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BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS
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Abstract Polyhydroxyalkanoate (PHA) synthase from Bacil-
lus cereus YB-4 (PhaRCypy4) catalyzes not only PHA poly-
merization but also alcoholytic cleavage of PHA chains. The
alcoholysis activity of PhaRCypy is expressed when a
hydroxyacyl-CoA monomer is absent but an alcohol com-
pound is present. In this study, we performed alanine muta-
genesis of the putative catalytic triad (Cys'', Asp>*®, and
His**) in the PhaCyps subunit to identify the active site
residues for polymerization and alcoholysis activities. Indi-
vidual substitution of each triad residue with alanine resulted
in loss of both polymerization and alcoholysis activities, sug-
gesting that these residues are commonly shared between
polymerization and alcoholysis reactions. The loss of activity
was also observed following mutagenesis of the triad to other
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amino acids, except for one PhaRCyp4 mutant with a C151S
substitution, which lost polymerization activity but still pos-
sessed cleavage activity towards PHA chains. The low-
molecular-weight PHA isolated from the PhaRCyp4(C151S)-
expressing strain showed a lower ratio of alcohol capping at the
P(3HB) carboxy terminus than did that from the wild-type-
expressing strain. This observation implies that hydrolysis
activity of PhaRCyp4 might be elicited by the C151S mutation.
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Alcoholysis - Catalytic residue

Introduction

Polyhydroxyalkanoates (PHAs) are polyesters produced by a
wide variety of bacteria and archaea for intracellular storage of
carbon and energy. PHAs have many attractive properties
such as biocompatibility, biodegradability, and thermoplastic-
ity, and can be produced from renewable biomass (Sudesh
et al. 2000). The most commonly seen PHA in nature is
poly[(R)-3-hydroxybutyrate] [P(3HB)], which shows thermal
properties similar to those of polypropylene, one of the
petroleum-derived commodity plastics. In the biosynthesis
of P(3HB) from acetyl-coenzyme A (acetyl-CoA), only three
enzymes are required: 3-ketothiolase (PhaA); NADPH-
dependent acetoacetyl-CoA reductase (PhaB); and PHA syn-
thase (PhaC), which are encoded by the phaA, B and C genes,
respectively (Stubbe and Tian 2003). Transformation with
these three genes drives P(3HB)-negative bacteria such as
Escherichia coli to accumulate P(3HB) (Slater et al. 1988).
PhaC catalyzes the polymerization reaction of the
hydroxyacyl (HA) moiety in HA-CoA to PHAs, with the
concomitant release of CoA (Kawaguchi and Doi 1990;
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Sudesh et al. 2000; Stubbe and Tian 2003). The polymeriza-
tion reaction by PhaC proceeds in an aqueous solution at
ambient temperature without using a template, organic sol-
vents, or metal cofactors (Ushimaru et al. 2013). In the PhaC
enzyme, the cysteine residue in the lipase box-like sequence
(Gly-X-Cys-X-Gly) plays a role as the active center for the
polymerization reaction (Rehm 2003). PHA depolymerases,
on the other hand, which cleave the ester bond of the PHA
chain, have a serine residue in the lipase box sequence (Gly-
X-Ser-X-Gly) as the active center (Jendrossek and Handrick
2002).

PHA synthases are currently grouped into four classes
(classes I-IV) based on subunit composition and substrate
specificity; the detailed classification of PHA synthases is
reviewed by Rehm (2003). Class I and class II synthases are
composed of a single PhaC subunit. The synthase from
Ralstonia eutropha (PhaCg,), one of the most well-studied
synthases, is grouped as a class I synthase, and it has been
reported that the Cys®'® in PhaCg. plays the role of an active
center (Rehm 2003). The synthase from Delftia acidovorans
also belongs to class I and is capable of synthesizing high-
molecular-weight P(3HB)s in E. coli (Tsuge et al. 2004; Hiroe
etal. 2013). Class III and class IV PhaCs require an additional
subunit, PhaE and PhaR, respectively. The class III PhaC,,
from Allochromatium vinosum has a catalytic triad consisting
of Cys'®, Asp®®, and His**', in which Cys'*® functions as
the catalytic center for the PHA polymerization reaction (Jia
et al. 2000). Class 1V is the most recent classification to be
proposed, owing to the discovery of the Bacillus megaterium
synthase (McCool and Cannon 1999). We have characterized
two additional class IV synthases, from Bacillus cereus YB-4
(PhaRCypy) and B. megaterium NBRC15308" (PhaRCp,,),
defining their ability to produce PHA and their substrate
specificity (Tomizawa et al. 2010; Mizuno et al. 2010;
Tomizawa et al. 2011; Hyakutake et al. 2011).

In our previous studies (Tomizawa et al. 2011; Hyakutake
et al. 2014), it was demonstrated that PhaRCyp,4 manifests
alcoholysis activity towards the P(3HB) polymer chain when
the HA-CoA monomer is absent but alcohol is present
(Scheme 1). The alcoholysis activity of PhaRCyp4 was con-
firmed by both in vivo and in vitro analyses (Hyakutake et al.

