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Table 1: Amino acid and their abbreviations

Amino acid

Alanine

Arginine

Asparagine

Aspartate

Aspartate or

Asparagine
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Glutamate

Glutamine

Glutamate or

Glutamine

Glycine

Histidine

Isoleucine

3 letters

Ala

Arg

Asn

Asp

Asx
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Gln

Glx

Gly

His

Ile

1 letter

A

Amino acid

Leucine

Lysine

Methionine

Phenylalanine

Proline

Serine

Threonine

Tryptophan

Tyrosine

Valine

3 letters

Leu

Lys

Met

Phe

Pro

Ser

Thr

Tyr

Val
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CHAPTER ONE

GENERAL INTRODUCTION

1.1 INTRODUCTION

Proteases likely arose at the earliest stages of protein evolution as simple destructive
enzymes necessary for protein catabolism and the generation of amino acids in primitive
organisms. For many years, studies on proteases focused on their original roles as blunt
aggressors associated with protein demolition. However, the realization that, beyond these
nonspecific degradative functions, proteases act as sharp scissors and catalyze highly specific
reactions of proteolytic processing, producing new protein products, inaugurated a new era in
protease research. Depends on their catalytic mechanisms, proteases are classified into six
main classes: aspartic, threonine, metallo, cysteine, serine, and glutamic proteases, although
glutamic proteases have not been found in mammals so far. Human cells produce at least 569
proteases including 194 metallo, 176 serine, 150 cysteine, 28 threonine and 21 aspartic
proteases(Lopez-otin and Matrisian 2007). Proteases cleave proteins from either the N-
terminus or C-terminus (exopeptidases), or in the middle of a protein (endopeptidases). Much
primary knowledge about the function of proteases stems from investigations of the digestive
system and intracellular protein turnover. However, proteases are also considered as
extremely important signaling molecules influenced by various biological events, such as
apoptosis, blood coagulation, extracellular tissue remodeling and DNA replication(Rawlings
and Barrett 1994; Lopez-otin and Matrisian 2007).

Proteases have great medical and pharmaceutical importance due to their key role in

biological processes and in the life-cycle of many pathogens. They are extensively applied



enzymes in several sectors of industry and biotechnology, furthermore, numerous research
applications require their use, including production of Klenow fragments, peptide synthesis,
digestion of unwanted proteins during nucleic acid purification, cell culturing and tissue
dissociation, preparation of recombinant antibody fragments for research, diagnostics and
therapy, exploration of the structure-function relationships by structural studies, removal of
affinity tags from fusion proteins in recombinant protein techniques, peptide sequencing and
proteolytic digestion of proteins in proteomics (Mdtyan Janos Andras 2013).

Based on the catalytic mechanism and the presence of amino acid residue(s) at the active site
the proteases can be grouped as aspartic proteases, cysteine proteases, glutamic proteases,
metalloproteases, asparagine proteases, serine proteases, threonine proteases, and proteases
with mixed or unknown catalytic mechanism. The current classification system further
classifies the proteases into families based on sequence similarities, furthermore, homologous
families are grouped into clans using a structure-based classification (Rawlings and Barrett
1993; Rawlings 2016). Classification and nomenclature of proteolytic enzymes, as well as a
detailed description of individual proteases, is available in the MEROPS database (Rawlings

et al. 2018).

1.2 SERINE PROTEASE

Almost one-third of all proteases can be classified as serine proteases, named for the
nucleophilic Ser residue at the active site (Rawlings et al. 2016). Serine peptidases are the
most widely studied group in biology, they can be found in eukaryotes, prokaryotes, archaea
and viruses, interest in this family due to their widespread and distinctive role in a host of
potential physiological and pathological process including digestion, hemostasis, apoptosis,

signal transduction, and immune response (Hedstrom 2002a).
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The catalytic action of serine peptidases depends on the interplay of a nucleophile, a general
base, and an acid. In the first step of reaction a nucleophilic attack by the catalytic serine
residue (active site Ser) on the carbonyl atom of the substrate resulting in a covalent acyl-
enzyme intermediate and a new peptide amino terminus. a second nucleophilic attack, by a
water molecule, leads to hydrolysis of the acyl-enzyme, releasing the new carboxyl group
and restoring the catalytic Ser residue to its initial state. (Zakharova et al. 2009). In the
presence of high concentrations of primary amines, which can not be achieved under
physiological condition an amide bond is formed through nucleophilic attack by an amino
group instead of a water molecule forms an amide bond (Fig. 1.1) (Bratovanova and Petkov
1987; John J. Perona and Charles S. Craik 1995). In this reaction, termed aminolysis the
primary amine acts as an acyl acceptor. Because amino acids can act as acyl acceptors, the
unnatural aminolysis reaction of serine peptidases has attracted attention as a method for
synthesizing various peptides that cannot be produced under natural conditions. (Arima et al.

2016)

Ser Ser

Hydrolysis —
/—LH\ /‘m ol . g N

s

/ R1-9'\_/
R-C-N-R2 ; 0\
OH

Substrate H2N-R2 H2N-R3 - R1-9_N-R3

(acyl donor) Primary amine  Aminolysis
(acyl acceptor)

Fig. 1.1 Scheme of the hydrolysis and aminolysis reactions catalyzed by serine peptidases(Arima
etal. 2016)

1.2.1 Classification of Serine Peptidase



The MEROPS protease classification system counts 16 super-families (as of 2013) each
containing many families. Each superfamily uses the catalytic triador dyad in a
different protein fold and represents the convergent evolution of the catalytic mechanism.
Families are grouped in a clan if there are indications, principally from tertiary structure
comparisons, that they arise from a common ancestor. For every family and clan, there is an
identifier that shows the catalytic type of the peptidases contained in the group. The
identification marks are ‘A’ (aspartic), ‘C’ (cysteine), ‘M’ (metallo), ‘S’ (serine), ‘P’ (mixed
catalytic type) and ‘U’ (unknown type) (Polgar 2005). Each clan, family, and the inhibitor is
assigned to an identifier. For a clan, the identifier consists of two letters. The first indicates
the catalytic type (‘A’ for aspartic peptidase, ‘C’ for cysteine peptidase, ‘G’ for glutamic
peptidase, ‘I’ for inhibitors that are proteins, ‘M’ for metallopeptidase, ‘P’ for peptidases of
mixed catalytic type, ‘S’ for serine peptidase, ‘T’ for threonine peptidase, ‘N’ for asparagine
lyase, and ‘U’ for peptidases of unknown catalytic type. The second letter is assigned
sequentially as each clan is identified. An example of a clan identifier is CA, which includes
cysteine peptidases with a papain-like fold. For a family, the identifier consists of an initial
letter, again corresponding to the catalytic type and a number. An example is C1, the family
of papain-like cysteine peptidases (Rawlings et al. 2018).

Based on Barrett and Rawlings classification, the peptidases are divided into clans on the
base of the catalytic mechanism and to families based on common ancestry (Rawlings 2009;
Rawlings et al. 2016). Over 908300 peptidases protein sequences classified into 62 clans and
268 families (MEROPS 2018) (Rawlings et al. 2018). Serine peptidases represent almost one
of third of all known proteolytic. More than 26000 serine peptidases have been classified into

13 clans and 82 families. The family name stems from the nucleophilic Ser in the enzyme



active site, which attacks the carbonyl moiety of the substrate peptide bond to form an acyl-
enzyme intermediate. Nucleophilicity of the catalytic Ser is typically dependent on a catalytic

triad of Asp, His, and Ser residues, commonly referred to as the charge relay system.

1.2.2 The catalytic mechanism of serine peptidase
The hallmark of serine peptidases is that they contain the so-called ‘‘classical’’ catalytic
Ser/His/Asp triad. Although the classical serine proteases are the most widespread in nature,
there exist a variety of ‘‘nonclassical’’ serine proteases where variations to the catalytic triad
are observed. Such variations include the triads Ser/His/Glu, Ser/ His/His, and Ser/Glu/Asp,
and include the dyads Ser/Lys and Ser/His. Other variations are seen with certain serine and
threonine peptidases of the Ntn hydrolase superfamily that carry out catalysis with a single
active site residue (Ekici et al. 2008). A summary of catalytic units in all serine peptidase

families, primary specificity and the fold that harbors them are provided in Table 1.1.
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The first well-characterized mechanism of action of serine peptidases was established
primarily by the kinetic studies of chymotrypsin by Bender and his co-workers in the 1960s
(Matthews et al. 1977). The X-ray data showed that the serine and histidine are the potent
residues to catalysis and they are in proper position to function in the catalytic mechanism.
As shown in figure (1.2) the OG of Ser195 and the NE2 of His57 are within hydrogen
bonding distance. The other nitrogen atom (ND1) of the imidazole ring is hydrogen bonded
to the carboxyl group of Asp102 so that the hydrogen bond is shielded from water by several
amino acid residues. The geometric relation of Aspl02, His57, and Ser195 led to the
postulation that His57 serves for transferring the proton from Ser195 to Asp102 in a charge
relay mechanism. However, a proton relay from the highly basic serine OH group to the
acidic aspartate is chemically unlikely (Polgdr and Bender 1969). It is a more reliable
assumption that Aspl02 may be involved in the stabilization of the ion-pair generated
between the imidazolium ion and the negatively charged-tetrahedral intermediate, and that
Aspl102 may participate in the orientation of the correct tautomer of His57 relative to Ser195.
Nuclear magnetic resonance (NMR) and neutron diffraction studies have then confirmed that

it is the imidazole and not the aspartate that is protonated (Polgar 2005).
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Fig. 1.2 The catalytic triad of chymotrypsin (PDB code 4CHA) (Polgar 2005)

All proteases must overcome three obstacles to hydrolyze a peptide bond: (a) amide bonds

are very stable due to electron donation from the amide nitrogen to the carbonyl. For
comparison, a simple bond, while a p-nitrophenyl ester is 300000x more alkyl ester is ~

3000% more reactive than an amide reactive. Proteases usually activate an amide bond via the
interaction of the carbonyl oxygen with a general acid, and may also distort the peptide bond
to disrupt resonance stabilization; (b) water is a poor nucleophile; proteases always activate
water, usually via a general base; and (c) amines are poor leaving groups; proteases protonate
the amine prior to expulsion. Serine proteases perform these tasks very efficiently: the rates

of peptide hydrolysis by serine proteases are ~10'°-fold greater than the uncatalyzed reactions.

Obviously, these mechanisms of catalysis are not confined to peptide hydrolysis; serine
proteases also readily hydrolyze other acyl compounds, including amides, anilides, esters,
and thioesters. Figure 1.3 displays the generally accepted mechanism for chymotrypsin-like

serine proteases. In the acylation half of the reaction, Ser195 attacks the carbonyl of the
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peptide substrate, assisted by His57 acting as a general base, to yield a tetrahedral
intermediate. The resulting His57-H" is stabilized by the hydrogen bond to Asp102. The
oxyanion of the tetrahedral intermediate is stabilized by interaction with the main chain NHs
of the oxyanion hole. The tetrahedral intermediate collapses with the expulsion of leaving the
group, assisted by His57-H" acting as a general acid, to yield the acyl-enzyme intermediate.
The deacylation half of the reaction essentially repeats the above sequence: water attacks the
acyl-enzyme, assisted by His57, yielding a second tetrahedral intermediate. This intermediate
collapses, expelling Ser195 and carboxylic acid product. The transition states of the acylation
and deacylation reactions will resemble the high energy tetrahedral intermediates, and the
terms “transition state” and “tetrahedral intermediate” are often used indiscriminately in the
literature. It is worth noting that a web of hydrogen bonding interactions links the substrate
binding sites to the catalytic triad. As the reaction proceeds, changes in bonding and charge
at the scissile bond will propagate to more remote enzyme-substrate interactions, and vice

versa. (Hedstrom 2002a)

tetrahedral
intermediate acylenzyme tetrahedral
Ser195 Giy193 intermediate
P Ny
N
NN

185

57 -—[]Q
102 ﬁo

Fig. 1.3 The generally accepted mechanism for serine proteases. (Hedstrom 2002a)



1.3 D-STEREOSPECIFIC AMIDOHYDROLASE (DAH):

By Screening of 2000 soil isolates, D-stereospecific amidohydrolase (DAH) has been
identified from the culture supernatant of Streptomyces sp. 82F2. The enzyme belongs to the
S12 peptidase family with catalytic Ser / Lys dyad (Ser86 and Lys 89). DAH recognizes D-
aminoacyl derivative as a substrate and amide bond is formed by aminolysis. The enzyme
preferentially uses the D-aminoacyl derivative as the acyl donor and uses the L-amino acid
and its derivative as the acyl acceptor to produce a dipeptide with the DL-
configuration(Arima et al. 2011a, b). Therefore, DAH has been used to synthesize
biologically active dipeptide such as cyclic dipeptide family 18 chitinase inhibitor, cyclo (D-
Pro-L-Arg) in a one-step/one-pot reaction(Arima et al. 2011b).

Numbers of enzymes in the MEROPS peptidase database belonging to the S12 family, which
have a catalytic Ser / Lys dyad, exhibit high aminolysis activity for various types of substrates
such as amides esters and peptides (Kato et al. 1989, 1990; Pratt and Frere 2013). Up to date,
five crystal structures of S12 family peptidases (including DAH) have been resolved: D-Ala-D-
Ala carboxypeptidase B D, D-peptidase), class C b-lactamase, D-amino acid amidase (DAA)
and D-stereospecific aminopeptidase D, D-peptidase, and D-stereospecific aminopeptidase
catalyze peptide bond formation by their aminolysis activity (Lobkovskya et al. 1994; Kelly
and Kuzin 1995; Bompard-Gilles et al. 2000; Okazaki et al. 2007; Arima et al. 2016). Based on
these crystal structures, the structural factors responsible for the substrate specificities have

been identified (Delmarcelle et al. 2005b).
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Fig. 1.4 Overall structure around the active site Ser86 of DAH. (A) The overall structure of DAH

that interacts with 1,8-diaminooctane. a-Helices and b sheets are shown in red and yellow,
respectively. (A) The overall structure of DAH that bounded with 1,8-diaminooctane. a-Helices
and B sheets are shown in blue and yellow, respectively. The bound 1,8-diaminooctane and
active site residues (Ser86, Lys89, and Tyr191) are shown as a purple and green ball and stick
models, respectively. (B) Surface model of DAH. The active site Ser86 bound 1,8-
diaminooctane and active site residues ( Lys89 and Tyr191) are shown as red, purple and green,

respectively.

