Chapter 7
Synthesis of Polyesters III: Acyltransferase
as Catalyst

Check for
updates

Ayaka Hiroe, Min Fey Chek, Toshio Hakoshima, Kumar Sudesh,
and Seiichi Taguchi

Abstract The natural polyester polyhydroxyalkanoate (PHA) is synthesized as an
energy storage via thioester exchange reaction in microbial cells. The thermal and
mechanical properties of PHA can be varied by modifying the monomeric composi-
tion, molecular weight, and chemical modification. To date, many efforts have been
made to understand the polymerization mechanism and industrialization of
PHA. PHA synthase (Acyltransferase; EC2.3) is the key player for making stereo-
chemically regulated polyesters. PHA synthase should be one of the most important
targets for the synthetic biology of PHA. In 2017, a major breakthrough occurred in
the PHA research field, whereby the tertiary structures of two PHA synthases from
the class I enzyme have been solved. Based on the crystal structures of the PHA
synthases, the detailed reaction mechanism of PHA synthase is discussed in this
chapter. Common and unique structural elements are extracted through structure-
function relationships between both enzymes. Additionally, function-based studies
of PHA synthases are introduced as another milestone. The discovery of a lactate-
polymerizing enzyme (LPE) evolved from a PHA synthase is a typical case. The
effectiveness of the evolutionary engineering of PHA synthases is demonstrated
through case studies including the creation of new polyesters as well as tailor-made
PHA production.
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7.1 Preface

Recently, bio-based materials have been synthesized through biorefinery technolo-
gies from naturally occurring polysaccharides or plant oils. Polyhydroxyalkanoates
(PHA ) are bacterial storage polyesters that can be used as bio-based and biodegrad-
able plastics and have attracted considerable research interests as an alternative to
petroleum-derived plastics. Biodegradable and/or compostable plastic has been in
increasing demand, particularly in the USA and Europe. In fact, KANEKA Company
in Japan built a pilot-scale plant for PHA (Biodegradable Polymer PHBH™) pro-
duction in 2011. A representative polymer of PHA is a homopolymer of optically
active (R)-3-hydroxybutyrate, poly(3-hydroxybutyrate) [P(3HB)], which was dis-
covered by Dr. Maurice Lemoigne from the Institute of Pasteur, France, in the 1920s
[1]. P(3HB) can be extracted from fermented bacterial cells, and the resulting prod-
uct resembles some commodity plastics such as petroleum-derived polypropylene.
Over 160 different monomeric constituents have been identified so far in the PHA
family, giving rise to polymers with diverse properties [2, 3].

Generally, many biopolymers with ordered monomer sequences are synthesized
via template-dependent polymerization. For instance, proteins are representative
sequence-ordered polymers that are synthesized by incorporating amino acid mono-
mers into assigned positions using mRNA as a template. On the other hand, PHAs
are polymerized synthesized via polymerization in a non-template-dependent man-
ner by catalysis of PHA synthase (acyltransferase), a key enzyme relevant for poly-
mer synthesis [4]. In the process of PHA synthesis, the transfer of an acetyl group
from one molecule to another is a fundamental biochemical process. PHA synthase
belongs to the acetyltransferase superfamily, which catalyzes the transfer of the
acetyl group from acetyl coenzyme A (as the “donor”) to a counterpart (as the
“acceptor”). From the perspective of structural biology, the acetyltransferase super-
family is a case study on how a common acetyltransferase domain evolved to serve
a wide variety of functions. The term acyl-XYZ is a general expression of acyl
groups. Here we use the concrete terms fitting to individual cases like ‘acetyl’-CoA
corresponding to the alkyl-chain-lengths.

In principle, monomers for PHA, 3-hydroxyalkanoic acids (3HAS), are randomly
copolymerized with different monomeric constituents tightly depending on the sub-
strate specificity of PHA synthase as well as monomer flux generated in bacterial
cells. PHA synthase-catalyzed polymerization that can proceed in the water system
should be the ultimate green chemistry over chemical polymerization, which fre-
quently requires organic solvents and high-energy environments. Basically, the
chemical polymerization proceeds via a release of water molecules upon ester-bond
formation. Therefore, elimination of water molecules is necessary to obtain long-
chain polymers. In this light, coenzyme A (CoA) of the PHA precursor is the prefer-
able form for efficient operation of the thioester exchange reaction in a biological
system to elongate the polymer chain. Thus, the polymer products tend to achieve
ultrahigh molecular weights and have extremely high chirality.

In the green polymerization system, the creation of designer PHA synthases is an
attractive project in order to create new polymers incorporating new monomers as
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well as tailor-made biosynthesis of the PHAs with designable properties. To this
end, how can we engineer the PHA synthase? Since 1999, evolutionary engineering
of the enzyme has been extensively applied to the alteration of functional properties
without any tertiary structure information on PHA synthase [5, 6]. For the last few
decades, beneficial mutations closely related to the activity and substrate specificity
of three kinds of PHA synthases have been addressed through an evolutionary engi-
neering approach [5, 6]. This evolutionary lineage of enzymes can be considered the
most important key point for accomplishing the synthetic biology of polymeric
material manufacturing. It should be of great interest to achieve the incorporation of
new and unnatural monomers into the polymeric backbone. The word “unnatural”
here means that the constituent itself is not natural among PHA members but is a
naturally occurring substance. A typical example is lactic acid (LA). Given that a
lactate-polymerizing enzyme (LPE) has been artificially evolved from one of the
PHA synthases, LA-based polymers could be synthesized in vivo by using LPE
[7-9]. This major breakthrough has opened the door to expand the diversity of
monomers that can be incorporated as unnatural new building blocks into the poly-
meric backbones [10, 11].

Great efforts have long been made to perform a mechanistic study on PHA syn-
thase- catalyzed polymerization via solving the crystal structure. Most currently, we
have made another breakthrough, namely, the successful solution of tertiary struc-
tures of two enzymes that belong to class I PHA synthase [12]. One PHA synthase
is derived from Cupriavidus necator (formally known as Ralstonia eutropha) [13—
15], and another one is derived from Chromobacterium sp. USM2 [16]. The former
is the most-studied PHA synthase, and the latter is a PHA synthase with the highest
enzymatic activity reported to date. Such a monumental achievement would provide
the PHA research community with the structure-function relationship of natural and
evolved PHA synthases. In this chapter, first, the molecular basis and mechanistic
study of PHA synthase will be described based on the solved crystal structures. As
a second topic, achievements in the evolutionary engineering of PHA synthases will
be discussed.

7.2 Mechanistic Studies of Polymerization for PHA
Synthesis Based on Biochemical Findings

In the past, various biochemical studies were performed using the most-studied
class I synthase from Cupriavidus necator (PhaCc,) and class III synthase from
Chromatium vinosum (PhaCE,). Since all PHA synthases contain a PhaC box
sequence ([GS]-X-C-X-[GA]-G) [17] and show a high sequence similarity to pro-
karyotic lipases, the catalytic mechanism of PhaC was proposed using lipase as a
template [18]. Like PhaCs, lipases also belong to the superfamily of a-/B-hydrolase,
which possesses a catalytic triad of Ser, Asp, and His.

