L

Crystal structure of asHPAL as a useful aldolase for
the two-step stereoselective synthesis of
4-hydroxyisoleucine: understanding the reaction
mechanism and expanding the substrate specificity

(4-Hydroxyisoleucine & I B 1o 5 EFE asHPAL O X#RkG ik &
FRAT & BB RIRME DAL K)

GUO LINJUN

Bk B



Contents

ADDIEVIATIONS ...ttt ettt ettt ettt e st e et e esateesbeesabeeabeesnbeenbeesnseenseesnseenne 1
Chapter 1 INtrodUCHION.........oouiriiriiiiieieeteteetert ettt 3
1.1  Chirality and chiral SYNtheSis ........c.cccvueriieriieriieiieeie ettt 4
1.2 AldO] TEACHION. ...ttt ettt ettt e e sabeebeeneees 5
1.3 ALAOLASES ...ttt et ettt ees 6
1.4 asHPAL, a member of the Hpal/HpcH aldolase subfamily ............cccocceeniiennncnne. 7
1.5 X-ray crystallography......ccccocieiiiiiiiiiiecieeieece et 9
1.6 Purpose of the StUAY .......cocuieiiiiiieii e 10
Tables and fIGUIES ......ccueeiiiiiiecieeiee ettt ettt et e esbe e seeesbeesteeesseessaeensaens 11
Chapter 2 Crystal structure of aSHPAL ........cooooiiiiiiiiiciieeceeeeee e 19
2.1 EXOTAIUIM Lottt ettt ettt et et e et esabeenbeesneeenneens 20
2.2 Materials and MEthOdS ........cc.eeiuiiiiiiiiiiieeeee e 21
221 MaEIIALS ..ottt et st a 21
2.2.2  Protein @XPIreSSION ...ccuievieruieeiieiieeireeniteeteeeseesseessseesseessseesseessseessessseesseenes 21
2.2.3 Purification of recombinant asHPAL .............cccccoiiiiiiiiiiie e 21
2.2.4  Size-exclusion chromatography ...........ccceeveeiieiieriiieiieeie et eve e 22
2.2.5 Assay for the stereoselectivity of asHPAL ........cccccoviiiiiiiiiiiiieee, 23
2.2.6 Crystallization of aSHPAL ........cccoeiiiiiiiiiieiieeeceeeeee e 24
2.2.7 Data collection and ProCeSSING..........cerueeruueerieerieeriienieeieeseeesieeseeeeeesaee e 25
2.2.8 Structure determination and model refinement ............ccccoeceevieninieneenennn. 25



2.3 RESUILS ANA QISCUSSION . ..ceeeetneeeeeee et e e e e e e e e e e e e et eaaeeeeeeeeeeenaaaeseeeeeeeeennns 26

2.3.1 Expression and purification of asHPAL...........ccccccovieiiiiiiiiiiniiiiecieeees 26
2.3.2  Oligomeric state of asHPAL .......cccccooiiiiriiniiiiicceceeeceeee 26
2.3.3 Stereoselective activity of purified asHPAL.........c.cccceveieriieiienieeiee, 27
2.3.4 Crystallization of aSHPAL .......ccoooiiiiiiiiiiiicceeeen 28
2.3.5 Data collection and structure determination............ccecueveereeeeereenerieeneennens 28
2.3.6 Overall structure of aSHPAL .........cociiiiiiiiii e 29

2.3.7 Structural comparison of asHPAL with the other enzymes of the

Hpal/HpcH-aldolase subfamily ............coocoiiiiiiiiiiiiiiiee e 30

2.4 CONCIUSION.....oouiiiiiiiiiiiiictect ettt ettt et 32
Tables and fIGUIES ......ccueeiiiiiieeie ettt et e et e e eaneens 33
Chapter 3 Structural basis for the stereoselective aldol reaction of asHPAL ................ 56
3.1 EXOTAIUIM .ottt sttt 57
3.2 Materials and MeEthOdS ..........cooouieiiiiiiiiiie e 59
3.2.1 Crystallization of the asHPAL-2-ketobutyrate compleX............cccevreeneennen. 59

3.2.2 Crystallization of the asHPAL-2-ketobutyrate-acetaldehyde

16703 1110) 5 GO UUR PR UURRPR 59
3.2.3 Crystallization of asHPAL at pH 6.0 ......cc.coceriiniiiiniiiiiicecccecee 59
3.2.4 Data collection and ProCeSSING..........ccueerrreerirerierivreriieeieerieesreeseeesreeseensnes 60
3.2.5 Structure determination and refinement. ............cccceerviierieniiieniiiniiee e 61
3.2.6 Docking simulation of acetaldehyde............c.ccocvreviiirviienieniiiiceeeeeee 61
3.2.7 Site-directed MULAZENESIS ....ccueeveriiiriiriieiienieeienitenie ettt saeens 62
3.2.8 Kinetics studies of asHPAL and its mutants............cceceeveeveenienienenieneennens 63
3.2.9 Assays for the stereoselectivity of asHPAL mutants............cccceeceeiennennee. 64

i



3.3 RESUILS ANA QISCUSSION. .. .ceeeeeeeeee e e et e e e e e et e e e e e e e e e e e eeaeeaeaaeeeeeeeeaanaaaaeaaaeees 66

3.3.1 Crystallographic analyses of asHPAL and its complex with

2-KETODULYTALE ...ttt st ettt st e ees 66
3.3.2 Crystal structure of asHPAL-2-ketobutyrate compleX.........ccceevveereennnennee. 66
3.3.4 Docking simulation of acetaldehyde.............cooouieiiiiiiiniiiiiiee 67
3.3.5 Kinetics studies of aSHPAL ........cccoooiiiiiiiiieeeeeee e 68

3.3.6 Improved catalytic mechanism of the Hpal/HpcH-aldolase

SUDTAMILY .....oiiiiiiiie e e e 69

3.3.7 Structural basis for stere0SelectiVIty .........cocuevirriirieririiiniirieieeceeeeene 71
3.3.8 Improving the stereoselectivity of aSHPAL ..........cccocvveviieiieniiiiiieieeeee, 72

34 CONCIUSION. ...ttt ettt et et et e st e et e e et eebeesnteeaeanns 74
Tables and fIGUIES ......ccueeiiiiiiecieeiee ettt ettt et e esbe e seeesbeesteeesseessaeensaens 75
Chapter 4 Mechanism of substrate specificity of asHPAL ..........c.ccccvveviiiiieniiennenne. 109
4.1 EXOTAIUIN ..ottt ettt ettt et e st eebeeeneeeseesaeeenne 110
4.2 Materials and Methods .........cccooiiiiiiiiiii e 111

4.2.1 Crystallization of asHPAL complexed with pyruvate, oxamate,

and 4-methyl-2-0X0Valerate ...........ccoevieeiiierieeiiecieeieeee et 111
4.2.2 Data collection and ProCeSSING.........c.eereerireruierieeiieenieeieesreeiee e eaee e 111
4.2.3 Structure determination and refinement. ...........ccceeveeierieenenniiniienieene 112
4.2.4 Docking simulation of 4-methyl-2-oxovalerate.............ccccceeveiriieninnnnnne. 112
4.2.5 Site-directed MULAZENESIS ....veeevvieiieeiieiieeiieeie et ereee et see e e sreebeesae e 113
4.2.6 Assay for aldolase activity toward 4-methyl-2-oxovalerate....................... 114
4.2.7 Assay for the inhibitory activity of oXamate ...........cccceceeevieenieeciienieeneenne. 115

il



4.3 Results and diSCUSSION. ....cc.eieiuieiiiiiieiie ettt st et 116
4.3.1 Structure determination of asHPAL complexed with pyruvate,
oxamate, and 4-methyl-2-oxovalerate ...........cccoeeeeiieniiieniniiieieeeee 116
4.3.2 Binding mode of pyruvate and oxamate at the active site of
ASHPAL ... 117
4.3.3 Binding mode of 4-methyl-2-oxovalerate at the active site of
ASHPAL ... 118

4.3.4 Mutations for expanding the substrate specificity of asHPAL

toward 4-methyl- 2-0xovalerate..........c.oceeriiieiieiiieeceeeee e 119
4.4 CONCIUSION. ....ciiiiiiiiiiiiiiteieet ettt sttt e sae e 122
Tables and fIGUIES ......c.iiiiiiiieie ettt ettt 123
Chapter 5 General diSCUSSION ........coueivuiriiriiriieieeiienteetese ettt 143
Tables and fIGUIES ......ccvieiiiiiiiie ettt e te et ebe e saeesbaesaaeesseenseas 148
RETEIENCES ...t s 151
ACKNOWICAZMENLS ......eeuiiiiiieiiecieeiee ettt ettt ettt e et eebeeseeeesbeessnesnsaessneenne 161

v



Abbreviations

4-HIL

asHPAL

BCAT

Bis-tris

BLAST

CBB R-250

DDS-ds

DNA

DTT

ESI-TOF-MS

GITC

HEPES

HMKP

HPLC

IPTG

LB

PCR

PDB

PEG

PF

PLP

RMSD

4-hydroxyisoleucine

4-hydroxy-3-methyl-2-keto-pentanoate aldolase from Arthrobacter

simplex strain AKU 626

branched-chain aminotransferase
bis(2-hydroxyethyl)-iminotris(hydroxymethyl)methane
Basic Local Alignment Search Tool

Coomassie Brilliant Blue R-250
3-(trimethylsilyl)-1-propane-1,1,2,2,3,3-ds-sulfonate
deoxyribonucleic acid

dithiothreitol

electrospray ionization time-of-flight mass spectrometry
2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl isothiocyanate
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
4-hydroxy-3-methyl-2-keto-pentanoate

high performance liquid chromatography

isopropyl B-D-1-thiogalactopyranoside

Luria-Bertani

polymerase chain reaction

protein data bank

polyethylene glycol

Photon Factory

pyridoxal phosphate

root-mean-square deviation



SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TIM triosephosphate isomerase

Tris tris(hydroxymethyl)aminomethane



Chapter 1

Introduction



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
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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 B-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



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 a-carbons (aldehyde and ketone) are generally nucleophilic at the
a-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 a-carbon of
the carbonyl compound and then attacks the electrophile of aldehyde to generate aldol (Fig. 1-

1B).

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 IT) 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)



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 Hpal/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 Hpal/HpcH aldolase subfamily of the
class II aldolases. asHPAL uses Mg?" as a prosthetic group to catalyze aldol reactions and has
the potential for use in the synthesis of (2S5,3R,4S5)-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,4S5)-4-HIL exhibits the activity
in enhancing the production of insulin from pancreatic B-cells [37-40]. Therefore, (2S5,3R,4S5)-
4-HIL potentiates insulin secretion at supranormal glucose levels, whereas it is ineffective at
low or basal glucose concentrations. The (2S5,3R,45)-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
(35,45)-4-hydroxy-3-methyl-2-keto-pentanoate (HMKP). This product is converted to
(2S,3R,45)-4-HIL by branched-chain amino-acid aminotransferase (BCAT). The S-
configuration of the C2 atom of (25,3R,4S5)-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 (25,3R,4S5)-4-HIL [35].

The Hpal/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)



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 (25,3R,4S5)-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 (35,45)-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 (35,45)-HMKP. As described above, the stereoselective synthesis of
(35,45)-HMKEP is the key step of the designed (2S5,3R,4S5)-4-HIL biosynthetic process, which
requires the uses of an enzyme with strict stereoselectivity. In addition, a-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 Hpal/HpcH-aldolase subfamily, 2,4-dihydroxyhept-2-ene- 1,7-
dioic 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 Mg?"-bound water is activated
to hydroxide ion by the intersubunit His49-Asp88 dyad. (b) The substrate, 4-hydroxy-2-
oxopentanoate, binds to Mg?" 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 Mg?*-bound water. (d) The enzyme is

returned to its ground state, and the catalytic cycle is completed by producing pyruvate and
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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 Mg?**-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. (¢) 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 Mg?*-chelating residues of asHPAL are also conserved as Glul56 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 (35,4S5)-HMKP. In addition, it remains unclear how asHPAL defines substrate
specificity. asHPAL can catalyze the aldol reactions of small a-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 Hpal/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 X-
rays 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



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

a-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 (25,3R,4S5)-4-HIL coupled with the reaction of BCAT. The catalytic mechanisms
of the Hpal/HpcH-aldolase subfamily toward a-keto acid substrates have been proposed in
previous reports [43, 46, 47]. However, the mechanistic bases of the Hpal/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 X-
ray 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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Table 1-1 Substrate specificity of asHPAL.

a-Keto acid Chemical formula Availability®
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4“4+ indicates that the compounds are used as substrates of asHPAL.



a-carbon »/H\R
2
= —— AR
Rr/ﬁ\tHa R1;Ll:Hz‘ R 2

H
(a) (b) enol (d) product

Base -M* (c) M:
Riﬁ H R/Lc H, R 2

H
(@) (b) enolate (d) product

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 a-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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2-Dehydro-3-deoxyglucarate aldolase
HpcH
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Indole-3-glycerol-phosphate lyase

=

45— Sphinganine-1-phosphate aldolase
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0 ' D-threonine aldolase
?I__E Fructose-bisphosphate aldolase
3 Rhamnulose-1-phosphate aldolase
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2
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100

|o

2-Dehydro-3-deoxy-phosphogluconate/2-dehydro-3-deoxy-
6-phosphogalactonate aldolase

1] 1 Deoxyribose-phosphate aldolase
p Dihydroneopterin aldolase
4-(2-carboxyphenyl)-2-oxobut-3-enoate aldolase
0

Trans-o-hydroxybenzylidenepyruvate hydratase-aldolase

|: L-threo-3-deoxy-hexylosonate aldolase
0

— 5-Dehydro-2-deoxyphosphogluconate aldolase
37— 2-Dehydro-3-deoxy-D-gluconate aldolase

2-Dehydro-3-deoxy-phosphogluconate aldolase
13 _E Ketotetrose-phosphate aldolase

100— Tagatose-bisphosphate aldolase
Benzoin aldolase

w

_I: Lactate aldolase

30— 2-Amino-45-dihydroxy-6-oxo-7-(phosphooxy)heptanoate synthase
Sulfofructosephosphate aldolase

23— L-threonine aldolase

L-allo-threonine aldolase
23 Phenylserine aldolase
49— Low-specificity L-threonine aldolase

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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0
|c:' asHPAL T A
2 + : s 2 4 CH,
HO” 1 3INcH ) - HoJk”/:;k/
J\”/\ i HS% 1 1 i

0] o] OH
2-Ketobutyrate  Acetaldehyde (3S,4S)-HMKP

L-Glu

4

BCAT
2-Ketoglutarate

0 CH,

sz)\4/c'-h
HO 3

3" 1
NH, OH

(2S,3R,45)-4-HIL

Fig. 1-3 Two-step enzymatic synthesis of (25,3R,4S)-4-hydroxyisoleucine (HIL)
by asHPAL and BCAT [35].

Firstly, asHPAL converts 2-ketobutyrate and acetaldehyde to (35,4S5)-4-hydroxy- 3-
methyl-2-keto-pentanoate (HMKP). Secondly, (35,4S)-HMKP is converted to
(2S,3R,45)-4-HIL by BCAT. In the second reaction, the amino group of L-glutamic
acid (L-Glu) is transferred to (35,4S)-HMKP.
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4-HIL production (mM)

asHPAL YhaF YfaU BphF

® (25,3R,45)-4-HIL ((35,4S)-HMKP)
0 (25,3R,4R)-4-HIL ((35,4R)-HMKP)

Fig. 1-4 pH dependency of 4-HIL enantiomer production catalyzed by each enzyme
of the Hpal/HpcH-aldolase subfamily and BCAT.

The amounts of (25,3R,45)-4-HIL and (25,3R,4R)-4-HIL are equivalently estimated as
the amounts of (35,45)-HMKP and (35,4R)-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 Hpal/HpcH-aldolase subfamily (asHPAL, YhaF, YfaU
and BphF). asHPAL can preferentially catalyze the synthesis of (35,4S)-HMKP
[(25,3R,45)-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 Mg**-bound water is activated to hydroxide ion by the intersubunit His49-Asp88
dyad. (b) The substrate, 2-keto-3-deoxy acid sugar, binds to Mg" 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 Mg**-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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Feus

- +His45

Fig. 1-6 The catalytic mechanism of HpcH which catalyzes aldol reaction.

(a) The Mg?*-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. (¢) 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. (¢) 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 IT aldolases.

The amino acid sequence of asHPAL is aligned with those of other enzymes of
Hpal/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.