Scheme 1 Alcoholysis of the
P(3HB) chain by PhaRCyp4
using host-produced ethanol
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2014). Similarly, the class IV synthase from Bacillus sp.
INTO005 is presumed to have alcoholysis activity because of
an unusual reduction in P(3HB) molecular weight observed
when it was used to synthesize P(3HB) in PHA-accumulating
E. coli (Agus et al. 2010). Furthermore, PhaRCpg,, from
B. megaterium also showed weak alcoholysis activity
(Hyakutake et al. 2014). These observations suggest that
alcoholysis activity is shared in common between class IV
synthases. However, little is known about the PhaRC
alcoholysis activity itself; the catalytic residues involved and
the reaction mechanism remain unknown.

The aim of this study was to identify the amino acid
residues involved in the alcoholysis activity of PhaRCypy.
To this end, PhaRCyp4 mutants were constructed by site-
directed mutagenesis and subjected to an in vivo assay system
to test their alcoholysis activities. The results obtained showed
that a common active site of PhaRCypy is involved in both
PHA polymerization and alcoholysis reactions.

Materials and methods
Bacterial strain, plasmids, and culture media

The bacterial strain and plasmids used in this study are listed
in Table 1. E. coli IM109 was used as a host strain for P(3HB)
biosynthesis throughout the study. For pre-culturing, the re-
combinant E. coli were grown in Lysogeny-Broth (LB) medi-
um (10 g/L tryptone, 5 g/L yeast extract, 10 g/l NaCl). For
maintenance of the plasmid within the cell, ampicillin
(100 mg/L) and/or kanamycin (50 mg/L) was added to the
media as appropriate.

Plasmid construction

To construct mutated gene variants of phaCygg, site-directed
point mutagenesis was performed on pGEM-phaRCygsAB
using the QuikChange Multi Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). The PCR primers utilized for
mutagenesis were as follows: 5-CTT TAC TTG GTT ATG
CCA TGG GGG GAA CGC-3' for construction of pGEM-
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Table 1  Bacterial strain and plasmids used in this study

Strain or plasmid Relative characteristics

Reference or source

Strain
Escherichia coli IM109

recAl, endAl, gyrA96, thi-1, hsdR17(ry” my '), eld™ (merd"),

TaKaRa Bio.

supE44, relA1, A(lac-proAB)/F' [traD36, proAB”, lac I, lacZAM1 5]

Plasmid
pIRD-phaCp,AB pJRD215 derivative; phag. promoter, phaCp, from D. acidovorans Hyakutake et al. (2014)
DS-17, and phaABg. from R. eutropha H16
PGEM-phaRCygp4AB pGEM"ABex derivative; phaRCyp, from B. cereus YB-4 Tomizawa et al. (2011)
pGEM-phaRCg,AB pGEM"ABex derivative; phaRCg,,, from B. megaterium NBRC15308" Tomizawa et al. (2011)
pGEM-phaCr.AB pGEM"ABex derivative; phaCg, from R. eutropha H16 Matsusaki et al. (2000)
PGEM-phaRCyps(C151A) pGEM-T derivative; phag. promoter, phaRCyps(C151A) This study
PGEM-phaRCyp4(C1518S) pGEM-T derivative; phag. promoter, phaRCyp4(C151S) This study
PGEM-phaCr(C319S) pGEM-T derivative; phag. promoter, phaCr(C319S) This study
PGEM-phaRCg,(C152S) pGEM-T derivative; phag. promoter, phaRCg,,(C152S) This study
PGEM-phaRCyps(D306A) pGEM-T derivative; phag, promoter, phaRCyp4(D306A) This study
PGEM-phaRCyps(D306N) pGEM-T derivative; phag. promoter, phaRCyp4(D306N) This study
PGEM-phaRCyps(H335A) pGEM-T derivative; phag. promoter, phaRCyp4(H335A) This study
PGEM-phaRCyps(H335N) pGEM-T derivative; phag, promoter, phaRCyp4(H335N) This study

phaRCypsAB(C151A); 5'-CTT TAC TTG GTT ATA GCA
TGG GGG GAA CGC-3' for pGEM-phaRCyp4AB(C1518);
5'-TTT CCG GGA AAC GTG CCC ATATCG CTT TGC-3'
for pGEM-phaRCyp4AB(D306A); 5'-TTT CCG GGA AAC
GTA ACC ATATCG CTT TGC-3' for pGEM-phaRCygsAB(-
D306N); 5-TAT GTT TAC CGA CAG GGG CCATGT CTA
TCG-3' for pGEM-phaRCyg4AB(H335A); and 5'-TAT GTT
TAC CGA CAG GGA ACA TGT CTA TCG-3' for pGEM-
phaRCypsAB(H335N). The sites of introduced mutation se-
quence are underlined.

Mutagenesis of phaCg. and phaCg,, was carried out
in the same manner as above. The PCR primers (5'-
AAC GTG CTC GGC TTC AGC GTG GGC GGC
ACC-3'and 5-GTT CTT GGT TAC AGC ATG GGC
GGA AC-3") were utilized for construction of pGEM-
phaCreAB(C319S) and pGEM-phaRCgn,AB(C1528),
respectively.

