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Abstract

The F420S substitution enhances the specific activity of Ralstonia eutropha PHA synthase (PhaCg.). We have
now carried out site-directed saturation mutagenesis of F420 of PhaCg. and, amongst the F420 mutants, the
F420S mutant gave the highest poly(3-hydroxybutyrate) (PHB) content. In vitro activity assay showed that the
F420S enzyme had a significant decrease in its lag phase compared to that of the wild-type enzyme.
Enhancement of PHB accumulation was achieved by combination of the F420S mutation with a G4D
mutation, which conferred high PHB content and high in vivo concentration of PhaCg, enzyme. The G4D/
F420S mutant gave a higher PHB content and in vivo concentration of PhaCg, enzyme than the F420S mutant,
while the molecular weight of the PHB polymer of the double mutant was similar to that of the F420S mutant.

Introduction

Poly(3-hydroxybutyrate) (PHB), which is a type
of polyhydroxyalkanoate (PHA) polymer, is syn-
thesized by various bacteria as carbon and
energy storage material under excess carbon and
limited nutrient conditions (Madison & Huisman
1999). It has attracted considerable attention due
to its similarities of its physical properties, i.e. its
tensile strength and stiffness, to that of conven-
tional petrochemical-based plastics (Sudesh et al.
2000). Coupled with its biodegradability, these
properties make PHB a promising candidate as a
replacement for conventional plastics as environ-
mentally favorable plastic in the future.

The key enzyme in PHA biosynthesis is PHA
synthase (PhaC). Several studies initiated by our

group have established efficient production sys-
tems for PHA with desired characteristics
through the modifications of PhaC via in vitro
evolution (Taguchi ez al. 2001, Taguchi & Doi
2004). For example, the enhancement of PHA
accumulation and/or change in PHA composi-
tion were successfully achieved by increasing the
enzymatic activity and/or altering substrate speci-
ficity of PHA synthases (Kichise et al. 2002,
Takase et al. 2003, 2004, Tsuge et al. 2004).
Previously, we have obtained an F420S benefi-
cial mutation (in which Phe was replaced with Ser
at position 420) of PHA synthase from Ralstonia
eutropha (PhaCg,) via in vitro evolution by intra-
genic suppression mutagenesis (Taguchi et al.
2002). The F420S mutation increased the specific
activity of PhaCg. compared to that of the
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wild-type enzyme (Taguchi et al. 2002). Further
amino acid substitutions of the F420 residue and
their effect on PHB accumulation have not been
investigated. In this study, site-directed saturation
mutagenesis of F420 has been performed and the
effect of the previous F420S substitution and
other F420 substitutions on PHB accumulation
has been investigated. Next, the PhaCg. enzyme
of the F420 mutant, which exhibited the highest
PHB content, was purified and in vitro activity
assay was performed. In addition, the F420
mutation from this mutant was combined with
another previously generated beneficial mutation
to enhance PHB accumulation further. For this
purpose, the G4D mutation (in which Gly was re-
placed with Asp at position 4 of PhaCg.) was
chosen. The G4D mutation, also generated via
in vitro evolution, is one of the most promising
mutations among other G4 mutations in confer-
ring high PHB accumulation due to the elevation
in the concentration of PhaCg. enzyme in vivo as
a result of the amino acid substitution (Normi
et al. 2005). Analysis of the mutational effects of
the selected F420 mutation and the constructed
G4D/F420S double mutation on PHB content
and molecular weight and the concentration of
PhaCg. in vivo were also investigated.

Materials and methods

Site-directed saturation mutagenesis of F420
of PhaClp,

Site-directed saturation mutagenesis of F420 was
performed via PCR using tail-to-tail forward and
reverse primers with the pKAS4-Ssel plasmid as a
template. This plasmid harbors the wild-type
PHA synthase gene (phaCgr.) with an attached

Table 1. Oligonucleotide primers used in this study.

linker containing the Sse83871 restriction site
downstream of the termination codon. The pri-
mer pair used was the forward SpKAS4-F420X
primer and the reverse 3pKAS4-sat primer as
listed in Table 1. Saturation mutagenesis was car-
ried out based on a previous method (Normi
et al. 2005), with slight modifications. PCRs
involving most of the 5pKAS4-F420X forward
primers were carried out using the following
three-step cycling program: 94 °C for 2 min, 30
cycles of 94 °C for 15 s, 55 °C for 30 s and 68 °C
for 6 min. However, for reactions using forward
primers 5pKAS4-F420A/E/M/H, PCR were per-
formed using the following two-step cycling pro-
gram: 94 °C for 2 min, 30 cycles of 94 °C for 15 s
and 68 °C for 6 min. The amplified 6 kbp prod-
ucts were self-ligated and transformed into Esch-
erichia coli JM109. The phaCg. gene of the
plasmid was sequenced to verify the correctness
of the F420X codon change (in which Phe at
position 420 of PhaCgr. was substituted with
other amino acid residues except Phe and Ser, as
indicated by an X) and the overall gene sequence.