20



2.2 Materials and methods

2.2.1 Materials

An E. coli plasmid vector for the expression of recombinant asHPAL and purified
(2S,3R,4S5)-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 pg ml! 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 B-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-HCI, pH 7.5, 400 mM NacCl,
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5 mM imidazole, and 1 mM DTT) and were then disrupted by sonication on ice. After
centrifugation at 40,000 xg 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-HCI, pH 7.5, 400 mM NaCl, 50 mM imidazole, and 1 mM DTT), the
asHPAL protein was eluted with buffer C (40 mM Tris-HCI, 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-HCI, 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
AKTA purifier system (GE Healthcare). The proteins were loaded onto a Resource Q 6-ml (GE
Healthcare) column pre-equilibrated with 40 mM Tris-HCI (pH 7.5) at 277 K and were eluted
with a linear gradient of 0—1 M NaCl in 40 mM Tris-HCI (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-HCI (pH 7.5) at 277 K and was concentrated to 10 mg ml™! 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! em™ [53] and a molecular weight of 27,130.

2.2.4 Size-exclusion chromatography

To analyze the oligomeric state of asHPAL, 0.5 ml of purified protein (5 mg ml™!) was
loaded onto a Superdex 200 10/300 GL (GE Healthcare) column equilibrated with 20 mM Tris-
HCI (pH 7.5), 300 mM NaCl, and 1 mM DTT. The flow rate was set at 1 ml min™!. The Gel
Filtration Calibration Kit HMW and Gel Filtration Calibration Kit LMW (GE Healthcare) were

used for column calibration. Each standard protein was dissolved in buffer containing 20 mM
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Tris-HCI (pH 7.5), 300 mM NaCl, and 1 mM DTT. All standard proteins were mixed at final
concentrations of 1.0 mg ml!' each. The solution (0.5 ml) was applied to the size-exclusion

chromatography under the same conditions as asHPAL.

2.2.5 Assay for the stereoselectivity of asHPAL

Both 2-ketobutyrate and acetaldehyde substrates were used to confirm the aldolase activity
of asHPAL. Because the stereoselectivity of asHPAL is known to vary with pH, the reactions
were performed at different pH values (6.0, 7.0, and 8.0) to confirm the pH-dependent
stereoselectivity of asHPAL.

The reaction conditions were as follows: 100 mM 2-ketobutyrate, 100 mM acetaldehyde,
2 mM MgClz, 50 uM PLP, 200 mM L-glutamic acid (L-Glu), 369 nM asHPAL, 369 nM BCAT,
and 20 mM buftfer [bis-tris (pH 6.0), Tris-HCI (pH 7.0), or Tris-HCI (pH 8.0)]. After incubation
at 303 K for 12 h, the reaction was confirmed by high performance liquid chromatography
(HPLC). The reaction solutions were diluted with 40 volumes of acetonitrile and were
incubated with 10 mM 2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl isothiocyanate (GITC) and
80 mM triethylamine (TEA) to derivatize the reaction products for UV detection (Fig. 2-1) [54].

Derivatized solution (20 ul) was loaded onto a CAPCELL C18 MG column (250 mm x
4.6 mm, 5 um; Shiseido) equilibrated with solution A (10 mM KH2POs, pH 2.95) using a
Shimadzu 10ATvp HPLC system. The elution was performed with a linear gradient from 0%
solution A (10 mM KH2POs, pH 2.95) to 80% solution B (100% acetonitrile) for 120 min, and
the flow rate was set at 1.0 ml min''. The enantiomers, (25,3R,4S)-4-HIL and (2S,3R,4R)-4-HIL,
were separately detected with a UV detector (254 nm) as GITC derivatives. The purified
(2S,3R,4S5)-4-HIL (10 mM) was derivatized with GITC and was used as a standard for the

identification of retention time and for quantification. The peak area of the standard was
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compared to those of the derivatized 4-HIL enantiomers produced by asHPAL to determine the
concentrations of the enantiomers.

The fraction eluted at the retention time of 69.5 and 70.8 min was mixed with an equal
volume of methanol and was then injected into the JMS-TIOOLLP time of flight mass
spectrometer (JEOL) equipped with an electrospray ionization (ESI) source (JEOL) to confirm
that each fraction contained 4-HIL. The mobile phase was 100% methanol and was constantly
pumped at 0.50 ml min™'. The conditions for ESI-MS detection were as follows: positive ion
mode; needle voltage, 2,000 V; ring lens voltage, 10 V; orifice 1 voltage, 70 V; orifice 2 voltage,
10 V; desolvation gas temperatures, 523 K; desolvation gas flow, 573 1 h'!; and the orifice 1

temperatures, 353 K. Data were obtained using Mass Center software, MS-56010MP (JEOL).

2.2.6 Crystallization of asHPAL

The purified asHPAL (10 mg ml!) was used for crystallization experiments. Initial
crystallization trials were performed by the sitting-drop vapor diffusion method using sparse-
matrix screening kits: Crystal Screen HT, Index HT (Hampton Research), and Wizard I and 11
(Emerald Biosystems). Each drop was prepared by mixing equal volumes (0.7 pl) of the protein
solution and a reservoir solution and was then equilibrated against 70 pl 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 24-
well Cryschem plates (Hampton Research). Each drop was prepared by mixing equal volumes
(2.0 pl) of the protein solution and a reservoir solution and was then equilibrated against 400 pl

of the reservoir solution at 293 K.
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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 A; collection angle, 180°; oscillation

angle, 0.3°; crystal-to-detector distance, 142 mm; and exposure time, 0.5 sec.

2.2.8 Structure determination and model refinement

The scaled data sets were subsequently processed using the CCP4 software package [55].
Molecular replacement was performed using MOLREP [56] with the coordinates of 4-hydroxy-
2-oxo-heptane-1,7-dioate aldolase (HpcH) from E. coli (45% sequence identity to asHPAL;
PDB ID, 2v5j) [46] as a search model. The automatic chain tracing using ARP-wARP [57] was
used to build almost the entire sequence. Alternate cycles of refinement were performed using
WinCoot [58] and Refmac5 [59]. The final model of asHPAL was evaluated by PROCHECK
[60].

All figures for asHPAL structures were prepared using PyMOL [16]. The search for similar
structures was performed using the Dali server [61], and the RMSD values for superimposed

structures were calculated using the Dali pairwise comparison service [62].
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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 xg 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 anion-
exchange 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

In the size-exclusion chromatography of asHPAL, a major peak was observed at an elution

26



volume from 10.5 ml to 14.5 ml (Fig. 2-4A). The elution volume of the peak top was estimated
to be 12.8 ml, although the peak top was difficult to discern due to the high intensity. Compared
with the elution volume of standard proteins for calibration, the molecular weight of asHPAL
(27.1 k) was calculated to be 160 k in solution (Fig. 2-4B) [63]. The estimated molecular weight

suggested that asHPAL formed a homohexamer in solution.

2.3.3 Stereoselective activity of purified asHPAL

asHPAL catalyzes the aldol reaction between 2-ketobutyrate and acetaldehyde to produce
HMKP. It is difficult to detect HMKP directly because it is unstable. The coupled reaction with
the aminotransferase, BCAT, has been proposed to detect HMKP indirectly (Fig. 2-5) [51]. In
the reaction process, BCAT immediately converts HMKP to 4-HIL, which is a stable compound.
BCAT also produces the byproducts 2-ketoglutarate, 2-aminobutyrate, and 2-ketobutyrate. The
enantioselective detection of 4-HIL in the reaction mixtures was performed using
chromatography with a chiral column, and 4-HIL was acquired for derivatization using GITC.

The chromatogram of the reaction mixture is shown in Fig. 2-6A. Four major peaks were
detected on the chromatogram, which is expected because GITC derivatizes the compounds
with an amino group, thus producing L-Glu (peak 1), (25,3R,4R)-4-HIL (peak 2), (25,3R,45)-
4-HIL (peak 3), and 2-aminobutyrate (peak 4). The peaks were assigned by comparison with
pure (25,3R,45)-4-HIL (Fig. 2-6B), pure L-Glu (Fig. 2-6C), and a control mixture without
acetaldehyde, in which 4-HIL was not produced (Fig. 2-6D). Peaks 2 and 3 were further
analyzed by ESI-TOF-MS (Fig. 2-7 A and B). The results showed a single peak with m/z 537.21,
which was consistent with the m/z value of protonated GITC-4-HIL ([M+H]", m/z 537.21).
These results indicated that the recombinant asHPAL had the ability to produce (35,45)-HMKP

and (3S,4R)-HMKP, which were detected as GITC-(2S,3R,4R)-4-HIL (peak 2) and GITC-
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(2S,3R,4S5)-4-HIL (peak 3), respectively.

Further HPLC analyses were performed on the reaction mixtures at pH 6.0, 7.0, and 8.0
(Fig. 2-8 and Table 2-1). Both of the peaks of GITC-(2S,3R,4R)-4-HIL (peak 2) and GITC-
(2S,3R,45)-4-HIL were observed in the chromatograms, which showed that asHPAL catalyzes
the reaction under pH values from 6.0 to 8.0. The concentrations of each 4-HIL enantiomer
were calculated from the areas of peaks 2 and 3, and the results are summarized in Fig. 2-9. The
ratios of (25,3R,4S5)-4-HIL to (2S,3R,4R)-4-HIL were elevated under decreased pH. These
results are consistent with a previous report in which the activities were detected as the asHPAL

separated from Arthrobacter simplex strain AKU 626 [51].

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 MgClz 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

MgClz at 293 K (Fig. 2-10) for 1 day.

2.3.5 Data collection and structure determination

The crystals obtained at pH 7.7 diffracted X-rays to 1.60 A resolution (Fig. 2-11). The
asHPAL crystals belonged to space group C2, with unit cell parameters a = 116.8 A, b = 88.2
A, c=85.3 A and p = 122.3°. The Matthews coefficient (V) was estimated at 2.17 A’ Da’!
[64], which indicated that the crystals contained three asHPAL molecules per asymmetric unit
with solvent contents of 43.4%.

The structure of asHPAL was determined at 1.60 A resolution by a molecular replacement
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method using the atomic coordinates of HpcH (45% sequence identity to asHPAL; PDB ID,
2v5j) [46] as a search model. After density modification, automated model building, manual
rebuilding and the addition of Mg?" and water molecules using COOT and the CCP4 program
suite, the final crystal structure was refined to Rwork = 17.3% and Rfree = 19.5%. An asymmetric
unit of the crystal contained three asHPAL molecules constituting the residues 1-259, three
Mg?* ions, and 786 water molecules. PROCHECK analysis showed that 94.9% of the residues
were in the most favored region and that the remaining residues were in the additionally allowed

region of a Ramachandran plot. The refinement statistics are summarized in Table 2-2.

2.3.6 Overall structure of asHPAL

asHPAL adopted a (B/a)s triosephosphate isomerase (TIM) barrel fold (Fig. 2-12), which
was characterized by a central barrel formed by parallel B-sheets and 8 a-helices surrounding
the central barrel. There were three asHPAL molecules per asymmetric unit. The 259 Ca atoms
of chains A and B were superposed with a root-mean-square deviation (RMSD) of 0.201 A,
whereas the RMSD between chains A and C was 0.170 A (Fig. 2-13). Mg*" was observed in
the central barrel and was coordinated with oxygen atoms of Glul56, Asp182, and four water
molecules (Fig. 2-14). Because class II aldolases use the divalent metal ion to stabilize the
interaction between substrate and enzymes, the position of Mg?* was considered to be the active
site of asHPAL.

asHPAL adopted a homohexamer conformation, which was formed by the crystallographic
twofold rotational symmetry of an asHPAL homotrimer in an asymmetric unit (Fig. 2-15).
There were predominantly hydrophilic contacts between the two subunits in the homotrimeric
part (Fig. 2-16). The hydrophilic contacts were composed of Ala50, Glu51, His52, Thr59, Pro79,

Argl34, and Arg251 from one subunit and Glu58, Lys87, GIn88, Asp91, and Phel35 from the
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neighboring subunit. The residues Tyr55, Val80, and Pro118 were involved in the hydrophobic
contacts. In the interface between two homotrimeric parts, hydrophilic contacts were also
predominant and were composed of Thr33, Glu36, Arg65, Tyr70, Argl31, and Argl34 on the
domain-swapped helix 8 (Fig. 2-17). The hydrophobic contacts were formed by the residues
Val$, 1le37, Ser40, and Phel35. The homohexamer formation was supported by the results of
size exclusion chromatography (Fig. 2-4) and was considered to contribute to the stabilization
of the asHPAL structure due to the additional contacts among subunits, as mentioned above.
Moreover, the Mg?* was located at the interface between two asHPAL molecules (Fig. 2-18),

indicating that the homohexamer formation may be important in the reaction process.

2.3.7 Structural comparison of asHPAL with the other enzymes of the Hpal/HpcH-

aldolase subfamily

A structural similarity search using the DALI server [61] revealed that the structure of
asHPAL protomer was similar to the enzymes of the Hpal/HpcH-aldolase subfamily, HpcH (Z-
score, 37.5; RMSD, 1.5 A; number of Cq atoms, 257), YfaU (Z-score, 37.5; RMSD, 1.3 A;
number of Cq atoms, 256), and YhaF (Z-score, 37.5; RMSD, 1.2 A; number of Cq atoms, 252)
(Table 2-3). The other proteins with similar structures to asHPAL were HpcH/Hpal aldolase
from Desulfitobacterium (Z-score, 31.2; RMSD, 1.8 A; number of Ca atoms, 249) and
macrophomate synthase from Macrophoma (Z-score, 27.3; RMSD, 2.3 A; number of C atoms,
250). These proteins were classified into the enzymes of the Hpal/HpcH-aldolase subfamily;
however, their functions were not reported. The searched enzymes possessed similar structures
that were composed of the TIM barrel fold (Fig. 2-19). Although the TIM barrel fold is one of
the most common protein folds, the enzymes with the TIM barrel fold showed diverse activities
[65].
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The catalytic mechanisms of HpcH, YfaU, and YhaF have been proposed in previous
reports [43, 44, 46, 47]. The active site of asHPAL was superposed with those of HpcH, YfaU,
and YhaF (Fig. 2-20). asHPAL shared the residues involved in the catalytic reaction of HpcH,
YfaU, and YhaF as His52, Arg77, Glul56, and Asp182 [44, 47], indicating that asHPAL may
have the same reaction mechanism as the Hpal/HpcH-aldolase subfamily. However, asHPAL
has greater stereoselectivity than YfaU or YhaF [35]. In the superposed structures of the active
site, two residues of asHPAL, Phe26 and Asn219, were different from the residues of YfaU and
YhaF. These structural differences may affect the stereoselectivity of the Hpal/HpcH-aldolase

subfamily.
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2.4 Conclusion

The method for asHPAL preparation was established by optimizing expression and
purification conditions. The purified asHPAL was electrostatically homogeneous, and the purity
was estimated to be >98% based on SDS-PAGE. Size-exclusion chromatography showed that
asHPAL adopted a stable homohexamer conformation in solution. The HPLC experiments
using a chiral column indicated that the recombinant asHPAL catalyzed the aldol reaction to
produce two enantiomers of HMKP. The purified protein could then be used in other assays to
characterize its enzymatic activity in detail.

The asHPAL crystals were obtained using the recombinant protein, and the crystal
structure of asHPAL was determined at 1.60 A resolution, which is the highest resolution among
the structures of the enzymes of the Hpal/HpcH-aldolase subfamily. The structure adopted a
(B/a)s triosephosphate isomerase (TIM) barrel fold, and Mg?* was observed in the structure.
Because the Hpal/HpcH-aldolase subfamily uses the divalent metal ion to stabilize the
interaction between substrate and enzymes, the position of Mg?" was predicted to be the active
site of asHPAL. The structure of asHPAL was aligned with those of other Hpal/HpcH-aldolase
subfamily members—HpcH, YfaU, and YhaF. The results showed that the active site residues
were spatially conserved among the aldolases, indicating that the catalytic mechanism of
asHPAL may be similar to that of HpcH, YfaU, and YhaF. However, the differences in
stereoselectivity suggested some differences at the active site of asHPAL compared with those

of the other enzymes. This interesting point will be described in the next chapter.
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Table 2-1 Relative production of the 4-HIL stereoisomers in asHPAL/BCAT
bienzymatic reaction under different pH conditions

4-HIL production (mM)

aldolase pH  (2S3RA4S)-4-HIL  (253R,4S)-4-HIL p?
pH 6 71+0.3 1.1+£0.2 6.5

wild pH 7 8.7+0.6 23+03 3.8
pH 8 6.1£0.5 2.5+0.1 2.4

*The relative production of 4-HIL isomers was calculated as (25,3R,4S5)-4-HIL /
(2S,3R,4S5)-4-HIL.
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Table 2-2 Data collection and refinement statistics of asHPAL.

