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Type II synthase (PhaClp,) for polyhydroxyalkanoate (PHA) from Pseudomonas sp.
61-3 was subjected to an in vitro evolution system including PCR-mediated mutagen-
esis in order to improve the function of PhaCly, in terms of its ability to produce
poly(3-hydroxybutyrate) [P(3HB)] in recombinant Escherichia coli. Based on our
established in vivo assay system, two positions (Ser325 and GIn481) where mutations
provided remarkable increases in P(3HB) synthesis were identified. Saturation
mutagenesis at these positions was carried out to explore whether there might be
more beneficial sequences for P(3HB) synthesis than those identified in the point
mutation library. As a result, five single mutants [S325C (T) and Q481M (K, R)] gave
rise to highly enhanced P(3HB) synthesis. Drastically enhanced P(3HB) synthesis (up
to 340- to 400-fold the amount of that of the wild type) was further achieved by gener-
ation of all five variants of the double mutants combining the codons for residues 325/
481. It is feasible that the replacement of Ser (specific for type II synthase) by Thr
(specific for type I synthase) at position 325 resulted in acquiring greater P(3HB) syn-
thesis ability as exhibited by type I synthases. The other hot spot, 481, that positively
contributes to enhanced P(3HB) synthesis is located adjacent to a His479, a residue
that forms a putative catalytic diad that can be inferred by sequence alignment.

Key words: in vitro enzyme evolution, P(3HB) synthesis, Pseudomonas sp. 61-3 PHA
synthase, recombination, saturation mutagenesis.
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A wide variety of bacteria synthesize optically active
homopolymers and copolymers of (R)-3-hydroxyal-
kanoates (PHA) ranging from 4 to 14 carbon atoms as an
intracellular storage material of carbon and energy (1).
Biodegradable thermoplastic PHA has received much
attention as a new environmentally compatible material.
In our current studies, artificial alteration of the key
enzyme for PHA synthesis, PHA synthase, has been dem-
onstrated to provide various custom-made enzymes
applicable for more expanded practical uses. In fact, type
I synthases derived from Ralstonia eutropha and Aero-
monas caviae (at present termed Aeromonas punctata)
were successfully improved with respect to enhancement
of PHA synthesis or change in the monomer compositions
of PHA copolymers (2-5), by means of our developed in
vitro evolution system (6).

Previously, we identified two types of PHA biosynthe-
sis gene loci (phd and pha) on the genome of Pseudomo-
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nas sp. 61-3, which produces a blend of P(3HB) homo-
polymer and a random copolymer, P(3HB-co-3HA), con-
sisting of 3HB and 3HA units of 6 to 12 carbon atoms
from sugars and alkanoic acids (7). The formations of two
types of polymers are individually managed by two dis-
tinct types of PHA synthases [PhbCp, for P(3HB) and
PhaClp, for PHA copolymers] (7). Among type II PHA
synthases, PhaClp, has the characteristic of synthesizing
P(8HB-co-3HA) copolymers because of its broad sub-
strate specificity ranging from C4 to C12. However,
PhaClp, possesses extremely weak in vitro substrate
specificity toward 3HB-CoA as compared with other
longer monomer substrates (3HV-CoA to 3HD-CoA) (8).
The enhancement of substrate specificity toward 3HB-
CoA in PhaClp, is an attractive project to expand the
utility of this enzyme for synthesizing 3HB-based copoly-
mers in recombinant bacteria.

In the present study, we tried to obtain PhaClyp,
mutant enzymes with enhanced ability to synthesize
P(8HB), based on an in vitro evolution program consist-
ing of error-prone PCR mutagenesis, site-specific satura-
tion mutagenesis at hot spots, and recombination of
beneficial mutations. Two positions that contribute posi-
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Table 1. Oligonucleotide sequences.
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Oligonucleotide linkers

Csp451-Xbal-EcoRI-BglII-PstI linker  5'-CGAATCTAGAGAATTCAGATCTCTGCA-3'
3-TTAGATCTCTTAAGTCTAGAG-5'