Two types of catalytic mechanisms were proposed for PhaC: (i) the non-
processive ping-pong model and (ii) the processive model [4]. In both proposals, the
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active site in PhaC is comprised of catalytic Cys, His, and Asp, forming a catalytic
triad. The conserved Cys works as a nucleophile attacking the thiol group of the
thioester of substrate acyl-CoA [19-22]. The catalytic His acts as a general base
catalyst to the catalytic Cys, could assist in the deprotonation of the side-chain thiol
group, and accelerates the nucleophilic reaction [18, 21]. Last, the negatively
charged Asp was proposed to activate the 3-hydroxyl group of the substrate acyl-
CoA, enhancing the nucleophilic reaction [18, 21]. In simpler terms, Cys is the
nucleophile, His is the initiator, and Asp is the elongator.

The non-processive ping-pong model requires an active site that comprises two
catalytic Cys residues from two PhaC monomers to come close together for chain
transfer elongation of PHA, whereas in the processive model, only a single set of
active sites from a single PhaC monomer is required. Both models share the same
initiation step, where the Cys is activated through deprotonation, assisted by His,
allowing the activated nucleophilic Cys to attack the thioester carbon, and subse-
quently releases CoA from the HB-CoA substrate as a by-product. This process
forms a covalent intermediate of HB-Cys. In the ping-pong model, the second sub-
strate HB-CoA enters the active site formed by the PhaC dimer and is covalently
bound to the free Cys through the same initiation reaction. When both Cys residues
are occupied, the Asp might act as a general base catalyst to attack the hydroxyl
group of HB-Cys, which subsequently activates the HB bound to the first Cys to
attack the thioester bond of the second HB-Cys, forming a (HB),-Cys covalent
intermediate. The free Cys will then attack another newly entered substrate similar
to the initiation step. Again, the Asp from this active site will activate the substrate
and initiate a chain transfer reaction, imitating a ping-pong game (Fig. 7.1a). In the
processive model, the elongation step starts with the activation of HB-CoA by Asp,
resulting in an attack on the thioester bond of HB-Cys. Then, a (HB),-CoA non-
covalent intermediate is formed. The unbound Cys is once again free to attack the
thioester of (HB),-CoA, forming the covalent intermediate of (HB),-Cys, and
releases CoA (Fig. 7.1b).

7.3 Tertiary Structures of PHA Synthases

The molecular structure of an enzyme always relates to its functions and provides
valuable insights into understanding its working mechanism. The structural infor-
mation is often useful for designing beneficial mutations and modifying substrate-
binding pockets, with the goal of engineering a robust high-performance enzyme
for industrial applications.

PHA synthase (PhaC) is the key enzyme involved in the polymerization reaction
of PHA, a family of bacterial thermoplastic polyesters with properties like com-
modity plastics. PHA is being developed as a bio-based and biodegradable alterna-
tive for petrochemical plastics. Lack of structural information of PHA synthases has
greatly hindered the progress in understanding its catalytic mechanism, which is
important for the design and synthesis of superior bioplastics comparable to
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Fig. 7.1 Proposed catalytic mechanism of PHA synthase
(a) Non-processive ping-pong model. (b) Processive model

synthetic plastics. The most desired PhaC crystal structure is that of Cupriavidus
necator H16 (formerly known as Alcaligenes eutrophus and Ralstonia eutropha)
which is the model bacterium used in PHA research. Many studies on PHA biosyn-
thesis have been done using this model bacterium. The PhaC of C. necator (PhaCc,)
is grouped into the class I PHA synthase. PhaCs in this group are composed of an
approximately 60 kDa single subunit polypeptide that forms a homodimer and
polymerizes preferentially short-chain length (SCL) PHA monomers such as
3-hydroxybutyryl-CoA. In addition to class I, there are three other classes of PhaCs
[12]. The crystal structure of the catalytic domain of C. necator PhaC (PhaCc,-
CAT) at a resolution of 1.80 A was recently published by two independent groups
(PDB 5T60 [13] and PDB 5HZ2 [14]). At approximately the same time, the cata-
Iytic domain structure of another interesting class I PhaC from Chromobacterium
sp. USM2 (PhaCc,) was also published. This latter structure of PhaCc-CAT was
determined at a much higher resolution of 1.48 A (PDB 5XAV) [16]. Interestingly,
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all three crystals were grown after the partial degradation of the protein during crys-
tallization. The full-length PhaCs could not be crystallized, probably because of the
mobility of their N-terminal domain. In this chapter, we will discuss on the crystal
structures of the catalytic domain of the PhaCs from Chromobacterium sp. USM2
and C. necator H16. This new structural information will then be compared with the
proposed catalytic mechanisms of PHA synthases that are widely used to date [18,
21]. In addition, this chapter will also discuss the effects of mutations on the proper-
ties of PhaCs, especially with regard to the synthesis of new polyesters.

7.3.1 Crystal Structures of PhaC from Cupriavidus necator

The structures of the catalytic domain of the PhaC from C. necator (PhaCc¢,-CAT)
were determined by two independent groups from the Massachusetts Institute of
Technology (MIT) and Kyungpook National University (KNU). Both groups pub-
lished almost the same crystal structures at 1.80 A resolution [13, 14]. In the
PhaCc,-CAT structure reported by Wittenborn et al. [13], the catalytic Cys319 had
been mutated to Ala in order to improve protein stability. Their structure (PDB
5T60) consisted of residues 201-368 and 378-589, whereas residues 369-377
were disordered (Fig. 7.2a). This disordered region was part of the protein structure
that was flexible and, thus, not visible in the electron density map of the crystal. The
other group was successful in determining the crystal structure of PhaCc,-CAT
(PDB 5HZ2) using the wild-type PhaCc, [14]. The KNU group reported that the
full- length PhaCg, protein succumbed to proteolysis, which occurred at Argl192.
Therefore, by substituting the Argl92 with Ala, they claimed that the full-length
PhaCc, crystal was successfully obtained, though it was diffracted poorly despite
multiple trials [15]. The structure of PhaCc¢,-CAT from KNU consisted of residues
202-589 and displayed a D-loop, which appeared to be disordered in the previously
reported structure by the group from MIT (Fig. 7.2b). The length between the cata-
lytic Cys in a dimer of PhaCc,-CAT measures approximately 33 A, while the total
length of the dimeric PhaC,-CAT is approximately 99 A (~10 nm), with both the
width and height at approximately 50 A (~5 nm) each (Fig. 7.2a, b).

Overall, both the crystal structures of PhaCc,-CATs show the same conforma-
tion, adopting an a-/p-hydrolase fold core subdomain (residues 214-346, 472-589)
and a CAP subdomain (residues 347—471) (Fig. 7.4c). PhaCc,-CAT forms dimers
mediated by the CAP subdomains. The residues involved in the dimerization are
Asp401, Val403, Val407, Val408, and Leu412 from one protomer as well as [le357,
Val360, and Glu364 from another protomer. Mutational analyses of these residues
showed a lower dimer ratio and decreased activity compared to that of the wild-type
PhaCc, [14]. The catalytic triad residues (Cys319, Asp480, and His508) of PhaCc,
were positioned close to each other and formed hydrogen bonds in the active site
[13, 14]. Unfortunately, the architecture of the catalytic triad was incomplete, as the
Cys319 was mutated to Ala in 5ST60 and the imidazole ring was flipped from the
others in SHZ2 (Fig. 7.3c). The flipped imidazole ring is not favorable, as it will
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Fig. 7.2 Crystal structures of dimeric PhaCc,-CAT

(a) PhaCc,-CAT was deposited in PDB as 5ST60; the catalytic Cys was mutated to Ala to improve
protein stability. The disordered region is shown as a dotted line. (b) PhaCc,-CAT was deposited
in PDB as 5SHZ2, with a D-loop (green), which was derived as the disordered region in (a). (c) A
disulfide bond was observed between a pair of non-conserved Cys residues in both structures of
PhaCc,-CAT, which might stabilize a small opening for substrate entry. The distance of the cata-
Iytic Cys319 in the dimer is approximately 33 A. PhaC,-CAT (PDB 5T60) is color-coded in pink
and magenta; PhaCc,-CAT (PDB 5HZ2) is color-coded in orange and yellow

affect the interaction between Asp with the N atom of His [13, 16]. Additionally,
another ring nitrogen atom, Ne of the His is positioned at a close distance (3.8 A) to
the Cys (S,) and, at the same time, bound to a water molecule (2.8 A) in the structure
of PhaCc,-CAT [16]. These observations would not be possible if the imidazole ring
of the His was flipped around and changed the positions of the imidazole ring nitro-
gen atoms.