The plasmids carrying individual F420X
mutations were then digested with EcoRV and
Sse83871 restriction enzymes to isolate the respec-
tive F420X mutations. The generated 1.5 kbp
gene fragments harboring the respective F420X
mutations were then ligated with the pGEM’-pha-
CABgR. expression plasmid, also digested with the
same restriction enzymes. These chimeric pGEM’-
phaCABg. plasmids harboring the individual
F420X mutations were sequenced and subse-
quently transformed into E. coli JM1009.

Construction of the G4D/F420S double mutant

The F420S and G4D mutations were isolated
individually by restriction digest from pGEM’-

Primers

Sequence

For saturation mutagenesis at position Phe420
5pKAS4-F420X*
3pKAS4-sat

5-CCGGTGCCGTTCGACCTGCTGTTCTGGAACG-3’
5-CGTGTTGCCCTTCAGGTAGTTGTCGACTACG-3

*X indicates the 18 amino acid residues other than the original one and Ser. Bold sequences indicate the substitution codons for Phe420
(TTC) in F420X. Codons used to perform site-directed saturation mutagenesis were: Ala (GCG), Cys (TGC), Asp (GAT), Glu (GAA),
Gly (GGC), His (CAT), Ile (ATT), Lys (AAA), Leu (CTG), Met (ATG), Asn (AAC), Pro (CCG), Gln (CAG), Arg (CGC), Thr

(ACCQ), Val (GTG), Trp (TGG) and Tyr (TAT).



phaCABgr. plasmids with EcoRV and Sse83871
restriction enzymes. Both sets of digestion gener-
ated two fragments of 1.5 and 6.5 kbp in sizes.
The 1.5 kbp fragment carrying the F420S muta-
tion, and the 6.5 kbp fragment carrying the G4D
mutation plus the remaining portion of the vec-
tor, were gel-purified and ligated. This chimeric
pPGEM’-phaCABgr. plasmid harboring both the
G4D and F420S mutations was sequenced and
subsequently transformed into E. coli JIM109 to
yield the G4D/F420S double mutant.

PHB content and molecular weight determination

For PHB biosynthesis, recombinant E. coli
JM109 were either cultivated in 1.75ml or
100 ml Luria—Bertani (LB) medium containing
2% (w/v) glucose and 100 ug ampicillin ml™" for
14 h at 37 °C. Cells were then harvested by cen-
trifugation, washed with double-distilled water
and lyophilized. PHB content was determined by
HPLC after converting cellular PHB to crotonic
acid by treatment with hot conc. H,SO, (Karr
et al. 1983). For PHB molecular weight determi-
nation, PHB polymer was extracted from dried
cells with chloroform and re-precipitated with
methanol. The molecular weights of the polymer
were determined by multiangle laser light scatter-
ing (MALLS) (Wyatt Technology DAWN DSP)
and gel permeation chromatography (GPC) (Shi-
madzu 10 Asystem), according to the method of
Kusaka et al. (1998). For GPC, polystyrene stan-
dards with low polydispersity were used to con-
struct the standard curve.

Western blot analysis of PhaCg,

To 1.75 ml LB medium containing 100 ug ampi-
cillin mI™', 10 ul of an overnight culture of cells
was added, and was grown for a further 9 h at
37 °C. Cells were harvested by centrifugation and
disrupted by sonication (TOMY UD-200). The
concentration of total cellular proteins of the sol-
uble fraction was determined and 40 ug protein
was used for Western blot analysis. Specific rab-
bit anti-serum raised against the C-terminal of
PhaCg. was used as the primary antibody. Pro-
tein bands were visualized using goat anti-rabbit
IgG conjugated to alkaline phosphatase. Band
intensities were analyzed on a Macintosh (OS 9.2)
computer using the public domain NIH Image
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program (developed at the U.S. National Insti-
tutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image/).