Primers for amplification of phaC1Ip

C1Ndel 5-GAGCGTCGCATATGAGTAACAAGAATAGCG-3'

C1BamHI 5'-GACTTCTAGACTGGATCCAACTTAACGTTC-3'
Primers for random mutagenesis

T7P 5'-CCCAACGCTGCCCGAGATCTCGATCCCGCG-3'

T7T 5-AGCTTCCTTTCGGGCTTTGTTAGCAGCCGG-3’

Primers for site-specific saturation mutagenesis
at position Ser325

S325Xa 5'-CCCTTTTGGTCAGCGTGCTCGACACCACCC-3'
S325rev 5-TCAGGGCATTGACCTTCTTCTCGCCG-3'

at position Gln481
Q481X» 5'-AGTGGGCATATCCAGAGCATTCTGAACCC-3'
Q481rev 5'-GCTGGACAGCACGAATTCGACCTTGCC-3’

aX indicates the 19 amino acid residues other than the original one. Underlines indicate Ndel and
BamHI sites in C1Ndel and C1BamHI, respectively. Double underlines indicate the substitution codons
for Ser325 (AGC) and GIn481 (CAG) in S325X and Q481X respectively. Codons to perform site-specific
saturation mutagenesis; Ala (GCC), Cys (TGC), Asp (GAC), Glu (GAA), Phe (TTC), Gly (GGC), His
(CAC), Ile (ATC), Lys (AAG), Leu (CTG), Met (ATG), Asn (AAC), Pro (CCG), Gln (CAG), Arg (CGC), Ser
(AGQC), Thr (ACC), Val (GTC), Trp (TGG) and Tyr (TAC).

tively to increased P(3HB) accumulation in recombinant
Escherichia coli were identified, and five double mutants
carrying combined beneficial amino acids at these posi-
tions exhibited greatly enhanced synthesis of the P(3HB)
homopolymer.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions—Escherichia
coli JM109 (9) was used for all standard genetic engineer-
ing procedures and used as the host strain for screening
mutants of Pseudomonas sp. 61-3 PHA synthase (PhaClp,)
and for P(B3HB) accumulation. For P(3HB) accumulation,
recombinant JM109 strains were grown on Luria-Bertani
(LB) medium containing 2% glucose for 96 h at 30°C.
When needed, ampicillin (50 pg/ml) was added to the
medium.

DNA Manipulation and Plasmid Construction—Stan-
dard recombinant DNA manipulation (10) was used for
the isolation of plasmid DNA. All restriction endonu-
cleases and modification enzymes for genetic engineering
were purchased from TaKaRa Shuzo and used under con-
ditions recommended by the supplier. All other chemicals
were of analytical grade for biochemical use and were
used without further purification. The plasmid vector,
pGEM"phaC1AB, was constructed for the biosynthesis of
P(BHB) in E. coli JM109 strain, as illustrated in Fig. 1.
First, the plasmid vector pGEM'phbCABg, (11) carrying
the Ralstonia eutropha P(3HB) operon with its promoter
and terminator region was digested by Csp45I and Pstl,
and the resulting 6.1 kb DNA fragment was ligated with
a synthetic Csp45I-Xbal-EcoRI-BglII-Pstl linker. The
resultant vector was named pGEM"”ABex. Next, we con-
structed a plasmid for the random mutagenesis of the
phaClp, gene by PCR-operated addition of restriction
sites, Ndel and BamHI, within an initiation codon and
downstream of a stop codon, respectively. The phaClp,
gene (approximately 1.7 kb) was amplified with primers

C1Ndel and C1BamHI (underlined sequences show an
Ndel site in C1Ndel and a BamHI site in C1BamHI in
Table 1) and plasmid pBSEX22 (11) as a template. The
PCR product was purified and digested with Ndel and
BamHI, then subcloned into pET-23a(+) (Novagen). The
resulting plasmid was termed pETphaC1lp,, and the DNA
sequence of the phaC1Ip, gene region of pETphaClp, was
confirmed by DNA sequencing. Finally, pETphaC1l,, was
digested with Xbal and BamHI. The 1.7 kb fragment
(containing the phaClp, gene and the Shine-Dalgarno
sequence of pET vector) was purified and ligated with
Xbal and BgllIl digested pGEM"”ABex. The resulting plas-
mid, pGEM"phaC1AB, was used for P(3HB) accumula-
tion. The oligonucleotide linker and primers used in this
study are summarized in Table 1.