A detailed analysis of both crystal structures of PhaCc,-CAT revealed the pres-
ence of a non-conserved Cys-Cys disulfide bond between Cys382 and Cys438
(Fig. 7.2¢) [16]. Physiologically, the occurrence of such a disulfide bond is not pos-
sible because the bacterial cytoplasm is maintained at a reduced state in the redox
potential. It is highly possible that the observed disulfide bond formation in the
crystal structures of PhaCc,-CAT is an artifact that occurred during crystallization.
As it takes time for the crystals to grow, the proteins become oxidized and result in
the formation of the disulfide bond. This disulfide bond is not observed in the struc-
ture of PhaCc-CAT as PhaCc, does not possess such Cys residues. The artificial
disulfide bond probably is the key factor in stabilizing the partially open form of
PhaCc,-CAT through the unfolding of @A and nA helices of PhaC.-CAT into the
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Fig. 7.3 Crystal structures of dimeric PhaCq-CAT

(a) The dimeric structure of PhaC¢,-CAT comprises protomer A (core, pink; CAP, magenta) and
protomer B (core, cyan; CAP, yellow). The interactions of the dimer are mediated mainly by the
CAP subdomain. The N-terminal ends of both protomers are located at the same direction. (b)
Water molecules (red spheres with surface dots) are observed around the nucleophilic Cys291. Part
of the CAP subdomain has been removed to show the water cavity. Water molecules are divided
into Site A (yellow residues) and Site B (cyan residues) by Cys291. Hydrophobic amino acids are
mostly found in the cavity, except for His324, Tyr412 (Site A), and Asn220 (Site B). Hydrogen
bonds involving catalytic triad residues are shown as dotted lines. (¢) The overlay of the catalytic
triad of all three PhaC-CATs. The Cys319 was mutated to Ala in PDB 5T60 (magenta sticks); the
imidazole ring was flipped from others in PDB 5HZ2 (yellow sticks); the catalytic triad in PDB
5XAV shows a more accurate and complete architecture (orange sticks)

D-loop of the PhaCc,-CAT. Through the opening, a possible substrate access chan-
nel filled with water was deduced from the structure [13]. Additionally, a putative
product egress route was proposed; although the amino acid residues in the pro-
posed route are conserved, a certain extent of conformational changes is required
for the polymerization reaction to occur [13]. Another important feature of PhaC, its
substrate specificity, was also explained using the crystal structure. A possible acyl
moiety-binding pocket composed of mainly hydrophobic residues, i.e., Pro245,
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Fig. 7.4 Comparison of PhaCc,-CAT and PhaCc-CAT

(a) The electrostatic surface potential representation of PhaCc,-CAT (PDB 5HZ2) and (b)
PhaCc-CAT (PDB 5XAV). Blue represents a basic/positively charged surface; red represents an
acidic/negatively charged surface; white represents a neutral/hydrophobic surface. (¢) The
monomer structures of PhaCe,-CAT, the core subdomain (gray and blue), the CAP subdomain
(yellow), and the LID region (green) are shown. (d) The monomer structures of PhaCc-CAT, the
core subdomain (cyan and blue), the CAP subdomain (magenta), and the LID region (green) are
shown. A major difference is observed at the LID region (both green) and the non-conserved
disulfide bond in (¢)

1le252, Leu253, Phe318, Thr393, and Trp425, was proposed to stabilize the 3HB
moiety of the substrate [14].

7.3.2 Crystal Structure of PhaC from Chromobacterium
sp. USM2

In addition to the structure of PhaC,-CAT from the most-studied class I PhaC,, the
structure of the most active PhaC from Chromobacterium sp. USM2 (PhaCq,-CAT)
was determined, by a structural group from Nara Institute of Science and Technology
(NAIST), at a resolution of 1.48 A [16]. The catalytic domain of the PhaCc-CAT is
characterized by an amino acid sequence that belongs to the superfamily of o-/p-
hydrolase. This domain exists as a globular structure. Structural analysis revealed
that the PhaC¢-CAT (residues 175-567) is folded into a-/B-core subdomain (resi-
dues 186-318 and 439-562) and CAP subdomain (residues 319-438) (Fig. 7.3a,
7.4b). The o-/B-core subdomain adopts the regular o-/p-hydrolase fold with the
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central p-sheet displaying a left-handed superhelical twist and the first p-strand
crossing the eighth p-strand (f9) at ~90° and the final strand (f11) at ~180°. The
CAP subdomain projects topologically from the o-/pf-core subdomain and com-
pletely covers the active site. As expected, the active site consists of the catalytic
triad residues (Cys291, His477, and Asp447), which have been confirmed before by
primary sequence analysis of many PHA synthases and mutation studies [23, 24].

A common characteristic of the members of a-/pf-hydrolase superfamily is the
possession of the important catalytic triad residues, which have been identified as
Cys291, His477, and Asp447 in PhaCc,. Even though these residues are not close to
each other in the primary amino acid sequence, they are brought closer together to
form the catalytic pocket through hydrogen bonds (Fig. 7.3b, c). In the observed
structure of PhaCc-CAT, the catalytic pocket was completely covered by the CAP
subdomain, which essentially blocks the substrates from entering. Therefore, this
structure was called a closed conformation, unlike the partially open conformation
that was observed for the C. necator PhaC,-CAT. The 1.48 A high-resolution struc-
ture of PhaCq-CAT also allowed the visualization of water molecules both inside
and outside of the catalytic pocket. The presence of the trapped free water mole-
cules in the catalytic pocket is an indication that the LID region (residues 327-386),
which is part of the CAP subdomain (residues 319-438), is a dynamic and flexible
structure allowing water to get inside the catalytic pocket (Fig. 7.3b, 7.4d). Water
molecules may play an important role in the polymerization process at the active
site [25]. Water molecules may also play a role in the stabilization of the growing
PHA chains [26], and the presence of water in PHA granules is well documented
[27]. The water molecules were observed at both sides of the catalytic Cys and
divided into two groups accordingly, namely, Site A and Site B. These sites are two
possible cavities for the allocation of the acyl moiety of (R)-hydroxyalkanoyl-CoA
substrate during the nucleophilic reaction. For instance, the acyl moiety, such as the
3HB moiety of the 3HB-CoA substrate, fits into these sites, and the thioester bond
of R-hydroxyalkanoyl-CoA can be positioned close enough to the catalytic Cys,
allowing the nucleophilic reaction to occur. This positioning of the acyl moiety also
allows the formation of an acyl-S-intermediate and subsequent CoA release from
the active site at the end of the nucleophilic reaction. Site A is formed by polar
Tyr412, His324, and other hydrophobic residues, i.e., Val292, Leu321, Met407, and
11e449. On the other hand, Site B comprises nonpolar residues, Pro216, Pro217,
1le219, Leu224, and Met225, Phe292, Trp392, and only one polar residue, Asn220
[16]. The water molecules can also be used as a clue to search for the possible entry
pathway for the water-soluble (R)-hydroxyalkanoyl-CoA substrates; however, this
is not the case for PhaCc-CAT, as the catalytic site is completely covered.