Data collection
X-ray source
Wavelength (A)

Space group

Unit cell dimensions (A)

©)
Resolution (A)
Observed reflections
Unique reflections
Completeness (%)
Rincas (%)"
1I/o(])

Refinement
Resolution (A)
Rwork / Rfee (%)c

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot (%)
Favored
Additionally allowed
Generously allowed

disallowed

PF BL5A
1.00000

2

a=116.8,b=288.2,c=2853

B=122.3

70.3-1.60 (1.64-1.60)°

350730
95766
99.4 (98.0)*
4.2 (22.5)
19.44 (4.97)°

70.3-1.60
17.3/19.5

0.006
1.072

94.9
5.1

?Values in parentheses are for highest-resolution shell.

® Rieas = Skt [(Zi |[Ii — b)) / Zi | 1]

¢ Rwork = (Znkt ||Fo| - |Fel|) / Zaki |Fo|. Rwork was calculated with 95% of the data used for

refinement, and Rfree was calculated with 5% of the data excluded from refinement.



Table 2-3 Structural alignment of asHPAL and related structures.

) ) Number of C*
. Seq. identity
Protein PDBID  Z-score @ RMSD %) atoms
’ superimposed
2,4-dihydroxyhept-2-
ene-1,7-dioic acid 2v5k 37.5 1.5 45 257
aldolase (HpcH)
2-keto-3-deoxy sugar
2vwt 37.5 1.3 40 256
aldolase (YfaU)
2-dehydro-3-deoxy-
galactarate aldolase 1dxf 37.5 1.2 38 252
(YhaF)
HpcH/Hpal aldolase
from Desulfitobacterium 3qz6 31.2 1.8 27 249
hafniense DCB-2
macrophomate synthase
from Macrophoma lize 27.3 23 22 250
commelinae
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Fig. 2-1 Reaction scheme in the derivatization of amino group using GITC [54]
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Fig. 2-2 Proteins contained in the eluate after purification using Ni-
Sepharose 6 Fast Flow.
Each protein was separated by SDS-PAGE and was visualized by Coomassie

staining.
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Fig. 2-3 Purification of asHPAL using anion-exchange chromatography.
(A) Chromatogram for purification of asHPAL using Resource Q 6-ml column.
(B) Proteins contained in the eluates of the major peak. Each protein was separated by

SDS-PAGE and was visualized by Coomassie staining.
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Fig. 2-4 Oligomeric state of asHPAL in solution.

(A) Chromatogram of purified asHPAL. The proteins were separated using 10/300 GL
column equilibrated with 20 mM Tris-HCI (pH 7.5), 300 mM NaCl and 1 mM DTT.
The elution volume of the major peak was estimated to be 12.8 ml, which corresponds
to the average partition coefficient (Kav) of 0.53.

(B) Calibration curve for calculating molecular weight from the elution volume of the
chromatogram shown in panel (A). The molecular weight of asHPAL is estimated to be

160 k using the calibration curve.
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asHPAL
2-ketobutyrate + acetaldehyde « » HMKP

HMKP + L-Glu

4-HIL + a-ketoglutarate

BCAT
2-ketobutyrate + L-Glu

2-aminobutyrate + 2-ketoglutarate

2-aminobutyrate + HMKP 4-HIL + 2-ketobutyrate

Fig. 2-5 Reactions in the mixture containing asHPAL and BCAT [51].
The reactions were required to detect unstable HMKP as stable 4-HIL.
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Fig. 2-6 HPLC analysis of asHPAL activity using chiral column.

(A) Reaction mixture containing asHPAL, BCAT and other essential compounds for
detecting the asHPAL activity.

(B) Standard solution of (25,3R,45)-4-HIL.

(C) Standard solution of L-Glu.

(D) Control mixture. The constitution was the same as the reaction mixture (A) except
for acetaldehyde. The reaction did not proceeded.

Peak 1, L-Glu; peak 2, (25,3R,4R)-4-HIL; peak 3, (2S,3R,4S)-4-HIL; and peak 4, 2-

aminobutyrate.
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Fig. 2-7 Detection of GITC-4-HIL in the peaks separated by chiral column
(A) MS spectrum of the peak 2 on the chromatogram shown in Fig. 2-6A.

(B) MS spectrum of the peak 3 on the chromatogram shown in Fig. 2-6A.

(C) The structure of GITC-4-HIL.

The derivative was detected with m/z 537.21 as [M+H]".
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Fig. 2-8 HPLC analysis of asHPAL activity using chiral column at the different pH
conditions.

Reaction mixtures were set at pH 6.0 (A), 7.0 (B), and 8.0 (C).

Peak 1, L-Glu; peak 2, (25,3R,4R)-4-HIL; peak 3, (2S,3R,4S5)-4-HIL; and peak 4, 2-

aminobutyrate
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4-HIL production (mM)
IS

pH 7
asHPAL

®m (25,3R,45)-4-HIL ((35,4S)-HMKP)
B (25,3R,4R)-4-HIL ((3S,4R)-HMKP)

Fig. 2-9 pH dependency of 4-HIL enantiomers produced by the sequential
reactions of asHPAL and BCAT
All determinations were performed in triplicate. Error bars show standard

deviations.
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Fig. 2-10 A typical crystal of asHPAL.
The crystal was grown in the reservoir solution containing 100 mM HEPES-Na (pH 7.7),
30% (v/v) PEG 400, and 200 mM MgCl> at 293 K for 1 day.
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Fig. 2-11 X-ray diffraction image obtained from the asHPAL crystal.
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Fig. 2-12 Crystal structure of asHPAL.
asHPAL adopts a (B/a)s triosephosphate isomerase (TIM) barrel fold. Blue sphere

represents the Mg?" ion.
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Fig. 2-13 Superposed structures of three asHPAL molecules in an asymmetric

unit.
asHPAL and Mg?" in the chains A, B and C are shown in white, blue, and green,

respectively. Mg?" is represented with a sphere model.
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Fig. 2-14 Mg?* coordination with the oxygen atoms of Glu156, Asp182, and four
water molecules.
Water molecules are represented by red spheres. Blue mesh showed the 2|Fo|—|F¢| omit

map (1.50).
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Fig. 2-15 Hexameric structure of asHPAL.

(A) Top view of homohexamer conformation of asHPAL. The molecules colored
white, orange and light blue form homotrimer existing in an asymmetric unit.
(B) Side view of homohexamer conformation of asHPAL. The transverse line
shows a crystallographic twofold rotational axis.

Individual chains are shown in different colors.
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Fig. 2-16 Interactions between two subunits of homotrimer existing in an
asymmetric unit.
The residues on a subunit (A) and the neighboring subunit (B) are shown by green

sticks and white sticks, respectively. Cyan lines represent hydrogen bonds.
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Fig. 2-17 Interactions between the domain-swapped helices.

The residues on a domain-swapped helix (A) and the other domain-swapped helix (D)
are shown by green sticks and white sticks, respectively. Cyan lines represent hydrogen
bonds.
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Fig. 2-18 Position of the Mg?* ions between two subunits of homotrimer existing
in an asymmetric unit.
Mg?" ions are represented with sphere models, and are located at the interface of two

subunits as shown by a circle.
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Fig. 2-19 Superposed structures of (A) asHPAL (green) and HpcH (brown),
(B) asHPAL and YfaU (cyan), (C) asHPAL and YhaF (blue), (D) asHPAL and
HpcH/Hpal aldolase (orange), and (E) asHPAL and macrophomate synthase

(pink).
These enzymes share the core structure composed of the TIM barrel fold.
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asHPAL: Phe26

Others: Trp
Glu -

asHPAL: Asn219
Others: Leu

Fig. 2-20 Superposed structures of the active site of asHPAL (green), HpcH
(brown), YfaU (cyan) and YhaF (blue).

These enzymes share five residues essential for the reaction. Two residues of
asHPAL, Phe26 and Asn219, are different from those of the other enzymes.
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Chapter 3

Structural basis for the

stereoselective aldol reaction of
asHPAL
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3.1 Exordium

The structures of enzymes in complex with substrates provide information about their
catalytic mechanisms, including the amino acid residues that interact with substrates and form
the active sites and the binding states of substrates and reaction intermediates in the active site.
However, the enzyme-substrate complex is often unstable due to the progression of the catalytic
reaction and the weak and transient recognition of substrates, which makes it difficult to observe
the substrates/intermediates binding. In these cases, additional kinetic experiments and
computer simulations help us to understand the catalytic mechanisms.

The catalytic mechanism of the Hpal/HpcH-aldolase subfamily in the aldol reaction has
been proposed based on the structure of HpcH (Fig. 3-1) [43, 46, 47], as described in Section
1-4. In the active site, there are four water molecules bound with Mg?*, which is coordinated
by two acidic residues. One of the water molecules also interacts with the catalytic His residue
and is deprotonated to generate a hydroxide ion. The hydroxide ion is speculated to deprotonate
the C3 position of pyruvate to promote nucleophilic enolate formation. The nucleophilic enolate
attacks the electrophilic C1 atom of acetaldehyde. The reaction is completed by the protonation
of the C4 oxygen of the product to form a hydroxyl group. The proposed mechanism helps us
understand the aldol reaction catalyzed by the Hpal/HpcH-aldolase subfamily. However, this
mechanism does not explain the stereoselectivity of the Hpal/HpcH-aldolase subfamily.

This chapter focuses on the mechanism of the stereoselectivity of asHPAL. The crystal
structure of asHPAL in complex with 2-ketobutyrate was determined at 1.58 A resolution. The
structure and additional kinetic data have been improved the catalytic mechanism of asHPAL
as a member of the Hpal/HpcH-aldolase subfamily. On the other hand, simulated docking of
acetaldehyde to the structure of the asHPAL-2-ketobutyrate complex was utilized to analyze
the possible binding mode of acetaldehyde at the active site of asHPAL. The structural basis for
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the stereoselective reaction was predicted based on the binding mode and was validated by
further enzymatic analyses using asHPAL mutants. An additional structure of asHPAL at pH
6.0 was solved to study the mechanism underlying the pH-dependent stereoselectivity. Finally,
mutants were designed to improve the stereoselectivity of asHPAL based on the mechanism of

the stereoselective reaction.
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3.2 Materials and methods

3.2.1 Crystallization of the asHPAL-2-ketobutyrate complex

The protein was prepared according to the same procedure described in Sections 2.2.3 and
2.2.4. The co-crystallization of asHPAL and 2-ketobutyrate was performed by the vapor
diffusion method. Each drop was prepared by mixing equal volumes (2.0 ul) of the protein
solution and the reservoir solution containing 200 mM 2-ketobutyrate, 100 mM HEPES-Na (pH
7.7), 30% (v/v) PEG 400, and 200 mM MgCl2 and was equilibrated against 400 pl of the

reservoir solution without 2-ketobutyrate at 293 K.

3.2.2 Crystallization of the asHPAL-2-ketobutyrate-acetaldehyde complex

The crystals were prepared by the method described in Section 3.2.1 and were soaked in
the reservoir solution containing 200 mM acetaldehyde, 100 mM HEPES-Na (pH 7.7), 30%
(v/v) PEG 400, 200 mM MgClz, and 200 mM 2-ketobutyrate. The soaking time was 5, 30, or

60 min.

3.2.3 Crystallization of asHPAL at pH 6.0

asHPAL exhibits a higher stereoselectivity toward (35,4S)-HMKP at pH 6.0 than at pH 7.0
or 8.0. asHPAL crystals were obtained at pH 6.0 to study the mechanism of pH dependency.
The protein was prepared according to the same methods described in Sections 2.2.3 and 2.2.4.
Purified asHPAL was dialyzed against 20 mM Bis-Tris (pH 6.0) at 277 K and was concentrated
to 10 mg ml™!' using a Vivaspin 20 concentrator (Molecular weight cutoff, 5 k; hydrozart
membrane; Vivascience) at 277 K. Initial crystallization trials were performed by the sitting-
drop vapor diffusion method using the following sparse-matrix screening kits: Crystal Screen
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HT, Index HT (Hampton Research), and Wizard I and II (Emerald Biosystems). Each drop was
prepared by mixing equal volumes (0.7 pl) of the protein solution and a reservoir solution and
was then equilibrated against 70 pl of the reservoir solution at 277 K 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 24-well Cryschem plates
(Hampton Research). Each drop was prepared by mixing equal volumes (2.0 pul) of the protein
solution and a reservoir solution and was then equilibrated against 400 pl of the reservoir

solution at 293 K.

3.2.4 Data collection and processing

Each asHPAL crystal was picked up in a nylon loop (Hampton Research) and was
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).

For the asHPAL crystals obtained in the presence of 2-ketobutyrate, the X-ray diffraction
data set (360 images) was collected with synchrotron radiation and an ADSC Quantum 210
detector on BL-26B2 at SPring-8 (Hyogo, Japan). The parameters of data collection were as
follows: wavelength, 1.0000 A; total collection angle, 180°; oscillation angle, 0.5°; crystal-to-
detector distance, 150 mm; and exposure time, 3.7 sec. The diffraction data sets were indexed,
integrated, and scaled with the XDS Program Package [66].

For the asHPAL-2-ketobutyrate crystals soaked with acetaldehyde, the X-ray diffraction
data set (360 images) was collected with synchrotron radiation and an ADSC Quantum 210
detector on BL-26B2 at SPring-8 (Hyogo, Japan). The parameters of data collection were as

follows: wavelength, 1.0000 A; total collection angle, 180°; oscillation angle, 0.5°; crystal-to-
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detector distance, 150 mm; and exposure time, 1.0 sec. All data sets of the crystals soaked for
different times were collected to confirm whether acetaldehyde was bound to asHPAL. The
diffraction data sets were indexed, integrated, and scaled with the XDS Program Package [66].

The X-ray diffraction data set (360 images) of the asHPAL crystals obtained at pH 6.0 was
collected with an FR-E SuperBright rotating anode generator (Rigaku) and an R-AXIS VII
detector (Rigaku). The parameters of data collection were as follows: wavelength, 1.54 A (Cu
Ka); total collection angle, 180°; oscillation angle, 0.5°; crystal-to-detector distance, 150 mm;
and exposure time, 60 sec. The diffraction data sets were indexed, integrated, and scaled with

the XDS Program Package [66].

3.2.5 Structure determination and refinement.

Subsequent data processing was performed using the CCP4 software package [55].
Molecular replacement was achieved using the coordinate of asHPAL, which was determined
in Section 2.3.5, as a search model with the MOLREP [56]. ARP-wARP [57] was used to
perform the automatic chain tracing to build almost the entire sequence. Alternate cycles of
refinement were conducted using WinCoot [58] and Refmac5 [59]. PROCHECK [60] was used
to evaluate the refinement results. Figures were prepared using PyMOL [16]. The RMSD values

for superimposed structures were calculated using Dali pairwise comparison service [62].

3.2.6 Docking simulation of acetaldehyde

All computer simulations were performed using the program suite MOE [67]. The crystal
structure of the asHPAL-2-ketobutyrate complex was used as a starting model for the
simulations. All water molecules were removed from the model, and the hydrogen atoms were
then generated with the Protonate3D module of MOE program. MMFF94x forcefield was used
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for the energy minimization. A series of minimizations was performed using the Energy
Minimize module with the Tether Atoms set as Heavy, which means that the forcefield is
applied to non-hydrogen and non-lone pair atoms.

Site Finder [68] module was used to find the potential binding site of acetaldehyde, and
the site located near Mg?*, His52, and Arg77 was chosen for the simulated docking of
acetaldehyde. The docking simulations for acetaldehyde at the selected site were performed
using the ASEDock [69] module in which the forcefield was set to MMFF94x. In the simulation,
the docking models were roughly searched with the following parameters: cutoff, 4.5 A; RMS
gradient, 10 kcal mol' A''; and energy threshold, 500 kcal mol™'. The binding mode of each
model was optimized by energy minimization with the following parameters: lowest energy, 5
kcal mol!; cutoff, 8 A; and RMS gradient, 0.1 kcal mol! A", The obtained docking models

were evaluated by the U _dock value, which corresponds to the docking energy.

3.2.7 Site-directed mutagenesis

For the preparation of asHPAL mutants (H52L, R77L, D91L, F26W, F26L, F26Y, and
F26N/N219Y), PCR-based site-directed mutagenesis was performed using PrimeSTAR Max
DNA Polymerase (Takara). The plasmid for the expression of asHPAL (Section 2.2.1) was used
as template. The mutagenic primers were purchased from Operon, and their sequences are
summarized in Table 3-1. The PCR was performed with the following cycle parameters: 30
cycles of 98°C for 10 sec, 55°C for 15 sec, and 72°C for 30 sec, followed by cooling to 4°C.
The resulting plasmid was amplified in E. coli XL1-Blue (Stratagene), and was then extracted
from the cells using the Wizard Plus SV Minipreps DNA Purification System (Promega). The
mutation sites were verified by a DNA sequencing service of FASMAC.