To remove the phaABg. gene from pGEM-phaRCypsAB
wild-type plasmid or its variants (C151A/S, D306A/N or
H335A/N), the plasmid was digested with Sa/l and Nrul and
self-ligated using a Blunting Kination Ligation (BKL) kit
(Takara Bio Inc., Otsu, Japan) to yield pGEM-phaRCyg4(Wild
type, C151A/S, D306A/N or H335A/N). pGEM-phaRC-
Bm(C152S) was constructed from pGEM-phaRCjp,,AB(-
C152S) by deleting the phaABg, gene in the same manner.
To construct pGEM-phaCgr(C319S), the phaRCyg, gene in
PGEM-phaRCyg, was replaced with the phaCg(C319S) gene
derived from cleaving the vector pGEM-phaCr.AB(C319S) at
the restriction sites Csp451 and Sse83871. All constructed
plasmids were sequenced to confirm the presence and accu-
racy of the mutation.

Amino acid sequence alignment

Amino acid sequence alignment was performed using
ClustalW (version 2.1) on the server at DDBJ (the DNA Data
Bank of Japan). The PHA synthase sequences used for align-
ment were from: B. cereus YB-4 (accession no. BAI68395);
B. megaterium NBRC15308" (BAI68396); Bacillus
azotoformans LMG9581 (EKN68379); Bacillus sp. INT005
(BAC45232); Bacillus weihenstephanensis KBAB4
(ABY42479); Bacillus cytotoxicus NVH391-98
(ABS21370); 4. vinosum DSM180 (BAE20055); and
R. eutropha H16 (CAJ92572).

P(3HB) biosynthesis and isolation

Recombinant E. coli IM109 was cultivated in 500 mL shake
flasks containing 100 mL LB medium with glucose (20 g/L),
on a reciprocal shaker (130 rpm) at 37 °C for 72 h. After
cultivation, cells were harvested, washed once with deionized
water, and lyophilized. The polymers that had accumulated in
the cells were extracted with chloroform for 72 h at room
temperature and then purified with methanol.

Ethanol assay

The ethanol concentration in the culture liquid was measured
by the enzymatic method using an F-kit (Roche Diagnostics,
Basel, Switzerland). Culture liquid was centrifuged at 13,040g
for 2 min, and supernatant was diluted as appropriate and used
for the assay.
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Gas chromatography and gel permeation chromatography

The P(3HB) content of the dried cells was determined by gas
chromatography (GC). Samples for GC analysis were pre-
pared from lyophilized cells by methanolysis using 15 % v/v
sulfuric acid (Kato et al. 1996).

The number average molecular weight (M),) and the weight
average molecular weight (M,,) of P(3HB)s synthesized by
the recombinant strains were determined by gel permeation
chromatography (GPC). GPC measurements were performed
at 40 °C, using a Shimadzu 10A GPC system (Shimadzu,
Kyoto, Japan) equipped with two Shodex K-806M joint col-
umns (Showa Denko KK, Tokyo, Japan). Chloroform was
used as the eluent at a flow rate of 0.8 mL/min. Samples for
GPC analysis were prepared at a P(3HB) concentration of
1.0 mg/mL and passed through a 0.45 pum filter. Molecular
weights were determined using a standard curve calibrated
with low polydispersity polystyrenes (M,=1.3 % 10°-7.5x
10).

For reference, as determined previously (Kusaka et al.
1998), the relationship between absolute molecular weight
M,(absy and relative molecular weight My, pc) determined
by GPC is as follows for P(3HB):

M y(abs) = 0.7 X My Gpc)- (1)

Therefore, the following equation was used to estimate the
degree of polymerization (P,) from GPC data:

Puoape) = 0.7 X Mycpe)/ (PDI(gpey X 86)
=0.7 x Mn<Gpc)/86 (2)

where PDI(gpc, is the polydispersity index (M,,/M,,) determined
by GPC and 86 is the molecular weight of the 3HB repeating
unit.

In vivo cleavage activity assay

E. coli IM109 harboring pJRD-phaCp,AB, which carries the
PHA synthase gene (phaCp,) from D. acidovorans and
phaABg. genes from R. eutropha H16, was used as the host
strain for the in vivo cleavage activity assay. This strain is
capable of producing high-molecular-weight P(3HB) from
glucose; the P(3HB) provides a scissile substrate for the
synthases under assessment. The cleavage activity was mon-
itored by measuring P(3HB) molecular weight. The number of
P(3HB) chains (N) in 1 L culture was calculated as follows
(Tomizawa et al. 2013):

N =W/M, 3)

@ Springer

where W is the weight (g/L) of P(3HB) synthesized by
the recombinant strain. The relative P(3HB) chain num-
ber is defined as the number of chains in the strain
expressing PhaCp, and the assayed synthase (PhaRC or
PhaC), divided by that of the strain expressing PhaCp,
alone (N™"):