11



Fig. 1.5 The local structure of the active site pocket of DAH, and the residues composing the
active site pocket. The active site residues (Ser86 and Lys89 and Tyr191) are shown as a ball and
stick model according to the atom type. Other residues are shown as sticks colored according to

the atom type.
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1.3.1 Structure of the DAH:

Comparative analysis of DAH with homologous enzymes in same family S12 and
crystallographic study provide insight into structural factors that affect the substrate
specificity, stereoselectivity, and aminolysis activity. DAH can recognizes 1,8-diaminooctane
and other amino acid compounds as acyl acceptor in aminolysis reaction, therefore, the
crystal structure of DAH that binds 1,8-diaminooctane was determined at a resolution of
1.49 A(Arima et al. 2016)

Figure (1.4) shows the overall structure of DAH, the enzyme consists of a-rich and B-rich
regions. The B-rich region is formed by residues 38—86 and 224-379, and consists of six
main antiparallel b- strands flanked by four a-helices. The a-helix rich region (residues 87—
223) includes another 11 a-helices Figure (1.4). The two motifs, Ser-x-x-Lys and Tyr-x-Asn,

located at the N-terminal (Ser86—Lys89) and the internal region (Tyr191-Asn193) of DAH,
respectively. Crystallographic analysis of the enzyme revealed that DAH possesses a large
cavity that leads to the catalytic center. The side chains of Ser86 and Lys89 that create a
catalytic Ser/Lys dyad in S12 family peptidases (Kelly and Kuzin 1995) were positioned at
the center of the large cavity (Fig.1.4 A). hr191, which is close to the Ser/Lys dyad, acts as
the general base to activate Ser as a nucleophile for the acyl donor during the acylation step
and the water molecule during hydrolysis. In addition, there is a small pocket close to the
catalytic center of Ser86, Ly89, and Tyr191 (Fig 1.4 B, and Fig 1.5). Structures comparison
of family S12 enzymes, D, D-peptidase (PDB: 3PTE), D-amino acid amidase (PDB: 2EFX).
Have revealed that DAH possess the largest cavity leading to catalytic center and large

active site pocket beside DAA, therefore the large cavity and active site pocket allow the
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substrate to enter, and accommodate the large side chain if acyl donor substrate (Fig 1.6)

(Arima et al. 2016).

Fig. 1.6 Comparison of the cavity and pockets shapes of (A) DAH, (B) D, D-peptidase
(Protein Data Bank code: 3PTE) and (C) DAA (Protein Data Bank code: 2EFX). The
hydrophobic surfaces are also shown (left). Active site Ser residues of the enzymes are
shown as ball and stick models colored according to the atom type. Corresponding cross-
sectional views are shown on the right. The structures of respective enzymes are
superimposed on the model of DAH, and then the cross-sectional view of respective enzymes
with the same angle is created. The enzyme molecules are shown as hydrophobic surfaces.

(Arima et al. 2016).
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1.3.2 Mechanism of catalytic reaction of DAH
Several stereospecific peptidases that recognize an amide bond involving D-amino acid
residues have been reported (Asano et al. 1989; Arima et al. 2010b). They are regarded as
being associated mainly with the biosynthesis and remodeling of peptidoglycan. Among
them, peptidases such as D-Ala—D-Ala carboxypeptidase B from Streptomyces sp. R61
(Kumar and Pratt 2005), D-aminopeptidase from Ochrobactrum anthropi (Kato et al. 1990),
and D-peptidase from Bacillus cereus(Komeda and Asano 1999) have the function of an
aminolysis reaction. The enzymes belonging to clan SE, the enzymes of the S11, S12, and
S13 peptidase families, which are specialized for roles in bacterial cell wall metabolism.
The synthesis of diverse DL-configuration dipeptides in a one-pot reaction was demonstrated
by using a function of the aminolysis reaction of a D-stereospecific amidohydrolase from
Streptomyces sp.,(Arima et al. 2011b) a clan SE, S12 family peptidase categorized as a
peptidase with D-stereospecificity. The enzyme was able to use various aminoacyl derivatives,
including L-aminoacyl derivatives, as acyl donors and acceptors. Investigations of the
specificity of the peptide synthetic activity revealed that the enzyme preferentially used D-
aminoacyl derivatives as acyl donors. In contrast, L-amino acids and their derivatives were
preferentially used as acyl acceptors. Consequently, the synthesized dipeptides had a DL-
configuration when D- and L-aminoacyl derivatives were mixed in a one-pot reaction(Arima et
al. 2011b).
DAH is also applicable for to synthesize biologically active dipeptides, such as cyclo(D-Pro—
L-Arg), with the conversion rate of D- Pro-OBzl and L-Arg-OMe to cyclo(D-Pro—L-Arg) being
greater than 65%. The cyclization of D-Pro-L-Arg-OMe occurred non-enzymatically (Fig.

1.7)(Arima et al. 2011b).
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1.4 RESEARCH OBJECTIVES

According to the previously mentioned literature review, Serine proteases comprise
nearly one-third of all known proteases identified to date and play crucial roles in a wide variety
of cellular as well as extracellular functions, including the process of blood clotting, protein
digestion, cell signaling, inflammation, fibrinolysis, fertilization, complement activation during
immune responses and protein processing. (Rawlings and Barrett 1994; Page and Di Cera 2008)
Owing to the expanding roles for serine proteases, there has been increasing interest in the
identification, structural, and functional characterization of all members of the serine protease
family of enzymes in humans and other organisms. Therefore, understanding the mechanism and
structural factors affecting substrate recognition is important for the rational modification of
enzymes and aimed at developing a convenient biocatalyst for peptide synthesis.

The assumption and concepts of the current study were to understand the structural
implications of the D-Stereospecific amidohydrolase residues in and around the active site pocket
and to investigate the effects of mutations of residues constituting the pocket on the catalysis and
substrate specificity activity of DAH.

The Specific aims of the study were:

1- Mutational study on residues DAH active site pocket residues which are thought to
involve in substrates recognition. We used site-directed mutagenesis to analyze the
potential effects of alteration of eight residues to alanine aiming to expand the size of
DAH pocket and investigated any changes in substrate recognition especially in the
term of aminolysis reaction.

2- Assessing the effect of size/shape changes to the pocket on its substrate

stereoselectivity and hydrophobic substrates recognition.
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3- To assess the effect of the space filling of the active site pocket of DAH on catalytic

activity to increase the aminolysis activity of the enzyme.
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CHAPTER TWO

ACTIVE SITE POCKET OF STREPTOMYCES D-STEREOSPECIFIC

AMIDOHYDROLASE HAS FUNCTIONAL ROLES IN AMINOLYSIS ACTIVITY

2.1 INTRODUCTION

Serine peptidases are widespread and abundant and play key roles in all living organisms.
The enzymes are classified into 53 families (S1-S81 in the MEROPS peptidase database
[http://merops.sanger.ac.uk/] (Rawlings et al. 2016; Rawlings 2016), and account for over 30%
of all known proteolytic enzymes. The catalytic mechanism of all known serine peptidases
involves a nucleophilic Ser residue that attacks the carbonyl moiety of the substrate peptide bond
to form an acyl-enzyme intermediate. The substrate is an acyl donor. The intermediate is then
hydrolyzed through nucleophilic attack by an activated water molecule. In the presence of high
concentrations of primary amines, an amide bond is formed through nucleophilic attack by an
amino group instead of a water molecule (Bratovanova and Petkov 1987; Arima et al. 2014). The
primary amine acts as an acyl acceptor. This enzymatic aminolysis reaction has been used for the
syntheses of various biologically active peptides, such as Kyotorphin (Arima et al. 2010a)
infusion material (Yokozeki and Hara 2005) and carnosine (Heck et al. 2007; Arima et al.
2010b)

The nucleophilicity of the catalytic Ser of most serine peptidases is dependent on a
catalytic triad of Asp, His, and Ser residues, commonly referred to as the charge relay
system(Dodson and Wlodawer 1998; Delmarcelle et al. 2005a; Polgar 2005). In contrast,
variations in the architecture of the active site, such as the Ser/Ser/Lys triad and Ser/Lys dyad,

have also been reported (Paetzel and Dalbey 1997; Hedstrom 2002b; Shin et al. 2003; Paetzel
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and J. Strynadka 2008). Recently, we found a new serine peptidase, D-stereospecific
amidohydrolase (DAH) from Streptomyces sp. 82F2 (Arima et al. 2011a). The enzyme belongs
to the S12 peptidase family, which has a catalytic Ser/Lys dyad (Ser86 and Lys89). The most
characteristic feature of DAH is the recognition of D-amino acyl derivatives as substrates and the
formation of amide bonds by aminolysis. In DAH aminolysis reactions, the enzyme
preferentially uses D-aminoacyl derivatives as acyl donors and L-amino acids and their
derivatives as acyl acceptors and produces dipeptides with a DL-configuration(Arima et al.
2011b). In fact, DAH has been used to synthesize a cyclic dipeptide as the lead compound of the
pesticide cyclo-(D-Pro-L-Arg), which inhibits family 18 chitinases (Houston et al. 2002), in a
one-step/one-pot reaction (Arima et al. 2011b).

Several of the enzymes of the S12 family exhibit high aminolysis activity toward various
types of substrates including amides, esters, and peptides (Kato et al. 1989, 1990; Pratt and Frere
2013). The functions are thought to be mainly associated with the biosynthesis or remodeling of
peptidoglycan. Five crystal structures of S12 family peptidases, including DAH (PDB: 3WWX),
have been reported to date: D-aminopeptidase (PDB: 1EIS5), D, D-peptidase (PDB: 3PTE), class C
B-lactamase (PDB: 1BLS), D-amino acid amidase (PDB: 2EFX) (Lobkovskya et al. 1994; Kelly
and Kuzin 1995; Bompard-Gilles et al. 2000; Okazaki et al. 2007; Arima et al. 2016). Among
them, D, D-peptidase and D-stereospecific aminopeptidase, as well as DAH, catalyze the
formation of peptide bonds by aminolysis(Kato et al. 1990; Bompard-Gilles et al. 2000). Their
substrate specificities vary, and the structural factors responsible for the substrate specificity of
hydrolysis have been identified (Delmarcelle et al. 2005b; Sauvage et al. 2008) However, the

mechanisms of substrate (both acyl donors and acceptors) recognition for aminolysis remain
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unclear but represent an important issue for understanding the characteristics of this class of
enzymes and their detailed function in biosynthesis or remodeling of peptidoglycan.
Crystallographic analysis of DAH revealed that the enzyme possesses a large cavity. The
side chains of Ser86 and Lys89 that create the catalytic Ser/Lys dyad are positioned at the center
bottom of the cavity (Arima et al. 2016). In addition, there is a pocket close to this catalytic
center (Fig.3.1). The overall structures of S12 enzyme family members are similar, although
there are significant differences in terms of the shapes and sizes of the cavities and active site
pockets among them. DAH recognizes L-aminoacyl derivatives specifically as acyl acceptors.
However, the exact positions that recognize L-amino acids in the cavity of DAH have not been
found. Okazaki et al. reported that the structure of the D-amino acid amidase pocket fits L-Phe
and D-Phe (Okazaki et al. 2008a). In this structure, unlike the bound D-Phe, the bound L-Phe
does not form an acyl-enzyme intermediate. Thus, we assumed that the pocket functions to
recognize acyl acceptors for aminolysis. In addition to L-aminoacyl derivatives, DAH recognizes
1,8-diaminooctane (1,8-DAO) as an acyl acceptor in aminolysis (Arima et al. 2016), and the
crystal structure of DAH has been refined in the presence of 1,8-DAO. Although the bound 1,8-
DAO in the DAH crystal structure is positioned at the side of the cavity (Fig. 2.1), the distance
between Ser86 and 1,8-DAO is 7.3 A, which is too great for nucleophilic attack. Therefore, the
1,8-DAO binding form is thought not to reflect the location of the nucleophilic attack on the acyl
acceptor (Arima et al. 2016). For that reason, an investigation into the effects of mutations of
residues constituting the pocket on aminolysis could provide new insights. The aim of this study
was to evaluate the role of the residues constituting the DAH pocket via mutations. We used site-
directed mutagenesis to analyze the potential effects of altered residues in the DAH pocket,

which is thought to bind substrates and investigated any changes in substrate recognition,
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especially in aminolysis. The data indicated that 11e338 is an important residue for substrate

recognition among the DAH pocket residues.
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Fig. 2.1 Cavity shape and residues in the active site pocket. The pictures show the overall
structure (left), a cross-sectional view (center), and a close-up view of D-stereospecific
amidohydrolase (DAH). The bound 1,8-diaminooctane (1,8-DAQO) molecule is shown as a stick
or ball and stick. The active site Ser86 residue is shown in red, the residues composing the active
site are shown in green (left and center) or blue, and the region associated with 1,8-DAO binding

is shown in yellow.

2.2 MATERIALS AND METHODS

2.2.1 Materials, bacterial strains, and plasmids

Peptides and aminoacyl ester derivatives were purchased from Bachem AG, Aldrich Chemical
Co. Inc., Sigma Chemical Co., Novabiochem Corp., and Wako Pure Chemical Industries Ltd.
Escherichia coli IM109 was used as a host strain for general cloning procedures and E. coli
Rosetta (DE3) was used as a host strain for gene expression. Plasmid pET-82F2DAP (with the
DAH gene inserted into the Mscl-Ncol gap of pET-22b (Arima et al. 2011b) was used for the

expression of wild-type DAH (WT) and as a template for mutagenesis.
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2.2.2 Enzyme assay

For routine assays, enzyme activity was determined via a continuous spectrophotometric
assay with D-Phe-pNA as the substrate. Substrate solution (10 pL; 10 mM) was added to 90 uL
of a mixture containing 200 mM Tris-maleate (pH 6.5) and 5 pg'mL™" of the enzyme at 25 °C.
The increased absorption at 405 nm caused by the release of pNA was monitored continuously
with a microtiter plate reader (680; Bio-Rad Laboratories Inc.). The initial activity rate was
determined from the linear part of the optical density profile of pNA measured using the same

instrument.

2.2.3 Mutagenesis

Site-directed mutagenesis for the construction of mutant enzymes was conducted by inverse PCR
using two pairs of primers containing a point mutation (Table 2.1). The PCR program consisted
of 18 cycles for 1 min at 95 °C, 1 min at 65 °C, and 8 min at 68 °C. The PCR product was treated
with Dpn I at 37 °C overnight. Thereafter, it was transfected into competent E. coli JIM109 cells
according to the manufacturer’s protocol. After the plasmid was extracted, accurate cloning was

confirmed by sequencing.

2.2.4 Expression and purification of WT and mutant enzymes

E. coli Rosetta (DE3) harboring pET-82F2DAH or the expression vector for mutant DAH
production was cultivated at 25 °C for 48 h in 50 mL of Overnight Expression Instant TB
medium (Novagen Inc.). Since DAH is an extracellular enzyme (Arima et al. 2011a), the culture

was centrifuged to remove the cells and the recombinant enzyme was purified using the
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following procedures. The culture supernatant was dialyzed against 20 mM sodium citrate (pH
5.5). The dialysate was loaded onto a Vivapure-S spin column (Sartorius AG) equilibrated with
20 mM sodium citrate (pH 5.5). After washing with the same buffer containing 0.1 M NaCl, the
bound protein was eluted with the same buffer, this time containing 0.4 M NaCl. The
homogeneity of the purified proteins was confirmed by 12% SDS-PAGE under denaturing

conditions (Laemmli 1970).