Thermostability studies of PhaC g,

Thermostability studies using soluble fraction
from crude cell extracts of recombinant E. coli
IM109 were performed according to the method
of Taguchi et al. (2002). Briefly, several aliquots
of each crude cell extract were incubated at
50 °C for various time frames and then immedi-
ately subjected to PhaCg. activity assay to mea-
sure the residual activity of the enzyme. Activity
assay was performed by measuring the release of
CoA at 412 nm by means of a discontinuous
assay using (R)-3-hydroxybutyryl-CoA [(R)-3HB-
CoA] and 5,5-dithiobis(2-nitrobenzoic acid)
(Gerngross et al. 1994). The thermostability of
the enzyme was defined as the half-life for inacti-
vation of the enzyme at 50 °C.

In vitro enzymatic assays of purified PhaCp,

Construction and purification of wild-type and
mutant (His)s-tagged PhaCg. enzymes were per-
formed as described previously (Normi ef al.
2005). Enzymatic assays using the purified
enzymes were performed using the method of
Zhang et al. (2000) with slight modifications.
Activity assay of PhaCg, was performed at 25 °C
by measuring the loss of (R)-3HB-CoA at
236 nm. Reaction was carried out in 1 ml total
volume of 20 mm potassium phosphate buffer
(pH 7) containing 5% (v/v) glycerol, 0.05% (w/v)
6-0O-(N-heptylcarbamoyl)methyl a-D-glucopyr-
anoside (Hecameg), 100 nm purified PhaCg,
(My, = 66 kDa) and 100 um (R)-3HB-CoA.
Kinetic parameters were determined based on the
velocity at the initial stage of the reaction after
the lag phase.

Results and discussion
PHB content of F420 mutants

Previously, the beneficial F420S mutation which
enhanced PhaCp, specific activity was acquired
via intragenic suppression mutagenesis (Taguchi
et al. 2002). In this study, the influence of amino
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Fig. 1. (a) PHB accumulated by recombinant E. coli JM109 harboring wild-type and various F420 mutant PhaCg. enzymes.
Recombinant cells were cultivated in 1.75 ml LB medium containing 2% (w/v) glucose and 100 ug ampicillin mI™" for 14 h at
37 °C. All values are averages of three or four independent experiments. (b) Western blot analysis of wild-type and F420 mutant
PhaCg. produced in E. coli IM109. Total protein of 40 pug was used for the analysis. Representative result of three independent

experiments is shown.

acid substitution at position 420 on PHB accu-
mulation was investigated. For this purpose,
site-directed saturation mutagenesis at this posi-
tion was carried out. HPLC results in Figure la
revealed that all the F420 mutants exhibited low-
er PHB content than that of the wild-type (39%
w/w), with most averaging at 13% (w/w). How-
ever, among the F420 mutants, the F420S mutant
exhibited the highest PHB content (35% w/w).
Western blot analysis of PhaCg. in Figure 1b
showed that the PhaCg, enzyme was produced in
all the F420 mutants and the in vivo concentra-
tions of the enzyme were similar to that of the
wild-type. Since the in vivo concentration of the
F420S enzyme was similar with those of other
F420 mutants, this suggests that the high PHB
content caused by the F420S mutation was due
to the intrinsic properties of the PhaCg. enzyme.

Enzymatic reaction of F420S mutant enzyme

To evaluate the mutational effect of the F420S
mutation on the enzymatic reaction of PhaCge,
the wild-type and F420S mutant PhaCgr. were
purified to homogeneity using a one-step purifi-
cation with a Ni-NTA column chromatography
(Figure 2a).

Based on the reaction profile exhibited by
both of the enzymes, the velocity at the initial
stage of the polymerization reaction of the F420S

mutant enzyme was significantly faster with very
minimal lag phase, compared to that of the wild-
type enzyme (Figure 2b). However, kinetic studies
revealed that the efficiency (k../K,, value) of the
F420S mutant enzyme was similar to that of the
wild-type enzyme (1.9 x 10° and 2.3 x 10° M~ 57",
respectively). Previously, Junker et al. (2000) pro-
posed that the conserved W425 residue plays a
role in the dimerization of PhaCg, enzyme. Due
to the adjacent location of the F420 residue to
that of the W425 residue and the increase in the
specific activity of the F420S mutant enzyme, it
was previously suggested that the F420S mutation
might have a positive influence on the dimeriza-
tion of PhaCpg. indispensable for full synthase
activity (Taguchi et al. 2002). In addition, Zhang
et al. (2000) reported that the occurrence of the
lag phase is due to PhaCg. dimer formation. In
our present study, the significantly reduced lag
phase exhibited by the F420S mutant enzyme in
(R)-3HB-CoA polymerization (Figure 2b) further
strengthens the suggestion of Taguchi et al. (2002)
of the positive influence of the single F420S sub-
stitution on PhaCyg, dimer formation.