Relative P(3HB)chain number = N /N™. 4)

NMR analysis

The end-group structures of the isolated P(3HB) samples were
analyzed by NMR spectroscopy. Methanol-purified polymers
were dissolved in chloroform, further purified with hexane
three times and dried completely. Each purified polymer
(30 mg) was dissolved in CDCl; (0.7 mL) and subjected to
"H-nuclear magnetic resonance (NMR) analysis. NMR spec-
tra were recorded using a JEOL LAS00 spectrometer (JEOL
Co. Ltd., Tokyo, Japan). For '"H-NMR analysis, data were
collected at 45 °C with a 7.2-ms pulse width (90° pulse angle),
a 5-s pulse repetition, a 6000-Hz spectra width, and 16 K data
points. Tetramethylsilane (Me4Si) was used as an internal
standard for calculating chemical shift.

Results

Putative catalytic triad for the polymerization reaction in class
IV synthases

Alcoholysis activity has been reported for certain lipases that
have a lipase-box sequence (Gly-X-Ser-X-Gly) in their active
site; in these, the central serine acts as a catalytic center (Gupta
etal. 2004). In PhaRCy gy, the PhaCyp4 subunit is responsible
for the alcoholysis reaction (Tomizawa et al. 2011); however,
it does not have lipase-box sequence. We presumed that the
lipase box-like sequence (Gly-X-Cys-X-Gly), which is gener-
ally responsible for the polymerization reaction of PhaC, is
also utilized for the alcoholysis reaction. Catalytic residues for
the polymerization reaction remain unidentified in class IV
synthases; thus, our first aim was to identify these.

Figure 1 shows the amino acid sequence alignment of class
IV synthases from six Bacillus strains, together with class 111
synthases from A. vinosum (PhaC,,), which has a catalytic
triad consisting of Cys'*’, Asp**%, and His*' (Jia et al. 2000).
Cys149 in PhaC,, which acts as a nucleophile, corresponds to
Cys1 >!'in PhaCypa. Asp3 92 and His*®' in PhaCs,, which act as
the catalytic acid and base, correspond to Asp>*® and His**° in
PhaCypy, respectively. These three residues also correspond
to catalytic residues in PhaCge, Cys319, Asp480, and His’®.
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Fig. 1 ClustalW sequence
alignment of PHA synthase
(PhaC) active domains from

B. cereus YB-4, other class IV
synthases, synthases from
Allochromatium vinosum (class
I1I), and Ralstonia eutropha (class
I). The accession numbers of
sequences used for this alignment
are provided in the “Materials and
methods” section. Residues
conserved across all eight
synthases are highlighted and
marked with an asterisk. The
lipase box-like sequence is
indicated with an open box.
Amino acid residues shown in
bold are putative amino acid
residues for polymerization
activity and were substituted to
other residues in this study

B. cereus YB-4

B. megaterium

B. azotoformans
Bacillus sp. INT005

B. weihenstephanensis
B. cytotoxicus

A. vinosum (class III)
R. eutropha (class I)

B. cereus YB-4

B. megaterium

B. azotoformans
Bacillus sp. INT005

B. weihenstephanensis
B. ¢ytotoxicus

A. vinosum (class I1I)
R. eutropha (class 1)

139
140
141
139
139
139
137
307

296
297
298
296
296
296
292
470

TAKSDEISLI
TSKSPDLSVLY
TSGADEISMI
TAKSDEISLI
TAKSDEISLH
TAKSDEISLH
AHGVDKVNLE

5YCMQ
5YCMG
5YCMG
5YCMG
5YCMQ
5YCMQ
5ICQQ
GECVQ

ISGQDKINVE

GTLTS---IYAAL 163
[GTMTS---IFAAL 164
[GTMTS---VFAAL 165
GTLTS---IYAAL 163
GTLTS---IYAAL 163
GTLTS---IYAAL 163
[GAFSL---MYSAL 161
GTIVSTALAVLAA 334

. e kk ok kk e o *

ANVLNISGKRDHIALPCQVEA 316

ANILNIAASRDHIAMPHQVAA
ANVLNISAEKDLIAMPHQVEA
ANVLNISGKRDHIALPCQVEA
ANVLNISAKRDHIALPCQVEA
ANVLNISARRDHIALPCQVEA
CPVLNIFALQDHLVPPDASRA
VPTYIYGSREDHIVPWTAAYA

317
318
316
316
316
312
490

*

*

B. cereus YB-4
B. megaterium

B. azotoformans
Bacillus sp. INT005

325 DKQYVCLPTGHMSIVYGGTAV 345
326 DKEYKLLQTGHVSVVEGPKAV 346
327 DKQYVCISTGHISITEFGPKAV 347
325 DKQYVCLPTGHMSIVYGGTAV 345

B. weihenstephanensis 325 DKQYVCLPTGHMSIVYGGTAV 345

B. cytotoxicus

325 DKQYVCLPTGHMSIVYGGTAV 345

A. vinosum (class III) 321 DYTELAFPGGHIGIYVSGKAQ 341

R. eutropha (class I)

Therefore, CyslSI, Asp306, and His>*® in PhaCypys were
thought to form the catalytic triad on the basis of homology.