2.2.5 Assay of aminolysis activity

Aminolysis and hydrolysis reactions are competitive and hydrolysis tends to occur at high
temperatures; thus, the reaction was conducted at 4 °C to suppress hydrolysis. In addition, pH 8.5
was adopted for the aminolysis reaction to avoid the non-enzymatic degradation of ester
substrates. The aminolysis activity of DAH was assayed as follows. First, 5 uL (or 50 pL) of 0.1
mg-mL™" enzyme solution was added to 40 pL (or 400 pL) of the mixture containing 35 uL (or
350 pL) of 0.5 M Tris-HCI (pH 8.5) and 5 pL (or 50 puL) of 0.5 M 1,8-DAO. The reaction was
initiated by adding 5 pL (or 50 pL) of an acyl donor substrate (aminoacyl derivative solutions
dissolved in dimethyl sulfoxide at an appropriate concentration [ca. 0.5 M]). The reaction was
then continued at 4 °C for 2-30 min. The reaction was terminated by adding 50 pL (or 500 puL)
0.5 M HCI to the mixture. The reaction mixture was then analyzed by measuring the released

methanol and the weight of the reaction product, and by using mass spectrometry (MS).
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Table 2.1 Sequences of primers used for site-directed mutagenesis

Mutations Primer name Sequence (5’ to 3°)

DAH Y144A F CATCTACAGCGCGACCGAGGACCCCGCCTT
Y144A

DAH Y144A R AAGGCGGGGTCCTCGGTCGCGCTGTAGATG

DAH T145A F ATCTACAGCTACGCCGAGGACCCC
T145A

DAH T145A R GGGGTCCTCGGCGTAGCTGTAGAT

DAH F150A F AGGACCCCGCCGCGCAGGCCAAGGTCTT
F150A

DAH F150A R AAGACCTTGGCCTGCGCGGCGGGGTCCT

DAH V154A F TTCCAGGCCAAGGCGTTCGGCCCCGGCTT
V154A

DAHVI154A R AAGCCGGGGCCGAACGCCTTGGCCTGGAA

DAH F155A F GCCAAGGTCGCCGGCCCCGGCTTC
F155A

DAHFI155A R GAAGCCGGGGCCGGCGACCTTGGC

DAH 1266A_F CTCAACCCGAGCGCCGCGGGCGCG
1266A

DAH I266A R CGCGCCCGCGGCGCTCGGGTTGAG

DAHI338A F CACGGCGGCGGCGCCCACGGCTCG
1338A

DAHI338A R CGAGCCGTGGGCGCCGCCGCCGTG

DAH H339A F GGCGGCGGCATCGCCGGCTCGTCC
H339A

DAH H339A R GGACGAGCCGGCGATGCCGCCGCC

DAH I338G_F ACGGCGGCGGCGGCCACGGCTCGT
1338G

DAH I338G R ACGAGCCGTGGCCGCCGCCGCCGT

DAH I338S F ACGGCGGCGGCAGCCACGGCTCGT
1338S

DAH I338S_R ACGAGCCGTGGCTGCCGCCGCCGT

DAH 1338D_F ACGGCGGCGGCGACCACGGCTCGT
1338D

DAH I338D R ACGAGCCGTGGTCGCCGCCGCCGT

DAH I338F F ACGGCGGCGGCTTCCACGGCTCGT
1338F

DAH I338F_R ACGAGCCGTGGAAGCCGCCGCCGT
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2.2.6 Measurement of the weight of the aminolysis product

DAH reaction mixtures for aminolysis sometimes appear as white precipitates. Before the
reaction, the weights of the reaction tubes were measured and used as the basis weight of the
reaction container. After the reaction, the precipitates were collected by centrifugation (13000 x
2, 10 min) and dried at 60 °C for around 1 day. The weights of the dried products were measured

by using an analytical balance (ATX84; Shimadzu).

2.2.7 MS analysis
The molecular masses of the products of DAH catalytic activity were determined via matrix-
assisted laser desorption ionization—time-of-flight (MALDI-TOF) MS and electrospray
ionization (ESI-TOF) MS. For MALDI-TOF MS analysis, the precipitates were collected by
centrifugation (13000 % g, 10 min) and washed twice with distilled water. They were then
suspended in 5 pL of MALDI matrix solution (150 mM 2, 5-dihydroxybenzoic acid in 50%
acetonitrile). A small amount of each sample (ca. 1 uL) was dropped onto the target frame and
dried, and the samples were analyzed using Autoflex TOF (Bruker Daltonics Inc.).

For ESI-TOF MS analysis, the reaction mixture was diluted with a 200-fold volume of 0.1%
formic acid. After the solution was filtered, 5 pL from each sample was analyzed by using an
ESI-TOF MS system (LCT Premier XE or Quattro Micro API; Waters Corp.). The data were

processed using a computer program (MassLynx; Waters Corp.).

2.2.8 Methanol release assay
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Liberated methanol, which is equivalent to the formation of the acyl-enzyme intermediate in the
first step of the catalytic reaction, was measured with the 4-aminoantipyrine phenol method
(Allain et al. 1974) coupled with an alcohol oxidase reaction. The DAH reaction mixture (10 pL)
was added to 90 pL of the mixture containing 140 mM Tris-HCl (pH 8.0), 0.5 mM 4-
aminoantipyrine, 2 mM phenol, 0.1 mg-mL™" horseradish peroxidase, and 0.1 mg'mL™" alcohol
oxidase. Absorbance was determined at 490 nm using a microtiter plate reader (680; Bio-Rad
Laboratories Inc.) after incubation for 30 min at room temperature. The concentration of the
liberated methanol was measured from the linear part of the optical density profile of standard

methanol using the same instrument.

2.2.9 Thermal stability test

The thermal stability of wild-type and mutant DAHs was investigated as follows: the purified
enzyme solution (0.1 mg/mL) was incubated for 30 min at temperatures of 30-60°C.
Subsequently, the samples were assayed for residual activity using the methanol release activity

assay described above.

2.2.10 Structural model of mutant DAHs

The sequences of the primary structures of the mutant DAHs were aligned with the sequences of
the WT (Protein Data Bank accession no. 3WWX). The alignment data were submitted to
SWISS-MODEL (Arnold et al. 2006a; Biasini et al. 2014a) to generate a homology model of
mutant DAHs based on the template structure of WT. The structural models obtained were

analyzed using UCSF Chimera software (Arnold et al. 2006a).
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Fig. 2.2 SDS-PAGE of partially purified wild-type (WT) and mutant D-stereospecific

amidohydrolases (DAHs). Samples (3 pug) were loaded on a 12% gel.
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2.3 RESULTS

2.3.1 Effect of the mutation of residues of the pocket on pNA-releasing activity

DAH possesses a small pocket close to the catalytic center of Ser86 (Arima et al. 2016)
(Fig. 2.1). The space, shape, and electrostatic environment of the pocket are believed to confer
the substrate specificity of DAH. To elucidate the way that the pocket relates to the substrate
specificity, especially during the aminolysis reaction of DAH, we performed mutational analysis
focusing on the residues in the pocket. Based on the crystal structure of DAH, eight residues
(Tyr144, Thr145, Phel50, Vall154, Phel55, 11e266, 11e338, and His339) that constitute the pocket
(Fig. 2.1) were selected and substituted with alanine. As judged by SDS-PAGE, all mutants
could be purified as described in the Materials and Methods section (Fig. 2.2). The release of
pNA is accompanied by the formation of an acyl-enzyme intermediate (Fig. 2.3A). We first
assessed the effect of the mutation on pNA-releasing activity with D-Phe-pNA. Mutants release
of pNA by D-Phe-pNA at pH 8.5 tended to be higher or at the same level as that at pH 6.5,
whereas that by the WT showed optimum activity at pH 6.5 (Fig. 2.3B). The results indicated
that the optimum pH for the formation of the acyl-enzyme intermediate was shifted to alkaline

especially in the mutants of (Y144, T145, F150, 1266, and 1338).
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Fig. 2.3 Effect of mutation on p-nitroanilide (pNA) release activity from D-Phe-pNA. (A)
Reaction scheme of the pNA release via DAH. (B) pNA release activity of the wild-type (WT)
and mutant DAHs. p-Nitroaniline is a product of the formation of the acyl-enzyme intermediate
when D-Phe-pNA is used as a substrate. The reaction was performed in a solution containing 1
mM D-Phe-pNA at pH 6.5 (gray bars) or 8.5 (black bars) at 25 °C. Each value represents the

mean + standard deviation (SD) of values from four independent experiments.

2.3.2 Effects of the mutation of residues in the pocket on aminolysis activity

DAH possesses a small pocket close to the catalytic center of Ser86 (Arima et al. 2016) (Fig.2.1).
The space, shape, and electrostatic environment of the pocket are believed to confer the substrate
specificity of DAH. To elucidate the way that the enzyme pocket relates to substrate specificity,
especially during aminolysis reactions of DAH, we performed mutational analysis focusing on

the residues in the pocket. Based on the crystal structure of DAH, eight residues (Tyr144, Thr145,
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Phel50, Vall54, Phel55, I1e266, 11e338, and His339) that constitute the pocket (Fig. 2.1) were
selected and substituted with alanine. SDS-PAGE confirmed the purity of all mutants as
described in the Materials and Methods section (Fig. 2.2). To investigate the possible effects of
mutations on aminolysis, we examined the products of the enzyme reaction by using Ac-D-Phe
methyl ester (Ac-D-Phe-OMe) in combination with 1,8-DAO as the acyl-donor and acyl-acceptor
substrates, respectively, under optimum conditions for aminolysis (i.e., at 4 °C and pH 8.5)
(Arima et al. 2011a).

In the reaction mixtures of each enzyme, precipitates appeared after several minutes (Fig.2.5).
MS analysis showed that these precipitates were composed of the condensation products of Ac-
D-Phe-OMe and 1,8-DAO, Ac-D-Phe-1,8-DAO, and Ac-D-Phe-1,8-DAO-Ac-D-Phe (Fig.2.5).
Therefore, we assumed that precipitation represented the catalytic activity for aminolysis (Fig.
2.4A). As portrayed in Fig. 2.4B-2.4D, the same level of methanol release (acyl-enzyme
intermediate formation) but a lower level of Ac-D-Phe formation (hydrolysis) and a higher level
of precipitation formation (aminolysis) were observed in a 15-min reaction with the I1338A
mutant. The results indicated that DAH aminolysis was enhanced by substitution of Ile338 with

Ala.
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of hydrolysis reaction products after 15 min with the WT and mutant DAHs. (D) Precipitation
formation activity of the WT and mutant DAHs. Precipitates were assumed to be a product of
aminolysis. The values were calculated from the weights of the precipitates after 15-min enzyme
reactions. In all graphs, the reactions were performed in solutions containing 20 mM Ac-D-Phe-
OMe and 50 mM 1,8-DAO at pH 8.5 and 4 °C for 15 min. Each value represents the mean = SD

of values from four independent experiments.

WT

=
¥
=z

[M+H]

334.5 <
734<0

3345

[M+Na+HJ*
?

© 2
1 ;
0

A . A
300 400 500 600 700 0
m/z m/z

" Ac-0-Phe-1,8-diaminooctane [M+H]* = 334.24 (calcd.)

@Ac-n.Phe-1 8-diaminooctane-Ac-0-Phe [M+H]* = 523.30 (calcd.)
Fig. 2.5 Precipitates in the reaction mixtures of WT and mutant DAHs representing aminolysis
reactions. The precipitates appeared in the reaction mixture (500 pL) several minutes after the
reaction started. The reaction was performed in a solution containing 20 mM Ac-D-Phe methyl

ester (Ac-D-Phe -OMe) and 50 mM 1,8-diaminooctane (1,8-DAO) at pH 8.5 and 4 °C for 15 min.

Photographs were taken after centrifugation to obtain the precipitates.
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Fig. 2.6 Time dependence of the reaction products by catalysis with the WT and I338A DAHs.
(A) Methanol release and substrate consumption. Open circles show the concentrations of
methanol; closed circles show the concentrations of Ac-D-Phe-OMe. (B) Concentrations of
hydrolysis products after the respective reaction times. (C) Weights of the precipitates after the
respective reaction times. All graphs represent reactions performed in solutions containing 20
mM Ac-D-Phe-OMe and 50 mM 1,8-DAO at pH 8.5 and 4 °C. Each value represents the mean +

SD of values from four independent experiments.
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2.3.3 Properties of I338A DAH from an aminolysis point of view

We focused on I338A DAH, which showed the strongest mutational effect on aminolysis, and
investigated the properties of this mutant in detail. Figure 2.6 shows the time courses of Ac-D-
Phe-OMe consumption, methanol release (acyl-enzyme intermediate formation), hydrolysis
product release, and aminolysis product release when Ac-D-Phe-OMe and 1,8-DAO were used as
substrates. The release of methanol and consumption of the substrate with I338 A were higher
than those with the WT (Fig. 2. 6A). In contrast, the production of Ac-D-Phe (hydrolysis
product) was lower with I338A than with WT, as portrayed in Fig. 2.6B. The lower productivity
of Ac-D-Phe in the I338A reaction was presumed to be caused by a lower susceptibility to
nucleophilic attack by water or an increase in susceptibility to nucleophilic attack by 1,8-DAO
on the acyl-enzyme intermediate via the mutation. In addition, the rate of precipitation with
I338A was higher than that with the WT and quickly reached saturation (10 min, Fig. 2.6C). The
results indicated that modification of the 338 Ile side-chain structure led to enhanced aminolysis
activity.

The effects of 1,8-DAO concentration on methanol release, hydrolysis, and aminolysis
activity for WT and I338A were assessed. The results showed lower hydrolysis activity for
I338A compared with WT (Fig.2.7). In contrast, methanol release, which was thought to reflect
an increase in the reaction rate for Ac-D-Phe-1,8-DAO production, was much higher for 1338A

than WT.
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Fig. 2.7 Effect of 1,8-DAO on methanol release (A), hydrolysis (B), and aminolysis (B) of WT
and I338A DAHSs. (B) Open circles, the reaction rate for Ac-D-Phe production; closed circles,
reaction rates for Ac-D-Phe-1,8-DAO production. Reactions were performed in a solution containing
20 mM Ac-D-Phe-OMe at pH 8.5 and 4°C for 5 min. Each value represents the mean + standard

deviation of values from eight independent experiments.
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2.3.4 Enzyme kinetics

We further examined the enzyme kinetics of the aminolysis and hydrolysis reactions of 1338A
and the WT. As summarized in Table 2.2, The k.,; for methanol release was related to only Ac-
D-Phe-OMe; that is, the theoretical max value for the nucleophilic attack of DAH on Ac-D-Phe-
OMe. In contrast, the k., values for hydrolysis and aminolysis are the theoretical max values for
the nucleophilic attack of water and 1,8-DAO, respectively. Therefore, the rate-limiting step in
this enzyme reaction is the formation of the acyl-enzyme intermediate Table 2.2: the kc of
I338A for methanol release from Ac-D-Phe-OMe increased on addition of 1,8-DAO (from 80.1 s
"to 304 s) and the K, value of 1338A for methanol release from Ac-D-Phe-OMe also changed
(from 3.78 mM to 19.5 mM). In contrast, the k.,; and K, of the WT for methanol release from
Ac-D-Phe-OMe under the respective conditions remained almost the same (ko 96.4-95.2 s'l,
Kn: 3.304.95 mM).