The H52L, R77L, and D91L mutants were expressed as soluble proteins according to the
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same method as for the wild-type asHPAL (Section 2.2.3). The F26L, F26W, F26Y, and
F26N/N219Y mutants were overexpressed in E. coli KRX (Promega) harboring the plasmid for
each mutant. The cells were cultivated in LB medium (Merck) containing 30 ug ml™! ampicillin
at 310 K. Expression conditions of asHPAL were optimized by changing the induction
temperatures (291 K, 298 K, and 310 K) and the concentrations of IPTG (final concentration,
0.1 mM, 0.25 mM, 0.5 mM, and 1.0 mM). Cell lysate was separated by centrifugation and
analyzed by SDS-PAGE. The condition to obtain the most soluble and least insoluble target
protein was chosen for the extensive expression of asHPAL.

All of the asHPAL mutants were purified using the same method as for the wild-type

asHPAL (Section 2.2.4).

3.2.8 Kinetics studies of asHPAL and its mutants

Conventional ultraviolet, visible, and fluorescence spectrophotometry cannot be used for
the kinetics studies of asHPAL because 2-ketobutyrate, acetaldehyde, HMKP, and 4-HIL have
no characteristic chromophores in their structures. The a-proton signals of 2-ketobutyrate and
acetaldehyde were separately observed in the 'H NMR spectra. The aldol reaction of asHPAL
was measured by observing the signals of the two substrates, 2-ketobutyrate (a-proton, m, 2.77
ppm) and acetaldehyde (o-proton, m, 2.16 ppm), on the '"H NMR spectra of the reaction
solution (Fig. 3-2).

All of the reagents were dissolved in deuterium oxide (D20, 99.9% D, ISOTEC). The
reaction solution was composed of 20 mM MOPS (pD 6.0), 2 mM MgCl, 0.1 mM 3-
(trimethylsilyl)-1-propane-1,1,2,2,3,3-de-sulfonate (DDS-ds) as a quantitative standard, 369
nM asHPAL, and the different concentrations of 2-ketobutyrate and acetaldehyde (Table 3-2).

After adding the enzyme to the reaction solution to initiate the reaction, the solution (600 pl)
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was immediately moved into a 5-mm NMR tube (Shigemi), and the tube was loaded into the
NMR spectrometer.

The "H NMR spectra were measured using a Varian Unity INOVA-500 spectrometer (500
MHz of 'H observation frequency) equipped with a triple resonance probe (Agilent) at 310 K.
The acquisition parameters were as follows: number of data points, 56 k; spectral width, 7997
Hz; acquisition time, 3.50 s; delay time, 2.0 s; and number of scans, 32. The 'H NMR spectra
of each reaction solution were recorded 12 times every 3 min 36 s over a period of 43 min 12
s. The first acquisition was initiated 10 min after the addition of the asHPAL solution into the
reaction solution. Therefore, the total reaction time was 53 min 12 s. The acquired FID data sets
were converted to 'H NMR spectra by NMRV4 Spectrum software [70]. By comparison with
the signal strength of DDS-ds, remaining substrate concentrations were calculated as integrated
values of the signals.

The reduced substrate concentrations were considered as the produced concentrations of
HMKP. The concentration at each detection time was plotted, and the initial velocity of the
reaction was measured by the linear fitting of the plotted data. The Lineweaver—Burk plot [71]
was used to determine the Km and Vmax of asHPAL, and kcat was calculated using the following
formula [72]:

kcat = Vmax / [ET]

where [ET] is the concentration of asHPAL in the reaction solution.

3.2.9 Assays for the stereoselectivity of asHPAL mutants

The stereoselectivity of asHPAL mutants were analyzed by HPLC using the method
described in Section 2.2.5. The reaction conditions were as follows: 100 mM 2-ketobutyrate,
100 mM acetaldehyde, 2 mM MgClz, 50 uM PLP, 200 mM L-Glu, 369 nM asHPAL, 369 nM

BCAT, and 20 mM bufter [Bis-tris (pH 6.0), Tris-HCI (pH 7.0), or Tris-HCI (pH 8.0)]. After
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incubation at 303 K for 12 h, the reaction was confirmed by HPLC. The reaction solutions
were diluted with 40 volumes of acetonitrile and incubated with 10 mM GITC and 80 mM TEA
to derivatize the reaction products for UV detection [54].

Derivatized solution (20 ul) was loaded onto a CAPCELL C18 MG column (250 mm x
4.6 mm, 5 um; Shiseido) equilibrated with solution A (10 mM KH2POs, pH 2.95) using a
Shimadzu 10ATvp HPLC system. The elution was performed with a linear gradient from 0%
solution A (10 mM KH2POs, pH 2.95) to 80% solution B (100% acetonitrile) for 120 min, and
the flow rate was set at 1.0 ml min~'. The enantiomers, (25,3R,4S)-4-HIL and (25,3R,4R)-4-
HIL, were separately detected with a UV detector (254 nm) as GITC derivatives. The peak area
of the standard was compared to those of the derivatized 4-HIL enantiomers produced by

asHPAL to determine the concentrations of enantiomers.
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3.3 Results and discussion

3.3.1 Crystallographic analyses of asHPAL and its complex with 2-ketobutyrate

The asHPAL crystals were obtained as co-crystals with 2-ketobutyrate (Fig. 3-3A) and
diffracted X-rays to 1.58 A resolution (Fig. 3-4A). The crystal belonged to the space group C2
with the unit cell parameters, a = 116.2 A, b =88.1 A, c=85.1 A, and p = 122.3° (Tables 3-3).
The Matthews coefficients of the crystals were 2.21 A® Da’!, indicating that the crystals
contained three asHPAL molecules per asymmetric unit. However, the electron density of
acetaldehyde cannot be observed despite that the X-ray diffraction data were obtained from the
asHPAL-2-ketobutyrate crystals soaked with acetaldehyde (data not shown).

The asHPAL crystals at pH 6.0 were obtained with the reservoir solution containing 100
mM Bis-Tris (pH 6.0), 1.5 M (NH4)2S04, and 100 mM NaCl at 293 K (Fig. 3-3B). The typical
crystal diffracted X-rays to 2.15 A resolution (Fig. 3-4B) and belonged to the space group P1
with the unit cell parameters a = 125.3 A, b=1253 A, c=129.9 A, a =95.3°, f = 122.3°, and
y = 93.3° (Tables 3-4). The Matthews coefficients of the crystals were 2.19 A3 Da’!, indicating

that the crystals contained three asHPAL molecules per asymmetric unit.

3.3.2 Crystal structure of asHPAL-2-ketobutyrate complex

The structure of the asHPAL-2-ketobutyrate complex was determined at 1.58 A resolution
and was refined to an Rwork of 18.2% and an Riree 0f 20.0%. Clear electron density was observed
for 2-ketobutyrate, which enabled the model building of 2-ketobutyrate (Fig. 3-5). Finally, an
asymmetric unit of the crystal contained three asHPAL molecules constituting the residues 1—
259, three Mg?* ions, three 2-ketobutyrate molecules, and 705 water molecules. SFCHECK

analysis showed that 95.0% of all of the residues were in the most favored region and that the
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remaining residues were in the additionally allowed region of a Ramachandran plot. The
refinement statistics are summarized in Table 3-3.

There is no significant change in the overall structures of asHPAL or the asHPAL-2-
ketobutyrate complex (Fig. 3-6A, Co RMSD of 0.076 A). However, Mg?* and the side chain of
Glul56 and Asp182 moved toward 2-ketobutyrate because the complex formation also required
the interaction between 2-ketobutyrate and Arg77 (Fig. 3-6B). The active site of the asHPAL-
2-ketobutyrate complex is shown in Fig. 3-7. Two water molecules (W2 and W3) were
coordinated with Mg?*, and the O2 and O3 atoms of 2-ketobutyrate also interacted with Mg?*
by coordination bonds (2.2 A and 2.1 A, respectively). The water molecule W3 formed
hydrogen bonds with the N1 atom of His52 (3.3 A) and the O3 atom of 2-ketobutyrate (3.0 A).
The N2 atom of His52 interacted with the side chain of Asp91 (2.6 A) on an adjacent asHPAL
molecule through a hydrogen bond. The N1 and N2 atoms of Arg77 formed hydrogen bonds
with the O3 atom of 2-ketobutyrate (2.8 A) and water molecule W4 (2.9 A), respectively. These
hydrogen bonding networks may be important for the catalytic reaction of asHPAL because all
networks were formed among 2-ketobutyrate, Mg?*, and the catalytic residues proposed in the

Hpal/HpcH-aldolase subfamily—His52, Arg77, and Asp91.

3.3.4 Docking simulation of acetaldehyde

Although I tried to determine the crystal structure of asHPAL in complex with 2-
ketobutyrate and acetaldehyde, no electron density of acetaldehyde was observed in the
obtained crystallographic data (data not shown). Thus, a docking simulation was used to
analyze the possible binding mode of acetaldehyde in the active site of asHPAL. Simulated
docking models were selected by the U dock score. The lower score means that the binding

model is more stable. The top 6 stable binding models of acetaldehyde are shown in Fig. 3-8.
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When the Ol atoms of acetaldehyde were bound to the side chain of Arg77 in the docking
model, the U dock score was remarkably low compared with the U dock scores of other
binding models. The lowest binding model was chosen as the most suitable model of
acetaldehyde among the simulated models.

As shown in Fig. 3-9, the Ol atom of acetaldehyde in model 1 was located at the same
position as the oxygen atom of water molecule W4 (Fig. 3-7), which suggested that the O1 atom
of acetaldehyde formed a hydrogen bond with the N2 atom of Arg77 (3.1 A). The distance
between the C3 atom of 2-ketobutyrate and the C1 atom of acetaldehyde is 3.1 A, which is close
enough to catalyze the aldol reaction. In addition, the methyl group of acetaldehyde was
oriented toward the phenyl ring of Phe26, and a n—CH interaction was predicted to be formed

between them.

3.3.5 Kinetics studies of asHPAL

In this study, NMR measurements were used to analyze the kinetics of the enzymatic
reaction of asHPAL. As shown in Fig. 3-10, the concentrations of 2-ketobutyrate and
acetaldehyde linearly decreased under the optimized reaction conditions, which confirmed that
the initial consumption rates of substrates could be estimated as the initial reaction rate of
asHPAL by the NMR method. The residues His52, Arg77, and Asp91 were connected with the
substrates through hydrogen bonds. Their roles in the catalytic reaction were evaluated by
changes in the kinetic parameters of their mutations. Lineweaver—Burk plots of asHPAL and its
mutants were drawn by the initial reaction rates measured at different concentrations of the
substrates 2-ketobutyrate and acetaldehyde (Figs. 3-11, 3-12, 3-13, and 3-14). The kinetic
parameters calculated from the plots are summarized in Tables 3-5 and 3-6.

The kinetic parameters toward 2-ketobutyrate showed that the kcar value of the H52L
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mutant was reduced to nearly zero but that the Km value showed no significant change (Table
3-5). The results suggest that His52 is an essential catalytic residue but not the residue for 2-
ketobutyrate binding. In the proposed catalytic mechanism of HpcH and YhaF, the histidine
residue corresponding to asHPAL His52 is considered to be a catalytic residue for the
deprotonation of a water molecule in the initial step of the catalytic reaction, which was
supported by the kinetic data of the H52L mutant in the present study of asHPAL. Compared
with wild-type asHPAL, the kcat values of R77L decreased to 20% and 6% toward 2-
ketobutyrate (Table 3-5) and acetaldehyde (Table 3-6), respectively. The Km value toward 2-
ketobutyrate did not change by the R77L mutation, but the mutation caused a 12-fold increase
of the Km value toward acetaldehyde. These results indicate that Arg77 affects both the catalytic
rate and acetaldehyde binding, which is supported by the results of docking simulations.
However, the decreased kcat value and no change of the Km value in the D91L mutant
demonstrated that Asp91 was the residue involved in the control of the catalytic rate (Table 3-
6). These data suggest that the formation of a hydrogen bond between His52 and Asp91 could
enhance the catalytic potential of His52 as an intersubunit His52-Asp91 dyad. These kinetic
data further detail the roles of His52, Arg77, and Asp91 in the aldol reaction of the Hpal/HpcH-

aldolase subfamily [43, 44, 46, 47].

3.3.6 Improved catalytic mechanism of the Hpal/HpcH-aldolase subfamily

Based on the crystal structure, docking simulation, and kinetics, I propose the catalytic
mechanism of asHPAL (Fig. 3-15), which could improve upon the mechanism proposed in
previous reports [43, 44, 46, 47]. The significant decreases of the kcat values of H52L and D91L
indicate that the catalytic dyad of His52 and Asp91 has a potential promoting effect on the

deprotonation of a water molecule (W3). In the previously proposed model, the water molecule,
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which is deprotonated by the histidine residue, directly attacks the C3 atom of 2-ketobutyrate
and then promotes the enolate formation of 2-ketobutyrate [44, 47]. However, in the structure
of the asHPAL-2-ketobutyrate complex, the distance between the water molecule (W3)
connected with His52 and the C3 atom of 2-ketobutyrate is too far for the W3 molecule to attack
the C3 atom (4.4 A). The electron density of W4 molecule was observed only in the structure
of asHPAL. This water molecule (W4) located near the C3 atom of 2-ketobutyrate (3.3 A)
interacted with the W3 molecule (2.9 A). His52 could abstract a proton (H") from the C3 atom
of 2-ketobutyrate through the W3 and W4 molecules, to promote the enolate formation of 2-
ketobutyrate. Docking simulation and kinetic parameters showed that the Ol atom of
acetaldehyde bound to the N1 atom of Arg77, which is shared as the binding site of the W4
molecule, and therefore, the W4 molecule could be substituted by the O1 atom of acetaldehyde.
In this case, the distance from the C1 atom of acetaldehyde to the C3 atom of 2-ketobutyrate
was 3.1 A, which is near enough to allow nucleophilic attack from the enolate form of 2-
ketobutyrate to acetaldehyde. The interaction between Arg77 and two substrates could stabilize
the reaction intermediate and ensure that the reaction proceeds. The O4 atom of the intermediate
accepts a proton from the N1 atom of His52 through the water molecule W3, thus completing
the reaction cycle.

As shown in Fig. 3-16, 2-ketobutyrate immediately converts to the enolate form by
supporting the catalytic His52-Asp91 dyad through water molecules in the first step of the
reaction. In the enolate form, the O3 atom is negatively charged, which is preferable for
coordinating Mg?*. However, the reaction product HMKP adopts the keto form and thus
decreases the nucleophilicity of the O3 atom. Thus, the binding of HMKP at the active site is
weaker than that of the substrate 2-ketobutyrate, which may enhance the turnover rate of the

aldol reaction.
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3.3.7 Structural basis for stereoselectivity

Docking simulations suggested that the methyl group of acetaldehyde formed a n—CH
interaction with the phenyl ring of Phe26 (Fig. 3-9). This interaction appears to ensure the
particular direction of the methyl group of acetaldehyde. In the binding model of acetaldehyde
with the lowest U _dock score (Fig. 3-9), the orientation of acetaldehyde is suitable to react with
the nucleophilic enolate for a preferable (35,45)-HMKP production. As described in Section
2.3.7, asHPAL has a phenylalanine residue near the active site, but the corresponding residue is
substituted by tryptophan in the other the Hpal/HpcH-aldolase subfamily enzymes YfaU and
YhaF (Fig. 3-17).

To evaluate the effect of Phe26 on stereoselectivity, the F26W and F26L mutants were
tested using the HPLC assay for chiral separation. The activities of these mutants were observed
as the peaks of GITC-4-HIL enantiomers on the chromatograms (Figs. 3-18 and 3-19). As
shown in Fig. 3-20 and Table 3-8, the stereoselectivity of asHPAL toward (35,4S5)-HMKP was
decreased by the F26W and F26L mutations at the tested pH conditions. The ratios of
(2S5,3R,4S5)-4-HIL to (2S,3R,4R)-4-HIL were 1.0 (5.2 to 5.3, pH 6.0), 1.3 (6.7 to 5.2, pH 7.0),
and 2.0 (6.1 to 3.1, pH 8.0) in the F26W mutant. The results were similar to the
stereoselectivities of YfaU and YhaF (Fig. 1-3), which possess the tryptophan residue at the
position corresponding to asHPAL Phe26. In addition, the F26L. mutant of asHPAL exhibited
no stereoselectivity toward the two enantiomers (35,45)-HMKP and (3S5,4R)-HMKP. It was
concluded that the stereoselectivity of asHPAL was primarily governed by the phenyl ring of
Phe26.