Mutagenesis and the polymerization activity assay

Alanine mutagenesis of the putative catalytic triad (Cys'",
Asp®®, and His**®) in PhaCyps was performed to identify
active site residues for the polymerization reaction. The three
PhaRCyps mutants with individually substituted sites
(PhaC_CI151A, D306A, and H335A) were expressed in
E. coli, together with PhaABg., to examine their abilities to
produce P(3HB). None of the strains expressing PhaRCypy
mutants accumulated any measurable P(3HB) (data not
shown), suggesting that the catalytic function of PhaRCyp4
was significantly impaired by alanine mutagenesis. To ex-
clude the possibility of a higher-order structural change of
PhaCyp4 concomitant with alanine mutagenesis, other mu-
tants in which the triad residues were replaced with structur-
ally similar amino acids were generated. The PhaRCyp, mu-
tants with PhaC_C151S, D306N, or H335N mutations were
also examined for their abilities to produce P(3HB) in E. coli,
with the result that these mutants were also inactive for PHA
polymerization (data not shown). These observations strongly

498 KLRFVLGASGHIAGVINPPAK 518

K’k . *

suggest that Cys'', Asp®®, and His®* in PhaCypy form a

catalytic triad for the polymerization reaction.
Cleavage activity assay of C151A/S mutants

To test the hypothesis that a common active site of PhaCygy is
involved in both polymerization and alcoholysis reactions,
PhaRCyg4 mutants with a PhaC_C151A/S mutation, which
are inactive for polymerization, were subjected to the in vivo
cleavage activity assay using E. coli IM109/pJRD-phaCp,AB
as the host strain. This assay method was based on the mo-
lecular weight change of P(3HB) that was provided by the use
of D. acidovorans PHA synthase (PhaCp,) as the scissile
substrate, due to alcoholysis of the P(3HB) chain by
PhaRCyp4 using host-produced ethanol. Time-dependent
changes in P(3HB) concentration and molecular weight dur-
ing the in vivo assay are shown in Fig. 2, and the results are
tabulated in Table 2.

PhaCp, is capable of synthesizing high molecular weight
P(3HB) (M,=1440x10%) in E. coli IM109, while co-
expression of PhaRCypy4 (Wild type) led to significant reduc-
tion of P(3HB) molecular weight (M,=14x10%) due to
alcoholysis activity as reported previously (Hyakutake et al.
2014). Such alcoholysis would be induced by host-produced
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Fig. 2 a P(3HB) synthesis by 9
E. coli IM109 either expressing a
PhaCp, alone (closed squares) or
PhaCp, together with PhaRCypy
(open circles: wild type; open
triangles: C151A mutant; closed
triangles: C151S mutant). b
Number average molecular
weight (M,,) of P(3HB) for each
condition

P(3HB) conc. (g/L)

107

108

10° f

0 1
0 24

ethanol, which was present in our system at 500 mg/L in the
culture medium after 24 h of cultivation and gradually de-
creased to 300 mg/L by 72 h due to assimilation by E. coli
and/or evaporation from the medium. The molecular weight
of P(3HB) (M,=1030x10°) produced by the
PhaRCyp(C151A)-expressing strain was almost the same as
that from PhaCp, alone. As ethanol was present at 380 mg/L
(24 h) in the culture medium, which seemed to be sufficient to
promote alcoholysis induction, this result suggested that the
C151A mutation caused loss of alcoholysis activity.

On the other hand, the co-expression of PhaRCyp4(C151S)
led to a significant reduction of P(3HB) molecular weight
(M,=21x10%), unlike the C151A mutant but similar to wild
type. C151S and C151A mutants are both polymerization
inactive; however, their behaviors with respect to cleavage
activity were not the same. As shown in Fig. 2, the amount of
P(3HB) from both mutants was almost unchanged from 24 to
72 h of cultivation while the P(3HB) molecular weight

48
Culture time (h)

10*
72 0

Culture time (h)

markedly decreased for C151S. Figure 3 shows the molecular
weight distribution of P(3HB) isolated from the
PhaRCyg4(C151S)-expressing strain. The high-molecular-
weight fraction of the polymer was decreased with increasing
culture time, while the low-molecular-weight fraction was
increased. These observations suggest that the high-
molecular-weight P(3HB) chains were cleaved by the action
of PhaRCyg4(C151S). Without the PhaRyg,4 subunit, the
C151S mutant did not express any cleavage activity (Table 2).