In terms of Ac-D-Phe-OMe hydrolysis, the changes in k. of both enzymes on the
addition of 50 mM 1,8-DAO were almost identical (WT changed from 96.4 s to 46.7 s™', and
I338A from 80.1 s to 43.7 s™). However, the apparent K, of I338A increased on addition of
1,8-DAO (from 3.78 mM to 7.07 mM), while that of WT decreased (from 3.30 mM to 2.01 mM).
Thus, the kinetics of DAH aminolysis were dramatically affected by the mutation. The k¢, value
of I338A under the respective fixed conditions (50 mM 1,8-DAO or 50 mM Ac-D-Phe-OMe)

was higher than that of the WT.
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2.3.5 Effects of the I1e338 mutation on enzyme activity and thermal stability

The effects of the structural modification of Ile338 on hydrolysis and aminolysis were examined
by constructing several mutants (I338G, 1338S, 338D, and I338F) and investigating the ability
of each to form the acyl-enzyme intermediate and mediate aminolysis and hydrolysis. The purity
of the mutants was assessed via SDS-PAGE (Fig. 2.2).

A different effect was observed in the investigation into methanol release, hydrolysis, and
aminolysis of Ac-D-Phe-OMe in the presence of 1,8-DAO. Aminolysis via DAH was
significantly enhanced by substitutions with Ala and Ser. That is, the mutants exhibited higher
levels of methanol release (acyl-enzyme intermediate formation), lower hydrolysis activity, and a
five-fold greater formation of precipitates than the WT (Fig. 2.8). Substitutions with Gly and Phe
also moderately enhanced aminolysis. However, the acyl-enzyme intermediate formation of
1338F was lower than that of the WT. In contrast, substitution with Asp decreased the ability of

DAH to form the acyl-enzyme intermediate and mediate—hydrolysis and aminolysis. This

indicates that the introduction of a negative charge at position 338 of DAH negatively affects
DAH activity in the presence of Ac-D-Phe-OMe.

We next examined the thermal stability of wild-type and mutant DAHs. As shown in Fig.
2.9, they exhibited slightly lower stability with respect to temperature (up to 45 °C) than the WT.
Based on the results, the mutation of Ile338 might lead to a change in the local flexibility of the

active site pocket.
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Fig. 2.8 Effects of 1le338 mutations on methanol release, hydrolysis, and aminolysis by DAH.
(A) Methanol release via WT and mutant DAHs to Ac-D-Phe-OMe. The values were calculated
from the concentrations of methanol. (B) Comparison of the concentrations of the hydrolysis
products (Ac-D-Phe) of the WT and mutant DAHs. (C) WT and mutant DAHs precipitate
formation activity. The values were calculated from the weights of the precipitates. All graphs
represent comparisons of the products following reactions performed in solutions containing 20
mM Ac-D-Phe-OMe and 50 mM 1,8-DAO at pH 8.5 and 4 °C for 5 min (the length of the time
that precipitation takes to occur without completion of the reactions). Each value represents the
mean £+ SD of values from four independent experiments.* p < 0.05; ** p < 0.02; *** p < 0.01
calculated by Student’s 7 test.
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2.3.6 Acyl acceptor preferences of WT and mutant DAHs
Finally, we examined the aminolysis ability of the WT and mutant DAHs using Ac-D-Phe-OMe
as an acyl donor and several amino acids and peptides as acyl acceptors to investigate the
changes in acyl acceptor specificities of the mutants. In this experiment, Gly, Gly-OMe, Gly-Gly
((Gly),), Gly-Gly-Gly ((Gly)s), L-Leu, L-Leu ethyl ester (-OEt), L-Leu-L-Leu ((Leu),), L-Leu-L-
Leu-L-Leu (Leu)s;) were used as the acyl acceptor substrates.

Aminolysis was dramatically enhanced with mutations of 1le338 to Ala, Ser, and Phe
when using L-Leu as an acyl acceptor (Fig. 2.10 B). In the reaction using Gly and glycyl peptides
as acyl acceptors, several mutants (I338A, I1338S, and [338F) exhibited enhanced aminolysis
compared with the WT (approximately two-fold); the trends in the effects of the mutations were
similar to the reaction using L-Leu and 1,8-DAO (Fig. 2.10 A). In contrast, the effects of
mutations on aminolysis using Gly-OMe, leucyl peptides, and L-Leu-OEt differed from those
using 1,8-DAO, amino acids (Gly and L-Leu), and glycyl peptides as acyl acceptors. The activity
levels of all mutants were almost the same as that of the WT when using Gly-OMe as an acyl
acceptor (Fig. 2.10 A). In the reaction using leucyl peptides as acyl acceptors, only I338F
exhibited enhanced aminolysis compared with the WT (Fig. 2.10 A). In contrast, mutants other
than I338F exhibited enhanced aminolysis with L-Leu-OEt as an acyl acceptor, which was in

contrast to the reaction with leucyl peptides.
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2.4 DISCUSSION

Among the overall structures of the S12 enzyme family members, significant differences are
observed in the shapes and sizes of the cavities and pockets. In particular, the enzymes, including
DAH, that catalyzes aminolysis, possess large cavities. Crystallographic analysis of DAH with
1,8-DAO indicates that 1,8-DAO binds to the middle of the cavity and the pocket and side chain
of Ser86 in DAH are accessible to acyl donor substrates (Arima et al. 2016). Therefore, a large
cavity is considered necessary to confer binding to the acyl acceptor without covering the active
site Ser and its pocket.

DAH prefers L-amino acids and their derivatives as acyl acceptors and they cannot utilize
D-amino acids (Arima et al. 2011b). This indicates that DAH recognizes only L-amino acids as
acyl acceptors and bypasses D-amino acids. As described in the Introduction section, the pocket
structure of DAA, which is homologous to that of DAH, fits L-Phe without the formation of an
acyl-enzyme intermediate. Thus, we assumed that the pocket functions to recognize acyl
acceptors for aminolysis. In this study, we found that recognition of the acyl acceptor in
aminolysis is changed by substituting [le338 with another residue.

Our results clearly demonstrated that substitution with Ala and Ser specifically led to a
decrease in hydrolytic activity and an increase in aminolysis when 1,8-DAO was used as the acyl
acceptor (Figs. 2.6 and 3.8). The ke and Ky, values of WT for methanol release from Ac-D-Phe-
OMe in the absence of 1,8-DAO were almost identical to those of I338A (Table 2.2). These
results indicate that the DAH potentials for substrate affinity and the formation of an acyl-
enzyme intermediate for Ac- -Phe-OMe are barely affected by the mutation. The K, for
methanol release increased after adding 1,8-DAO. This result is consistent with our previous
reports (Arima et al. 2011b, 2016); that is, the increase in K, implies that the binding of 1,8-

DAO interferes with Ac-D-Phe-OMe binding to the enzyme. The K., for methanol release of
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I338A with Ac-D-Phe-OMe was dramatically increased via the addition of 1,8-DAO; however,
that of the WT changed only slightly (Table 2.2). Thus the mutant is considered to have a high
inclination to bind 1,8-DAO. The ke for methanol release of 1338A was also dramatically
increased by the addition of 50 mM 1,8-DAOQO; therefore, we presumed that the enhanced 1,8-
DAO binding via mutation led to the increase in aminolysis activity.

In addition to the results using 1,8-DAO, a different effect on aminolysis activity by
mutation was observed when leucyl peptides were used as acyl acceptor substrates. That is, the
activities for leucyl peptides were apparently reduced by mutations of [le338 to Gly, Ala, and Ser
(Fig. 2.10). Among the eight residues that constitute the pocket, 1le338 exists at the position
closest to the active center Ser (5.05 A). Thus, mutations of 1le338 to Gly, Ala, or Ser
presumably expand the space in the active center of the pocket. In addition, a thermal stability
test indicated that the mutation might affect the local flexibility of the pocket near the active
center Ser. According to the report of Fields (Fields 2001), molecular flexibility and rigidity are
important characteristics in the activity and stability of proteins. In particular, the high structural
flexibility of psychrophilic enzymes may allow better interactions with substrates and could
explain their higher catalytic rate, lower thermostability, and lower activation energy
requirements compared with those of mesophilic and thermophilic enzymes. Therefore, changes
in local flexibility are considered to allow an increase in the ability to accommodate the acyl
acceptor substrate (1,8-DAO), which leads to changes in aminolysis activity. Changes in the
local environment have different effects among Ile338 mutants; thus, the effects on aminolysis
mediated by Ile338 mutations also differ. In the I338F mutant especially, leucyl derivatives are
accepted as preferable acyl acceptor substrates, whereas the steric space of the pocket seems to

be narrower than that of the other mutants. Although we could not find a reason for the low
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activity toward L-Leu-OEt, we speculated that a hydrophobic interaction between the side chain
of position 338 and the alkali part of Leu derivatives might form in the 1338F mutant.

The effects of the Ile338 mutations on the recognition of acyl acceptors were different
(Figs. 2.8 and 2.10). Thus, the structure at position 338 is thought to specify the preferred acyl
acceptors. In addition, 1338F and 1338D had a lower ability to form acyl-enzyme intermediates
with Ac-D-Phe-OMe than the WT (Fig 2.8). The results indicated that the nucleophilicity of the
catalytic center Ser86 or the affinity to Ac-D-Phe-OMe was weakened by mutations of [1e338 to
Phe and Asp. Based on the results, the 338 position is presumably related to multiple functions of
DAH’s ability in aminolysis. It is conceivable that the shape, local flexibility, and electrostatic
environment of the pocket are the ultimate determinants of the functions of DAH. Many
hypotheses on the catalytic functions of DAH, including the formation of acyl-enzyme
intermediates and recognition of acyl donor and acceptor substrates, remain unresolved and

detailed studies are required for clarification.

2.5 CONCLUSION

In this study, we analyzed the effects of modifying the pocket structure of DAH on
aminolysis and the accompanying processes, such as the recognition of substrates and the
formation of acyl-intermediates. The results will contribute to our understanding of the structural
basis of the substrate specificity and catalytic function of DAH. This study revealed the
relationship between the pocket shape (i.e., expansion of the space, changes in local flexibility,
and the electrostatic environment of the active center side on the pocket) and aminolysis. In
addition, several findings related to enzyme function, such as the nucleophilicity of the catalytic

center Ser86 or weakening of the affinity to Ac-D-Phe-OMe via mutations of I1e338 were unclear.
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Therefore, a future challenge will be to modify other parts of the pocket or cavity through

mutations to clarify the relationship between the function of DAH and the pocket/cavity structure.
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CHAPTER THREE
EFFECT OF ACTIVE SITE POCKET STRUCTURE MODIFICATION OF D-
STEREOSPECIFIC AMIDOHYDROLASE ON THE RECOGNITION OF

STEREOSPECIFIC AND HYDROPHOBIC SUBSTRATES

3.1 INTRODUCTION

Serine peptidases function in a wide range of physiological processes, such as digestion, protein
maturation and turnover, homeostasis, and immune responses (Page and Di Cera 2008). Almost
one-third of all peptidases can be classified as serine peptidases, named for the nucleophilic Ser
residue at the active site (Hedstrom 2002a). The catalytic mechanism of serine peptidases
appears to be conserved among the members of this extensive family. First, a covalent acyl-
enzyme intermediate is generated with a substrate that is an acyl donor. Next, the intermediate
undergoes nucleophilic attack by water or amino groups (termed aminolysis). In the latter step of
this reaction, water or an amino group acts as an acyl acceptor. The diverse activities of serine
peptidases are the result of different sets of amino acids utilized for substrate binding (Craik et al.
1985), with several peptidases preferring peptides consisting of D-amino acids, aminoacyl
amides, or esters (Asano and Liibbehiisen 2000; Goswami and Van Lanen 2015).

The D-stereospecific amidohydrolase from Streptomyces sp. 82F2 (DAH) is a serine
peptidase (family S12 in MEROPS (Rawlings et al. 2016) and recognizes D-amino acyl
derivatives mainly as acyl donor substrates. The enzyme exhibits high aminolysis activity as a
side reaction in accordance with its hydrolysis activity. DAH mainly recognizes D-aminoacyl
ester derivative substrates during both hydrolysis and aminolysis catalysis (Arima et al. 2011a)

yet preferentially uses L-amino acids and their derivatives as acyl acceptors in aminolysis

49



reactions, making this enzyme of particular interest for synthesizing dipeptides with a DL-
configuration. Indeed, DAH has been used to synthesize the cyclic dipeptide cyclo (D-Pro-L-Arg)
in a one-step/one-pot reaction (Arima et al. 2011b) as the lead compound of a pesticide which
inhibits family 18 chitinases (Houston et al. 2002). In contrast, DAH shows only moderate
activity to L-form hydrophobic/aromatic amino acid derivatives during acyl-enzyme intermediate
formation; that is, DAH recognizes L-form hydrophobic amino acid derivatives as an acyl donor
substrate (Arima et al. 2011a). Therefore, the stereoselectivity of DAH for acyl-enzyme
intermediate formation is not strict only to D-form substrate.

Crystallographic analysis of DAH (PDB: 3WWX) revealed a large cavity that leads to the
active center (Arima et al. 2016). In addition, there is a pocket near the active center residues
Ser86 (Fig. 3.1A and B). This pocket may play functional roles in substrate recognition but the
relationship between this pocket and substrate recognition (stereoselectivity and preference for
hydrophobic substrates) remains unclear. An investigation into the effects of mutation of the
active site on the stereoselectivity and the preference of DAH for hydrophobic substrates could,
therefore, provide new insights into catalysis by this enzyme. Understanding the mechanism
underlying substrate recognition is important for the rational modification of enzymes aimed at
developing a convenient biocatalyst for peptide synthesis with controlled configuration.

D-Amino acid amidase (DAA, PDB: 2EFX) belongs to the same family as DAH and has
an active site pocket similar in size and shape to that of DAH (Okazaki et al. 2007). The DAA
pocket can accommodate D-Phe and forms an acyl-enzyme intermediate. Glul14 in DAA
supplies a negative surface charge for recognizing the N-terminus of the substrate. Ala239 and
Gly243 are located at the bottom of the hydrophobic pocket and likely interact with the D-Phe

phenyl ring, thereby providing important insights into understanding the mechanism of substrate
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recognition by this family of enzymes. Specifically, the shape and electrostatic environment of
the pocket are likely related to substrate preference(John J. Perona and Charles S. Craik 1995;
Tsai et al. 2010) The residues Thr145, Ala267, and Gly 271 in DAH correspond to Glul14,
Ala239, and Gly243 in DAA, respectively (Fig. 3.2 A), and therefore Thr145, Ala267, and Gly
271 in DAH are likely involved in recognizing the substrate.