DNA Sequencing—DNA sequencing to confirm the new
plasmid constructs and to analyze the mutation points
were carried out by the dideoxy chain termination
method with a Prism 377 DNA sequencer (Applied Bio-
systems) and a CEQ2000XL DNA Analysis System
(Beckman Coulter) using a BigDye terminator cycle
sequencing ready reaction kit (Applied Biosystems) and
Dye Terminator Cycle Sequencing with a Quick Start Kit
(Beckman Coulter), respectively. Nucleotide sequence
data, deduced amino acid sequences and investigation of
codon usage for site-specific saturation mutagenesis of
the PhaClp, were analyzed with GENETYX-MAC soft-
ware (Software Development, Tokyo).

Random Mutagenesis by Error-Prone PCR—Random
mutagenesis of an entire region in the phaC1Ip, gene was
carried out by error-prone PCR. The forward primer
(T'7P) and reverse primer (T7T) were designed based on
the pET vector sequence. Error-prone PCR was per-
formed in 100 pl of reaction solution containing 25 ng
pETphaCl,, as template, 0.025 U of Tag DNA poly-
merase, 0.1 uM each of two primers, 0.2 mM each deoxy-
nucleotide Triphosphate, 10 mM Tris-HC1 (pH 8.8), 50
mM KCl, with the addition of 5 mM MgCl, and 10% dim-
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Fig. 1. Construction strategy of the plasmid vector, pGEM"pha-
C1AB, used for synthesizing the P(3HB) homopolyester from
glucose in recombinant JM109 strain Escherichia coli. phb-
Cres PRbAg,, and phbBg, encode for the P(3HB) synthase, p-ketothi-
olase, and NADPH-dependent acetoacetyl-CoA reductase genes,
respectively, derived from Ralstonia eutropha; Py, and Ty, the pro-
moter and terminator regions of the phbCABg, operon in R. eutro-
pha, respectively; Pp; and Ty, the T7 promoter and T7 terminator
regions of pET vector, respectively; phaClIp, encodes for the PHA
synthase gene derived from Pseudomonas sp. 61-3.

ethyl sulfoxide (12). The PCR program consisted of 25
cycles of 96°C for 1 min, 55°C for 30 s, and 72°C for 2 min
with Gene Amp PCR system 9700 (Perkin-Elmer Applied
Biosystems).

Screening Mutants Leading to Enhanced P(BHB) Accu-
mulation—Screening of P(3HB) accumulating mutants of
PhaC1lp, was carried out based on a previously estab-
lished in vivo screening system (6). PCR mutagenesis of
an entire region in the phaClIp, gene was carried out by
error-prone PCR. After amplification, a mixture of ran-
domly mutagenized phaClp, genes was purified, digested
with Xbal and BamHI and ligated with Xbal and BglII
digested pGEM"”ABex to generate a mutant library. The
recombinants harboring phaClp, mutant genes were
grown on LB plates supplemented with 2% glucose, 0.5
pg/ml Nile red, and 50 pg/ml ampicillin. The change in
P(BHB) accumulation resulting from the introduction of
mutations into the phaC1lp, gene was judged on the basis
of the intensity of the pinkish pigmentation of the cells
caused by Nile red staining (13). For precise quantifica-
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tion of cellular P(3HB) accumulation, mutants were culti-
vated in LB medium with 2% glucose at 30°C for 96 h.
The cellular P(3HB) content was determined by analyti-
cal high-performance liquid chromatography (HPLC)
after the cellular P(3HB) was converted to crotonic acid by
treatment with hot concentrated sulfuric acid (H,SO,) (14).

