research), and Wizard I and II
(Emerald Biosystems). Each drop was prepared by mixing equal volumes (0.7 μl) of the protein
solution and a reservoir solution and was then equilibrated against 70 μl of the reservoir solution
at 277 or 293 K.
After obtaining crystals, the 2D grid optimization of crystallization conditions (pH vs.
precipitant concentration) was performed by the sitting-drop vapor diffusion method using 24well Cryschem plates (Hampton Research). Each drop was prepared by mixing equal volumes
(2.0 μl) of the protein solution and a reservoir solution and was then equilibrated against 400 μl
of the reservoir solution at 293 K.

2.2.7

Data collection and processing

Each asHPAL crystal was picked up in a nylon loop (Hampton Research) and then
transferred to a cryoprotectant solution prepared by mixing 76% (v/v) of the reservoir solution
and 24% (v/v) of glycerol. The crystals were mounted on the X-ray diffractometers and were
flash-cooled in a cryo-nitrogen stream (95 K). The X-ray diffraction data set (600 images) of
an asHPAL crystal grown at pH 7.7 was collected with synchrotron radiation and an ADSC
Quantum 210 detector on BL-5A beamline at Photon Factory (Ibaraki, Japan). The parameters
of data collection were as follows: wavelength, 1.0000 Å; collection angle, 180°; oscillation
angle, 0.3°; crystal-to-detector distance, 142 mm; and exposure time, 0.5 sec.
23

2.2.8 Structure determination and model refinement
本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。
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2.3

Results and discussion

2.3.1

Expression and purification of asHPAL

After optimizing expression conditions, asHPAL expression was induced by the addition
of IPTG to a final concentration of 0.5 mM when the optimal density at 600 nm reached 0.6,
and the cells were then cultivated at 293 K for 16 h. The cultivated cells were harvested by
centrifugation at 5,000 ×g at 277 K for 20 min. The cell pellets were rapidly frozen in liquid
nitrogen and stored at 193 K.
Soluble and insoluble fractions were separated by centrifugation after cell lysis. The
supernatant was loaded onto a Ni-Sepharose 6 Fast Flow (GE Healthcare) column. The eluate
was analyzed by SDS-PAGE (Fig. 2-2). The results showed that the eluate contained abundant
asHPAL and small amounts of other proteins. Further purification was performed by anionexchange chromatography to remove the contaminants. A major peak was observed in the
resulting chromatogram at the NaCl concentration of 42% (Fig. 2-3A). The three fractions
comprising the major peak were assessed by SDS-PAGE (Fig. 2-3B). The results showed that
the major peak primarily contained asHPAL; however, small amounts of other proteins
remained in the major peak. According to the shape of the major peak, the purified asHPAL
was not electrostatically heterogeneous, but the small peak appeared to overlap with the major
peak. The first two fractions were chosen to avoid the small peak and were used for
crystallization and other assays. After concentration, the yield of soluble asHPAL was 15 mg
per one liter of E. coli culture.

2.3.2

Oligomeric state of asHPAL

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
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以内に出版予定。

2.3.3

Stereoselective activity of purified asHPAL

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。

2.3.4

Crystallization of asHPAL

asHPAL crystals were obtained with the reservoir solution containing 100 mM HEPES
(pH 7.5), 30% (v/v) PEG 400, and 200 mM MgCl2 at 293 K. After 2D grid optimization of
crystallization conditions, the best crystals of asHPAL were reproducibly obtained with the
reservoir solution containing 100 mM HEPES-Na (pH 7.7), 30% (v/v) PEG 400, and 200 mM
MgCl2 at 293 K (Fig. 2-10) for 1 day.

2.3.5

Data collection and structure determination

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。

2.3.6

Overall structure of asHPAL

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。
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2.3.7

Structural comparison of asHPAL with the other enzymes of the HpaI/HpcH-

aldolase subfamily
本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。
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2.4

Conclusion

本項の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。
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Chapter 3
Structural basis for the
stereoselective aldol reaction of
asHPAL

29

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。5
年以内に出版予定。

30

Chapter 4
Mechanism of substrate specificity of
asHPAL

31

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。
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Chapter 5
General discussion

33

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。5 年
以内に出版予定。
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