Cleavage activity assay of other synthase mutants

Because PhaRCypy(C151S) unexpectedly showed cleavage
activity towards the P(3HB) chain, we further examined
whether other synthase mutants with serine substitution of
the cysteine at the active center express the cleavage activity.
To this end, mutants of synthases belonging to class I
[PhaCgro(C319S)] and class IV [PhaRCg,,(C152S)] were

Table 2 In vivo alcoholysis assay involving monitoring of P(3HB) molecular weight in recombinant E. coli IM109
Expressed synthase(s) Dry cell weight (g/L)  P(3HB) Ethanol conc. at (mg/L)* Molecular weight Relative chain
content (wWt%) number”
24 h 72 h M, (x10%) My /M,
PhaCp,° 9.4+0.1 T1£2 300+£60 90+10 1440+20 1.9 1.0
PhaCp,, PhaRCyp4* 8.6+0.1 73+5 500+30 300+10 14+1 2.1 97
PhaCp,, PhaRCyp4(C151A) 9.5+0.1 71+1 380+10 150£10 1030+70 1.9 1.4
PhaCp,, PhaRCyp4(C151S) 8.4+0.1 72+5 420+30 240+50 21+£2 22 62
PhaCp,, PhaCyp4s(C151S) 7.8+£0.0 79+2 410+30 240+10 1000£100 1.9 13
PhaCp,, PhaRCyp4(D306A) 10.0+0.0 772 200+10 190450 1510+50 1.9 1.1
PhaCp,, PhaRCyp4(D306N) 9.4+0.1 77+4 250410 100+£10 1350£170 1.8 1.2
PhaCp,, PhaRCyp4(H335A)  10.0+0.0 77+3 280+10 100+10 1190+180 1.9 1.4
PhaCp,, PhaRCyp4(H335N) 9.6+0.2 78+7 160+10 60+10 1520+£90 1.8 1.1
PhaCp,, PhaRCg,,(C152S) 8.7+0.2 72+1 380430 230450 312 10.5 44
PhaCp,, PhaCr(C319S) 9.2+0.1 66=+5 600+30 200440 1620+150 1.8 0.8

Cells were cultivated in LB medium containing glucose (20 g/L) at 37 °C for 72 h. PhaRCyp4 mutants used here were polymerization inactive. Results

are the average+standard deviations from three separate experiments

#Host-produced ethanol

® P(3HB) chain number relative to that from cells expressing PhaCp, alone

¢ Hyakutake et al. 2014

@ Springer



Appl Microbiol Biotechnol (2015) 99:4701-4711

4707

107 108

106
Molecular mass
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Fig.3 Molecular weight distribution of P(3HB) isolated from 12, 24, and
72-h cultures of E. coli JIM109 co-expressing PhaCp, and
PhaRCyp4(C151S)

constructed from R. eutropha and B. megaterium synthases,
respectively. It is noteworthy that both Cys®'® in PhaCg, and
Cys152 in PhaCpg,, correspond to Cys151 in PhaCypy4 in mul-
tiple sequence alignments (Fig. 1). The resulting synthase
mutants were confirmed to be polymerization inactive in
recombinant E. coli IM109 (data not shown). These mutants
were next subjected to the in vivo assay in the same manner as
described above. The results are listed in Table 2.
PhaCgr(C319S) did not show any cleavage activity towards
the P(3HB) chain. On the other hand, PhaRCg,,(C152S)
showed significant cleavage activity, as did
PhaRCyp4(C1518S). Thus, the cleavage activity was common-
ly observed in serine-substituted mutants belonging to class
IV synthases.

End structure analysis of low-molecular-weight P(3HB)

Our previous study showed that the P(3HB) carboxy terminus
was capped by ethanol as a consequence of PhaRCyp4-cata-
lyzed alcoholysis. "H-NMR analysis was carried out to iden-
tify the terminal structure on low-molecular-weight P(3HB)
produced by strains co-expressing PhaCp, and
PhaRCyp4(C151S). As shown in Fig. 4, the quartet peak at
4.15 ppm (i) assigned to the methylene of the ethanol-capped
carboxy terminus was observed. This analysis also suggested
the existence of the ethanol-capped carboxy terminus together
with a minor carboxy terminus capped with longer chain
alcohols than ethanol (i*). These two peaks were also ob-
served for the P(3HB) produced by the strain co-expressing
PhaCp, together with PhaRCypy; therefore, the
PhaRCyp4(C151S) mutant proved to have alcoholysis
activity.

However, as listed in Table 3, the molar ratio of the alcohol-
capped carboxy terminus to the hydroxy terminus, estimated
from the peak intensities of the signals i plus i* and the signal
by, was 0.62, which value is significantly lower than that of
PhaRCyp4 alone (1.07) or PhaCp, plus PhaRCypy4 (1.03).
These results implied that PhaRCyp4(C151S) catalyzes not
only alcoholysis but also hydrolysis reactions, unlike wild-
type PhaRCyp4. Hydrolysis of the P(3HB) chain generates
free carboxy and hydroxy termini, but the free carboxy termi-
nus is undetectable by 'H-NMR analysis. Therefore, the ratio
of the alcohol-capped carboxy terminus to the hydroxy termi-
nus is an important clue for supporting the occurrence of

Fig. 4 A 500-MHz 'H-NMR a
spectra of P(3HB) isolated from
72-h cultures of E. coli IM109
expressing PhaCp,, and
PhaRCYB4 wild type (Hyakutake
etal. 2014) or
PhaRCypy(C1518). i*, the
methylene resonance for alcohols ;
|

longer than ethanol PhaCDa + PhaCDa +

PhaRC,g, PhaRC,g,(C151S)