Site-Specific Saturation Mutagenesis at Ser325 and
Gin481—Ser325 and GIln481 substituted mutants of
PhaClp, were made by oligonucleotide-directed mutagen-
esis. For Ser325 substitution, twenty 5'-phosphorylated
primers (nineteen forward primers and one reverse
primer) were designed and synthesized. Forward and
reverse primers were designed as a from of tail-to-tail
ligation. For example, substitution of Ser at position 325
with Ala was carried out using a pair of primers, S325A
and S325rev. The PCR mixtures (50 pl) contained 0.3 uM
of each phosphorylated primer, 0.3 mM of each dNTPs, 10
ng of pPGEM"phaC1AB, 1 mM of MgSO,, 2.5 U of PLATI-
NUM Pfx DNA polymerase (Invitrogen) and 5 ul of 10x
Pfx amplification buffer. The program for the PCR was
one cycle at 94°C for 5 min, followed by 30 cycles consist-
ing of 96°C for 1 min, 58°C for 30 s and 68°C for 8 min.
Other site-specific Ser325 mutagenesis was performed by
the same method using the corresponding primers to the
amino acid being used as the replacement at position
325. PCR products (approximately 7.8 kb) were purified,
self-ligated and transformed into E. coli JM109. Nine-
teen kinds of Ser325 mutagenized phaClp, genes were
confirmed by DNA sequencing, subsequently digested
with Xbal and Pstl, and ligated into the same restriction
site of pGEM"ABex to generate Ser325 saturated
mutants. Gln481 saturated mutants were constructed by
the same strategy using Q481X and Q481rev primers.
The oligonucleotide primers used for mutagenesis exper-
iments are summarized in Table 1.

Construction of Ser325/GIn481 Double Mutants—
Five double mutants, S325C/Q481K(M, R) and S325T/
Q481K(M, R), were constructed by combining 285-bp
EcoRI-Pstl fragments containing mutations for Q481K,
M or R with the corresponding region of pGEM""phaC1AB
having S325C or T mutation.

Western Blotting—Rabbit antisera against PhaClp, was
prepared by injection of a synthetic 17-mer oligo-peptide
(CSGKLKKSPTSLGNKAY: near the COOH terminus of
PhaC1p,). A whole-cell extract of the recombinant E. coli
was prepared by sonication (6). In addition, each soluble
fraction was obtained by centrifugation (18,000 xg, 4°C,
10 min). The concentration of total cellular proteins was
determined using a Bio-Rad Protein Assay Kit with
bovine serum albumin as the standard. Ten micrograms
of each soluble protein was subjected to SDS-PAGE on a
12.5% gel and electroblotted to a PVDF membrane using
a Criterion™ Blotter (Bio-Rad). Western blotting was per-
formed as described previously (15), and protein bands
were visualized using goat anti-rabbit IgG conjugated to
alkaline phosphatase as a secondary antibody.

RESULTS

Isolation of Mutants Showing Enhanced P(3HB) Pro-
duction—Approximately 130,000 clones were screened by
colony formation on selection plates containing glucose
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Table 2. Accumulation of P(BHB) in E. coli JM109 recombi-
nants and substitutions of PhaClp, mutants.

Clone no. P(3HB) content Substitution

(Wt%)2 Nucleotide Amino acid
Wild type 0.1
ep(1-1) 0.4 CGT — CAT Arg27 — His

AGT —> AGA Serd77 — Arg
ep(1-6) 0.2 GAA —> GAT Glul30 — Asp

CTC —» TTC Leu327 — Phe
ep(1-7) 1.0 CAG > CGG  GIn481 — Arg

CAA — CAG —b
ep(1-8) 1.0 AAC —-> ACC Asn16 — Thr

ATG > GTG  Met292 — Val

AGC > ACC  Ser325 — Thr
ep(1-16) 0.8 AGC > TGC  Ser325 — Cys
ep(2-1) 0.2 CAA—>CGA GInl2 - Arg