The stereoselectivity of asHPAL varies with pH; however, the mechanism remains unclear.
To obtain a structural basis for the pH dependency, the asHPAL structure at pH 6.0 was

determined at 2.15 A resolution and was refined to an Rwork of 19.5% and an Riree of 23.3%.
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Finally, an asymmetric unit of the crystal contained three asHPAL molecules consisting of the
residues 1-259 and 621 water molecules. SFCHECK analysis showed that 93.8% of all the
residues were in the most favored region and that the remaining residues were in the
additionally allowed region of a Ramachandran plot. The refinement statistics are summarized
in Table 3-4.

The overall structure and the residues around the active site were compared between the
asHPAL structures at pH 6.0 and pH 7.7. The overall structures showed no significant
differences (Fig. 3-21A, Co RMSD of 0.273 A). In the active site, the orientation of Asp182
was changed in the structure at pH 6.0 (Fig. 3-21B). However, the change was believed to be
caused by the absence of Mg>". Based on the mutational data of Phe26, the stereoselectivity
could be defined by the orientation of acetaldehyde at the active site of asHPAL. The orientation
is affected by Phe26 and Arg77, which are the residues responsible for acetaldehyde recognition.
In general, the pH range from 6.0 to 8.0 does not greatly change electrostatic properties in the
side chains of Phe26 and Arg77. However, the configuration of acetaldehyde is known to be
affected by pH [73]. As a future study, quantum chemistry calculations will be required to

understand the pH dependency of stereospecificity.

3.3.8 Improving the stereoselectivity of asHPAL

Although the exact position of acetaldehyde cannot be confirmed due to the absence of the
structure complexed with acetaldehyde, the distance between the methyl group of acetaldehyde
and the phenyl ring of Phe26 may not be optimal to form the n—CH interaction. To improve the
stereoselectivity of asHPAL, further mutations of the acetaldehyde binding site of asHPAL were
created.

First, the effects of the F26Y mutation on stereoselectivity were evaluated. The n—~CH
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interaction may be changed by introducing a hydroxyl group on the phenyl ring. The HPLC
analysis of reaction mixtures containing the F26Y mutant showed a nearly identical pattern as
the wild-type asHPAL (Fig. 3-22). The ratios of (25,3R,4S5)-4-HIL to (2S,3R,4R)-4-HIL were
5.8(6.9t01.2,pH 6.0),3.2(7.9t02.5,pH 7.0), and 2.3 (6.3 to 2.7, pH 8.0) (Fig. 3-25 and Table
3-8). The results showed that the hydroxyl group did not improve the stereoselectivity of
asHPAL toward (35,45)-HMKP.

Next, I focused on Asn219 as a mutation site. The phenyl ring introduced by the N219F
mutation might form a n—CH interaction with the methyl group of acetaldehyde. However, it
was predicted that the phenyl ring could cause steric hindrance with the phenyl ring of Phe26.
To avoid such a steric hindrance, the N219Y/F26N double mutant was designed. The side-chain
amino group of Asn26 may interact with the hydroxyl group of Tyr219 through a hydrogen
bond (Fig. 3-23), which may allow the side-chain conformation of Tyr219 to form the n—~CH
interaction with the methyl group of acetaldehyde. The HPLC analyses of the N219Y/F26N
mutant showed that the ratio of (25,3R,4S5)-4-HIL to (25,3R,4R)-4-HIL was increased to 10.2
(5.1t0 0.5) at pH 6.0 (Figs. 3-24 and 3-25). The kinetic parameters of the N219Y/F26N mutant
were measured toward 2-ketobutyrate and acetaldehyde by NMR at pH 6.0 (Fig. 3-26 and Table
3-7). The kcat value of the N219Y/F26N mutant was almost the same as that of the wild-type
asHPAL. However, the Km value toward acetaldehyde was decreased to ~70% of the wild-type
enzyme, indicating that the interaction between asHPAL and acetaldehyde was enhanced by the
N219Y/F26N mutation. This result may imply that the mutant forms a more suitable n—CH

interaction.
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3.4 Conclusion

The structure of asHPAL in complex with 2-ketobutyrate was determined at 1.58 A
resolution, which revealed the binding mode of 2-ketobutyrate at the active site. The possible
binding mode of acetaldehyde was predicted by docking simulation. Based on these structural
findings and the detailed kinetic data, there are three active-site residues involved in
acetaldehyde binding (Arg77) and the catalytic reaction (His52, Arg77, and Asp91). The kinetic
data also demonstrated that these residues do not affect 2-ketobutyrate binding, indicating that
the Mg?" coordination is critical for the binding.

Here, the catalytic mechanism of asHPAL was proposed as follows (Fig. 3-15): (1) The
proton (H") at the C3 atom of 2-ketobutyrate is abstracted by the His52-Asp91 catalytic dyad
through the water molecules W3 and W4, and then 2-ketobutyrate forms the nucleophilic
enolate; (2) Acetaldehyde is replaced with the W4 molecule to interact with Arg77; (3) Attack
of the nucleophilic enolate on the electrophilic C1 atom of the acetaldehyde leads to the
formation of the intermediate form of HMKP; and (4) The C4 oxygen of the HMKP
intermediate captures a proton from His52 through the water molecule W3 to form a hydroxyl
group.

The present structural findings also showed that Phe26 could be the residue involved in
the stereoselectivity of asHPAL. The loss of stereoselectivity in the F26 W and F26L mutants
indicated that Phe26 controlled the stereoselectivity to preferably produce (2S,3R,45)-4-HIL in
the coupled reaction with BCAT. Based on the structure, the stereoselectivity of asHPAL was
successfully improved by the N219Y/F26N double mutation. However, no differences were
observed between the structures determined at pH 6.0 and 7.7, which suggested that quantum

chemistry approaches may be required to understand the pH dependency of stereoselectivity.
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Table 3-1 Mutagenic primers.?

Mutants

Forward primer

Reverse primer

H52L
R77L
D91L
F26W
F26L
F26Y
F26N
N219Y

5-gcecgageteteeccttacggecttgaa-3
S-gtggtactgattccagtcaacgacaca-3
5-tacctgetettgggtecgcaaaacctc-3
5-ggactctggatctcgtcgggctcggaa-3
5-ggactcttgatctcgtcgggctcggaa-3
5-ggactctacatctcgtcgggcteggaa-3
5-ggactcaacatctcgtcgggeteggaa-3
5-ggcatctatgccttcaatctcgeacaa-3

5-aggggagagctcggcatcgataagecag-3
5-tggaatcagtaccactggggtagcagg-3
5-acccaagagcaggtactgcttgatcag-3
5-cgagatccagagtcctacctgegceact-3
5-cgagatcaagagtcctacctgegeact-3
5-cgagatgtagagtcctacctgecgcact-3
5-cgagatgttgagtcctacctgegeact-3
5-gaaggcatagatgccaacgagcettgee-3

¥ abeled bases are the variation locus.
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Table 3-2 Concentrations of 2-ketobutyrate and acetaldehyde used for
kinetics studies of asHPAL.

Concentration (mM)

Substrate 2-Ketobutyrate Acetaldehyde
100 100
50 100
2-ketobutyrate 33 100
25 100
20 100
100 100
100 50
acetaldehyde 100 33
100 25
100 20
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Table 3-3 Data collection and refinement statistics of asHPAL-2-ketobutyrate

complex.

Data collection
X-ray source
Wavelength (A)
Space group
Unit cell dimensions (A)

©)

Resolution (A)
Observed reflections
Unique reflections
Completeness (%)
Rumeas (%)°
1/o(1)

Refinement

Resolution (A)

Rwork / Rfree (%)°

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot (%)
Favored
Additionally allowed
Generously allowed

disallowed

SPring-8 BL26B2
1.00000
C2
a=116.2,b=288.1,c=285.1
p=1223
20.00-1.58 (1.60-1.58)*
355489
96467
98.5 (96.8)*
4.3 (14.8)
26.84 (5.84)*

20.0-1.58

18.2/20.0
0.006
1.079

95.0
5.0

?Values in parentheses are for highest-resolution shell.

® Rieas = Skt [(Zi |[Ii — D) / Zi | 1]

¢ Rwork = (Znki ||[Fol| - |Fe||) / Znki |[Fo|. Rwork was calculated with 95% of the data used for

refinement, and Rfree was calculated with 5% of the data excluded from refinement.



Table 3-4 Data collection and refinement statistics of asHPAL at pH 6.0.

Data collection
X-ray source
Wavelength (A)
Spacegroup
Unit cell dimensions (A)

©)

Resolution (A)
Observed reflections
Unique reflections
Completeness (%)
Rumeas (%)°
I/o(1)

Refinement

Resolution range (A)

Rwork / Rfree (%)°

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot (%)
Favored
Additionally allowed
Generously allowed

disallowed

FR-E SuperBright
1.00000
Pl
a=1253,b=1253,¢c=129.9
a=953,=1223,y=933
20.0-2.15 (2.20-2.15)*
792458
423517
97.0 (96.1)*
5.2(23.3)*
18.63 (4.36)*

20.0-2.15

19.5/23.3
0.013
1.156

93.8
6.9

#Values in parentheses are for the highest-resolution shell.

® Rieas = Skt [(Zi |[Ii — D) / Zi | 1]

¢ Rwork = (Znkt ||Fo| - |Fe||) / Zaki |Fo|. Rwork was calculated with 95% of the data used for

refinement, and Rfree was calculated with 5% of the data excluded from refinement.



Table 3-5 Kinetic parameters toward 2-ketobutyrate.

Km (mM) keat (s
Wild type 255+2.5 2132 +7.7
H52L 273+ 1.5 11.7+0.2
R77L 29.0+0.3 431+ 1.1
DIIL 232+3.7 113.2+6.3
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Table 3-6 Kinetic parameters toward acetaldehyde.

Km (mM) kcat (S-l)
Wild-type 24.1+4.3 230.6 £ 14.3
R77L 3103 +17.2 15.7+0.5
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Table 3-7 Kinetic parameters of N219Y/F26N mutant toward 2-
ketobutyrate and acetaldehyde.

Km (mM) kcat (S-l)
2-Ketobutyrate 24.1+2.7 196.8 £ 8.5
Acetaldehyde 16.7+0.3 203.1+£3.2
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Table 3-8 Relative production of the 4HIL stereoisomers in asHPAL/BCAT bienzymatic

reaction dependent on the reaction pH

4-HIL production (mM)

aldolase pH (2S,3R,4S)-4-HIL (2S,3R,4S)-4-HIL p!

pH 6 7.1+0.3 1.1+0.2 6.5

Wild pH 7 8.7+0.6 23+0.3 3.8
pH 8 6.1+£0.5 2.5+0.1 2.4

pH 6 52+0.3 53+£0.2 1.0

F26W pH 7 6.7+0.5 52+0.3 1.3
pH 8 6.1+0.3 3.1+£0.1 2.0

pH 6 53+0.5 5.1+£0.6 1.0

F26L pH 7 7.5+0.6 7.3+0.5 1.0
pH 8 57+0.3 53+03 1.1

pH 6 6.9+0.3 1.2+0.2 5.8

F26Y pH 7 7.9+0.6 25+0.3 3.2
pH 8 6.3+0.5 2.7+0.1 23

pH 6 51+0.5 0.5+0.1 10.2
N219Y/F26N  pH 7 6.3+0.7 1.3+0.3 4.8
pH 8 6.4+09 2.1+0.3 3.0

IThe relative production of 4HIL isomers was calculated as [2S, 3R, 4S]/[2S, 3R, 4R].
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Fig. 3-1 Proposed catalytic mechanism of the Hpal/HpcH-aldolase subfamily based on the
structure of HpcH.

(a) The Mg?*-bound water is activated to hydroxide ion by His. (b) The hydroxide ion abstracts
a proton from the C3 atom of pyruvate to generate the nucleophilic enolate. (¢) The nucleophilic
enolate attacks the electrophilic carbon of the acetaldehyde acceptor. (d) The C4 oxygen is
protonated by His to form the hydroxyl group. (¢) The enzyme adopts a ground state, and
catalytic cycle is completed by producing HMKP.
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Fig. 3-2 'H NMR spectrum of asHPAL reaction solution.
"H NMR signals shown by the arrows were used for quantification.
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Fig. 3-3 asHPAL crystals in the presence of 2-ketobutyrate or at pH 6.0.

(A) Crystals of asHPAL obtained as co-crystals with 2-ketobutyrate.The crystal was
grown in the reservoir solution containing 100 mM HEPES-Na (pH 7.7), 30% (v/v)
PEG 400, 200 mM MgClz, and 200 mM 2-ketobutyrate at 293 K for 1day.

(B) Crystals of asHPAL at pH 6.0. The crystal was grown in the reservoir solution
containing 100 mM BIS-TRIS (pH 6.0), 1.5 M (NH4)2SO4, and 100 mM NaCl at 293 K
for 2 days.
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Fig. 3-4 X-ray diffraction images obtained from the asHPAL crystals obtained
in the presence of 2-ketobutyrate (A) and at pH 6.0 (B).
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Fig. 3-5 Structure of the active site of asHPAL-2-ketobutyrate complex.
Clear electron density was observed for 2-ketobutyrate molecule, Mg?**, 4 water

molecules, and residues near the active site. Blue mesh showed the 2|Fo|-|F¢| omit map
(1.50).
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Glu156 2-ketobutyrate

<A3n21 9

Fig. 3-6 Comparison between the structures of asHPAL and its complex with 2-
ketobutyrate.

(A) The structural alignment of asHPAL (green) and asHPAL-2-ketobutyrate complex
(cyan). There is no significant change in the overall structures of asHPAL and asHPAL-
2-ketobutyrate complex (Co RMSD of 0.076 A).

(B) The structural alignment of active site of asHPAL (green) and asHPAL-2-
ketobutyrate complex (cyan). Mg?" and the side chain of Glul56 and Asp182 moves
toward 2-ketobutyrate because the complex formation also required the interaction

between 2-ketobutyrate and Arg77. Mg?" ions are represented by spheres.
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Asn219 F)

Fig. 3-7 Active site of the asHPAL-2-ketobutyrate complex.
Mg?" ion (green) and water molecules (red) are represented with sphere models. Hydrogen

bonds are represented by black dashed lines.
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-3.67 Fo—= -3.11 NH=

Fig. 3-8 Top 6 of the stable binding models of acetaldehyde.

(A) Model 1; (B) Model 2; (C) Model 3, (D) Model 4; (E) Model 5; and (F) Model 6.
The values show U_dock scores (kcal mol ™), which are calculated by U ele (electric
energy)+U vdw (van der Waals energy)+U_solv (Solvation energy)+U _strain (Strain
energy)]. Mg?* ions and acetaldehydes are represented by spheres and yellow sticks,

respectively.

90



Glu156

o1

Phe26
’ Asn219

Fig. 3-9 Probable binding mode of acetaldehyde at the active site of asHPAL.
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Fig. 3-10 Time-dependent signal changes of 2-ketobutyrate (A) and acetaldehyde (B).
Concentrations of 2-ketobutyrate and acetaldehyde were linearly decreased under the optimized
reaction conditions.
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Fig. 3-11 Time-dependent HMKP production by asHPAL and its mutants.

(A) Wild type; (B) H52L mutant; (C) R77L mutant; and (D) D91L mutant.

The reduced 2-ketobutyrate concentrations are considered as the produced concentrations of
HMKP. All determinations were performed in triplicate. Error bars show standard deviations.
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Fig. 3-12 Time-dependent HMKP production asHPAL and the R77L mutant.
(A) Wild type; and (B) R77L mutant.
The reduced acetaldehyde concentrations are considered as the produced concentrations of

HMKP. All determinations were performed in triplicate. Error bars show standard deviations.
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Fig. 3-13 Lineweaver—Burk plots for kinetic analysis of asHPAL and its mutants.

(A) Wild type; (B) H52L mutant; (C) R77L mutant; and (D) D91L mutant.
The reduced 2-ketobutyrate concentrations are considered as the produced concentrations

of HMKP. All determinations were performed in triplicate. Error bars show standard

deviations.
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Fig. 3-14 Lineweaver—Burk plots for kinetic analysis of asHPAL and R77L mutant
at varying concentrations of HMKP.

(A) Wild type; (B) R77L mutant.