In general, PHA synthases are believed to be more active in the dimeric form and
exist in a dynamic equilibrium between monomer and dimer in solution [28-31].
PhaCc,-CAT forms a face-to-face dimer with a pseudo-dyad axis with the N-terminal
end of both protomers facing each other, suggesting that the N-terminal domain
might enhance the oligomerization of PhaC through direct contact [16]. However,
the exact function of the N-terminal domain remains unknown as it is absent in the
current structure. The dimeric conformation of PhaC¢,-CAT is most likely mediated
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by the CAP subdomain through intermolecular interactions such as hydrophobic,
salt bridging, and aromatic stacking interactions. Two intimate contact areas can be
identified from the structure, i.e., contact areas I and II. Contact area I forms a
hydrophobic cluster with nonpolar residues, Leu369, Trp371, Pro386, Phe387, and
Leu390, in both molecules A and B. Contact area II forms salt bridges (Arg365 and
Glu329) inside the interface composed of Phe332, Phe333, His448, and Leu451.
Notably, there is no connection between the two catalytic Cys in the current dimer
structure because they are separated by quite a distance (the S, atom of Cys291 resi-
dues are at a distance of 28.1 10\) for the PHA chain transfer reaction to occur [16].

7.3.3 Structural Differences Between PhaC,-CAT
and PhaC.-CAT

Since both PhaCc, and PhaC, share an amino acid sequence identity of 46%, it
would be interesting to compare the structure of PhaC¢,-CAT with PhaCc,-CAT. In
the structural comparison, the catalytic triad and a-/p-core subdomains of all three
structures showed good alignment with each other [16]. However, some differences
were noted. The first major difference is in the conformational changes of part of the
CAP subdomain, known as the LID region (residues Pro327-Pro386 in PhaCc-
CAT; residues Thr335-Pro419 in PhaCc,-CAT) (Fig. 7.4c, d). The conformational
changes are marked by two events, i.e., the unfolding of oA and nA helices in
PhaCc,-CAT into a flexible D-loop in PhaCc,-CAT and the folding of aB’ and nB’
in PhaCc-CAT into a long o4 helix in PhaCc,-CAT (Fig. 7.4c). These conforma-
tional changes result in a small opening for the substrate entry into the catalytic
pocket, making PhaCc,-CAT a partially open structure [16].

The second difference between the crystal structures of PhaC¢,-CAT and PhaC,-
CAT is their dimeric arrangement. In the structural comparison, by aligning one
protomer (molecule A from both PhaC-CATs) from each dimer, another protomer
(molecule B) of PhaCc,-CAT was swung ~40 A and rotated ~120 A from PhaCy,-
CAT [16]. Additionally, the N-terminal ends of both protomers in PhaCq,-CAT are
located at the same direction with a distance of 19.2 A, whereas the N-termini of
PhaCe,-CAT are distanced further at 55.1 A, although still facing the same direction
[16]. This phenomenon suggests that the N-terminal domain is involved in enhanc-
ing the dimerization of PhaCs through direct interaction, which was supported by
the size exclusion analysis of full-length PhaC¢, and PhaCq,-CAT [16]. In contrast,
the small angle X-ray scattering data from full-length PhaCc, suggests that the
N-terminal domains of PhaC¢, (PhaC¢,-ND) are localized at opposite sites from
each other without direct contact [15].

Since the PHA granule is hydrophobic, it might be useful to identify the hydro-
phobic patches on the surface of PhaC-CATs to understand the localization of
PhaCs on PHA granules. However, both PhaC-CATs showed evenly distributed
charged surfaces, and no obvious hydrophobic patches were observed (Fig. 7.4a, b).
The only difference between the two is that PhaCc,-CAT is more hydrophobic com-
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pared to that of PhaCc,-CAT, and this might be the reason for the better protein solu-
bility and expression of PhaCg. It is also worth mentioning that this information is
based solely on the structure’s lack of an N-terminal domain. To obtain the full
picture, the unique structures of the N-terminal domain of PhaCs are essential to fill
the knowledge gaps.

7.3.4 Proposed Catalytic Mechanisms Based on Crystal
Structures

The previously proposed non-processive ping-pong mechanism requires that the
catalytic triad residues from both protomers in a dimeric PhaC come close to the
interface for substrate transfer reactions (Fig. 7.1a). However, both the current crys-
tal structures of PhaC, and PhaCc, turn out to be different for such a reaction to
occur. Therefore, the currently available structures of the catalytic domain of the 2
PhaCs favors the processive catalytic mechanism (Fig. 7.1b). However, if it is shown
in the future that the full-length PhaC adopts a completely different conformation
due to its flexible N-terminal domain, the reaction mechanism needs to be
revisited.

All three crystal structures, however, do provide an accurate picture of the active
site with the three conserved amino acid residues forming the catalytic triad (Cys-
His-Asp). As expected, these three amino acids interact with each other through
hydrogen bonds in the published crystal structures (PDB 5T60, SHZ2 & 5XAV)
[13, 14, 16]. Among these three structures, SXAV shows the most accurate picture
of the catalytic triad because, in one structure (5T60), the important catalytic Cys
has been mutated to Ala to stabilize the protein. In the other structure (SHZ2), the
imidazole ring of His is represented in a flipped form, which deviates from that
shown in the other two structures (Fig. 7.3c). In the catalytic pocket, the position of
the side-chain imidazole ring of the catalytic His is close enough to extract a hydro-
gen/proton from the side-chain thiol group of the catalytic center, Cys. In other
words, the deprotonation of Cys allows nucleophilic attacks on the thioester carbon
of the acyl-CoA substrate, which results in the formation of an acyl-Cys intermedi-
ate. The catalytic Asp was proposed to act as a general base, which is responsible
for accelerating the deprotonation of the 3-hydroxyl group of the incoming acyl-
CoA substrates in the PHA elongation step [18, 24].