In this study, we focused on Ala267, Gly271, and Thr145 in DAH for assessing the effect
of size/shape changes to the pocket on its stereoselectivity. The residues were replaced with the
bulky amino acid residue Phe, and then we evaluated the effect of each mutation on the ability of
the enzyme to form acyl-enzyme intermediates with the model substrates L- and D-Phe-methyl
ester (-OMe), and acetyl- (Ac-) L- and D-Phe-OMe. We found that mutation of position 267
located at the bottom of the site active pocket of DAH affects the enzyme’s substrate

stereoselectivity.

3.2 MATERIALS AND METHODS

3.2.1 Materials, bacterial strains, and plasmids

Amino acid derivatives were purchased from Bachem AG (Bubendorf, Switzerland), Aldrich
Chemical Co., Inc. (Milwaukee, USA), Sigma Chemical Co. (St. Louis, MO, USA),
Novabiochem Corp. (San Diego, California, USA), Wako Pure Chemical Industries Ltd. (Osaka,
Japan), and Tokyo Chemical Corp. (Tokyo, Japan). Escherichia coli IM109 was used as a host
strain for general cloning procedures and E. coli Rosetta (DE3) was used as a host strain for gene
expression. Plasmid pET-82F2DAP (with the DAH gene inserted into the Mscl-Ncol gap of
pET-22b) (Arima et al. 2011a) was used for the expression of wild-type (WT) DAH and as a

template for mutagenesis.
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Ser86_ =

Tyr91 LS89

Fig. 3.1 Cavity and pocket in DAH. (A) A cross-sectional view of the molecular surface of DAH.
Ribbon models: a-helices and B sheets are red and yellow, respectively. The active site Ser86 is
shown as a ball and stick model colored according to atom type. The surface of the enzyme is
colored light gray. (B) Shape of the pocket in DAH. Active site residues Ser86, Lys89, and

Tyr191 are shown as ball and stick models colored according to atom type.
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3.2.2 Structural model of mutant DAHs

The sequences of the mutant DAHs were aligned with the WT sequence (Protein Data Bank
accession no. 3WWX). The alignment data were submitted to SWISS-MODEL (Arnold et al.
2006b; Biasini et al. 2014a) to generate a homology model of the mutant DAHs based on the WT
template structure and the obtained structural models were analyzed using UCSF CHIMERA
software (Pettersen et al. 2004). The wild-type crystal structure predicted the structure of mutants
and superimposed structure were visualized by using UCSF CHIMERA software. The reference

template was DAH (PDB: 3WWX) which aligned with DAA (PDB: 2DNS) structure.

3.2.3 Mutagenesis

Site-directed mutagenesis for the construction of the mutant enzymes was conducted by inverse
PCR using two pairs of primers containing a point mutation (Table S1). The PCR program
comprised of 18 cycles for 1 min at 95 °C, 1 min at 63 °C, and 8 min at 68 °C. The PCR product
was treated with Dpn I at 37 °C overnight and then transfected into competent E. coli IM109
cells according to the manufacturer’s protocol. The plasmid was extracted and accurate cloning

was confirmed by sequencing.

3.2.4 Expression and purification of WT and mutant DAHs

E. coli Rosetta (DE3) harboring pET-82F2DAP or the expression vector for mutant DAH
production was cultivated at 25 °C for 48 h in Overnight Expression Instant TB medium (50 mL;
Novagen Inc., Madison, WI, USA). The culture was centrifuged to remove the cells and the

recombinant enzyme was purified as previously described in (Arima et al. 2016). The culture
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supernatant was concentrated to more than 10 mg-mL™" with a centrifugal filter (Amicon Ultra;
Millipore Corp., Billerica, MA, USA) and then dialyzed against 20 mM sodium citrate (pH 5.5).
The dialysate was loaded onto a Vivapure-S spin column (Sartorius, Gottingen, Germany)
equilibrated with 20 mM sodium citrate (pH 5.5). After washing the spin column with sodium
citrate buffer containing 0.1 M NacCl, the bound protein was eluted with sodium citrate buffer
containing 0.4 M NaCl and the active fractions were collected. The protein concentration was
determined with a protein assay kit (Bio-Rad Laboratories Inc., Berkeley, CA) using bovine
serum albumin as a standard. The homogeneity of the purified proteins was confirmed by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing

conditions.

3.2.5 Methanol release assay

The concentration of liberated methanol is equivalent to the amount of acyl-enzyme intermediate
formed in the first step of the catalytic reaction and was measured by the 4-aminoantipyrine
phenol method (Allain et al. 1974) coupled with an alcohol oxidase reaction. The DAH reaction
was set to 2 min for accurate measurement of initial reaction velocity and to equalize the
condition of the aminolysis reaction. In 96 well microplates, DAH reaction mixtures were
prepared as follows. First, 5 (L of 0.05-0.2 mg-mL" WT or mutant DAH solution was added to
40 uL of 0.5 M Tris-HCI (pH 8.5). The reaction was initiated by the addition of 5 uL of substrate
(ca. 0.5 M) dissolved in dimethyl sulfoxide, continued at 25°C for 2 min, and then terminated by
the addition of 50 uL of 1 M HCI. Next, 10 pL of reaction mixture was added to 90 puL of a
mixture comprising 140 mM Tris-HCI (pH 8.0), 0.5 mM 4-aminoantipyrine, 2 mM phenol, 0.1

mg-mL™" horseradish peroxidase, and 0.1 mg-mL™" alcohol oxidase. After incubation for 30 min

54



at room temperature, the absorbance at 490 nm was determined by a microtiter plate reader (680;
Bio-Rad Laboratories Inc.). The concentration of liberated methanol was measured from the

linear part of the optical density profile of standard methanol using the same instrument.

3.2.6Assay of aminolysis and hydrolysis activity

Aminolysis and hydrolysis reactions are competitive and hydrolysis tends to occur at high
temperatures; thus, the reaction was conducted to suppress hydrolysis. The activity of the
aminolysis was assayed as previously described by (Elyas et al. 2018). First, 5 pL of 0.1 mg-mL"
! enzyme solution was added to 40 pL of the mixture containing 35 pL of 0.5 M Tris-HCI (pH
8.5) and 5 uL of 0.5 M 1,8-DAO. The reaction was initiated by adding 5 pL of 0.5 M Ac-Phe-
OMe dissolved in dimethyl sulfoxide. The reaction was then continued at 25 °C for 2 min, and
terminated by adding 50 pL 0.5 M HCI to the mixture. The reaction mixture was then analyzed

by measuring the released methanol and the reaction product by using mass spectrometry (MS).

3.2.7 MS analysis

The molecular masses of the products of DAH catalytic activity were determined via
electrospray ionization—time-of-flight (ESI-TOF) MS. For ESI-TOF MS analysis, the reaction
mixture was diluted with a 100-fold volume of 0.1% formic acid. After the solution was filtered,
5 uL from each sample was analyzed by using an ESI-TOF MS system (LCT Premier XE or
Quattro Micro API; Waters Corp.). The data were processed using a computer program

(MassLynx; Waters Corp.).
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Table 3.1 Sequences of mutagenesis primers used for site-directed mutagenesis.

Mutations Primer name Sequence (5'to 3") Tm (°C)

DAH T145F F 64

ATCTACAGCTACTTTGAGGACCCCGCCTT

T145F

DAH T145F R AAGGCGGGGTCCTCAAAGTAGCTGTAGAT 64

DAH A267V_F TCAACCCGAGCATCGTGGGCGCGGCGGG 72
A267V

DAH A267V_R CCCGCCGCGCCCACGATGCTCGGGTTGA 72

DAH A267F_F TCAACCCGAGCATCTTTGGCGCGGCGGG 70
A267F

DAH A267F_R CCCGCCGCGCCAAAGATGCTCGGGTTGA 70

DAH A267W_F CCCGAGCATCTGGGGCGCGGCGG 69
A267TW

DAH A267W_R CCGCCGCGCCCCAGATGCTCGGG 69

DAH G271F_F GGGCGCGGCGTTTGAGATGATCTCC 65
G271F

DAH G271R_R GGAGATCATCTCAAACGCCGCGCCC 65

i
|f Markers
Markers

20.1;_. : 20.1&

Fig. 3.2 SDS-PAGE of partially purified wild-type (WT) and mutant D-stereospecific
amidohydrolases (DAHs). (A) SDS-PAGE of WT, T145F, A267F, and G271 DAHs. (B) SDS-

PAGE of WT, A267F, A267V, and A267W DAHs. Samples (3 pg) were loaded on a 12% gel.

56



o-Phenylalanine

Ala239
Ser60 ~4-A|a267

GIy271"§G|y243

B wr

Thr145

s
,\‘(Na267
\

Gly271

~

Ser86

D A267F

Phe267

¥
Seds Y2

F A2s7v

C T1145F

E Gc271F

Ala267
A

Phe271

P
G Aze7w

Trp267
\‘v(
Gly271

\

o
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and bound D-phenylalanine are shown as green sticks. (B—G) The model structure of DAH and
the predicted structures of the mutants are superimposed on the model structure of WT DAH as
viewed from the rear and at the same angle. The residues Thr145 of WT and Phel45 of T145F
are shown as green sticks. The residues Ala267 of WT, Phe267 of A267F, Val267 of A267V,
and Trp267 of A267W are shown as yellow sticks. The residue Phe271 of G271F is shown as

cyan sticks.

3.3. RESULTS

3.3.1 Effect of Phe-substitution on acyl-enzyme intermediate formation activity

Ala-substitution is usually performed for the functional analysis of amino acid residues using
mutations (Morrison and Weiss 2001) but the selected residues Thr145, Ala267, and Gly271 are
small and one is Ala. We, therefore, performed Phe-substitution instead of Ala to examine the
size/shape changes in the active site pocket of DAH of each mutation and its effect on the
recognition of hydrophobic substrate and on stereoselectivity. Structure prediction revealed that
the shape and size of the pocket was dramatically changed by mutating any one of these three
residues to Phe (Fig.3.3 3.3B-3.3E) and thus we constructed the T145F, A267F, and G271F
DAH variants. SDS-PAGE indicated that all the mutants could be partially purified using the
method described in the Materials and Methods (Fig. 3.2). We evaluated the effect of each
mutation on stereoselectivity using the free and acetylated forms of D/L-Phe-OMes as model
substrates based on their previous use as model acyl-donor substrates for the aminolysis reaction

of DAH used to synthesize dipeptides with a DL-configuration (Arima et al. 2011b).
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The acyl-enzyme intermediate formation is the first step of the enzyme reaction (Fig.3.4)
and was measured for the WT and mutant DAHs using the free and acetylated forms of D/L-Phe-
OMes by the methanol release assay. WT DAH exhibited high activity toward D-Phe-OMe
whereas its activity was less than half that toward L-Phe-OMe (Fig. 3.5 A), in agreement with a
previous report (Arima et al. 2011b). The effect of mutations were found to vary along the
aromatic substrates, this effect is not accounted for steric hindrance rather than the change of
pocket hydrophobicity, In contrast, similar values were observed for the activity of WT toward
acetylated D/L-Phe-OMe (Fig. 3.5 B). The mutations resulted in differences in their
stereoselectivities compared with WT. For example, Thr145 is believed to supply the negative
charge required for recognition of the amino group of a substrate, yet this mutation had little
effect on its stereoselectivity toward both the free and acetylated forms of D/L-Phe-OMes (Fig.
3.5). In contrast, the mutation of Ala267 and Gly271, located at the bottom of the hydrophobic
pocket, decreased the reaction rate toward the D- and L-configurations of the free-form substrates
(Fig. 3.5 A). Furthermore, the mutant enzymes showed altered activities toward the acetylated
substrates compared with their activities toward free D/L-Phe-OMes. That is, A267F exhibited an
approximately two-fold higher reaction rate for Ac-D-Phe-OMe than that for Ac-L-Phe-OMe
whereas the ratio of reaction rates between Ac-D-Phe-OM to Ac-L-Phe-OMe in T145F was
similar to that of G271F (1. e., no significant difference in the recognition between D and L

acetylated form of substrate either in T145F or in G271F mutant ) (Fig. 3.5B).
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3.3.2 Effect of the Ala267 mutation on acyl-enzyme intermediate formation activity

A267F and G271F were found to have different substrate specificities compared with WT DAH,
with A267F showing over double the activity toward Ac-D-Phe-OMe compared with Ac-L-Phe-
OMe whereas WT exhibited no significant difference in activity toward the acetylated forms of
D/L-Phe-OMes. To gain deeper insight into the relationship between size/shape/hydropathy of
the pocket and substrate recognition, we focused on Ala267 and substituted Ala with Trp
(A267W), the bulkiest residue, and Val (A267V), a more hydrophobic residue than Ala or Phe
(Kyte and Doolittle 1982). The predicted pocket structures of A267V and A267W DAH revealed
different shapes, sizes, and hydrophobicities from WT DAH (Fig. 3.3F and 3.3G), and SDS-
PAGE showed that both mutants could be partially purified using the method described in the
Materials and Methods (Fig. 3.2).

As shown in Fig. 3.5, the A267Vand A267W mutants exhibited lower activities toward
all substrates than those exhibited by WT and the other mutant DAHs. Although the mutation of
Ala267 to Val or Trp remarkably decreased specific activity, the activity ratios of A267V and
A267W DAHs toward the D- and L-form substrates were very similar to that of the A267F
mutant. Specifically, the reaction rates of A267V and A267W DAH for D-Phe-OMe were almost
the same as those for L-Phe-OMe, and the mutants exhibited around two-fold higher activity for

Ac-D-Phe-OMe than that for Ac-L-Phe-OMe.
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Fig. 3.5 Effect of mutation on methanol release. (A) Methanol release by the WT and mutant
DAHs using D/L-Phe-OMe as substrate. Methanol is a product of the formation of the acyl-
enzyme intermediate. (B) Methanol release by the WT and mutant DAHs using Ac-D/L-Phe-
OMe as substrate. In both panels, the values were calculated from the specific activity of
methanol production after 2-min enzyme reactions. The structures of the substrates, R,
corresponding to the scheme in Fig. 2, indicate on the respective graphs. The reactions were
performed in solutions containing 50 mM substrate at pH 8.5 and 25 °C. Each value represents

the mean + SD of values from four independent experiments.
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3.3.3 Kinetic analysis of the WT and mutant DAHs

The kinetic parameters of the WT and mutant DAHs toward the free and acetylated forms of D/L-
Phe-OMes are shown in Table 3.2 and show that WT DAH has higher affinity for D-form
substrates than for L-form substrates (K, values are 203, 103, 103, 10.6 mM for L-Phe-OMe, D-
Phe-OMe, Ac-L-Phe-OMe, and Ac-D-Phe-OMe, respectively). Acetylated substrates were
considered appropriate for catalysis by DAH because the k../K, values for the acetylated forms
of the substrates (kca/Kn for Ac-L-Phe-OMe and Ac-D-Phe-OMe are 5.02 and 15.3 s
respectively) are higher than those for the free forms (kca/Km for L-Phe-OMe and D-Phe-OMe are
1.23 and 3.08 s™', respectively). The mutation of Ala267 to Phe decreased the K;, values for all
substrates (Table 3.2), suggesting that the addition of a phenyl ring at the Ala267 position
increased the affinity of the binding pocket to the substrate’s benzene ring. In addition, similar to
the specific activities shown in Fig. 3.5 B, this mutation also increased k. and catalytic
efficiency (kca/Km) toward Ac-D-Phe-OMe, indicating that this mutation affects positively the
acyl-enzyme intermediate formation reaction with Ac-D-Phe-OMe.