The reduced 2-ketobutyrate concentrations are considered as the produced concentrations
of HMKP. All determinations were performed in triplicate. Error bars show standard

deviations.
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Fig. 3-15 Proposed catalytic mechanism of asHPAL.

(a) The proton (H") at the C3 atom of 2-ketobutyrate is abstracted by the His52-Asp91
catalytic dyad, through the water molecules W3 and W4, and then 2-ketobutyrate forms the
nucleophilic enolate. (b) The W4 molecule is substituted by acetaldehyde. (c) Attack of the
nucleophilic enolate on the electrophilic C1 atom of the acetaldehyde leaded to the formation
of intermediate of HMKP. (d) The C4 oxygen of HMKP intermediate captures a proton from
His52 through the water molecule W3 to form a hydroxyl group. () The enzyme is returned
to its ground state, and the catalytic cycle is completed by producing HMKP.
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Fig. 3-16 Initial state (A) and end state (B) of the reaction catalyzed by asHPAL.
The enolic hydroxyl group is suitable to coordinate Mg?* due to its electronegativity.
Therefore, 2-ketobutyrate with enolic hydroxyl group tends to bind to asHPAL at the
beginning of the reaction. On the other hand, HMKP with hydroxyl group tends to be
released from asHPAL at the end of the reaction.
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asHPAL: His52
YfaU: His
YhaF: His

asHPAL: Phe26
YfaU: Trp
YhaF: Trp

asHPAL: Arg77
YfaU: Arg
YhaF: Arg

asHPAL:Asp182
YfaU: Asp
YfaU: Asp '
asHPAL: Glu156 asHPAL: Asn219
YfaU: Glu YfaU: Leu
YhaF: Glu YhaF: Leu

Fig. 3-17 The structural alignment of asHPAL-2-ketobutyrate (green), YfaU-pyruvate
complex (yellow), and YhaF-pyruvate complex (gray).
These enzymes share four residues essential for the reaction. Two residues of asHPAL, Phe26

and Asn219, are different from the types of residues in the other enzymes.
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Fig. 3-18 HPLC analysis of reaction mixture catalyzed by asHPAL F26W mutant.
Peak 1, L-Glu; peak 2, (2S,3R,4R)-4-HIL; peak 3, (2S,3R,4S)-4-HIL; and peak 4, o-

aminobutyrate.
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Fig. 3-19 HPLC analysis of reaction mixture catalyzed by F26L mutant.
Peak 1, L-Glu; peak 2, (2S,3R,4R)-4-HIL; peak 3, (2S,3R,4S)-4-HIL; and peak 4, o-

aminobutyrate.
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Fig. 3-20 pH dependency of 4-HIL enantiomers produced by the sequential
reactions of asHPAL mutant (F26W or F26L) and BCAT.
All determinations were performed in triplicate. Error bars show standard deviations.
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Fig. 3-21 Structural alignment of asHPAL at pH 6.0 (white) and pH 7.7 (green).
(A) The overall structures shows no significant difference (Co RMSD of 0.273 A).
(B) In the active site, the orientation of Asp182 changed in the structure at pH 6.0. The
change is considered to be caused by the absence of Mg?".
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Fig. 3-22 HPLC analysis of reaction mixture catalyzed by F26Y mutant.
Peak 1, L-Glu; peak 2, (2S,3R,4R)-4-HIL; peak 3, (2S,3R,4S)-4-HIL; and peak 4, o-

aminobutyrate.
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Fig. 3-23 The expected active site of N219Y/F26N mutant.
The side-chain amino group of Asn26 may interact with the hydroxyl group of Tyr219

Acetaldehyde

through a hydrogen bond, which may allow the side-chain conformation of Tyr219 to
form the n—CH interaction with the methyl group of acetaldehyde.
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Fig. 3-24 HPLC analysis of reaction mixture catalyzed by N219Y/F26N mutant.
Peak 1, L-Glu; peak 2, (25,3R,4R)-4-HIL; peak 3, (2S,3R,45)-4-HIL; and peak 4, o-

aminobutyrate.
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4-HIL production (mM)

F26Y N219Y/F26N

® (25,3R,45)-4-HIL ((3S,4S)-HMKP)
O (2S,3R,4R)-4-HIL ((3S,4R)-HMKP)

Fig. 3-25 pH dependency of 4-HIL enantiomers produced by the sequential
reactions of asHPAL mutant (F26Y or N219Y/F26N) and BCAT.
All determinations were performed in triplicate. Error bars show standard deviations.
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Fig. 3-26 Lineweaver—Burk plots for kinetic analysis of N219Y/F26N mutant.

(A) Time-dependent HMKP production by N219Y/F26N mutant towards 2-ketobutyrate.
(B) Lineweaver—Burk plots of N219Y/F26N mutant towards 2-ketobutyrate.

(C) Time-dependent HMKP production by N219Y/F26N mutant towards acetaldehyde.
(D) Lineweaver—Burk plots of N219Y/F26N mutant towards acetaldehyde.

The reduced 2-ketobutyrate or acetaldehyde concentrations are considered as the produced

concentrations of HMKP, respectively. All determinations were performed in triplicate. Error

bars show standard deviations.
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Chapter 4

Mechanism of substrate specificity of
asHPAL
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4.1 Exordium

asHPAL has substrate specificity toward pyruvate and 2-ketobutyrate (Table 1-1). This
narrow substrate specificity restricts the use of asHPAL as a biocatalyst for stereoselective aldol
reactions. The molecular mechanism of this substrate selectivity will provide insight into how
to expand the substrate specificity of asHPAL; however, the mechanism remains unclear. In this
chapter, I describe the structural basis of the substrate specificity of asHPAL, especially the size
of the branched-chain moiety at the C4 position of a-keto acids, and the structure-based design
of asHPAL mutants with expanded substrate specificity toward 4-methyl-2-oxovalerate, an a-
keto acid with an isopropyl group at the C4 position.

The structures of asHPAL in complex with pyruvate, oxamate, and 4-methyl-2-oxovalerate
were determined at 1.97 A, 1.81 A, and 1.60 A resolutions, respectively. These structures
explained the binding mode and chemical properties of the substrates, required for the aldol
reaction to proceed. Based on the structure of the asHPAL-4-methyl-2-oxovalerate complex,
docking simulations were conducted to search for the active-site mutations that would allow 4-
methyl-2-oxovalerate to bind in the same manner as the natural substrates. The expanded
substrate specificities of engineered asHPALs were confirmed by the production of 2-amino-
3-isopropyl-4-oxido-pentanoate, which was converted from 4-methyl-2-oxovalerate by

sequential reaction with BCAT (Fig. 4-1).
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4.2 Materials and methods

4.2.1 Crystallization of asHPAL complexed with pyruvate, oxamate, and 4-methyl-2-

oxovalerate

asHPAL was prepared according to the procedures described in Sections 2.2.3 and 2.2.4,
and the purified asHPAL (10 mg ml™") was used for crystallization experiments. Based on the
co-crystallization conditions of the asHPAL-2-ketobutyrate complex, each compound (pyruvate,
oxamate, and 4-methyl-2-oxovalerate) was added into the protein solution at the final
concentration of 200 mM before crystallization. Each drop was prepared by mixing equal
volumes (2.0 pl) of the protein solution and a reservoir solution containing 100 mM HEPES-
Na (pH 7.7), 30% (v/v) PEG 400, and 200 mM MgCl: using 24-well Cryschem plates for the
sitting-drop vapor diffusion method (Hampton Research). The drops were equilibrated against

400 pl of the reservoir solution at 293 K.

4.2.2 Data collection and processing

Each asHPAL crystal was picked up using a nylon loop (Hampton Research) and was
transferred to a cryoprotectant solution prepared by mixing 76% (v/v) of the reservoir solution
and 24% (v/v) of glycerol. The nylon loop was mounted on the X-ray diffractometer and was
flash-cooled in a liquid nitrogen stream (95 K).

For the asHPAL crystals obtained in the presence of pyruvate or oxamate, the X-ray
diffraction data sets (360 images per a data set) were collected with an FR-E SuperBright
rotating anode generator (Rigaku) and an R-AXIS VII detector (Rigaku). The parameters of
data collection were as follows: wavelength, 1.54 A (Cu Ko); total collection angle, 180°;
oscillation angle, 0.5°; crystal-to-detector distance, 150 mm; and exposure time, 60 sec. The
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diffraction data sets were indexed, integrated, and scaled with the XDS Program Package [66].

For the asHPAL crystal obtained in the presence of 4-methyl-2-oxovalerate, the X-ray
diffraction experiments were performed at the AR-NW12A beamline of Photon Factory
(Ibaraki, Japan). The diffraction data set (600 images) was collected at a wavelength of 1.0000
A using an ADSC Quantum-210 CCD detector. Other parameters were as follows: total
collection angle, 180°; oscillation angle, 0.3°; crystal-to-detector distance, 142 mm; and
exposure time, 1.0 sec. The diffraction data were indexed, integrated, and scaled with HKL.2000

[74].

4.2.3 Structure determination and refinement.

Subsequent data processing was performed using the CCP4 software package [55].
Molecular replacement was achieved using the coordinates of asHPAL as a search model with
the MOLREP [56]. Alternate cycles of refinement were performed using WinCoot [58] and
Refmac5 [59]. PROCHECK [60] was used to evaluate the refinement models. Figures were
prepared using PyMOL [16]. The RMSD values for superimposed structures were calculated

using Dali pairwise comparison service [62].

4.2.4 Docking simulation of 4-methyl-2-oxovalerate

The docking simulations of 4-methyl-2-oxovalerate to asHPAL F177A mutant were
performed using the program suite MOE [67] according to the method described in Section
3.2.6. The crystal structure of the asHPAL-2-ketobutyrate complex was used as a starting model
for the simulations. All water molecules and 2-ketobutyrate were removed from the model, and
the residue Phel77 was then substituted to alanine. All hydrogen atoms were then generated
with the Protonate3D module of the MOE program. MMFF94x forcefield was used for the
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energy minimization, and a series of minimizations was performed using the Energy Minimize
module with the Tether Atoms set as Heavy, which means that the forcefield is applied to non-
hydrogen and non-lone pair atoms.

Site Finder [68] module was used to choose the potential binding site of asHPAL F177A
mutant for 4-methyl-2-oxovalerate, and the site located near Mg?*, His52, and Arg77 was
chosen for the docking simulation of 4-methyl-2-oxovalerate. The docking simulations of 4-
methyl-2-oxovalerate at the selected site were performed using the ASEDock [69] module in
which the forcefield was set to MMFF94x. In the simulation, the docking models were roughly
searched with the following parameters: cutoff, 4.5 A; RMS gradient, 10 kcal mol-1 A!; and
energy threshold, 500 kcal mol™. The binding mode of each model was optimized by energy
minimization with the following parameters: lowest energy, 5 kcal mol'!; cutoff, 8 A; and RMS
gradient, 0.1 kcal mol! A™!. The obtained docking models were evaluated by the U _dock value,

which corresponds to the docking energy.

4.2.5 Site-directed mutagenesis

The site-directed mutagenesis for the F177A and F177A/S181W mutations was performed
using PrimeSTAR Max DNA Polymerase (Takara). The plasmid for the expression of asHPAL
(Section 2.2.1) was used as a template, and the mutagenic primers are shown in Table 4-1. PCR
was performed with the following cycle parameters: 30 cycles of 98°C for 10 sec, 55°C for 15
sec, and 72°C for 30 sec, followed by cooling to 4°C. The resulting plasmid was amplified in
E. coli XL1-Blue (Stratagene), and was then extracted from the cells using the Wizard Plus SV
Minipreps DNA Purification System (Promega). The mutation sites were verified by a DNA
sequencing service of FASMAC. The F117A and F177A/S181W mutants were expressed as

soluble proteins and were purified using the same method as for the wild-type asHPAL
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(Sections 2.2.2 and 2.2.3).

4.2.6 Assay for aldolase activity toward 4-methyl-2-oxovalerate

The aldol reaction of the F177A and F177A/S181W mutants towards 4-methyl-2-
oxovalerate and acetaldehyde was analyzed using ESI-TOF-MS. Each mutant (369 nM) was
incubated in reaction solution containing 20 mM bis-tris-HCI1 (pH 6.0), 100 mM 4-methyl-2-
oxovalerate, 100 mM acetaldehyde, 2 mM MgClz, 50 uM PLP, 200 mM L-Glu, and 369 nM
BCAT for 12 h. BCAT was used to aminate the C3 atom of the product, 3-(1-hydroxyethyl)-4-
methyl-2-oxo-pentanoate, which is unstable in the reaction solution. The reaction process is
illustrated in Fig. 4-1. To observe the production of 2-amino-3-isopropyl-4-oxido-pentanoate,
the reaction solution was mixed with an equal volume of methanol and was then loaded into
the JMS-T100LLP time of flight mass spectrometer (JEOL) equipped with an ESI source
(JEOL). The mobile phase was 100% methanol and was constantly pumped at 0.50 ml min™.
The conditions for ESI-TOF-MS detection were as follows: positive ion mode; needle voltage,
2,000 V; ring lens voltage, 10 V; orifice 1 voltage, 70 V; and orifice 2 voltages, 10 V.
desolvation gas temperatures, 523 K; desolvation gas flow, 573 1 h'; and the orifice 1
temperatures, 353 K. Data were obtained using Mass Center software, MS-56010MP (JEOL).

Kinetics studies on the aldol reaction between 4-methyl-2-oxovalerate and acetaldehyde
were measured using NMR spectroscopy according to the method described in Section 3.2.7
with some modifications. The reaction solution contained different concentrations of 4-methyl-
2-oxovalerate (20, 25, 33, 50, or 100 mM) instead of 2-ketobutyrate. The NMR signals of a-
proton (m, 2.95 ppm) were observed to measure the reduction of 4-methyl-2-oxovalerate during

the reaction (Fig. 4-2).
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4.2.7 Assay for the inhibitory activity of oxamate

The aldol reaction between oxamate and acetaldehyde was observed by the signal
reduction of the compounds in the '"H NMR spectra of the reaction solution according to the
method described in Section 3.2.7 with some modifications. The reaction solution was
composed of 20 mM MOPS (pD 6.0), 2 mM MgClz, DDS-ds, 36.9 nM asHPAL, 100 mM
oxamate, and 100 mM acetaldehyde. The reaction was initiated by the addition of asHPAL to a
final concentration of 36.9 nM into the reaction solution, the solution (600 pul) was immediately
moved into a 5-mm NMR tube (Shigemi), and the tube was loaded into the NMR spectrometer.

To measure the inhibitory activity of oxamate toward asHPAL, oxamate at the final
concentration of 50 and 100 mM was added into the reaction solution containing 20 mM MOPS
(pD 6.0), 2 mM MgClz, 0.1 mM DDS-ds, 369 nM asHPAL, 100 mM acetaldehyde, and different
concentrations of 2-ketobutyrate (20, 25, 33, 50, or 100 mM). After adding the enzyme to the
reaction solution to initiate the reaction, the solution (600 pl) was immediately moved into a 5-
mm NMR tube (Shigemi), and the tube was loaded into the NMR spectrometer. The acquisition
parameters for 'H NMR measurements were the same as those described in Section 3.2.8. The
Dixon plot [71] was used to determine the Ki value of oxamate against the aldol reaction

catalyzed by asHPAL.
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4.3 Results and discussion

4.3.1 Structure determination of asHPAL complexed with pyruvate, oxamate, and 4-
methyl-2-oxovalerate

asHPAL crystals were obtained in the presence of pyruvate, oxamate, and 4-methyl-2-
oxovalerate (Fig. 4-2), and the crystals diffracted X-rays to 1.97 A, 1.81 A, and 1.60 A
resolutions, respectively (Fig. 4-3). All crystals belonged to the space group C2 with nearly
identical unit cell parameters (Tables 4-3, 4-4, and 4-5). The Matthews coefficients of the
crystals were 2.19 A% Da! for pyruvate, 2.21 A3 Da™! for oxamate, and 2.19 A3 Da™! for 4-
methyl-2-oxovalerate, indicating that the crystals contained three asHPAL molecules per
asymmetric unit.

The structure of the asHPAL-pyruvate complex was determined at 1.97 A resolution and
was refined to an Rwork 0f 20.5% and an Rfree 0f 25.3%. Clear electron density was observed for
pyruvate, which enabled the model building of pyruvate (Fig. 4-4A). Finally, an asymmetric
unit of the crystal contained three asHPAL molecules consisting of residues 1-259, three Mg?*
ions, three pyruvate molecules, and 612 water molecules. SFCHECK analysis showed that
93.1% of all of the residues were in the most favored region and that the remaining residues
were in the additionally allowed region of a Ramachandran plot. The refinement statistics are
summarized in Table 4-3.