GCG — GCT -

ATG > TTG  Met362 — Leu

AGC > GGC  Ser497 — Gly
ep(3-1) 0.3 GCG —»> GTG  Ala304 — Val

ATG —> TTG Met369 — Leu
ep(4-2) 0.9 AGC > TGC  Ser325 — Cys

CAC - TAC His350 — Tyr
ep(5-1) 0.6 GAA > AAA  Glull5s - Lys

AGC > TGC  Ser325 — Cys
ep(5-2) 1.3 GCC — GCT -

CAG > CGG  GIn481 — Arg
ep(5-3) 0.3 AGT > AGG  Ser477 — Arg

TCA —> ACA Ser547 — Thr
ep(7-24) 0.2 GAT — AAT Asp30 — Asn

CAT — CAC -

CGT - CGC -

AAC > TAC  Asn247 — Tyr
ep(10-3) 0.8 CAG > CGG  GIn481 — Arg
ep(10-4) 0.8 CTIT — CCT Leu20 — Pro

CAG > CGG GIn481 — Arg
ep(10-5) 1.5 AAT — GAT Asnb — Asp

GGT - GGC -

CAG > AAG  GIn481 — Lys
ep(10-6) 0.2 AAC — AAT -

AGT —> AGA Serd77 — Arg
ep(10-7) 0.4 GAA —> GAT Glul30 — Asp

TTG — TTA -
ep(10-8) 0.9 GCA - GCT -

CAG > CGG  GIn481 —> Arg

2P(3HB) content in dry cells is presented as an average of three or
more independent experiments. "— in the column of substituted
amino acid indicates silent mutation. Bold letters indicate the
names of mutants showing 5-fold or more P(3HB) contents of wild
type and its amino acid substitution positions.

and Nile red. Out these, only 121 clones exhibited light
pinkish pigmentation that indicates the accumulation of
P(83HB) within cells. These positive clones were subjected
to HPLC analysis, allowing further precise estimation of
the P(B3HB) content. As a result, 18 clones showed two
times or more greater P(3HB) content than that (0.1
wt%) within recombinant E. coli cells harboring the wild
type phaClp,. All mutants were subjected to DNA
sequencing analysis to determine the mutation points.
Table 2 summarizes the P(3HB) contents, mutation
points and amino acid substitutions of 18 positive
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Fig. 2. Intercellular P(3HB) accumulation levels in recombi-
nant JM109 strain E. coli harboring site-specific saturated
mutants of Pseudomonas sp. 61-3 PHA synthase. All cells were
cultivated on LB medium containing 2% (w/v) glucose for 96 h at
30°C. The cellular P(3HB) content was determined by analytical
HPLC after cellular P(3HB) was converted to crotonic acid by treat-
ment with hot concentrated sulfuric acid. (A) P(3HB) content in dry
cells of Ser325 mutants. (B) P(3HB) content in dry cells of Gln481
mutants.

mutants. DNA sequencing revealed 7 single mutants, 9
double mutants and 2 triple mutants. The even distribu-
tion of mutation could be seen for the coding region (rang-
ing from Asnb to Ser547) of the 18 positive clones.

The mutant ep(10-5), which exhibited the highest
P(3HB) content (15-fold over wild type), had two amino
acid substitutions, Asn5 to Asp and GIn481 to Lys, and
one silent mutation. Comparing amino acid substitutions
of mutants that showed 5-fold or more greater P(3HB)
content than wild type PhaClp, among the 18 obtained
mutants, two possibly beneficial substitutions were
found in two or more mutants (Table 2, indicated in bold).
Ser325 to Cys or Thr substitutions were found in
mutants ep(1-8), ep(1-16), ep(4-2), and ep(5-1), and
GIn481 to Arg or Lys was found in mutants ep(1-7),
ep(5-2), ep(10-3), ep(10-4), ep(10-5), and ep(10-8). Since,
among 18 clones, these mutations were found in 10
mutants, and an enhancement of P(3HB) homopolyester
synthesis was observed by amino acid substitutions at
two positions (S325C or T and Q481R or K substitutions),
we assumed that these two positions (“hot spots”) would
have the potential for enzyme improvement by satura-
tion mutagenesis.