The processive model involving a single set of catalytic triads. (a) In this model,
the main difference is the role of His in the elongation, which was previously pro-
posed to be the role of Asp. (b) In this model, the hydroxyl group of the subsequent
3HB-CoA substrate is involved in the elongation. (¢) In this alternative model, the
hydroxyl group of a second 3HB-CoA attacks the thioester bond of 3HB-Cys to
produce (3HB),-CoA. Then, this non-covalent intermediate leaves the active site

The new crystal structures from PhaCc, and PhaCc¢ have led to the proposition
of three modified catalytic mechanisms [13, 14, 16]. While the initiation step involv-
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ing acylation of Cys through His in the catalytic triad remains largely the same, the
proposed elongation steps are different (Fig. 7.5). In the model based on the struc-
ture of the partially open form PhaCc,-CAT (PDB 5T60), the major difference is
the involvement of His in the activation of the hydroxyl group of incoming 3HB-CoA
for product elongation (Fig. 5a) [13]. In the model based on the closed form of the
PhaCc,-CAT structure (PDB 5XAV), the hydroxyl group from the second 3HB-CoA
attacks the 3HB-Cys covalent intermediate forming the non-covalent intermediate
(3HB),-CoA. Then, the free thiol Cys attacks the thioester carbon of (3HB),-CoA
and forms a covalent intermediate of (3HB),-Cys (Fig. 7.5b) [16]. The role of Asp
in the activation of the incoming substrate is still elusive as the exact geometry of
the Asp-substrate interaction is not revealed in the free-form structure. These two
proposed mechanisms agree with previous reports of a covalent intermediate
observed using saturated trimer CoA (sT-CoA), a substrate analogue of (3HB);-
CoA, in which the terminal hydroxyl group has been replaced by a hydrogen, mak-
ing it a non-hydrolyzable analogue [19, 20, 32]. In the model based on the other
structure of PhaCc,-CAT (PDB 5HZ2), the hydroxyl group of the subsequent sub-
strates enters and attacks the 3HB-Cys covalent intermediate and forms a non- cova-
lent intermediate (3HB),-CoA, which then leaves the catalytic pocket. The cycle
repeats with a new incoming 3HB-CoA, which forms a 3HB-Cys covalent interme-
diate in the catalytic pocket, followed by the reentry of previously released (3HB),-
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Fig. 7.5 Proposed catalytic mechanism of PHA synthase
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CoA into the active site to produce (3HB);-CoA and so on (Fig. 7.5¢c) [14]. However,
this proposal contradicts the presence of sT-CoA, which has been shown to be sta-
bly bound to the catalytic Cys. In this case, the elongation process will stop once
(3HB);-CoA (like the non-hydrolyzable sT-CoA) interacts with the catalytic Cys;
thus, the elongation process would require another active site through an intersub-
unit reaction. Although several modified catalytic mechanisms have been proposed
based on the newly published structures of PhaCs, the validity of the proposals is
still debatable. There are still many questions that remain unanswered, for instance,
the exact role of Asp in the catalytic triad and the effect of the highly variable
N-terminal domain, which is absent in all the structures.

It took almost three decades since the cloning of the first PhaC gene by three
independent groups in the late 1980s until the successful crystallization of partial
PhaC by another three independent groups. This achievement marks a significant
milestone in the research and development of PHA even though the crystal struc-
tures of the two PhaCs are incomplete and different. The crystal structures of the
catalytic domain of the class I PhaC from Chromobacterium sp. USM2 (PDB
5XAV) and C. necator (PDB 5T60; PDB 5HZ2) share a high similarity in the o-/p-
core subdomain, which contains the conserved catalytic triad (Cys-His-Asp).
However, a big difference was observed in the CAP subdomain structures of the two
PhaCs; in PhaC¢-CAT, the CAP subdomain was in a closed form, while in PhaCg,-
CAT, it was in a partially open form, probably because of the artificial disulfide
bridge in the latter. However, the open and closed forms do provide some insight
into the possible conformational changes that may occur during the PhaC-substrate
interactions. The crystal structure of a complete PhaC is much needed to get a better
understanding of the polymerization mechanism and the subsequent PHA granule
biogenesis.

7.4 Functional Alteration of PHA Synthase for Tailor-Made
Polyester Synthesis

PHA synthase is a key enzyme for the polyester synthesis in terms of quality and
quantity. So far, many researchers have focused on properties of the enzyme, such
as activity and substrate specificity, to regulate the synthesized PHA characters
(monomer composition and molecular weight) as well as its productivity (content in
bacterial cells) (Fig. 7.6). In this chapter, the history of functional alteration of PHA
synthases is summarized.

Polymer content depends on the enzyme activity. Monomer composition is gov-
erned by the enzyme substrate specificity. Molecular weight is affected by the pro-
tein expression.

As shown in Table 7.1, PHA synthases can be classified into three groups based
on substrate specificity. PHA synthase derived from Ralstonia eutropha (=
Cupriavidus necator) can polymerize short-chain-length-3-hydroxyacyl-coenzyme
As (SCL-3HA-CoAs) such as 3-hydroxybutyryl-coenzyme A (3HB-CoA) and
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Fig. 7.6 Properties of PHA related to PHA synthase

Table 7.1 Classes of PHA synthases and varieties of PHAs

Substrate specificity® Class® | Subunit(s)° | Microorganism? Polymers produced®
SCL-3HA-CoA (C3-C5) |1 PhaC Ralstonia eutropha P(3HB),
Chromobacterium sp. P(3HB-co-3 HV)
USM2
111 PhaC, Allochromatium
PhaE vinosum
v PhaC, Bacillus megaterium
PhaR Bacillus cereus YB-4
MCL-3HA-CoA 11 PhaC Pseudomonas P(3HA)
(Co6-Cl14) oleovorans
Pseudomonas putida
SCL-MCL-3HA-CoA 1 PhaC Aeromonas caviae P(3HB-co-3HA)
(C3-C14) 1T PhaC Pseudomonas sp. 61-3

*Substrate preferred by the PHA synthase. SCL-3HA-CoA (C3-C5) short-chain-length-3-hydroxy-
acyl-coenzyme A (3-5 carbons in length), MCL-3HA-CoA (C6-C14) medium-chain-length-3-hy-
droxyacyl-coenzyme A (6-14 carbons in length), SCL-MCL-3HA-CoA (C3-Ci4)
short-medium-chain-length-3-hydroxyacyl-coenzyme A (3—14 carbons in length)

°Class of PHA synthase

‘Name of the PHA synthase subunit

YNative microorganisms where the PHA synthases and polymers were found

‘Polymers produced. P(3HB) poly(3-hydroxybutyrate), P(3HB-co-3HV) poly(3-hydroxybutyrate-
co-3-hydroxyvalerate), = P(3HA)  poly(3-hydroxyalkanoate), = P(3HB-co-3HA)  poly(3-
hydroxybutyrate-co-3-hydroxyalkanoate)

3-hydroxyvaleryl-coenzyme A (3HV-CoA). On the other hand, PHA synthases
derived from most Pseudomonads polymerize medium-chain-length-3-hydroxy-
acyl-coenzyme As (MCL-3HA-CoAs) with relatively long side chains. PHA syn-
thases of Aeromonas caviae and Pseudomonas sp. 61-3 have wide substrate
specificities and can polymerize both SCL- and MCL-3HA-CoAs [12].
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Evolutionary engineering is a powerful method to change the properties of PHA
synthase without any information on tertiary structure. So far, beneficial mutants of
PHA synthases were gained by the combination of error-prone PCR-based muta-
genesis and screening methods based on the Nile red stain [33]. At the initial stage
starting from 1999, beneficial sites and amino acids related to the enzymatic perfor-
mances (activity, substrate specificity, thermostability, and so on) were explored at
the point mutation level by error-prone PCR-based mutagenesis. In the next stage,
site-specific saturation mutagenesis at the hot positions was conducted in a parallel
way to optimize the improvement of enzymatic performances.

This function-based enzyme engineering strategy was extensively applied to
class I and class II PHA synthases. Table 7.2 and Fig. 7.7 show the summaries of
beneficial mutations that provide the target enzymes with better functional perfor-
mances. As stated in the following section, many beneficial mutations causing the
improved enzyme performances were gained for the individual PHA synthases
through the evolutional program. In Sections 7.3.1 and 7.3.2, typical functional
alterations of PHA synthases are introduced.