PHB content and in vivo PhaCy, concentration
of the G4D|F420S mutant

Due to the positive effects of the F420S mutation
on in vitro PhaCg. activity and possibly on the
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Fig. 2. (a) SDS-PAGE analysis of purified (His)¢-tagged wild-
type and mutant PhaCg.. (b) Profile of in vitro enzymatic
reaction catalyzed by purified wild-type and mutant PhaCg,
at 25 °C. The reaction mixture contained 100 um (R)-3HB-
CoA and 100 nm PhaCpg. in 20 mMm potassium phosphate
buffer (pH 7) containing 5% (v/v) glycerol and 0.05% (w/v)
Hecameg.

dimerization of the enzyme, this mutation was
selected to combine with another beneficial muta-
tion to enhance PHB accumulation further. The
G4D mutation, which was obtained previously
by in vitro evolution, is one of the most promis-
ing mutations in enhancing PHB accumulation
due to its positive influence on elevating PhaCg,
enzyme concentration in vivo (Normi et al. 2005).
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Therefore, the F420S mutation was combined
with the G4D mutation and the effect of the
G4D/F420S double mutation on PHB accumula-
tion was investigated.

The G4D/F420S mutant accumulated 56%
(w/w) PHB, which was 1.4-fold higher than that
of the wild-type and F420S mutant (Figure 3b).
Interestingly, the PHB content of the G4D/
F420S mutant was similar to that of the G4D
mutant (58% w/w), while the F420S mutant had
a similar PHB content to that of the wild-type
(39% w/w and 35% w/w, respectively). Similar
tendencies were also observed in the PHB yields,
cell dry weights and the residual biomasses of the
G4D/F420S and G4D mutants, and of the F420S
mutant and the wild-type (Figure 3).

Western blot analysis of PhaCg. enzyme in
Figure 3e revealed that the in vivo concentration
of PhaCg, of the F420S mutant was indistinguish-
able from that of the wild-type, similar to the re-
sult obtained in Figure 1b. However, an elevation
in the concentration of PhaCg. of the G4D/
F420S mutant was observed, similar to that of the
G4D mutant. Analysis on the band intensities
using the NIH Image program revealed that the
concentrations of PhaCg. of both the G4D and
G4D/F420S mutants were 3-fold higher compared
to that of the wild-type. Therefore, it is clear that
the G4D mutation had elevated the concentration
of PhaCg, of the G4D/F420S mutant, suggesting
that the G4D mutation is dominant over the
F420S mutation in determining the in vivo con-
centration of PhaCpg, in the double mutant. As a
result of the elevation in the concentration of the
PhaCg, enzyme, the G4D/F420S mutant was able
to accumulate higher PHB content and hence,
gave higher PHB yield than the F420S mutant
and wild-type. Nevertheless, what constituted the
increase in the dry cell weights and residual bio-
masses of the G4D and G4D/F420S mutants is
still unknown. Further biochemical studies into
this matter will have to be done.

At present, it is not known how the in vivo
concentration of PhaCg. was elevated in the
G4D/F420S mutant. As reported previously, the
GAC codon coding for Asp of the G4D mutation
has a rare codon usage in E. coli (Normi et al.
2005). Hence, the possibility that the G4D muta-
tion enhanced phaCr. mRNA translation in the
double mutant was ruled out. However, it can be
suggested that the G4D mutation might have a
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Fig. 3. (a) Dry cell weight, (b) PHB content, (c) PHB yield
and (d) residual biomass of recombinant E. coli JM109 har-
boring wild-type and various mutants PhaCg.. Recombinant
cells were cultivated in 100 ml LB medium containing 2%
(w/v) glucose and 100 ug ampicilin ml™ for 14 h at 37 °C.
All values are averages of three independent experiments. (e)
Western blot analysis of wild-type and mutants PhaCg, pro-
duced in recombinant E. coli JM109. Total protein of 40 ug
was used for the analysis. Representative result of three inde-
pendent experiments is shown.

positive influence at the transcription or protein
level (Normi et al. 2005). In this study, thermo-
stability studies revealed that the G4D/F420S
mutant and wild-type enzyme had identical half-
lives of 1.2 min (data not shown), ruling out the
possibility that the G4D/F420S enzyme was

heat-stable. However, the possibility that the
G4D substitution enhanced the stability of the
G4D/F420S PhaCyg. against cellular proteases in
E. coli could not be dismissed. Hence, there are
two possibilities how the G4D substitution has
resulted in the elevation in the in vivo concentra-
tion of PhaCg.: the G4D substitution might have
enhanced (1) the expression and/or the stability
of mRNA transcripts or (2) the stability of
PhaCpg, against proteases in E. coli (Normi et al.
2005).