[
by "
4.3 4.2 4.1 4.0 4.3 4.2 4.1 4.0
(ppm) (ppm)
C
b -
by, i, i
| i A
6.0 5.0 4.0 3.0 2.0 1.0 0.0
(ppm)
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Table 3  Alcohol-capped terminus ratio of low-molecular-weight P(3HB)

Expressed synthase or polymer sample Peak intensity ratio in "H-NMR? Ratio of alcohol-capped PunMmR)” Pn(GpC)d
terminus®
a/by b/by c/by i/by i*/by
PhaRCyps° 559 182 366 1.82 0.32 1.07 184 195
PhaCp,, PhaRCypy 345 112 228 1.97 0.08 1.03 113 114
PhaCp,, PhaRCyg4(C151S) 518 172 344 1.17 0.06 0.62 172 171
PhaCp,, PhaRCg,(C152S) 842 273 550 0.97 0.18 0.57 276 252
Ethanol-capped P(3HB)r 3P, P, 2P, 2 0 1 P, P,

* Assignment of each peak is shown in Fig. 4

® Ratio of alcohol-capped terminus to hydroxy terminus=(i+i*)/2by

¢ Degree of polymerization estimated by "H-NMR from average of a/by, b/by, and c/by

d Prrey=0.7x My Gpcy/86
¢ Hyakutake et al. 2014

"deal polymer that has a hydroxy group and ethanol-capped carboxy terminus at each terminal

hydrolysis reactions. These results are further supported by
the good agreement observed between the degrees of poly-
merization obtained by NMR analysis, with those determined
by GPC (Table 3).

Similarly, the PhaRCp,(C152S) mutant was suggested to
have both alcoholysis and hydrolysis activities because an
ethyl-esterified carboxy terminus was observed; however,
the molar ratio of the alcohol-capped carboxy termini to the
hydroxy terminus was significantly lower than 1 (Table 3).
From these observations, we propose that the hydrolysis ac-
tivities of PhaRCyp,4 and PhaRCpg,,, might be elicited by serine
substitution.

Cleavage activity assay of D306A/N and H335A/N mutants

To investigate whether catalytic resides other than cysteine are
involved in cleavage activity, PhaRCyp4(D306A/N) and
PhaRCyp4(H335A/N) were subjected to the in vivo cleavage
activity assay. The results are also listed in Table 2. The
molecular weight (M,,) of P(3HB) isolated from the strains
co-expressing PhaCp, and a PhaRCyp4 mutant (D306A/N or
H335A/N) was in the range of (1190-1520)x10°. These
values were as high as that of the strain expressing PhaCp,
alone; therefore, the introduced mutations suppressed the
P(3HB) molecular weight decrease due to loss of cleavage
activity. From these results, it was indicated that Asp>°® and
His>** also play an important role in alcoholysis reaction by
PhaRCYB4.

Discussion

A variety of PHA synthases are widespread in bacteria and
archaea. PHA-producing Bacillus strains possess the class [V

@ Springer

synthase (PhaRC), which is the most recent classification
noted among PHA synthases (Rehm 2003). In previous stud-
ies, it was found that the molecular weight of P(3HB) synthe-
sized by PhaRCyp, decreased with increasing culture time
when using E. coli as a host for P(3HB) production
(Tomizawa et al. 2011). As there are no genes for P(3HB)
polymerization and depolymerization in the E. coli genome, it
was thought that the molecular weight decrease was caused by
the exogenous PhaRCyp4. Further study revealed that the
molecular weight decrease was caused by PhaRCyp,4 via an
alcoholysis reaction using host-produced ethanol (Hyakutake
et al. 2014). However, little is known about the alcoholysis
activity of PhaRCyp4 itself. In this study, we attempted to
identity the catalytic residues involved in the alcoholysis
activity of PhaRCyp,4 and investigated the reaction mecha-
nism as well.

PhaCyp, has a lipase box-like sequence (Gly-X-Cys'>'-X-
Gly), in which Cys'" is an active center for polymerization as
demonstrated in this study. The in vivo cleavage activity assay
revealed that the cleavage activity of PhaRCyp4(C151A) was
significantly suppressed together with the polymerization ac-
tivity, indicating that Cys'®' plays an important role not only
in polymerization but also in P(3HB) chain scission. Another
polymerization-inactive mutant, PhaRCyp4(C1518S), was also
tested using the in vivo assay, and cleavage activity was
unexpectedly detected. This may be because the introduced
serine residue (Ser'®') functions as a nucleophile, as in the
case of lipases and other serine hydrolases (Hide et al. 1992;
Ekici et al. 2008). In this instance, the substituted serine may
act in place of the cysteine as the catalytic residue for the
P(3HB) scission reaction. PhaRCyp4(C1518S) is able to cata-
lyze alcoholysis, as confirmed by NMR analysis, but may
acquire hydrolysis activity as well since the molar ratio of
the alcohol-capped terminus to the hydroxy terminus was
significantly decreased (Table 3).
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Similar observation has been obtained from studies with [3-
peptidyl aminopeptidase from Pseudomonas aeruginosa
PAOI (Arima et al. 2014). This enzyme has serine as the
catalytic center and possesses both aminolysis and hydrolysis
activities. However, by replacement of the active site serine
with cysteine, this enzyme lost hydrolysis activity but still
maintained aminolysis activity. This demonstrates an interest-
ing example of change in an acyl acceptor for enzymatic
acylation reactions by serine/cysteine switching.