7.4.1 Improvement in Activity, Thermostability,
and Expression

The first trial of in vitro evolution was conducted for the class I PHA synthase
derived from R. eutropha (PhaCg, which is the same as PhaC, described in 7.1-7.2)
by error-prone PCR-based mutagenesis. PhaCy, is the most widely studied PHA
synthase and was selected as the first target for the model study. Escherichia coli-
carrying phaCp,, phaAg,, and phaBg, genes (phaA and phaB are monomer-supplying
enzyme genes) can produce P(3-hydroxybutyrate) [P(3HB)], which is the most typi-
cal PHA (Fig. 7.9, Pathway I). Mutants of PhaCg.s generated by error-prone PCR
were expressed in E. coli cells together with PhaAg. and PhaByg., and then the
recombinant strains produced P(3HB)s at various accumulation levels. There was a
good correlation between P(3HB) accumulation level and PhaCy, activity for the
selected seven mutants. This means that high-throughput screening (in vivo) is pos-
sible for exploring the beneficial mutants without a time-consuming enzymatic
assay (in vitro). However, it was too difficult to gain the positive mutant enzyme
starting from the highly active wild-type PHA synthase. Notably, the suppression
mutagenesis approach was effective to obtain beneficial mutations causing enhanced
activity of PhaCg,. In fact, two positive mutants were obtained by using one mutant
harboring the Ser80Pro (S80P) mutation as a starter for the second mutation. The
first mutant, Phe420Ser (F420S), exhibited a 2.4-fold increase in specific activity
toward 3HB-CoA compared to the wild type [35]. This activity improvement con-
tributed to the increased polymer productivity in vivo. This positive mutation pre-
sumably occurred due to the productive dimerization appropriate for enzyme
activation of PhaCyg,, considering the previous report on the mutation related to the
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Fig. 7.7 Beneficial mutations of PHA synthases

PHA synthase consisted of o-/B-hydrolase fold region which plays a crucial catalytic role for
enzyme activity exhibition. The N-terminal region is assumed to coordinate enzyme catalysis and
substrate recognition in the polymerization [12]. C319 and C296 function as catalytic center sites
of PHA synthases. Beneficial mutations related to activity, expression, thermostability, and sub-
strate specificity are mapped on the whole regions of individual PHA synthases. A compatibility in
activity improvement between F420S and F392S was confirmed at the corresponding positions
(vertically dotted line). In a similar way, substitutions of amino acids at the Q481, A510, and A505
positions affect the enzyme substrate specificity

lag-phase reduction in the PhaCg, reaction [29, 45]. To verify the adaptive possibil-
ity of a beneficial mutation across classes of PHA synthase, F420S of class I PhaCg,
was applied to the class II PHA synthase of Pseudomonas sp. 61-3 (PhaCy,).
Phe392Ser (F392S) of PhaCy,, which corresponds to F420S of PhaCy. (Fig. 7.7),
resulted in an increased polymer content and an increased co-monomer fraction
compared to wild-type PhaCyp, [53], indicating that a beneficial mutation can work
properly in different classes of PHA synthase. Another positive mutant,
PhaCg.(G4D), was obtained with an increased expression level [44]. This improved
expression was presumed to contribute to the increased polymer production. In
addition, the molecular weight of P(3HB) polymerized by PhaCg.(G4D) tended to
be higher, suggesting that G4D enhanced the polymer chain elongation. The higher
expression of PhaCg.(G4D) was observed for not only various E. coli strains
(JM109, DHS5, and HB101) but also gram-positive Corynebacterium glutamicum,
indicating that G4D is a host-independent-type mutation. Further substitution of the
G4 residue with other amino acids by saturation mutagenesis yielded various other
G4X mutants, which exhibited a higher P(3HB) content and higher molecular
weights [44].

Thermostability of PHA synthase should be an important factor in order to real-
ize sustainable production of the target polyesters during the cultivation. The variant
of PhaCyg, carrying the S80P mutation used for suppression mutagenesis exhibited
higher thermostability, although the reason is unclear [35]. In the other study on the
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Fig. 7.8 Expansion of monomers by using native and engineered PHA synthases

Chemical structures of monomers are lined up based on the main chain and side chain. 3HB is the
most common monomer in microbial polyesters (PHAs). Monomer structures are diversified from
3HB, as shown in the blue line. Transition from 3HB to LA could be achieved by using the engi-
neered PHA synthase, PhaCp(STQK)/lactate-polymerizing enzyme (LPE). Red arrows indicate
the expansion of recognizable monomers by PHA synthases starting from LA

improvement of thermostability, Shue et al. attempted to carry out a chimeragenesis
approach [59]. Thermophilic PhaC from Cupriavidus sp. stain S-6 (PhaCc,,) and
mesophilic PhaCg, was combined, and one chimeric enzyme PhaCg., which was
PhaCg, bearing 30 mutations derived from PhaCc,,, showed P(3HB) accumulation
at 45 °C with high productivity. PhaCy.; exhibited increased thermostability, 127-
fold compared to that of the wild type, indicating that the thermostability of PhaCc,
was successfully inherited by PhaCg,. In addition, Tajima et al. identified a natural
thermostable PHA synthase from the thermotolerant bacterium Pseudomonas sp.
SG4502 [61]. These studies indicate that improved thermostability can be achieved
in both engineered and native PHA synthases.

7.4.2 Substrate Specificity Alteration (at the Side Chain)

Substrate specificity alteration was successfully achieved mainly for two PHA
synthases of A. caviae, class I PhaC,. and class II PhaCp,. These PHA synthases
serve as key catalysts for synthesizing 3HB-based copolyesters with MCL-3HA
monomers. By applying an in vitro evolutionary technique to a limited region of
the phaC,. gene, two beneficial mutations, N149S and D171G, were isolated [36].
These mutations exhibited an increase in the enzymatic activity toward 3HB-CoA
compared to the wild-type enzyme in vitro assay and enhanced the accumulation
of P(3HB-co-3-hydroxyhexanoate) [P(3HB-co-3HHXx)] (6.5-fold and threefold)
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Fig. 7.9 PHA biosynthesis pathways

The target PHASs are synthesized by the five metabolic pathways illustrated. Pathway I is an acetyl-
CoA condensation pathway to generate (R)-3HB-CoA. Pathway II is composed of the 3-oxidation
pathway to produce (R)-3HA-CoAs. Pathway III is the new pathway for the synthesis of (R)-LA-
CoA. Pathway 1V supplies (R)-2HB-CoA and (R)-GL-CoA by the addition of the corresponding
precursors. Pathway V is an amino acid derivative pathway to generate (R)-2HA-CoAs including
an aromatic group