In contrast to the mutation of Ala267 to Phe, the Val and Trp mutations negatively
affected acyl-enzyme intermediate formation activity. The very high K, values of A267V and
A267W for L-Phe-OMe and Ac-L-Phe-OMe prevented estimation of the kinetic parameters of
both substrates. However, both mutations resulted in increased K, values for all substrates
(Table 3.2), indicating a weakened affinity for all substrates. Similar to the specific activity
results shown in Fig. 3.5B, the catalytic efficiencies (kc./Km) toward both D-Phe-OMe and Ac-D-
Phe-OMe were dramatically decreased by the mutation of Ala267 to Val or Trp (Table 3.2). A

similar effect of the mutation of Gly271 to Phe on enzyme kinetics was observed (Table 3.2) and
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thus substrate binding by DAH is likely disrupted by modifications to the structure and
hydrophobicity of the bottom of the active site pocket. Furthermore, the effect of the mutation of
Thr145 to Phe was observed in the k., for acetylated substrate rather than in the K, value (Table
3.2). Thr145 had been believed to be involved in the stereospecific recognition of the amino
group of the substrate but our results suggest that it is involved in a catalytic turnover rather than
in D-/L- recognition by DAH.

3.3.4 Effect of Mutations on Aminolysis Activity

As mentioned in the Introduction, DAH exhibits high aminolysis activity as a side reaction in
accordance with its hydrolysis activity. We examined the acyl-enzyme intermediate formation,
hydrolysis, and aminolysis activities of the WT and mutant DAHs by using the acetylated form
of Phe-OMe as an acyl-donor and 1,8-DAO as an acyl-acceptor at pH 8.5, 4 °C, for 2 min. The
trends in the effects of mutation on all activities (methanol release, hydrolysis, and aminolysis)
were similar to the above investigations using a single substrate (Fig. 3.6), but the activity of
A267F to Ac-D- Phe-OMe was significantly higher than that of the other mutations. Furthermore,
mutation of Gly271 drastically decreased aminolysis activity toward both substrates (Ac-D/L-

Phe-OMe) (Fig. 3.6).
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Fig. 3.6 Effect of mutation on methanol release, hydrolysis, and aminolysis activities in the
presence of 50 mM 1,8-DAO as acyl acceptor. (A) Methanol release by the WT and mutant
DAHs using D/L-Phe-OMe as substrate. Methanol is a product of the formation of the acyl-
enzyme intermediate. (B) Hydrolysis by the WT and mutant DAHs using Ac-D/L-Phe-OMe as
substrate. The values of specific activities were determined by measuring the concentration of
liberated Ac-Phe after 2 min enzyme reaction by using ESI-MS. (C) Aminolysis by the WT and
mutant DAHs using Ac-D/L-Phe-OMe as substrate. The values of relative activities were
determined by measuring the relative concentration of produced Ac-Phe-1,8-DAO after 2 min
enzyme reaction by using ESI-MS. The structures of the substrates, R, corresponding to the
scheme in Fig. 2, indicate on the respective graphs. Each value represents the mean + SD of
values from four independent experiments.
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3.4 DISCUSSION

We previously solved the crystal structures of DAH complexed with 1,8-diaminooctane (Arima
et al. 2016) and observed that DAH possesses a small pocket in the vicinity of the active site
Ser86. Functional analysis of residues comprising the active site pocket should provide insights
into the catalytic mechanism, including substrate recognition. As mentioned in the Introduction,
the DAA crystal structure indicates that the three residues Glull14, Ala239, and Gly243 are
involved in D-phenylalanine recognition, and these residues correspond to Thr145, Ala267, and
Gly271 in DAH (Okazaki et al. 2007). In the present study, we performed a site-directed
mutagenesis analysis of these residues in DAH to investigate how structural factors correlate to
the recognition of hydrophobic substrates. The structural and mechanistic factors influence the
stereoselective recognition has subjected to intensive research (Kyte and Doolittle 1982; Andrew
D. Mesecar 2000; Wombacher et al. 2006; Okazaki et al. 2008b). However, enzyme engineering
(e.g. site-directed mutagenesis) and in vitro evolution aid in understanding the structural basis of
stereoselectivity and also provide tools to manipulate this property (Wombacher et al. 2006)

The superimposition data constructed with local structure of DAH and bound D-
phenylalanine in DAA shows the reasonable distances between D-phenylalanine and residues
focused in this study (Fig. 3.7A). The space of the active site pocket of DAH is wide enough to
bind with D-phenylalanine. The structure and electrostatic environment of the active site pocket
of DAH should be dramatically changed by mutation, with the pocket spaces in the predicted
structures of A267F, A267V, A267W, and G271F DAHs being narrower than that of WT (Fig.
3.3B, 3.3D-3.3G). Such drastic modifications of the pocket structure would likely significantly
reduce the catalytic ability and indeed a significant reduction in catalytic ability was observed by

the mutation of Gly271 to Phe and Ala267 to Val or Trp. In fact, the superimpositions data
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constructed with local structure of the above mutant DAHs and bound D-phenylalanine in DAA

contain structurally impossible parts (Fig. 3.7D-3.7F), and thus, the confirmation of the bound -

B T145F
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/alos7 .
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AB67 W67
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" L% " /:.‘
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Fig. 3.7 Local structures (upper panel) and predicted pocket
shapes (lower panel) of WT (A) and mutant (B—F) DAHs. All
figures were constructed by superimposition with DAA, and
bound D-phenylalanine in DAA structure is shown as green
sticks. The DAH residues are shown as yellow sticks. The
pocket structure of DAH and the predicted pocket structures
of the mutants are shown as viewed from the upper and at the
same angle.
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substrate in mutant DAHs was considered to be different from that in WT DAH. In contrast, the
substitution of Ala267 to Phe resulted in enhanced catalytic efficiency for Ac-D-Phe-OMe rather
than loss of activity, clearly demonstrating that shape, electrostatic environment, and the space
around the bottom of the hydrophobic pocket are all involved in the recognition of hydrophobic
substrates. Specifically, A267F DAH accepted the acetylated form of D-Phe-OMe as a preferred
substrate for acyl-enzyme intermediate formation, hydrolysis, and aminolysis reaction (Fig. 3.5,
Table 3.2), suggesting an interaction between the benzene ring of the substrate and that of the
Phe side chain in A267F DAH during the catalytic reaction. In the superimposition data
constructed with local structure of A267F DAH and bound D-phenylalanine in DAA, the
distance between the phenyl ring of position at 267 and the substrate is too close (less than 1 A,
Fig.3.7 C). This model is an impossible structure, and the confirmation of the bound substrate in
A267F DAH is different from that in WT DAH. The binding manner of the substrate before the
nucleophilic attack by hydroxyl group of Ser86 also was considered to be changed by the
mutation. Because the mutation of Ala267 to Phe resulted in enhanced catalytic efficiency for
Ac-D-Phe-OMe, the substrate binding manner of A267F DAH is presumed to be a conformation
susceptible to nucleophilic attack by hydroxyl group of Ser86.

The ratios of the specific activities of T145F between the D- and L- form substrates were
almost identical to those of WT, showing that the mutation of Thr145 to Phe had little effect on
the stereoselectivity of the enzyme toward both the free and acetylated forms of D/L-Phe-OMes
(Fig. 3.5). This result suggests that Thr145 is involved in the recognition of substrate using
properties other than stereoselectivity. The long distance between the hydroxyl group of Thr145
and amino group of D-phenylalanine (approximately 6 A, Fig. 3.7A, 3.7B) supports the above

hypothesis. In contrast, the mutation of Gly271 to Phe apparently affects the stereoselectivity of
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DAH; the specific activities of G271F toward L-Phe-OMe and Ac-L-Phe-OMe were higher than
those toward D-Phe-OMe and Ac-D-Phe-OMe, respectively. The differences in specific activities
and kinetic values between the D- and L- form substrates were similar within the margins of
experimental error and thus we could not conclude that Gly271 is involved in the recognition of
D- and L- form substrates. Many questions regarding the substrate selectivity of DAH (and this
class of enzymes) remain unanswered and thus further detailed studies are required to clarify the

reaction mechanism in terms of substrate recognition.

3.5 CONCLUSION

In this study, we attempted to analyze the structural factors of the DAH binding pocket that
affect the recognition of both hydrophobic substrates and the stereoselectivity of the substrate.
To this end, we conducted a mutagenesis assay for the formation of acyl-enzyme intermediates
and aminolysis. The results revealed that the residues located at the bottom of the pocket play an
important role in the recognition of hydrophobic substrates. Ala267 and Gly271 form the bottom
of the hydrophobic active site pocket of DAH and their substitution affected enzyme activity
toward hydrophobic substrates, thereby identifying Ala 267 and Gly271 as key positions for the
selectivity of hydrophobic substrates. The substitution of Ala267 to Phe reduced the K, values
for all substrates except Ac-D-Phe-OMe. The present structure/function relationship findings

deepen our understanding of the catalytic mechanism of serine peptidases.
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CHAPTER FOUR
ENHANCEMENT OF AMINOLYSIS ACTIVITY BY SPACE FILLING OF ACTIVE

SITE POCKET OF D-STEREOSPECIFIC AMIDOHYDROLASE

4.1. INTRODUCTION

Serine peptidases function in a wide range of physiological processes, such as digestion, protein
maturation and turnover, homeostasis, and immune responses (Hedstrom 2002a; Page and Di
Cera 2008; Ekici et al. 2008; Zakharova et al. 2009). The catalytic mechanism of serine
peptidases appears to be conserved among the members of this extensive family. First, a covalent
acyl-enzyme intermediate is generated with a substrate that is an acyl donor. Next, the
intermediate undergoes nucleophilic attack by water (Fig. 4.1). Meanwhile, in the later step,
nucleophilic attack by an amino group instead of a water molecule occurs and forms an amide
bond (Fig. 4. 1) (Yokozeki and Hara 2005; Zakharova et al. 2009). The reaction is termed
“aminolysis” and observed in the presence of relatively high concentrations of primary amine,
which are not achieved under physiological conditions. In this reaction, primary amine acts as an
acyl acceptor. In an organism, the main function of serine peptidase is probably hydrolysis,
unexpected functions such as aminolysis are often observed under artificial conditions (Bordusa
2002; Yazawa and Numata 2014; Goswami and Van Lanen 2015). Because amino acids can act
as acyl acceptors, the unnatural aminolysis reaction of serine peptidases has attracted attention as
a method to synthesize various peptides that cannot be produced under natural conditions.

The D-stereospecific amidohydrolase from Streptomyces sp. 82F2 (DAH) is a serine
peptidase belonging to family S12 in MEROPS (Arima et al. 2011a, b, 2016) and recognizes D-
amino acyl derivatives mainly as acyl donor substrates (Arima et al. 2011a). The enzyme

exhibits high aminolysis activity and mainly recognizes L-amino acids and their derivatives as
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acyl acceptors, making this enzyme of particular interest for synthesizing dipeptides with a DL-
configuration (Arima et al. 2011b). Indeed, DAH has been used to synthesize the cyclic
dipeptide cyclo (D-Pro-L-Arg) in a one-step/one-pot reaction (Arima et al. 2011b) as the lead
compound of a pesticide which inhibits family 18 chitinases (Izumida et al. 1996; Houston et al.
2004).

Crystallographic analysis of DAH (PDB: 3WWX) revealed a large cavity that leads to the
active center (Fig. 4.3A) (Arima et al. 2016). The side chains of Ser86 and Lys89 that create a
catalytic Ser/Lys dyad were positioned at the center of the large cavity. Tyr191, which is close to
the Ser/Lys dyad, acts as the general base to activate Ser as a nucleophile for the acyl donor
during the acylation step and the water molecule during hydrolysis. In addition, there is a pocket
near the active center residues Ser86, Ly89 and Tyr191 (Fig. 4.3A). This pocket plays functional
roles in substrate recognition and aminolysis activity (Arima et al. 2016; Elyas et al. 2018).
Therefore, an investigation into the effects of modification of the active site pocket on the
aminolysis activity of DAH provides important information for the rational modification of
enzymes aimed to develop a convenient biocatalyst for peptide synthesis.

The active site pocket of DAH is considered to accommodate acyl donor or acyl acceptor
substrate. Ala267 and Gly271 are located at the bottom of the hydrophobic pocket (Fig. 4.3A).
Specifically, the shape and electrostatic environment of the pocket are likely related to substrate
preference (Arima et al. 2016; Elyas et al. 2018). Our previous report indicated that the
expanding the space of DAH active site pocket led to change in substrate specificity in
aminolysis activity (Elyas et al. 2018). The present study aimed to investigate the relationship
between active site pocket and aminolysis activity from an opposite approach to our previous

study. We focused on Ala267 and Gly271 in DAH for assessing the effect of space filling of the
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active site pocket on its aminolysis activity. The residues were replaced with the bulky amino
acid residue Phe to fill the space of active site pocket, and then we evaluated the effect of space
modification on the ability of the enzyme to form acyl-enzyme intermediates, hydrolysis, and
aminolysis. We found that substitution of position 267 with the bulky residue, Phe, enhances the
enzyme’s aminolysis catalysis. Moreover, the same effect of the mutation was observed in the
efficiency of the synthetic activity of biologically active cyclic dipeptide, cyclo(D-Pro-L-Arg)

(c(pP-LR)).