The cysteine residue in the lipase box-like sequence (Gly-
X-Cys-X-Gly) of PHA synthases, together with the histidine
and aspartic acid residues, forms a catalytic triad for the
polymerization reaction (Stubbe and Tian 2003; Rehm
2003). The function of these residues is proposed as follows
(Stubbe and Tian 2003): in the P(3HB) elongation reaction
mediated by synthase, the histidine residue activates cysteine
for a nucleophilic attack on (R)-3HB-CoA monomer, forming
a thiol ester bond (Cys-3HB). Another cysteine (Cys*), in
another PhaC (PhaC*), has already been acylated by the

Second product Cys'st

growing P(3HB) chain [Cys*-(3HB),]. The hydroxy group
of Cys-3HB is activated by aspartic acid, and then a nucleo-
philic attack on the carbonyl carbon of the thiol ester in the
Cys*-(3HB), results in elongation by a monomer unit
[Cys-(3HB),+1]. After the elongation reaction repeats, the
aspartic acid at the active site activates a hydroxy compound
(chain transfer agent) and facilitates deacylation of the PhaC.
This deacylation process is called a chain transfer reaction
(Kawaguchi and Doi 1992). Another elongation model has
also been proposed, in which cysteine contributes to the
polymerization reaction, whereupon the P(3HB) chain instant-
ly disengages from the residue (Stubbe and Tian 2003).
Based on the functional role of the catalytic residues in the
elongation and chain transfer reactions, a molecular mecha-
nism for P(3HB) alcoholysis reaction by PhaRCyp, is pro-
posed as illustrated in Fig. 5. First, Cys'>' is ready for a

nucleophilic attack by forming a hydrogen bond with the

adjacent His**>. Asp®®® makes hydrogen bond with His
335
t

335

and fixes the orientation of the imidazole ring of His 0

HO O
Initial product

Fig.5 A proposed function for Cys'!, Asp>*®, and His**® in PhaCyg4 for the alcoholysis reaction of the P(3HB) chain by PhaRCyps. The catalytic base

306

B in this reaction is presumed to be Asp- 335

or His
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enhance the nucleophilicity of the thiol group of Cys'®!.
Based on the 3D structure prediction, Tariq et al. also pro-
posed that Asp>*® and His**> in PhaC from B. cereus FA11,
corresponding to Asp>*® and His>** in PhaCy g4, form hydro-
gen bond (Tariq etal. 2014). When a P(3HB) chain is bound to
the substrate-binding pocket of PhaRCypy, a nucleophilic
attack by Cys'>' on the carbonyl carbon involved in the
scissile bond results in the formation of a covalent acyl-
enzyme intermediate, and the release of an initial product.
The Cys'*'-3HB bond is subsequently cleaved by a hydroxy
compound that is activated by a basic residue (shown as “B”
in Fig. 5) resulting in the deacylation of the enzyme. Asp’®
could be considered as one of the possible basic residues,
because it has been proposed that the Asp®** residue in
A. vinosum synthase, corresponding to Asp>® in PhaCypy,
directly activate a hydroxy group of a chain transfer agent (Jia
et al. 2001). His**’ is another possibility of the basic residue,
because it was reported that His forming a hydrogen bond
with Asp in the PHA depolymerases (Hisano et al. 2006) and
cysteine/serine proteases (Ekici et al. 2008), corresponding to
His>** and Asp>*® in PhaCypy, activate a hydroxy group of a
substrate such as water molecule. Cys'' plays the most
important role in the alcoholysis reaction, but it can be
substituted with serine, as demonstrated in this study. On the
other hand, alcoholytic cleavage was not observed in serine-
substituted PhaCg. which has the same three conserved resi-
dues (Fig. 1 and Table 2). There might be other key residues
involved in the alcoholysis reaction by PhaRCypy.

In conclusion, the present study identified the amino acid
residues responsible for the alcoholysis activity of PhaRCypy.
It was found that CyslSI, Asp3 % and His** in PhaCypy are
involved in not only PHA polymerization but also alcoholysis
activities. In particular, Cys'>', which acts as an active center
for polymerization activity, was also suggested to be an active
center for alcoholysis activity. Furthermore, the serine mutants
PhaRCyp4(C151S) and PhaRCg,(C152S) were thought to
have hydrolysis activity along with alcoholysis activity to-
wards P(3HB) chains. This study provides new insight into
the mechanisms of the alcoholysis reaction catalyzed by
PhaRCs.
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