PHB molecular weights analysis

Next, we investigated the effect of the mutations
on PHB molecular weight. MALLS and GPC
results in Table 2 show that the molecular weight
of the PHB polymer synthesized by the G4D
mutant was the highest among all the samples.
On the other hand, the PHB polymer synthesized
by the G4D/F420S mutant had a lower molecu-
lar weight than that of the G4D mutant, but
similar to that of the F420S mutant (Table 2). It
was previously suggested that the G4D mutation
might have stabilized and/or enhanced polymer
chain elongation, thus, allowing higher molecular
weight polymer to be synthesized (Normi et al.
2005). However, this effect was not observed in
combination with the F420S mutation. Hence,
this suggests that the F420S mutation is domi-
nant over the G4D mutation in determining the
molecular weight of the polymer synthesized by
the G4D/F420S mutant. In fact, the dominance
of the F420S mutation was further reflected by
the identical polydispersity values of the poly-
mers isolated from the F420S and G4D/F420S
mutants compared to that of the G4D mutant
(Table 2).

It was previously suggested that chain transfer
events result in the synthesis of lower molecular
weight polymer with broader polydispersity
(Kawaguchi & Doi 1992). Judging from the low
molecular weights and broad polydispersity
values of the PHB polymers of both the F420S
and G4D/F420S mutants to that of the G4D
mutant, there is a possibility that the F420S mu-
tation has an effect on chain transfer events.

In addition, it is worthy to note that the
molecular weights of the PHB polymers (Table 2)
are independent of the in vivo concentrations of
PhaCg. (Figure 3e). Results showing that: (1)



Table 2. Molecular weights of PHB homopolymers produced
by recombinant E. coli JM109 harboring wild-type and
mutants PhaCge.

Sample* My vais)”’ My Gro®  My/My Groy
(x10%) (x10%)

Wild-type 2.9 3.4 22

F420S 2.7 2.8 2.6

G4D 4.1 5.1 1.5

G4D/F420S 2.8 2.4 2.6

4Cells were cultivated in 100 ml LB medium (pH 7.0) contain-
ing 2% (w/v) glucose and 100 ug ampicillin ml™" as the final
concentration for 14 h at 37 °C.

®Absolute weight-average molecular weight determined by
multiangle laser light scattering (MALLS) in 2,2,2-trifluoro-
ethanol.

“INumber average (M,) and weight-average molecular weight
(M) determined by gel permeation chromatography relative to
polystyrene standard in chloroform.

both the F420S and G4D/F420S mutants have
different in vivo concentrations of PhaCg. but
synthesized PHB polymers with similar molecular
weights, (2) both G4D and G4D/F420S mutants
have similar in vivo concentrations of PhaCg. but
synthesized PHB polymers with different molecu-
lar weights clearly indicate that the molecular
weights of the polymers were determined by the
effect of the mutational point(s) involved, not the
in vivo concentrations of PhaCge.

In conclusion, the G4D mutation is beneficial
for the enhancement of both the in vivo concen-
tration of PhaCgr. enzyme and PHB content in
the G4D/F420S double mutant. On the other
hand, the F420S mutation is beneficial for lag
phase reduction of PhaCpg., by possibly encour-
aging the dimerization of the enzyme. Obtaining
such a mutation conferring lag phase reduction is
indeed desirable for various in vitro biochemical
studies in the future as the presence of lag phase
in the reaction hinders accurate kinetic character-
ization of the enzyme. In addition, the molecular
weights of the PHB polymers synthesized by the
G4D, F420S and G4D/F420S mutants were
determined by the mutational effect of the muta-
tion(s) involved, not by the in vivo concentrations
of PhaCg. enzyme. The F420S mutation is pos-
tulated to play a role in chain transfer events,
based on the lower molecular weight and broader
polydispersity values of the PHB polymers syn-
thesized by both the F420S and G4D/F420S
mutants.
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