Ser Ser

Hydrolysis
OH 0 HoO \ nml- R1EOH

/ Rq—g\/
Ri-C-N-R: ; 0

OH -
Substrate H2N-R2 HoN-R3 sl R1‘9'N'R3

(acyl donor) Primary amine Aminolysis O H
(acyl acceptor)

Fig. 4.1 Scheme of the hydrolysis and aminolysis reactions catalyzed by serine peptidases.
4.2MATERIALS AND METHODS

4.2.1 Materials, bacterial strains, and plasmids

Amino acids and aminoacyl ester derivatives were purchased from Bachem AG (Bubendorf,
Switzerland), Aldrich Chemical Co., Inc. (Milwaukee, USA), Sigma Chemical Co. (St. Louis,
MO, USA), Novabiochem Corp. (San Diego, California, USA), Wako Pure Chemical Industries

Ltd. (Osaka, Japan), and Tokyo Chemical Corp. (Tokyo, Japan). Escherichia coli IM109 was
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used as a host strain for general cloning procedures and E. coli Rosetta (DE3) was used as a host
strain for gene expression. Plasmid pET-82F2DAP (with the DAH gene inserted into the Mscl-
Ncol gap of pET-22b) (Arima et al. 2011b) was used for the expression of wild-type (WT) DAH

and as a template for mutagenesis.

4.2.2 Structural model of mutant DAHs

The sequences of the mutant DAHs were aligned with the WT sequence (Protein Data Bank
accession no. 3WWX). The alignment data were submitted to SWISS-MODEL (Arnold et al.
2006b; Biasini et al. 2014b) to generate a homology model of the mutant DAHs based on the WT
template structure and the obtained structural models were analyzed using UCSF CHIMERA

software (Pettersen et al. 2004).

4.2.3 Mutagenesis

Site-directed mutagenesis for the construction of the mutant enzymes was conducted by inverse
PCR using two pairs of primers containing a point mutation (Table 4.1). The PCR program
comprised of 18 cycles of 1 min at 95 °C, 1 min at 63 °C, and 8 min at 68 °C. The PCR product
was treated with Dpn I at 37 °C overnight and then transfected into competent E. coli IM109
cells according to the manufacturer’s protocol. The plasmid was extracted and accurate cloning

was confirmed by sequencing.

4.2.4 Expression and purification of WT and mutant DAHs
E. coli Rosetta (DE3) harboring pET-82F2DAP or the expression vector for mutant DAH

production was cultivated at 25 °C for 48 h in Overnight Expression Instant TB medium (50 mL;
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Novagen Inc., Madison, WI, USA). The culture was centrifuged to remove the cells and the
recombinant enzyme was purified as follows. The culture supernatant was concentrated to more
than 10 mg-mL™" with a centrifugal filter (Amicon Ultra; Millipore Corp., Billerica, MA, USA)
and then dialyzed against 20 mM sodium citrate (pH 5.5). The dialysate was loaded onto a
Vivapure-S spin column (Sartorius, Gottingen, Germany) equilibrated with 20 mM sodium
citrate (pH 5.5). After washing the spin column with sodium citrate buffer containing 0.1 M
NaCl, the bound protein was eluted with sodium citrate buffer containing 0.4 M NaCl and the
active fractions were collected. The protein concentration was determined with a protein assay
kit (Bio-Rad Laboratories Inc., Berkeley, CA) using bovine serum albumin as a standard. The
homogeneity of the purified proteins was confirmed by 12% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions(Laemmli 1970).

4.2.5 Enzyme reaction

Aminolysis and hydrolysis reactions are competitive and hydrolysis tends to occur at high
temperatures; thus, the reaction was conducted at 4 °C to suppress hydrolysis. In addition, pH 8.5
was adopted for the aminolysis reaction to avoid the non-enzymatic degradation of ester
substrates. The activity of DAH was assayed as follows. First, 5 uL of 0.1 mg'mL" enzyme
solution was added to 40 pL of the mixture containing 35 pL of 0.5 M Tris-HCI (pH 8.5) and 5
uL of 0.5 M acyl acceptor substrate Trp. The reaction was initiated by adding 5 pL of 0.5 M acyl
donor substrate (acetylated forms of (Ac-) Phe-methyl ester (-OMe) solution dissolved in
dimethyl sulfoxide). The reaction was then continued at 4 °C for 2 min. The reaction was
terminated by adding 50 pL 0.5 M HCI to the mixture. The reaction mixture was then analyzed

by measuring the released methanol and by using mass spectrometry (MS).
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4.2.6 Methanol release assay

The concentration of liberated methanol is equivalent to the amount of acyl-enzyme intermediate
formed in the first step of the catalytic reaction and was measured by the 4-aminoantipyrine
phenol method (Allain et al. 1974) coupled with an alcohol oxidase reaction (Mangos and Haas
1996). 10 uL of DAH reaction mixture was added to 90 pL of a mixture comprising 140 mM
Tris-HCI (pH 8.0), 0.5 mM 4-aminoantipyrine, 2 mM phenol, 0.1 mg-mL'1 horseradish
peroxidase, and 0.1 mg'rnL'l alcohol oxidase. After incubation for 30 min at room temperature,
the absorbance at 490 nm was determined by a microtiter plate reader (680; Bio-Rad
Laboratories Inc.). The concentration of liberated methanol was measured from the linear part of

the optical density profile of standard methanol using the same instrument.

4.2.7 MS analysis

The molecular masses of the products of DAH catalytic activity were determined via
electrospray ionization (ESI-TOF) MS. For ESI-TOF MS analysis, the reaction mixture was
diluted with a 200-fold volume of 0.1% formic acid. After the solution was filtered, 5 pL from
each sample was analyzed by using an ESI-TOF MS system (LCT Premier XE or Quattro Micro

API; Waters Corp.). The data were processed using a computer program (MassLynx; Waters

Corp.).

4.2.8 c¢(pP-LR) synthesis
The reaction was initiated by adding 5 pL of 0.1 mg'mL™" enzyme solution to 45 pL of the

mixture containing 35 pL of 0.5 M Tris-HCI (pH 8.5), 5 uL of 0.5 M D-Pro-benzyl ester (-OBzl)
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dissolved in dimethyl sulfoxide and 5 pL of 0.5M L-Arg-OMe dissolved in dimethyl sulfoxide.

The reaction was then continued at 4 °C for 10-1800 min. The reaction was terminated by

adding 50 pL 0.5 M HCI to the mixture. The reaction mixture was then analyzed by using mass

spectrometry (MS).

Table 4.1 Sequences of mutagenesis primers used for site-directed mutagenesis.

Mutations Primer name Sequence (5’ to 3°) Tm (°C)
DAH A267F F TCAACCCGAGCATCTTTGGCGCGGCGGG 70

Azert DAH A267F R CCCGCCGCGCCAAAGATGCTCGGGTTGA 70
DAH G271F F GGGCGCGGCGTTTGAGATGATCTCC 65

et DAH G271R_ R GGAGATCATCTCAAACGCCGCGCCC 65
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4.3 RESULTS

4.3.1 Effect of space filling of active site pocket on aminolysis activity
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To fill the space of active site pocket of DAH, we constructed two mutant enzymes, A267F, and
G271F DAHs. Structure prediction revealed that the shape and size of the pocket were
dramatically changed by mutating to Phe (Fig. 4.3B). SDS-PAGE indicated that both mutants
could be partially purified using the method described in the Materials and Methods (Fig. 4.2).
To investigate the possible effects of mutations on aminolysis, we examined the products of the
enzyme reaction by using Ac-D/L-Phe-OMe in combination with D/L-Trp as the acyl-donor and
acyl-acceptor substrates, respectively, under optimum conditions for aminolysis (i.e., at 4 °C and

pH 8.5).

The acyl-enzyme intermediate formation is the first step of the enzyme reaction it consider to be
rate-limiting step of reaction rather than nucleophilic attack of water molecule or acyl acceptor
substrate (Fig. 4.4A) and was measured by the methanol release assay. For the activities of WT,
similar values were observed among the respective sets of acyl donor and acyl acceptor (Fig.
4.4B). The variants different reaction rates and stereoselectivities compared with WT. That is,
mutation of Ala267 to Phe enhanced the methanol release for Ac-D-Phe-OMe by approximately
three-fold whereas no enhancement was observed in the methanol release for Ac-L-Phe-OMe. In
contrast to A267F DAH, G271F DAH exhibited lower activities than WT; moreover, this mutant
has the same stereoselectivity as that of the wild-type. As portrayed in Fig. 4.4C and 4.4 D, the
same level of Ac-D-Phe formation (hydrolysis) and a higher level of condensation production
rate were observed in the A267F mutant when used L-Trp as an acyl acceptor substrate. In
contrast, no enhancement of aminolysis activity was observed in the G271F mutant; rather a lack
of aminolysis was observed (Fig. 4.4 D). Although the difference between actual values of
relative aminolysis reaction rate and values obtained by subtracting hydrolysis from methanol

release was observed, the tendency of activity rate was similar (Fig. 4.4 D). In addition to the
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above results, we found that DAH strictly recognizes L-amino acids as acyl acceptor substrate

rather than D-amino acids as acyl donor substrates by this investigation.
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B wr A267F G271F

» s Gly271

Fig. 4.3 Structure of the active site pocket of DAH. (A) The surface structure of DAH and
simplified representation. The position of active site Ser86, Ala267, and Gly271 are highlighted
in red, yellow, and green, respectively. (B) Pocket shapes of WT DAH and the predicted
structures of the mutant DAHs. The model structure of DAH and the predicted structures of the
mutants are superimposed on the model structure of WT DAH as viewed from the rear and at the
same angle. The active site residue Ser86 of WT, A267F, and G271F are shown as white sticks.
The residues Ala267 of WT and Phe267 of A267F are shown as yellow sticks. The residue

Phe271 of G271F is shown as cyan sticks.
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Fig. 4.4 Effect of mutation on Ac-Phe-Trp
production by aminolysis function of DAH.
(A) Reaction scheme of the DAH reaction for Ac-
Phe-Trp production. (B) Methanol release by the
WT and mutant DAHs using Ac-D/L-Phe-OMe
and D/L-Trp as acyl donor and acceptor substrates,
respectively. Methanol is a product of the
formation of the acyl-enzyme intermediate. (C)
Ac-Phe production by the WT and mutant DAHs
using D/L-Phe-OMe and D/L-Trp as acyl donor
and acceptor substrates, respectively. Ac-Phe is a
product resulting from hydrolysis. (D) Ac-Phe-Trp
production by the WT and mutant DAHs using
D/L-Phe-OMe and D/L-Trp as acyl donor and
acceptor substrates, respectively. Ac-Phe-Trp is a
product resulting from hydrolysis. In panels (B),
(C), and (D), the values were calculated from the
concentration (methanol and Ac-Phe) or relative
concentration (Ac-Phe-Trp) of enzyme reaction
products after 2-min enzyme reactions. The
reactions were performed in solutions containing
0.01 mg enzyme and 50 mM substrate at pH 8.5
and 4 °C. Each value represents the mean £+ SD of

values from four independent experiments.



4.3.2 Effect of space filling of active site pocket on ¢(pP-; R) synthetic activity

Biologically active cyclic dipeptide, c(pP-LR), is known to act as a specific inhibitor of family 18
chitinases and regarded as the ideal lead compound for the development of antifungal reagents
and insecticide (Izumida et al. 1996; Houston et al. 2002). Our previous study demonstrated that
c(pP-LR) was successfully produced in one-pot/one-step reaction manner by the aminolysis
function of DAH(Arima et al. 2011b). To confirm whether the effect of space filling of active
site pocket was similar in c(pP-LR) synthesis to the previously mentioned investigation or not,
we next compared the c(pP-LR) synthetic activity of WT and mutant DAHs. We used D-Pro-
OBzl and L-Arg-OMe, as acyl donor and acceptor substrates, respectively for c(pP-LR) synthesis
in a one-pot reaction.

As presented in Fig. 4.5 A, a covalent acyl-enzyme intermediate generated from the DAH
reaction with D-Pro-OBzl undergoes to nucleophilic attack by a water molecule or L-Arg-OMe.
Therefore, the efficiency of c¢(pP-LR) synthesis depends on the reaction rate for the nucleophilic
attack by L-Arg-OMe. As portrayed in Fig. 4.5 B, the relative reaction rate of A267F DAH for
D-Pro-L-Arg-OMe was significantly greater than WT and G271F DAHs. Because the same
effect as Ac-Phe-Trp production was observed in this examination, the result indicates that the

substitution of Ala267 with Phe enhances the nucleophilic attack by acyl acceptor substrate.

4.3.3 Time dependence on c(pP-LR) synthesis

Finally, we evaluated time dependence on the c(pP-LR) production by WT and mutant
DAHs. The result of the investigation of time dependence shows that A267F DAH preferentially
catalyzed aminolysis. The rate for D-Pro-OBzl consumption was higher in A267F than in WT

and G271F (left panel in Fig. 4.5 C). In addition, significant consumption of L-Arg-OMe was
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observed in only A267F DAH (second panel from the left in Fig. 4.5 C). In terms of the products,
WT and G271F DAHs converted mainly from D-Pro-OBzI to D-Pro by their hydrolysis function
and produced a slight amount of D-Pro-L-Arg-OMe by their aminolysis function (middle and
second panel from the right in Fig. 4.5 C). In contrast, A267F DAH exhibited efficient synthesis
of D-Pro-L-Arg-OMe and lower hydrolysis activity than WT and G271F DAHs. In the process
for c(pP-LR) synthesis, cyclization of D-Pro-L-Arg-OMe was occurred non-enzymatically (Fig.
4.5 A) (Arima et al. 2011b), resulting in yielding c(pP-LR) as a final product. As portrayed in the
left panel of Fig. 4.5 C, the amount of produced c(pP-LR) by the catalysis of A267F was

significantly greater than WT and A267F DAHs.
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4.4 DISCUSSION

In the structure of DAH, a small pocket exists in the vicinity of the active site Ser86 and is
predicted to accommodate substrate(Arima et al. 2016). This structure is a common feature

among serine peptidases belonging to family S12 in MEROPS. In fact, several of the enzymes of
the S12 family exhibit high aminolysis activity(Kato et al. 1990; Komeda and Asano 1999;
Matsushita-Morita et al. 2013), and five crystal structures of S12 family peptidases, including
DAH (PDB: 3WWX), have been reported to date: D-stereospecific aminopeptidase (PDB: 1EIS),
D, D-peptidase (PDB: 3PTE), class C B-lactamase (PDB: 1BLS), and D-amino acid amidase
(PDB: 2EFX) (Lobkovskya et al. 1994; Kelly and Kuzin 1995; Bompard-Gilles et al. 2000;
Okazaki et al. 2007). Among them, D-stereospecific aminopeptidase and D, D-peptidase as well
as DAH, catalyze aminolysis reaction(Kato et al. 1990; Pratt and Frére 2013). As the common
feature in the structure of the enzymes catalyzing aminolysis, they possess a large cavity that
leads to the catalytic center. In contrast, the structure of D-amino acid amidase, which functions
only hydrolysis catalysis, possess a narrow tunnel instead of the cavity (Okazaki et al. 2007).
Because wide space of the cavity allows accessing of acyl acceptor substrate to the catalytic
center, a large cavity is considered necessary to have the function of aminolysis. Meanwhile,
Okazaki et al. reported that the structure of D-amino acid amidase pocket fits L-Phe and D-Phe
(Okazaki et al. 2007, 2008a). In this structure, unlike the bound D-Phe that forms an acyl-enzyme
intermediate, the bound L-Phe does not form an acyl-enzyme intermediate. Although D-amino
acid amidase cannot catalyze aminolysis, the pocket shape and the arrangement of amino acid
residues constituting the active site pocket of D-amino acid amidase were similar to those of

DAH(Arima et al. 2016). As portrayed in Fig. 4.4 D, DAH strictly recognizes L-amino acids as
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acyl acceptor substrate. Thus, the pocket presumably functions to recognize acyl acceptors for
aminolysis in addition to the recognition of acyl donor substrate.