Site-Specific Saturation Mutagenesis at Hot Spots for
Enhanced P(BHB) Synthesis—From the results shown in
Table 2, various amino acid substitutions at Ser325 or
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Fig. 3. Intercellular P(3HB) accumulation levels in recombi-
nant JM109 strain E. coli harboring single or double
mutants of Pseudomonas sp. 61-3 PHA synthase. All cells were
cultivated on LB medium containing 2% (w/v) glucose for 96 h at
30°C. The cellular P(3HB) content was determined by analytical
HPLC after the cellular P(3HB) was converted to crotonic acid by
treatment with hot concentrated sulfuric acid.

GIn481 were expected to produce an enhanced accumula-
tion of P(B3HB), although the effect of silent mutations
can not be disregarded. Then, we applied site-specific sat-
uration mutagenesis to Ser325 and GIn481. Figure 2
shows the P(3HB) contents in S325 or Q481 saturated
mutants (Fig. 2, A or B, respectively). As shown in Fig. 2,
two amino acid substitutions (Cys and Thr) were very
effective [13- and 38-fold higher P(3HB) content, respec-
tively] at position 325. The P(3HB) contents in the other
amino acid-replaced mutants were nearly the same as or
less than in the wild type (Fig. 2A). On the other hand,
following site-specific saturation mutagenesis at G481,
11 mutants showed increased P(3HB) contents. Espe-
cially, Q481M, Q481R, and Q481K exhibited 22-, 13-, and
12-fold higher P(3HB) contents than the wild type,
respectively. Other amino acid substitutions were ineffec-
tive in increasing P(3HB) accumulation (Fig. 2B).

In Vitro Recombination of Beneficial Mutations for Fur-
ther Evolution—Through site-specific saturation muta-
genesis, we could identify 5 beneficial mutations, S325C,
S325T, Q481K, Q481M, and Q481R, in terms of produc-
ing an increase in P(3HB) accumulation. Next, we pro-
duced combinations (a total of 6 double mutants) of the
two beneficial mutations obtained at Ser325 and the
three beneficial mutations obtained at Gln481 by genetic
engineering, and determined the P(3HB) contents in the
6 double mutants. Figure 3 shows the dry cell P(3HB)
contents of the wild type, 6 double mutants and 5 single
mutants of PhaCly,. The P(3HB) contents of all the dou-
ble mutants were greatly elevated, as much as 340- to
400-fold higher than in the wild type. Western blot analy-
sis of soluble fractions of recombinant E. coli JM109 cells
revealed that the expression level was indistinguishable
among the wild type and mutant enzymes, five single
mutants [S325C(T) and Q481M(K,R)] and six double
mutants [S325C(T)/Q481M(K,R)] (Fig. 4).
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Fig. 4. Western blot analysis of the soluble fractions of recom-
binant JM109 strain E. coli harboring wild type and mutant
phaClp genes by anti-PhaClp, antiserum. (A) Single mutants.
Control plasmid (pGEM"ABex) (lane 1), wild type PhaClp, (lane 2),
S325C mutant (lane 3), S325T mutant (lane 4), Q481K mutant
(lane 5), Q481M mutant (lane 6), and Q481R mutant (lane 7). (B)
Double mutants. Control plasmid (pGEM”ABex) (lane 1), wild type
PhaCly, (lane 2), S325C/Q481K mutant (lane 3), S325C/Q481M
mutant (lane 4), S325C/Q481R mutant (lane 5), S325T/Q481K
mutant (lane 6), S325T/Q481M mutant (lane 7), S325T/Q481R
mutant (lane 8).