The structure of the asHPAL-oxamate complex was determined at 1.81 A resolution and
was refined to an Rwork of 19.5% and an Rfree 0f 25.3%. Clear electron density was observed for
oxamate (Fig. 4-4B). Finally, an asymmetric unit of the crystal contained three asHPAL
molecules consisting of residues 1-259, three Mg?" ions, three oxamate molecules, and 711
water molecules. SFCHECK analysis showed that 93.8% of all of the residues were in the most

favored region and that the remaining residues were in the additionally allowed region of a
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Ramachandran plot. The refinement statistics are summarized in Table 4-4.

The structure of the asHPAL-4-methyl-2-oxovalerate complex was determined at 1.60 A
resolution and was refined to an Rwork of 19.8% and an Riree of 23.4%. Clear electron density
was observed for 4-methyl-2-oxovalerate, which enabled the model building of 4-methyl-2-
oxovalerate (Fig. 4-4C). Finally, an asymmetric unit of the crystal contained three asHPAL
molecules consisting of residues 1-259, three Mg?* ions, three 4-methyl-2-oxovalerate
molecules, and 696 water molecules. SFCHECK analysis showed that 93.3% of all of the
residues were in the most favored region and that the remaining residues were in the
additionally allowed region of a Ramachandran plot. The refinement statistics are summarized

in Table 4-5.

4.3.2 Binding mode of pyruvate and oxamate at the active site of asHPAL

The overall structures of asHPAL-pyruvate and asHPAL-oxamate complexes showed no
significant differences with that of the asHPAL-2-ketobutyrate complex (Co RMSD of 0.081 A
and 0.079 A, respectively) (Fig. 4-5A). The orientations of the residues in the active site were
also unchanged in the structures of the three different complexes, and the positions of pyruvate
and oxamate were the same as that of 2-ketobutyrate in the structures (Fig. 4-5B). Although the
correct orientations of pyruvate and oxamate could not be determined with only
crystallographic data, the O2 and O3 atoms of pyruvate and oxamate were considered to be
coordinated to Mg?* similarly to the binding of 2-ketobutyrate. As described in the reaction
mechanism of asHPAL toward 2-ketobutyrate (Section 3.3.6), the aldol reaction catalyzed by
asHPAL requires contact between the C3 atom of a-keto acids and the C1 atom of acetaldehyde.
asHPAL can also catalyze the aldol reaction between pyruvate and acetaldehyde. Therefore, the

C3 atom of pyruvate was considered to be located near Arg77, which is the residue for binding
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acetaldehyde, during the aldol reaction. However, the orientation of the C3 atom may not be
strictly defined because there is no residue that recognizes the methyl group and the carbonyl
oxygen at the C3 and O1 positions of pyruvate.

Generally, class II aldolases cannot utilize oxamate as a substrate. In accordance with this
notion, the aldol reaction of asHPAL was not observed when oxamate was used as a substrate
instead of 2-ketobutyrate (Fig. 4-6). However, the crystal structure of the asHPAL-oxamate
complex showed the same binding mode as for the preferable substrates, pyruvate and 2-
ketobutyrate (Fig. 4-5B). This structural evidence was confirmed by the inhibition assay with
oxamate. As shown in Fig. 4-7, a Dixon plot showed that oxamate competitively inhibited the
activity of asHPAL with the Ki value of 216 + 24 mM in the aldol reaction between 2-
ketobutyrate and acetaldehyde. These results indicate that the binding mode of oxamate does
not explain why oxamate is not suitable as a substrate for asHPAL. Compared with the chemical
structure of pyruvate, the methyl group at the C3 position of pyruvate is substituted to the amino
group in oxamate. Due to this structural difference, oxamate does not adopt the enolate form,
which supports that the enolate form of substrates is a crucial intermediate for the aldol reaction

catalyzed by asHPAL.

4.3.3 Binding mode of 4-methyl-2-oxovalerate at the active site of asHPAL

The structural alignment of the asHPAL-4-methyl-2-oxovalerate complex with the
asHPAL-2-ketobutyrate complex showed no significant structural differences in the overall
structures (Co RMSD of 0.143 A) or the side-chain orientations of active-site residues (Fig. 4-
8). However, the orientation of 4-methyl-2-oxovalerate in the active site was opposite that of 2-
ketobutyrate (Fig. 4-8). In the structure of the asHPAL-2-ketobutyrate complex, Phel77 was

close to the methyl group of 2-ketobutyrate at the C4 position (Fig. 4-9A). The structural
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evidence suggested that Phel77 defined the space for accepting the methyl group of 2-
ketobutyrate. When 4-methyl-2-oxovalerate is assumed to bind to the active site in the same
orientation as 2-ketobutyrate, Phel177 could cause steric hindrance with the isopropyl group at
the C4 position of 4-methyl-2-oxovalerate. Due to this steric hindrance, 4-methyl-2-oxovalerate
could be restricted in the opposite direction from 2-ketobutyrate in the active site of asHPAL
(Fig. 4-9B). In the binding orientation of 4-methyl-2-oxovalerate, the C3 atom was located far
from the binding site of acetaldehyde, which explains why asHPAL cannot use 4-methyl-2-

oxovalerate as a substrate of the aldol reaction.

4.3.4 Mutations for expanding the substrate specificity of asHPAL toward 4-methyl-2-

oxovalerate

The structure of the asHPAL-4-methyl-2-oxovalerate complex suggested that Phel77
restricted the substrate specificity of asHPAL to pyruvate and 2-ketobutyrate. If the residue
Phel77 is substituted by other residues with small side chains, 4-methyl-2-oxovalerate may
bind at the active site in the same orientation as 2-ketobutyrate and be used as a substrate in the
aldol reaction catalyzed by asHPAL. According to this hypothesis, the docking simulation was
used to evaluate whether the binding orientation of 4-methyl-2-oxovalerate inverts at the active
site of asHPAL F177A mutant, which is expected to expand the space for accepting the methyl
group of 2-ketobutyrate. Simulated docking models were selected by the U_dock score. A lower
score indicates that the binding model is more stable. Fig. 4-10 showed the top 6 most stable
models of 4-methyl-2-oxovalerate binding to the F177A mutant. When the O2 and O3 atoms
of 4-methyl-2-oxovalerate bound to Mg?" in the docking model, the U _dock scores were less
than —41 kcal/mol. In accordance with the crystal structure of the asHPAL-4-methyl-2-
oxovalerate complex, the binding of 4-methyl-2-oxovalerate was stabilized by the coordination

119



of the 02 and O3 atoms with Mg®". Among the top 3 most stable binding models, model 1
showed nearly the same orientation as 2-ketobutyrate in the active site of asHPAL (Fig. 4-10A).

Because the docking simulation showed the possibility that the F177A mutant could
catalyze the aldol reaction of 4-methyl-2-oxovalerate, I attempted to detect 2-amino-3-
isopropyl-4-oxido-pentanoate, which is expected to be converted from 4-methyl-2-oxovalerate
and acetaldehyde by the coupled reaction of the F177A mutant and BCAT. As shown in Fig. 4-
11, the reaction product was successfully observed as a sodium salt ([M + 2Na]", m/z 219.07)
on the ESI-TOF-MS spectrum when the reaction solution contained the F177A mutant. The MS
peak with m/z 219.07 was not observed in the wild-type asHPAL, which strongly suggests that
the F177A mutant exerts substrate specificity towards 4-methyl-2-oxovalerate.

The initial reaction rates of the F177A mutant were measured at different concentrations
of 4-methyl-2-oxovalerate using NMR spectroscopy (Fig. 4-12A). The activity of the F177A
mutant was observed when 4-methyl-2-oxovalerate was used as a substrate. The kinetic
parameters were calculated by the Lineweaver-Burk plot with the initial reaction rates (Fig. 4-
12B). The Km value of the F177A mutant was 20.1 + 1.8 mM toward 4-methyl-2-oxovalerate
(Table 4-6). Compared with the Km value of the wild-type enzyme toward 2-ketobutyrate (25.5
+ 2.5 mM, Table 3-5), the binding affinity of 4-methyl-2-oxovalerate to the F177A mutant was
almost equal to that of 2-ketobutyrate to the wild-type enzyme. This result suggests that the
major structural basis for substrate binding may be the coordination between Mg?" and the 02
and O3 atoms of 4-methyl-2-oxovalerate, which is an interaction that 2-ketobutyrate shares in
the wild-type enzyme. The kcat value of the F177A mutant was 70.6 + 2.4 s™! toward 4-methyl-
2-oxovalerate (Table 4-6). The turnover rate was decreased to ~30% compared with that of the
wild-type enzyme toward 2-ketobutyrate (213.2 + 7.7 s™!, Table 3-5). The decreased activity
may be caused by the flexibility of substrate orientations at the active site.

Additional mutations were investigated to restrict the orientation of 4-methyl-2-
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oxovalerate binding. I focused on the S181W mutation, which is expected to restrict the
orientation of 4-methyl-2-oxovalerate in the same manner as that of 2-ketobutyrate by sealing
the binding site for the isopropyl group of 4-methyl-2-oxovalerate (Fig. 4-13). The initial
reaction rates of the F177A/S181W mutant were measured at different concentrations of 4-
methyl-2-oxovalerate using NMR spectroscopy (Fig. 4-14A). The activity toward 4-methyl-2-
oxovalerate was retained by the F177A/S181W mutation. The kinetic parameters were
calculated by the Lineweaver-Burk plot with the initial reaction rates (Fig. 4-14B). The Km
values of the F177A/S181W mutant (26.7 = 0.6 mM, Table 4-6) were not largely different from
the wild-type asHPAL (25.5 + 2.5 mM, Table 3-5) or the F177A mutant (20.1 + 1.8 mM, Table
4-6). However, the kcat value of the F177A mutant toward 4-methyl-2-oxovalerate was increased

from 70.6 £ 2.4 s to 136.3 £ 0.6 ! by the additional S181W mutation (Table 4-6).
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4.4 Conclusion

Three structures of asHPAL were determined as complexes with pyruvate, oxamate, and
4-methyl-2-oxovalerate in addition to the complex with 2-ketobutyrate. The structures reveal a
detailed structural basis for the binding of a-keto acids as substrates. a-Keto acids possess the
02 and O3 atoms as common moieties, and the Mg®" coordination of these atoms is a major
interaction between asHPAL and a-keto acids. In addition, the binding orientation of substrates
at the active site is crucial for the substrate specificity because the aldol reactions can proceed
when the C3 atom of an a-keto acid is close to the C2 atom of acetaldehyde.

The structure of asHPAL in complex with 4-methyl-2-oxovalerate and the mutational data
revealed that Phel77 restricted the binding of 4-methyl-2-oxovalerate in the active site in an
orientation opposite from 2-ketobutyrate. The F177A mutant, which was engineered by the
crystal structure of asHPAL and simulation approaches, acquired the catalytic activity for the
aldol reaction between 4-methyl-2-oxovalerate and acetaldehyde. Moreover, an additional
S181W mutation increased the turnover rate of the F177A mutant toward 4-methyl-2-
oxovalerate as a substrate, which reveals that restricting substrate orientations can enhance the
catalytic activity of asHPAL.

The results in this chapter include the novel findings for the Hpal/HpcH-aldolase
subfamily, and these findings deepen our understanding of the structural basis for substrate
specificity. In addition, the structural basis successfully enabled the design of an asHPAL
mutant as a potential biocatalyst for the stereoselective aldol reaction between 4-methyl-2-
oxovalerate and acetaldehyde. The F177A/S181W mutant exhibited half of the activity toward

4-methyl-2-oxovalerate compared with the wild-type enzyme toward 2-ketobutyrate.
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Table 4-1 Mutagenic primers.?

Mutants Forward primer Reverse primer

F177A S-gctatcgegatcggceccttccgacttg-3 5-gccgategegatageatcgacgecate-3
SI8IW 5-ggcccttgggacttggetgettecatg-3  S-caagtcecaagggccgatgaagatage-3

4 1 abeled bases were the variation locus.
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Table 4-2 Concentrations of 4-methyl-2-oxovalerate and acetaldehyde used

for kinetics studies on asHPAL mutants with 4-methyl-2-oxovalerate

Concentration (mM)

4-methyl-2-oxovalerate acetaldehyde
100 100
50 100
33 100
25 100
20 100
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Table 4-3 Data collection and refinement statistics of asHPAL-pyruvate complex.

Data collection
X-ray source
Wavelength (A)
Spacegroup
Unit cell dimensions (A)

©)

Resolution (A)
Observed reflections
Unique reflections
Completeness (%)
Rumeas (%)°
1/o(1)

Refinement

Resolution (A)

Rwork / Rfree (%)°

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot (%)
Favored
Additionally allowed
Generously allowed

disallowed

FR-E SuperBright
1.00000
C2
a=120.4,b=90.8, c = 86.8
p=124.4
50.0-1.97 (2.00-1.97)*

197334
51800

99.7 (99.0)

5.2 (23.3)*

28.0 (7.1)

20.0-1.97

20.1/25.0
0.012
1.415

93.1
6.9

#Values in parentheses are for the highest-resolution shell.

® Rieas = Skt [(Zi |[Ii — D) / Zi | 1]

¢ Rwork = (Znki ||[Fol| - |Fe||) / Znki |[Fo|. Rwork was calculated with 95% of the data used for

refinement, and Rfree was calculated with 5% of the data excluded from refinement.



Table 4-4 Data collection and refinement statistics of asHPAL-oxamate complex.

Data collection
X-ray source
Wavelength (A)
Spacegroup
Unit cell dimensions (A)

)

Resolution (A)
Observed reflections
Unique reflections
Completeness (%)
Rumeas (%)°
1/o(1)

Refinement

Resolution (A)

Rwork / Rfree (%)°

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot (%)
Favored
Additionally allowed
Generously allowed

disallowed

FR-E SuperBright
1.00000
C2
a=121.0,b=89.7,c=874
L =124.5
50.0-1.81 (1.85-1.81)*

205879
56649

99.8 (98.4)

4.2 (19.3)

20.7 (3.1)

20.0-1.81

19.2/25.1
0.009
1.166

93.8
6.2

#Values in parentheses are for the highest-resolution shell.

® Rieas = Skt [(Zi |[Ii — D) / Zi | 1]

¢ Rwork = (Znki ||[Fol| - |Fe||) / Znki |[Fo|. Rwork was calculated with 95% of the data used for

refinement, and Rfree was calculated with 5% of the data excluded from refinement.



Table 4-5 Data collection and refinement statistics of asHPAL-4-methyl-2-oxovalerate

complex.

Data collection
X-ray source
Wavelength (A)
Spacegroup
Unit cell dimensions (A)

©)

Resolution (A)
Total observations
Unique observations
Completeness (%)
Rumerge (%)°
1/o(1)

Refinement

Resolution range used for
refinement
Rwork/ Rfree (%)C

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot (%)
Favored
Additionally allowed
Generously allowed

disallowed

PF NWI12A
1.00000
C2

a=1214,b=89.4,c=87.4

B=124.4
20.00-1.60 (1.63-1.60)"
367756
101493
99.1 (99.1)?

3.4 (18.2)°
42.3 (7.4)

20.0-1.60

19.8/23.4
0.023
2.225

93.3
6.7

 Values in parentheses are for the highest-resolution shell.

b Rumerge = 2kl [(21 |Il - <I>|) / Zi |Iz|]

¢ Rwork = (Znii ||[Fol| - |Fe||) / Znki |[Fo|. Rwork was calculated with 95% of the data used for
refinement, and Rfee was calculated with 5% of the data excluded from refinement.



Table 4-6 Kinetics study of asHPAL mutants toward 4-methyl-2-oxovalerate

Km (mM) kcat (S-l)
F177A 20.1 £1.8 70.6 £2.4
F177A/S181W 26.7+0.6 136.3+0.6
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H,C_ _CH,
HO
0

3-(1-Hydroxyethyl)-4-methyl-
2-oxo-pentanoate

L-Glu ..-|
BCAT
2-Ketoglutarate ‘
0H3c CH,
OH
HO
NH,

Fig. 4-1 Two-step enzymatic synthesis of 2-amino-3-isopropyl-4-oxido-pentanoate

using an engineered asHPAL mutant and BCAT.
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Fig. 4-2 asHPAL crystals obtained in the presence of some a-keto acids.
(A) Crystals of asHPAL obtained as co-crystals with pyruvate.

(B) Crystal of asHPAL obtained as co-crystal with oxamate.

(C) Crystals of asHPAL obtained as co-crystals with 4-methyl-2-oxovalerate.
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Fig. 4-3 X-ray diffraction images obtained from the asHPAL crystals.
(A) X-ray diffraction image of asHPAL-pyruvate co-crystal.