in vivo (Fig. 7.9, Pathways I and II). At the same time, the change in substrate
specificity was demonstrated by data showing that the fraction of 3HHx (MCL-
3HA monomer) was increased up to 18 mol% (N149S) and 16 mol% (D171G)
from 10 mol% (wild type). Basically, class I PhaC,. preferentially polymerizes
SCL- 3HA monomers over MCL-3HA monomers, indicating that the two mutants
obtained a higher substrate specificity toward the MCL-3HA unit. The combina-
tion of Asnl149Ser (N149S) and Asp171Gly (D171G) further increased the 3HHx
fraction, probably due to the synergetic effect [S0]. The PhaC, (NSDG) mutant
has been used as an industrial enzyme for P(3HB-co-3HHx) production at
KANEKA Company. PhaC,.(NSDG) contributed the increase in the comonomer
fraction of 3-hydroxy-4-methylvalerate harboring a branched side chain [53] and
3-hydroxy-2-methylbutyrate (3H2MB) harboring a beta-methylated side chain
[68], indicating that the NSDG mutant has reactivity toward MCL-3HA mono-
mers with various side-chain structures.
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On the other hand, class II PhaCp, has a contrasted nature to PhaC,,, which
means that PhaCp, preferentially polymerizes MCL-3HA monomers over SCL-
3HA monomers. To reinforce the reactivity toward the 3HB monomer, in vitro evo-
lutionary engineering based on error-prone PCR was employed. As a result, four
beneficial mutations at position Glu130 (E130), Ser325 (S325), Ser477 (S477), and
GIn481 (Q481), which are presumably located close to the active center Cys296,
were identified [38, 40, 46, 47]. An in vitro activity assay revealed that E130 and
S325 contribute to the enzyme activity, and the remaining Q477 and Q481 contrib-
ute to the substrate specificity. Via site-specific saturated mutagenesis and a combi-
nation of superior mutations, the activity toward 3HB-CoA was increased up to
720-fold. The 3HB fraction in P(3HA-co-3HB) was increased from 14 mol% (wild-
type enzyme) to a maximum of 70 mol% (engineered enzyme) (Fig. 7.9, Pathways
I and II), indicating that the molecular evolution of PHA synthase (PhaCy,) changed
the enzyme substrate specificity.

7.5 Creation of New Polyesters by Engineered PHA
Synthases

7.5.1 Alteration of Main-Chain Substrate Specificity (2-OH,
LA Incorporation)

As described before, the substrate specificity of PHA synthase is closely related to
the monomeric composition of the copolymers. In fact, many achievements were
obtained for PHA synthases by enzyme evolutionary engineering (Table 7.1).
Accordingly, tailor-made synthesis of copolymers with desired properties can be
achieved by using engineered PHA synthases. These beneficial mutants mainly
exhibit the alteration of side-chain-based substrate specificity represented by
3-hydroxyacyl (3-OH) monomer substrates. In contrast, the alteration of main-chain
substrate specificity from 3-OH to 2-OH was one of the big challenges in the
research field of PHA to expand biopolymer diversity. Lactate (LA) was selected as
a first target of the 2-OH unit, and two pioneering works found a trace activity
toward lactyl-CoA (LA-CoA) in PHA synthase from Allochromatium vinosum
(class IIT) [72, 32]. However, at that time, unfortunately, the polymer-containing LA
unit was not generated.

In 2008, the discovery of LPE paved the way for synthesis of the LA-based poly-
mer [7]. First, Taguchi et al. attempted to explore natural and/or engineered PHA
synthase(s) with a lactate-polymerizing activity based on the in vitro polymerization
system using chemically synthesized LA-CoA as a monomer substrate. In the
water-organic solvent two-phase in vitro system, LA-polymerizing activity was
assayed based on the generation of a polymer-like precipitant. Among PHA syn-
thases, only one engineered PHA synthase derived from Pseudomonas sp. 61-3,
PhaCp(STQK), termed LPE (lactate-polymerizing enzyme), clearly exhibited poly-
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mer- like precipitation (wild-type PhaCp, had a trace level) under the condition of
the coexistence of LA-CoA and 3HB-CoA. Analysis of the precipitate revealed that
LA was incorporated into the polymer chain together with the 3HB unit. The proof
of concept for establishing that LPE was also functional in living cells was carried
out. To transfer the LA-based polymer synthesis system into bacterial cells, an arti-
ficial metabolic pathway was constructed (Fig. 7.9). The key point was the utiliza-
tion of propionyl-CoA transferase (PCT) for supplying the LA-CoA monomer, and
PCT was expressed in E. coli together with LPE, PhaAg. and PhaBg.. As a result,
incorporation of the LA unit into the polymer chain was first found in E. coli.
However, its molar fraction was too low, namely, 6 mol%. To enhance the LA frac-
tion, a second-generation LPE was generated by adding the beneficial mutation
(F3925) found in PhaCy, in the prototype LPE. This evolved LPE(STFSQK) exhib-
ited further enhancements in the LA fraction in the copolymers as well as polymer
production [53]. This LA enhancement was synergistically reinforced by combina-
tion of other strategies such as anaerobic cultivation for LA increase and metabolic
pathway redirection (ApflAAdld) [73]. These approaches allowed us to tune the LA
fraction in the range of 0-99 mol%. Interestingly, an extremely high LA fraction
(99.3 mol%) was observed in Corynebacterium glutamicum without 3HB-CoA-
supplying enzyme genes, suggesting that the different monomer fluxes depended on
the host cell [74]. These achievements imply the establishment of a microbial plat-
form for the one-step production of polylactide (PLA) and its copolyesters by using
LPE and evolved LPE.

It is of interest to promote the evolution of PhaCg,. to LPE by introducing the
mutation(s) that converted PhaCp into LPE. Amino acid substitution at position
Ala510 (A510) of PhaCg., which corresponds to GIn481 (Q481) of LPE
[PhaCp(STQK)], was carried out (Fig. 7.7). Among 19 PhaCg.(A510X) mutants, 15
mutants synthesized P(LA-co-3HB), indicating that the 510 residue plays a critical
role in LA polymerization. In addition, it was revealed that the LA-polymerizing
ability could be transferred between different classes (from class II to class I) [63].

7.5.2 Diversification of Monomers for Creating New Polyesters

2HB and GL After a major breakthrough in the enzyme reactivity, namely, the
transition from 3-OH to 2-OH in the main chain of monomers, it is of interest to
address the range of 2-OH monomers other than LA accessible by LPEs (STQK and
STQKES). First, 2-hydroxybutyrate (2HB) and glycolate (GL) should be targeted,
as shown in Fig. 7.8. Homopolyesters and copolyesters containing 2HB and GL are
bio-based polyesters like PLA. In particular, GL-based polyesters are often applied
for biomedical materials. By blending the chiral homopolymers of the L-form and
D-form, homopolymers of 2HB can form a stereocomplex in homogeneous combi-
nation and heterostereocomplex in heterogeneous combination with PLA.
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2HB-based polymers were successfully synthesized by PhaCg. (wild type),
LPE(STQK), LPE(STSRQK), and the chimeric enzyme of PhaC,. and PhaCk,,
termed AcRel?2 [58, 62, 70, 71] (Fig. 7.8). In 2011, it was confirmed that PhaCg,
polymerized P(2HB-co-3HB) in vitro from a mixture of (R)-2HB-CoA and (R)-
3HB-CoA. However, at this time, the 2HB incorporation was very weak, and the
polymerizing reaction was inhibited by the presence of (S)-2HB-CoA [58]. To
explore a more efficient enzyme for the 2HB-based polymer production, the utiliza-
tion of LPE was attempted. LPEs exhibit superior reactivity toward 2HB, and the
P(2HB) homopolymer could be synthesized in vivo from endogenous racemic 2HB
by expressing PCT and LPEs in E. coli [62, 70] (Fig. 7.9, Pathway IV). Recently, it
was reported that chimeric enzyme AcRel2 can polymerize the block copolymer
P(2HB-b-3HB) in vivo. This was the first report that chimeric PHA synthase pos-
sesses significant activity toward 2-OH monomers [71].