DISCUSSION

In vitro evolution can be defined as a methodology that
generates new biological functions by the intended use of
molecular evolutionary mechanisms regardless of the
molecular structural basis of the enzyme of interest (16).
Our initial attempts to obtain evolved PHA synthases
with enhanced activity or changed substrate specificity
are one such case, as has been demonstrated for type I
PHA synthases from Ralstonia eutropha (2—4) and Aero-
monas caviae (5). Subsequent similar work was recently
reported with the same A. caviae PHA synthase by
Amara et al. (17). Intrinsically, type II PhaC1lp has a very
weak ability to incorporate 3HB units, which is techni-
cally advantageous in that it allows us to obtain, in a pos-
itive selection manner, mutant PHA synthases with
improved P(3HB) synthesis from a huge mutant library
(3, 18-21). Actually, it was not such a labor-consuming
task to pick 18 positive mutants showing enhanced
P(3HB) accumulation among 130,000 clones. Four of the
18 mutants had amino acid substitutions at position 325,
and a mutation at position 481 was commonly shared by
6 mutants (Table 2). Usually not many amino acids can
be reached by a single nucleotide substitution, i.e. at posi-
tion 325, Ser(AGC) can change to 6 amino acids, Arg,
Asn, Cys, Gly, Ile, and Thr. In this context, a complete
amino acid substitution at all positions that are possible
hot spots for the desired properties evolutionary engi-
neering would be very useful (22, 23). In fact, the variant
with the most enhanced P(3HB) synthesis, Q481M, was
newly obtained by site-specific amino acid substitution at
position 481. For mutation at position 325, it might be
imagined that the 6 possible amino acid substitutions
would be exhaustively tried during the process to create
artificial point mutations.

Figure 5 shows the partial alignment of the amino acid
sequences of PhaClp, with other PHA synthases. Muta-
tional studies revealed that R. eutropha PHA synthase
possesses an essential catalytic diad (Cys and His resi-
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Fig. 5. Partial alignment of the (A) . . o
amino acid sequences of PHA syn- active c;nter site g"-"\'
thase (PhaC) from Pseudomonassp. ~  p..... 309GQDKINVLBFCVGGTIVSTALAVLAARGEH - PAASVTLLTYLLDFADTGI 357 - « - -+ - Re.
61-3 (PhaCl) (P.sp.C1) with those @My 309GEREVHGIFYCIGGTALSLAMGWLAARRQKORVRTATLFTTLLDFSQPGE358 - - - - - Ac.
from R. eutropha (R.e.) (26-28), A. - 256GHEKVNALGFCVGGTILSTALAVLAARGEQ-PAASLTLLTPLLDFSNTGV304. - - - - Al
caviae (A.c.) (29), A. latus (Al.) (30), [ o e 286GSKDINMLGACSGGITCTALLGHYARLGEK-KVNALTLLVSVLDTTLDSQ334 .+ - - P.sp.C1
P. aeruginosa (PhaC1) (P.a.C1) (31), an | 286GSKDLNLLGACSGGITTATLVGHYVASGEK-KVNAFTQLVSVLDFELNTQ334 - « - - ¢ Pa.Cl
P. oleovorans (PhaCl1) (P.o.C1) 32), ~ |- - 286GSKDLNMLGACSGGITCTALVGHYAALGEN-KVNALTLLVSVLDTTMDNQ334 . « - -+ P.o.Cl
P. putida (PhaCl) (P.p.C1) (32), A. L 285GSKDLNMLGACSGGITCTALVGHYAAIGEN-KVNALTLLVSVLDTTMDNQ333 - - - - - Pp.Cl
vinosum (Av.) (33), T. violaceae (T.v.) R 130GVDKVNLLGICQGGAF SLMY SALHPD -~~~ —— KVRNLVTMVTPVDFKTPDN183. - . .. Av.
(34) and Synecocystis sp. PCC6803 anj----- 138EVDQVNILGICOGGAFSLMYASLHPD -~ ~—— KVKNLVTMVIPVDFKTPGN182. - - . . T.v.