(B) X-ray diffraction image of asHPAL-oxamate co-crystal.

(C) X-ray diffraction image of asHPAL-4-methyl-2-oxovalerate co-crystal.
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4-methyl-2-
oxovalerate

Fig. 4-4 Complex structures of the active site of asHPAL and a-keto acids.

Clear electron density is visible for pyruvate (A), oxamate (B), and 4-methyl-2-
oxovalerate molecule (C).

Water molecules and Mg>* ions are represented by red and green spheres, respectively.
Blue mesh showed the 2|Fo|—|F¢| omit map (2.00)
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Asp182

Glu156 2-ketobutyrate Phe26

Pyruvate
Oxamate

Fig. 4-5 Superpositiont of asHPAL structures in complex with 2-ketobutyrate (green),
pyruvate (orange), and oxamate (cyan).

The asHPAL structures in complex with pyruvate and oxamate show no significant difference
with the structure of asHPAL-2-ketobutyrate complex (Co RMSD of 0.081 A and 0.079 A,
respectively). Pyruvate and oxamate bond to asHPAL in the same fashion as 2-ketobutyrate:
Mg?" ion is coordinated with the O2 and O3 atoms of the a-keto acids.
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1 2 3 4 5 6 7 8 9 10 11 12

Fig. 4-6 Time-dependent changes of the "TH NMR signals acetaldehyde in the reaction
mixture containing oxamate instead of 2-ketobutyrate.
The signal strength of acetaldehyde was not decreased during the reaction of asHPAL when

oxamate was added into the reaction solution instead of 2-ketobutyrate.
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Fig. 4-7 Inhibitory activity of oxamate in the aldol reaction of asHPAL.

(A) Time-dependent HMKP production by asHPAL in the presence of 50 mM oxamate.

(B) Time-dependent HMKP production by asHPAL in the presence of 100 mM oxamate.

(C) Lineweaver—Burk plots for kinetic analysis of asHPAL in the presence of oxamate.

(D) Dixon plots for determining the inhibition mode of oxamate.

The reduced 2-ketobutyrate concentrations are considered as the produced concentrations of

HMKP. All determinations were performed in triplicate. Error bars show standard deviations.
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His52

Arg77

Mg?-l-
Asp182/ |
O

Phe26
2-ketobutyrate

4-methyl-2-oxovalerate
Asn219

Fig. 4-8 Superposed structures of asHPAL in complex with 4-methyl-2-oxovalerate (white)
and 2-ketobutyrate (cyan).
The direction of 4-methyl-2-oxovalerate at the active site was opposite with that of 2-

ketobutyrate.
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2 W
4-methyl-2-oxovalerate

Fig. 4-9 Binding mode of 2-ketobutyrate (A) and 4-methyl-2-oxovalerate (B) at the
active site.
Phel77 is located near the methyl group at the C4 position of 2-ketobutyrate in panel A.
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-46.98 R -41.95

-20.45 = -13.91

Fig. 4-10 Top 6 of the stable binding models of 4-methyl-2-oxovalerate to F177A
mutant.

(A) Model 1; (B) Model 2; (C) Model 3, (D) Model 4; (E) Model 5; and (F) Model 6.

The values show U_dock scores (kcal mol™!), which are calculated by U _ele (electric
energy)+U_vdw (van der Waals energy)+U _solv (Solvation energy)+U _strain (Strain
energy). Mg?" ions and 4-methyl-2-oxovalerate are represented by spheres and yellow sticks,

respectively.

138



A
a¢ Strengh MOPS sodium salt

(IM+Na+H]*, m/z 232.05)

23205
\

100

26407

Dd‘l.i‘... - i l...L.LI

P P — e LA
50 ‘Il&] 150 200 250

Mass-to-charge ratio (m/z)

B Strengh
Sodium 2-amino-3-isopropyl- \25403
4-oxido-pentanoate 2005
(IM+2Nal*, m/z 219.07) —— ™"

D T T T T T T T T T T T T T T T T I T T

T — T
50 100 150 200 %0 300
Mass-to-charge ratio (m/z)

Fig. 4-11 MS spectra of the reaction mixture including the wild-type asHPAL (A) and the

F177A mutant (B).
Reaction product was successfully observed as a sodium salt ((M+2Na]", m/z 219.07) in panel
B.
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Fig. 4-12 Lineweaver—Burk plots for kinetic analysis of F177A mutant.

(A) Time-dependent production of 3-(1-hydroxyethyl)-4-methyl-2-oxo-pentanoate by the
F177A mutant.

(B) Lineweaver—Burk plots for kinetic analysis of F177A mutant at varying concentrations of
3-(1-hydroxyethyl)-4-methyl-2-oxo-pentanoate.

The reduced 4-methyl-2-oxovalerate concentrations are considered as the produced
concentrations of 3-(1-hydroxyethyl)-4-methyl-2-oxo-pentanoate. All determinations were

performed in triplicate. Error bars show standard deviations.
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Fig. 4-13 Restriction of the orientation of 4-methyl-2-oxovalerate by S181W mutation.
The S181W mutation is expected to restrict the orientation of 4-methyl-2-oxovalerate in the

same manner as that of 2-ketobutyrate by sealing the binding site for the isopropyl group of 4-
methyl-2-oxovalerate.
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Fig. 4-14 Lineweaver—Burk plots for kinetic analysis of F177A/S181W mutant.

(A) Time-dependent production of 3-(1-hydroxyethyl)-4-methyl-2-oxo-pentanoate by the
F177A/S181W mutant.

(B) Lineweaver—Burk plots for kinetic analysis of F177A/S181W mutant at varying
concentrations of 3-(1-hydroxyethyl)-4-methyl-2-oxo-pentanoate.

The reduced 4-methyl-2-oxovalerate concentrations were considered as the produced
concentrations of 3-(1-hydroxyethyl)-4-methyl-2-oxo-pentanoate. All determinations were

performed in triplicate. Error bars show standard deviations.
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Chapter 5

General discussion
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In this study, the crystal structures of asHPAL were determined in six different states: four
complexes with 2-ketobutyrate, pyruvate, oxamate, or 4-methyl-2-oxovalerate and two
different pH conditions (pH 6.0 and 7.7). The structural findings, in combination with docking
simulation and kinetics briefly summarized in Section 3.4 and Fig. 3-15, have refined the
catalytic mechanism of the Hpal/HpcH-aldolase subfamily. More interestingly, the present
results demonstrate the structural bases for the stereoselective reaction and substrate specificity
of asHPAL and enabled the design of new enzymes with high stereoselectivity and a broad
range of substrates.

Docking simulations showed that the methyl group of acetaldehyde formed a n—CH
interaction with the phenyl ring of Phe26. This interaction appeared to ensure the particular
direction of the methyl group of acetaldehyde. In fact, the phenyl ring regulates the preferable
stereoselective production of (35,4S)-HMKP; this finding was supported by the decreased
stereoselectivity in the F26W and F26L mutants. Based on this structure, the stereoselectivity
of asHPAL was improved by the N219Y/F26N double mutation, which produced (25,3R,45)-
4-HIL selectively in 91% enantiomeric excess (ee) at pH 6.0. However, the stereoselectivity of
asHPAL is still not high enough for industrial use (>99% ee) [75]. The results with the
N219Y/F26N double mutation confirmed that Phe26 and Asn219 could be useful targets to
improve the stereoselectivity of asHPAL. In the future, the saturated mutations of the target
residues should be evaluated to find mutants with more favorable stereoselectivity than the
N219Y/F26N mutant. In addition, the asHPAL structures at pH 6.0 and 7.7 cannot explain the
mechanism for the pH dependency of stereoselectivity. The F26L mutation caused the loss of
stereoselectivity in the tested pH conditions, indicating that the acetaldehyde direction at the
active site for (35,4S)-HMKP production could be energetically favored by the expected n—CH
interaction between the methyl group of acetaldehyde and the phenyl ring of Phe26. The

energetic contribution of the n—CH interaction may be affected by different pH conditions to
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change the predominant acetaldehyde direction at the active site. To evaluate this hypothesis,
quantum mechanics together with kinetics studies on several mutants of the residues
surrounding the phenyl ring of Phe26 are powerful tools that can be used.

The structure of the asHPAL-4-methyl-2-oxovalerate complex showed that Phel77 is a
critical residue that determines the substrate specificity by allowing space for the isopropyl
group at the C4 position of 4-methyl-2-oxovalerate. Based on the structural basis, the substrate
specificity of asHPAL was changed toward 4-methyl-2-oxovalerate by the F177A mutation.
Furthermore, the additional S181W mutation could restrict 4-methyl-2-oxovalerate in the same
orientation as a preferable substrate, 2-ketobutyrate, and the resulting activity toward 4-methyl-
2-oxovalerate was increased by the mutation. In this study, the stereoselectivity of the
F177A/S181W double mutant remains unclear because it is difficult to chemically synthesize a
single enantiomer of 2-amino-3-isopropyl-4-oxido-pentanoate for the HPLC assay with a chiral
separation column. There are several methods to determine the absolute configuration of
compounds, such as the advanced Mosher method [76-78], X-ray crystallographic analysis [79],
NMR measurements using chiral shift reagents [80-82], and circular dichroism [83]. In the
future, I will try to separate the target product from the reaction mixture and then analyze the
stereoselectivity of the F177A/S181W mutants using the aforementioned methods. According
to the structural findings of my research, the stereoselectivity of asHPAL is governed by the n—
CH interaction between the methyl group of acetaldehyde and the phenyl ring of Phe26,
whereas the orientation of a-keto acids does not participate in the stereoselectivity. Because the
F177A/S181W mutant retains the Phe26 residue, the double mutant is expected to catalyze the
aldol reaction of 4-methyl-2-oxovalerate with the preferable stereoselectivity for single
enantiomer production.

Fig. 5-1 showed the key amino acid residues involved in catalysis, substrate

binding, stereoselectivity and substrate specificity of asHPAL. Further multiple sequence
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alignment of asHPAL, BphF, YfaU, YhaF, and HpcH (Fig. 5-2) showed that these aldolases had
the same residues involved in the catalysis, ligand binding and substrate specificity, indicating
that BphF, YfaU, YhaF, and HpcH may have similar substrate specificity. However, the
similarity of the residues involved in the stereoselectivity among BphF, YfaU, YhaF, and HpcH
indicated that BphF and HpcH might have similar stereoselectivity as YfaU and YhaF. Because
the activity of YfaU and YhaF are higher than asHPAL, it is expected that additional study of
the difference between asHPAL and the 4 kinds of aldolases may help us improve in catalytic
activity of asHPAL.

A further homology search using the Basic Local Alignment Search Tool (BLAST)
showed that more than 100 aldolases share a high amino acid sequence identity (>50%). Among
these, there are 8 aldolases with Phe and Asn residues at positions corresponding to Phe26 and
Asn219 of asHPAL (Fig. 5-2). These aldolases have the residues involved in the catalytic
reaction and therefore may exert similar stereoselectivity as asHPAL. In addition, the residues
contributing to substrate specificity of asHPAL, Phel77 and Ser181, were investigated among
the aldolases with a high sequence identity. Some aldolases had a Leu residue at the position
corresponding to Phel77 of asHPAL. Because the side chain is bulkier than the Ala residue in
the F177A mutant, which can catalyze the aldol reaction between 4-methyl-2-oxovalerate and
acetaldehyde, these aldolases should exhibit narrow substrate specificity similarly as asHPAL.
Although the structural bases revealed in this study are useful to identify the asHPAL-like
aldolases with improved stereoselectivity and expanded substrate specificity from the sequence
database and the natural metagenomes, the sequential search showed that the designed asHPAL
mutants might possess the specific residues for the improvements of stereoselectivity and
substrate specificity as non-natural enzymes.

My research focused on the mechanistic bases for the stereoselectivity and substrate

specificity of asHPAL and led to the design of the N219Y/F26N and F177A/S181W mutants as
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Hpal/HpcH-aldolase subfamily enzymes with improved stereoselectivity and substrate
specificity toward 4-methyl-2-oxovalerate, respectively. Further studies will be performed to
improve the enzymatic properties, especially the stereoselectivity to produce (2S5,3R,45)-4-HIL
in the coupled reaction with BCAT. The unveiled structural bases could help design more useful

enzymes with improved stereoselectivity and a broad range of substrate specificity.
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Fig. 5-1 The key amino acid residues involved in catalysis, substrate binding,

stereoselectivity and substrate specificity of asHPAL
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Fig. 5-2 Multiple sequence alignment of asHPAL, BphF, YfaU, YhaF, and HpcH.
Sequences were aligned by using ClustalW [84]. The 70% consensus sequence was
generated by ESPript [85]: capital letters indicate identity, and lowercase letters indicate a
consensus level of >0.5.
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Stereoselectivity Catalytic reaction Substrate specificity

asHPAL ~-GLF18:+-GINAF-=-  --AEHSP---VVRIP-+-YLDLG---QVESA-+-PSDLA-+-  --AIFIGPSDL---
1 <-GLFIT+GINAF-=+  --AEHSP---VVRIP:--YLDLG-+-QVESA-+-PSDLA-+-  --AIFIGPSDL---
2 --GLFLS:--GVNAF--  ---AEHSP---VVRIP---YLDLG---QIESG--PSDLA--  -+-AVFIGPSDL---
3 <-GIFIN--GVNAF-+  ---AEHSP---VVRIP---YLDLG---QAESA-+-PSDLA-=  -+-CVFVGPSDL:--
4 ~+-GIFLS+-GVNAF--  --GEHSP--VVRVP:--YLDLG-+-QAESA-+-PSDLA-++  -+-GVFVGPSDL-+-
: ~-GIFLS-GVNAF-+  --GEHSP---VVRVP---YLDLG---QAESA-+-PSDLA-+-  -+-GVFVGPSDL---
6 ~-GIFLS-GVNAF---  ---GEHSP---VVRVP---YLDLG---QAESA-+-PSDLA-=  ---GVFVGPSDL---
7 -+-GMFVC-+-GVNAF-++  +-GEHGP--VVRVP:--YLDLG-+-QIEAA-+-PSDLA--  --GVFIGPSDL---
8 «-GMFLS:~-GVNAF--  ---AEHAP-+-LVRVP---VLDLG---QVESA---PSDLS+-  -+-GVFIGPSDL--
9 ~-GMWVC---GVNAF - ---MEHSP--VVRVP---VLDVG---QVETA---PADLS-  -+-GVLVGPADL---
10 <-GAWVC:+-GVNAF--  ---AEHSP--LVRPP---YLDIG---QIESA---PADLA--  --GILIGPADL---
11 ~+-GQWVC:+-GVNAF-++  +--GEHSP--VVRAP:+-LLDLG-+-QIETA---PADLA-+-  -+-ALLVGPADL---

Fig. 5-3 Sequence alignment of asHPAL with other aldolases.

The amino acid residues colored blue, red, and green represent the residues involved in the
stereoselectivity, catalytic reaction, and substrate specificity of asHPAL.

1, 2-dehydro-3-deoxy-D-glucarate aldolase from Corynebacterium casei (gij493875823;
Sequence identity to asHPLA, 93%); 2, 2-dehydro-3-deoxy-D-glucarate aldolase from
Corynebacterium atypicum (gi|740819474; Seq. identity, 76%); 3, 2-dehydro-3-deoxy-D-
glucarate aldolase from Corynebacterium glucuronolyticum (gij491533728; Seq. identity,
72%); 4, 2-dehydro-3-deoxy-D-glucarate aldolase from Kocuria rhizophila (gi]491533728;
Seq. identity, 58%); 5, 2-dehydro-3-deoxy-D-glucarate aldolase from Kocuria rhizophila
(g1]697972844; Seq. identity, 57%); 6, 2-dehydro-3-deoxy-D-glucarate aldolase from
Kocuria rhizophila (gi|746027423; Seq. identity, 57%); 7, putative 2,4-dihydroxyhept-2-
ene-1,7-dioic acid aldolase (Hpal) from Arthrobacter crystallopoietes (g1/491414136; Seq.
identity, 61%); 8, 2-dehydro-3-deoxy-D-glucarate aldolase from Citricoccus sp. CH26A
(gi|750081262; Seq. identity, 60%); 9, 2-dehydro-3-deoxy-D-glucarate aldolase from
Cellulomonas carbonis T26 (gi|697972844; Seq. identity, 61%); 10, 2-dehydro-3-deoxy-
D-glucarate aldolase from Agromyces subbeticus (gi|651370090; Seq. identity, 56%); and
11, 2-dehydro-3-deoxy-D-glucarate aldolase from Leifsonia aquatica 54 (gi|640734204;
Seq. identity, 54%).
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