GL-based polymers were also successfully synthesized by LPE [57]. In addition
to the 2HB-based polymer, the accumulation of P(GL-co-3HAs) with 17 mol% of
GL fraction was confirmed in vivo using recombinant E. coli from exogenous gly-
colate and dodecanoate (Fig. 7.9, Pathway IV). Thus, LPE can recognize 2-OH
monomers with no side chain and an ethyl side chain as well as methyl side chain
(LA, 2-hydroxypropionate) (Fig. 7.8).

2H4MYV, 2H3PhP, and 2ZH3MB A side-chain variety of 2-OH monomers was fur-
ther explored. Amino acid derivatives, which have a 2HA backbone with various
side-chain structures corresponding with each amino acid, were the next candidates.
Mizuno et al. first investigated the LPE acceptance of the 2-hydroxy-4-metylvaler-
ate (2H4MV) unit derived from leucine supplied via 2ZH4MV dehydrogenase
(LdhA) and 2H4MV-CoA transferase (HadA) reactions (Fig. 7.9, Pathway V).
Further investigation determined that not only the 2H4MV unit but also 2-hydroxy-
3-phenylpropionate  (2H3PhP), 2-hydroxy-3-metylvalerate (2H3MB), and
2-hydroxy-3-metylvalerate (2H3MV) derived from phenylalanine, valine, and iso-
leucine were incorporated into the polymer as P(3HB-co-2HAs), suggesting that
LPE(STQK) can recognize 2HA with bulky side chains [69].

7.6 Properties of Polyesters Produced by Native
and Engineered PHA Synthases

The final goal of PHA research work is commercialization of the polymeric materi-
als. The typical example is PHBH, P(3HB-co-3HHx), manufactured by KANEKA
Company in Japan. In the fermentation process for production of the PHBH, NSDG
mutant of PhaC,. has been actually utilized in the microbial platform. Additionally,
PLA and its copolyesters can be biosynthesized by means of LPEs evolved from
PHA synthases. In such a sense, engineering of the PHA synthase provides us the
effective achievements related to the application of PHAs. Table 7.3 summarizes the
up version and properties of PHA-related polyesters. Expansion of the variety of
monomeric constituents has been extensively updated for creating new polyesters
based on PHA synthase alteration.
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Table 7.3 Properties of conventional PHAs, new type of PHAs, and chemosynthesized polymers

Young’s | Tensile Elongation

T T, modulus | strength | to break References

[°C] [°C] [MPa] [MPa] [%]
P(3HB) 177 4 3500 43 5 [75]
Ultrahigh-molecular- | 185 4 - 400 35 [75]
weight PHB
P(3HB-co-20 mol% | 145 -1 800 20 50 [75]
3HV)
P(3HB-co-10 mol% | 127 -1 - 21 400 [75]
3HHXx)
P(3HB-co-6 mol% 133 -8 200 17 680 [75]
3HA)"
P(3HB-co-15mol% | 150 3 - 20 250 [53]
3H4MV)
P(3HB-c0-9 mol% 135 15 - - - [76]
3H3PhP)
P(3HB-co-23 mol% | 140 -1 - - - [67]
3H2MB)
P(3HB-co-29 mol% | 158 25 154 7 156 [53]
LA)
P(2HB) 99 30 75 9 170 [62]
P(86 mol% 99 31 466 19 115 [62]
2HB-co-LA)
P(3HB-co-22 mol% | 154 7 - - - [69]
2HA)¢
P(3HD) 70 —46 118 8 226 [77]
PLA (D-form) 153 60 1020 52 2 [53]
Polypropylene 176 -10 1700 38 400 [75]
Low-density 130 -30 200 10 620 [75]
polyethylene (LDPE)
Poly(e-caprolactone) | 58 to 65 | —65 to —60 | 210 to 21to42 | 300 to 1000 |[77]

440

“Melting temperature, *glass transition temperature, 3HA units (3-hydroxyoc-
tanoate (< 1 mol%), 3-hydroxydecanoate (3 mol%), 3-hydroxydodecano-
ate (3 mol%), 3-hydroxy-cis-5-dodecanoate (< 1 mol%)), “2HA units (2HP (LA)
(1 mol%), 2H3MB (1 mol%), 2H4MV (14 mol%), 2H3PhP (6 mol%))

7.7 Future Perspectives

The structure-function relation study of PHA synthase is crucial to better under-
stand the reaction mechanism of polymerization for PHA synthesis and to improve
PHA from the viewpoints of academic and industrial progress. In this sense, solu-
tion of the tertiary structures of two class I PHA synthases provides us with various
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insights into the aforementioned subject. In both crystal structures, one can find the
common structural properties in the catalytic domain such as the conserved cata-
lytic triad (Cys-His-Asp) in the o-/p-core subdomain. On the other hand, a big dif-
ference is observed in the CAP subdomain structures of the two PHA synthases. In
particular, the presence of the open-closed mode found in PhaCc is characteristic in
creating the dynamic conformational change upon the PhaCc,-substrate interaction.
Such structure-based interpretation is available for discussing the various enzyme
functions. With the available structural information of PhaCs, another catalytic
mechanism was proposed based on a modelled structure of class I PhaC from
Agquitalea sp. USM4 [81]. Crystal structures of enzyme-substrate complexes
together with the complete whole structures of PHA synthases should be required
for further understanding the polymerization mechanism of PHA synthase and
rational enzyme engineering.

Prior to the presentation of crystal structures of PHA synthases, evolutionary
engineering has been applied to three kinds of PHA synthase focusing on the activ-
ity improvement, substrate specificity alteration, thermostability improvement, and
expression improvement. Even with no information on enzyme tertiary structure,
these achievements strongly evidence that evolutionary engineering is a powerful
toolbox for improving the enzymatic properties related to PHA biosynthesis. For
more than 20 years, a large library of class II-categorized PHA synthase mutants
that result in alterations of monomeric composition, sequence regulation such as the
development of a block copolymer [71] and the use of various molecular weights,
and enhanced polymer production has been increasing. A typical case is the discov-
ery of LPE, which can synthesize LA-based polymers. This case may be fortunate
and now could be the time to take a great leap forward, as commented in the article
[78]. Most recently, mechanistic model on polymerization of LA-based polymer has
been demonstrated based on biochemical and kinetic studies [79]. The pioneering
study has led to further expansion of the range of structural diversity of PHA mem-
bers other than LA-based polymers. Along this line, one can expect to synthesize
chiral copolymers with various monomer compositions, owing to the extremely
high enantioselectivity and broad substrate specificity of the class Il PHA synthase.
In this chapter, it is a good starting point to have a discussion on the relationship
between 3D-structure and mutation effects based on both milestones. For example,
several key amino acid residues closely related to the enzymatic performances can
be commonly addressed from four representative class I and class II PHA
synthases [80].

For what is PHA synthase studied? The answer is simple. Needless to say, PHA
synthase should be an essential machinery for PHA biosynthesis in practical appli-
cations. It seems to be clear that the evolutionary engineering of “biocatalysts” will
be a key approach, analogous to the fact that the field of chemical polymeric materi-
als has moved forward via the development of advanced “chemical catalysts” like
Ziegler-Natta catalysts. With the current PHA synthase structure now unveiled, we
are moving closer to tailor-made PHA to meet various needs.
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