s N . ... 15400EKITLLEVEOGETFSLCYASLFPD— — — — — 198..... .
(S.sp.) (35, 36). 1, 11, and TIT indicate QQEKITLLGVCOGGTFSLCYASLFPD KVKNLVVMVAPVDFEQPGT S.sp.
classification of PHA synthases. The
asterisk indicates the conserved Cys (B) o
residue in the active center of PHA o O
synthases. The open box indicates a R 4720y 1YGSREDHIVPWTAAYASTALL--ANKLRFVLGASGHIAGVINPP-AKS18. . . .. Re.
lipase box-like sequence. The open cir- Mml---- 467yLLVSAVDDHIALWQGTWQGMKLFG-G-EQRFLLAESGHIAGI INPP-AAS13. . - .. Ac.
cle indicates the conserved His residue R 419yYFYGSREDHIVPWESAYAGTOML -~ SGPKRYVLGASGHIAGVINPP-QK465. . . .. Al
of PHA synthases. Amino acid residues [oee e 4431YSLAGTNDHITPWKSCYKSAQLF - -GGKVEFVLSSSGHIQSILNPPGNP4%0- . . - . P.sp.C1
at positions 325 and 481 are shaded. an | 443pPYCVAGLNDHITPWESCYKSARLL--GGKCEF ILSNSGHIQS ILNPPGNP490 - - - . . Pa.Cl
(A) A limited region containing the |'"""" 4431YSLAGTNDHITPWOSCYRSAHLF --GGKIEFVLSNSGHIQSILNPPGNP490. - . . . Po.Cl
active center site and S325 of PhaC1l L 442 IFSVAGTADHITPWQSCYRSAHLF - -GGKIEFVLSNSGHIQSILNPPGNP489. - . . . Pp.Cl
's presented. (B) A limited region cor}: [oe e 294yL.NIFALQDHLVPPDASRALKGLTSSP-DYTELAFPGGHIGIYVSGKAQK342. . - -« Av.
18 pr h : ti ;I g:l d amy.---- 293yL,NIYALODHLVPPDASKALNPWSAAR-TYTELAFPGGHIGI YVSGKAQK341 - - - - - T.v.
taining the conserved His residue an [ ... 31511,NLYAEKDHLVAPASSLALGDYLPENCDYTVQOSFPVGHIGMYVSGKVQR364 - - - - - S.sp.

Q481 of PhaClp, is presented.

dues indicated by the asterisk and open circle, respec-
tively, in Fig. 5) in which the Cys residue is involved in
covalent catalysis and the His residue serves as a general
base catalyst (24). These two residues are conserved in
all PHA synthases (25). Ser325 is located near down-
stream of Cys296, the active center of PhaClp,. Interest-
ingly, throughout the sequence alignment of all PHA
synthases (type I to type III), Ser is conserved at position
325, being specific for type II synthases. On the other
hand, Thr is conserved at the aligned positions of types I
and III synthases, both of which prefer short chain length
3HB substrates (Fiig. 5A). This is in good agreement with
the fact that the S325T mutant exhibited higher P(3HB)
accumulation compared to wild type PhaClp,. This sug-
gests a change in substrate specificity toward monomer
units (shifting from 3HA to 3HB) for PhaClp,. The other
hot spot, 481, that contributes positively to enhanced
P(83HB) synthesis is located adjacent to His479, forming a
putative catalytic diad which can be inferred by sequence
alignment. The amino acids at this position are more
diverse (Gln for type II, Ala for type I and Gly for type III)
(Fig. 5B) than those at position 325. The P(3HB) content
of the Q481A mutant (type I type) was equivalent to that
of wild type, while the Q481G mutant (type III type)
exhibited a 3-fold higher P(3HB) content than the wild
type (Fig. 2B).

Finally, we succeeded in achieving the further evolu-
tion of PhaClp, by recombination of beneficial mutations
[five single mutants: S325C(T) and Q481M(K,R)] as
searched by point mutations and saturation mutagene-
sis. This strongly suggests that positions 325 and 481 do
not interfere with each other in the tertiary structure of
PhaClp,, and that amino acid substitutions at these posi-
tions contribute cooperatively to enhanced P(3HB) syn-
thesis. Most type II PHA synthases from pseudomonads
do not possess the ability to incorporate the 3HB unit at
all. In such a sense, PhaCly, can be considered to be an
intermediate enzyme between type I and type II PHA
synthases in substrate specificity. Further accumulation

of beneficial mutations for improved P(3HB) synthesis
will provide useful clues for achieving the conversion of
type II PHA synthase to its type I counterpart or the
opposite conversion.
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