Our previous report presents the multiple functions of active site pocket in aminolysis
and accompanying processes of the reaction; ie., substrate recognition, acyl-enzyme
intermediate formation, and nucleophilicity of acyl acceptor substrate. The study revealed that
the expansion of the space and the changes in local flexibility and the electrostatic environment
of the active site pocket affected the aminolysis catalysis of DAH (Elyas et al. 2018). Although
the enhancement of aminolysis activity by the expansion of the space of active site pocket was
observed in several mutant DAHs, the mechanism on the catalytic functions of DAH including
recognition of acyl donor and acceptor substrates in aminolysis reaction remained unresolved.
Functional analysis of residues comprising the active site pocket by the different approach from
the previous study should provide insights into the catalytic mechanism, including substrate
recognition. In this study, we investigated the effect of space filling of active site pocket on
aminolysis function of DAH with an assumption that a different effect from the expansion of the
pocket would be observed.

The structure of the active site pocket of DAH dramatically changed by mutation; the
pocket spaces in the predicted structures of A267F and G271F DAHs is narrower than that of
WT (Fig. 4.3 B). Such drastic modifications of the pocket structure would be likely to
significantly reduce catalytic ability. However, DAH retained its acyl-enzyme intermediate
formation and hydrolysis function even after Ala267 and Gly271 were substituted with Phe (Fig.
4.4 B and 4.4 C). Additionally as shown in Fig. 4.4 D and 4.5 B, substitution of Ala267 to Phe
resulted in enhance of aminolysis efficiency. In contrast, G271F DAH exhibited significantly

lower aminolysis activity. Because the space filling of active site pocket dramatically affects
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aminolysis function of DAH as described above, the active site pocket is clearly involved in the
acyl acceptor preference for aminolysis reaction. Although the mutations of Ala267 and Gly271
to Phe led the space of active site pocket narrower than WT DAH (Fig. 4.3 B), the effects of both
mutations on aminolysis activity were totally different from each other. Especially A267F DAH
accepted L-Trp and L-Arg-OMe, of which the feature of the side chains are totally different from
each other, as preferred acyl acceptor substrates (Fig. 4.4 D and 4.5B), suggesting that the shape
and electrostatic environment of A267F DAH active site pocket is fit for nucleophilic attack by
acyl acceptor substrate.

Although we could not conclude how the mutation of Ala267 to Phe affects the
recognition mechanism of acyl acceptor substrate, this study revealed the effect of the space
filling of active site pocket on aminolysis and led the construction of high-performance
biocatalyst for c(pP-LR) synthesis. Results of this study demonstrated that the aminolysis activity
of A267F DAH superior to that of WT and mutant DAHs including the DAH variants
constructed in our previous study. The mutant DAH might be able to solve the problems of
undesired hydrolysis reaction in enzymatic aminolysis reaction for synthesis of biologically
active substances. Next task of this study is to realize the synthesis of various biologically active

peptides by using the mutant DAH constructed in this study.

4.5 CONCLUSION

In this study, we assessed the effect of the space filling of the active site pocket of DAH on its
aminolysis activity by constructing two mutants A267F and G271F DAHs. By the investigation
of the effect of space modification on the respective steps for hydrolysis and aminolysis catalysis,
the mutation of Ala267 to Phe significantly enhanced the rate for condensation production by

aminolysis reaction when L-Trp was used as acyl acceptor substrate whereas no enhancement
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rather decreases in activity was observed by the mutation of Gly271 to Phe. A similar effect of
mutation was observed in the efficiency of the synthetic activity of ¢(pP-LR). Although we could
not conclude how the mutation of Ala267 to Phe affects the recognition mechanism of acyl

acceptor substrate, this mutant might be considered as a high-performance biocatalyst for

biologically active dipeptides synthesis.
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CHAPTER FIVE

SUMMARY FOR THE STUDY

Recently D-Stereospecific amidohydrolase (DAH) obtained from Streptomyces sp. 82F2
isolated from soil samples. The enzyme belongs to S12 family serine peptidase and categorized
as D-Stereospecific peptidase. DAH exhibited high aminolysis reaction in accordance with
hydrolysis. DAH recognizes D-amino acyl ester derivatives as substrates and catalyzes
hydrolysis and aminolysis to yield D-amino acids and D-amino acyl peptides or amide derivatives,
respectively. In the aminolysis, DAH preferentially utilizes D-amino acyl derivatives as acyl
donor and L-amino acyl derivatives as acyl acceptor to synthesize dipeptides with DL-

configuration.

Crystal structure of DAH that bind with 1,8-diaminooctane was resolved at resolution
1.49A( (PDB: 3WWX), the structural analysis has revealed that DAH possesses large cavity
leads to catalytic center S86 which positioned at the center of the large cavity, close to the
catalytic center of Ser86, lys89 and Tyr191 there is a small pocket at the bottom. Because the
pocket is close to the catalytic center and is thought to interact with substrates during the
catalytic reaction. Structural compersion of S12 family members and DAH revealed the overall
structures of S12 enzyme family members are similar, although there are significant differences
in terms of the shapes and sizes of the cavities and active site pockets among them. In DAH the
enzyme has a large cavity and active site pocket. This large cavity in DAH allows the peptide
substrate to enter, and the large space in the active site pocket accommodates the large side chain
of the acyl donor substrate. DAH pocket composes of a number of hydrophobic residues these

residues seem to involved in acyl donor and acyl acceptor during the catalytic reaction. the active
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site pocket plays a functional role in substrate recognition, and the factors related to the
hydrolysis, preference of acyl acceptor in the aminolysis reaction and stereoselectivity of the
substrate are still unclear. Therefore, the present study was conducted to elucidate the function of
the pocket in the catalytic activity of DAH. we investigated the role of residues constituting the
active site pocket via mutational analysis, these investigations have illustrated the strong
relationship between the pocket structure and catalytic activity such as acyl-enzyme intermediate
formation, hydrolysis reaction, and aminolysis. overall results provide useful information insight
into the mechanism of substrate recognition aiming to develop a convenient biocatalyst for

peptide synthesis.

Chapter one outlines the aims of this dissertation, provides a literature review of the
relative studies on serine protease and their structure and mechanism of the reaction, and also
provides a brief background on the origin of DAH, crystal structure, mechanism of catalytic

reaction and function of biologically active dipeptide synthesis by aminolysis reaction.

In Chapter two, we analyzed the function of the eight residues that form the pocket
(Tyr144, Thr145, Phel50, Vall54, Phel55, 11e266, 11338, and His339) in terms of substrate
recognition and aminolysis by mutational analysis. Formation of the acyl-enzyme intermediate
and catalysis of aminolysis by DAH were changed by substitutions of selected residues with Ala.
In particular, [338 A DAH exhibited a significant increase in the condensation product of Ac-D-
Phe methyl ester and 1,8-diaminooctane (Ac-D-Phe-1,8-diaminooctane) compared with the wild-
type DAH. A similar effect was observed by the mutation of Ile338 to Gly and Ser. The pocket
shapes and local flexibility of the mutants [338G, I338A, and [338S are thought to resemble each
other. Thus, changes in the shape and local flexibility of the pocket of DAH by mutation
presumably alter substrate recognition for aminolysis.
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In chapter three, this study addresses the effects of modifying the active site pocket of
DAH on the recognition of stereoselectivity and hydrophobicity of substrates and on the
formation of enzyme-acyl intermediate. Structural comparison of DAH with substrate-bound D-
amino acid, amidase revealed that three residues located in the active site pocket of DAH
(Thr145, Ala267, and Gly271) might be involved in interactions with D-phenylalanine substrate.
We substituted Ala267 and Gly271, which are located at the bottom of the hydrophobic pocket
of DAH, with Phe and observed changes in the stereoselectivity and specific activity toward the
free and acetylated forms of D/L-Phe-methyl esters. In contrast, the mutation of Thr145, which
likely supplies a negative charge for recognition of the amino group of the substrate, hardly
affected the stereoselectivity of the enzyme. Substrate binding by DAH was disrupted by the
mutation of Ala267 to Val or Trp and kinetic analysis showed that the hydrophobicity of the
bottom of the active site pocket (Ala267 and Gly271) is important for both stereoselectivity and
recognizing hydrophobic substrates.
In Chapter four, this study aims to assess the effect of the space filling of the active site pocket of
D-stereospecific amidohydrolase (DAH) on catalytic activity in order to enhance the aminolysis
activity of the enzyme. Two mutants A267F and G271F DAHs were designed to fill the space of
active site pocket of DAH. Then we investigated the effect of space modification on the acyl-
enzyme intermediates formation, hydrolysis, and aminolysis catalysis. Methanol release from
acetylated D-Phe methyl ester, which represents the acyl-enzyme intermediate formation, was
observed to be higher in A267F by three-fold than that of WT. In addition, A267F DAH
exhibited a significant increase in condensation production by aminolysis reaction when L-Trp
was used as acyl acceptor substrate. In contrast to A267F DAH, no enhancement rather decrease

in activity was observed by the mutation of Gly271 to Phe. A similar effect of mutation was
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observed in the efficiency of the synthetic activity of chitinases inhibitor cyclic dipeptide,
cyclo(D-Pro-L-Arg), the lead compound for the development of antifungal reagents and
insecticides. A276F DAH showed high aminolysis activity and improved the reaction rate for
cyclo(D-Pro-L-Arg) production. This mutant might be considered as a high-performance

biocatalyst for biologically active dipeptides synthesis.
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Gy
TEEHGIRES Streptomyces sp. 82F2 I8AEFET D DIKKREAT I BT I NIAKS R
BEsE (DAH) 1, S127 7 IV —0k ) VB DIRFFRNTTF X —BILET HBEFETH
%, DAH (X, MKRGRORIKISE LT I 2 VT AE®ZRL, D-7 I /BT AT /L
HEEET VVSFEEEEE LT, L7 XV BEROZOFEERET VVSFEERER L L

TR T D720, D- /LB HT 5 VT F P kR E T %,

DAH OSZARFEIEMENT (PDB: 3WWX) 225, DAH (HIEMEF.O~EfE K& /e <
EH O EERE ST E B 2Ry BFEEL, £ OMITIEMESH L Ser86.
Lys89, Tyrl91 &5 Z LML MM E > TV D, DAH O2RIEEIL, S12 77 IV —
R T DR LIEFICHEU LD THLN, ZOLIEAHALERT > hORMIEIIMOFE
R L RESHERY | DAH [T OFER LV IEHSAR T v MEIREWED | ZOHE
B, FORTFRRORERMEEAF 7 I VBFERZEE L LRI TE 2 Ll
FLTWhEEZbNT, £/, DAH OR T v NERT 57 2/ BikE 0% < (38
KHETHY, T DPEEHE OB LT O 20 O&FN R TFRTE S,
L, 20 OB A I = X LT L TiEeV, & 2 TR TIZZ OR 7 > b
WESCAR T Y NEMERRT 57 X/ BERIKICE R A Y T, DAH O7 S VEESRE KK
MK, TV AEMER EOBRI L DB Ry MiE s DAH fif
BEE & ORI OV TRET LTz, AFZETH LRI, DAH #X—2 & L7y
RTF FEWRY —/ & L COEEMBEOBEICKRE S FETLHOTHY | LRI T

X, TN DO DEEHIBRNELRREE LD,
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B 2 B TIX, DAH OR7 v NEHEET 2 8 DORILICARE A, ZThETho
7TV RCRBT LEEBICB T 5K ENEHIEL, ATy FOJKERT I/ VA
JEMEICRELSEET L2228 T D, RERIZEW T, 1e338 Z Ala ITEHT 5 2
& T, Ac-D-Phe-OMe & 1,8-diaminooctane & BE & L= & DT I/ U v RAIHHENIHE
7 ERMBIE SN, FFEOBERIL 1e338 Z Gly < Ser [Z@HT 52 & THBIE SN
b, REREHZFD lle PO/ SRABEHOT X/ BA~DEBIZELLR 7 v MO

PER & FelkPEm B3, 7 X U AR RERSIC B 52T LEZ BN,

% 3 B TiX. DAH ORT v MRIROWEIZI T % HE O SLASERE-CHUKPE R
FAORFNVEICKTT DB O TR T 5, DAH ONLEEE S D-T X V7 I 4
— P OMELE) D, DAH A7 v M OEICHFET 2785 (Ala267. Gly271) 7238, HHE
& L TP D-Phe DFEFHICKE S BHboTWD EHEE SN, TNENOFKEIEOMEH L
/INEWT2® | Phe IZEH# L TAR—RAZHLWD | Ac/H-D/L-Phe-OMe % HE & L 7= KIS D
TACEBET D2 L THRAELTZ, ORI, Ala267 % Phe (ZIEHAT 5 & LSRN
ML L, BRI 2R RIS HER SN 7213 — RIS EHE RS M Lz, —
J5C, Ala267 % Val X Trp. Gly271 % Phe |[ZEH#29 % &, Ac/H-D/L-Phe-OMe ~D %k
D ZART Liz7zd, Ry s OEDOTARPBRK BREE 23 SEASE RO LB RRR IS R &

KBbLZ ENRBINI,

FAFETIL, FEBFNC Lo TE O A267F 23, FERICE WS X7 F RERIE M2
T ENRHEINT-T7-0, Ala267 @ Phe ~DZE R DELIPED LRI DOV TR R T

%, G271F DAH & BpARIZ Hiligetge b U, D-7 2 JE-OMe KOV L-7 2 JEEZ R LT-
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AT F REREUR D H—ERE T o 5 MeOH EBEIETEIZ DV CTRGE L 725 5. G271F
DAH |[ZBF AR RE ThH o7 Z L1Txh L, A267F (ZEAET LV 3 fFEWRER & 72
o7z, L, WTNOBER DMK RIEEIZFRBRE Ch o7, —FH TERYXTF I
BT A267F BBEICHE <. G271G IXHAR L VRWFER L o7z, RO, &
BHID Y — LAY TH D cyclo(D-Pro-L-Arg) DEFRICBW T b BZZ S iz, LLED#E
RS, Ala267 D Phe ~DAERIIARESRE D VT F FERIENEIC KT LEAL 2B R AR
5L, DAH Z_— R & U ARG D7 F RE A d e A R o ic B0

T, AR LR OEERBELN,
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