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Abstract Methylobacterium extorquens AM1 has been
shown to accumulate polyhydroxyalkanoate (PHA) com-
posed solely of (R)-3-hydroxybutyrate (3HB) during
methylotrophic growth. The present study demonstrated that
the wild-type strain AM1 grown under Co**-deficient condi-
tions accumulated copolyesters of 3HB and a Cs-monomer,
(R)-3-hydroxyvalerate (3HV), using methanol as the sole car-
bon source. The 3HV unit was supposed to be derived from
propionyl-CoA, synthesized via the ethylmalonyl-CoA path-
way impaired by Co®" limitation. This assumption was strong-
ly supported by the dominant incorporation of the 3HV unit
into PHA when a strain lacking propionyl-CoA carboxylase
was incubated with methanol. Further genetic engineering of
M. extorquens AM1 was employed for the methylotrophic
synthesis of PHA copolymers. A recombinant strain of
M. extorquens AM1C,, in which the original PHA synthase
gene phaCy,, had been replaced by phaCy,. encoding an
enzyme with broad substrate specificity from Aeromonas
caviae, produced a PHA terpolymer composed of 3HB,
3HYV, and a Cg-monomer, (R)-3-hydroxyhexanoate, from
methanol. The cellular content and molecular weight of the
PHA accumulated in the strain AM1C,. were higher than
those of PHA in the wild-type strain. The triple deletion of
three PHA depolymerase genes in M. extorquens AMI1Cy,
showed no significant effects on growth and PHA

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-013-5490-9) contains supplementary material,
which is available to authorized users.

I. Orita - K. Nishikawa + S. Nakamura - T. Fukui (<)

Department of Bioengineering, Graduate School of Bioscience and
Biotechnology, Tokyo Institute of Technology, 4259 Nagatsuta,
Midori-ku, Yokohama 226-8501, Japan

e-mail: tfukui@bio.titech.ac.jp

Published online: 16 January 2014

biosynthesis properties. Overexpression of the genes encoding
[3-ketothiolase and NADPH-acetoacetyl-CoA reductase in-
creased the cellular PHA content and 3HV composition in
PHA, although the cell growth on methanol was decreased.
This study opens up the possibility of producing practical
PHA copolymers with methylotrophic bacteria using metha-
nol as a feedstock.
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Introduction

Methanol is an important carbon feedstock in both the chem-
ical and biological industries due to its low cost and sustain-
ability (Schrader et al. 2009), because it can be produced not
only from abundant natural gas but also from biomass and
carbon dioxide (Olah 2005). Additionally, methanol is liquid
under normal environmental conditions, which makes it easy
to handle. Methylotrophic bacteria, which are capable of using
reduced C; compounds such as methanol and methylamine as
carbon and energy sources, have the potential to convert C,
compounds into various useful chemicals and materials.
Polyhydroxyalkanoate (PHA) is one such material and is
produced by many microbes, including several
methylotrophic bacteria. As PHAs are biodegradable polyes-
ters that can be produced from renewable carbon sources
(Madison and Huisman 1999; Verlinden et al. 2007), they
have attracted attention as possible alternatives to convention-
al petrochemical-based plastics. Therefore, the application of
methylotrophic bacteria is viewed as a powerful way for the
microbial production of PHAs from methanol as an inexpen-
sive, nonfood-competitive, and sustainable carbon feedstock.
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Methylotrophic bacteria employ one of two pathways, the
serine cycle and the ribulose monophosphate (RuMP) path-
way, for the assimilation of C; compounds. Several serine
cycle-type methylotrophic bacteria have been shown to accu-
mulate poly[(R)-3-hydroxybutyrate] [P(3HB)], the most rep-
resentative natural PHA, from methanol (Follner et al. 1997;
Korotkova and Lidstrom 2001). Interestingly, there has been
no previous report of PHA production by wild strains of
RuMP pathway-type methylotrophic bacteria so far (Follner
et al. 1997; Korotkova and Lidstrom 2001). The best-studied
serine cycle-type methylotrophic bacterium is
Methylobacterium extorquens AM1, a pink-pigmented facul-
tative methylotrophic o-proteobacterium whose complete ge-
nome sequence has been determined (Vuilleumier et al. 2009).
Recent research has revealed that a newly identified
ethylmalonyl-CoA (EMC) pathway functions in the essential
regeneration of glyoxylate, an acceptor of the methylene
group derived from the C; compounds in the serine cycle,
from acetyl-CoA during the methylotrophic growth of
M. extorquens (Peyraud et al. 2009). The EMC pathway
contains many CoA-thioester intermediates, which are possi-
ble biologically relevant products (Alber 2011), and the initial
two steps that convert two acetyl-CoA molecules to (R)-3HB-
CoA are shared with the P(3HB) biosynthesis pathway
(Fig. 1) (Korotkova and Lidstrom 2001; Alber et al. 2006;
Alber 2011). In 2009, the importance of Co*" to the
methylotrophy of M. extorquens AM1 was reported by two
groups (Chou et al. 2009; Kiefer et al. 2009). Chou et al.
(2009) found that the improved cobalt uptake phenotype of
M. extorquens mutants was caused by increased expression of
icuAB encoding a novel cobalt transporter. It was suggested

that the reduced growth ability of M. extorquens AMI in
metal-deficient media was attributed to shortage of
adenosylcobalamin which was an essential cofactor for two
vitamin B,-dependent mutases, methylmalonyl-CoA mutase
and ethylmalonyl-CoA mutase, in the EMC pathway. Kiefer
etal. (2009) reported plasmid-induced cobalt limitation during
the methylotrophic growth of M. extorquens of AMI1. The
metabolic profiling revealed significantly larger pools of
ethylmalonyl-CoA and methylmalonyl-CoA in the Co®"-defi-
cient cells, probably reflecting the reduced function of the two
B,>-dependent mutases in the EMC pathway. However, the
effects of the Co®" deficiency on PHA biosynthesis by
M. extorquens have not been considered so far.

The range of the application for P(3HB) is very limited due
to the stiffness and brittleness caused by the high crystallinity
and low elongation before breaking. Many efforts have been
made to overcome the poor mechanical properties of P(3HB)
by the copolymerization of 3HB with different
hydroxyalkanoate monomer(s). The initial strategy was the
addition of precursor compounds that were structurally related
to the desired comonomer units into the culture medium
(Steinbuchel and Valentin 1995). For example, the biosynthe-
sis of poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate]
[P(3HB-co-3HV)] was achieved by the addition of propionate,
pentaoate, or n-pentanol (Steinbuchel and Valentin 1995;
Ueda et al. 1992). However, the addition of such precursors
often leads to higher production costs, thereby biosynthesis of
PHA copolymers from inexpensive biomass resources is ob-
viously preferable. Several Gram-positive bacteria belonging
to the genera Nocardia, Corynebacterium, and Rhodococcus
are known to naturally synthesize P(3HB-co-3HV) from

Fig. 1 Proposed pathways for
PHA synthesis from methanol in
M. extorquens AM1 and AM1C 4,
under Co*"-deficient conditions.
Arrows with double and triple
lines represent polymerization by
PHA synthase from

M. extorquens AM1 (PhaC,,.) and
that by PHA synthase from

A. caviae (PhaC ), respectively.
Dotted arrow represents
polymerization by PhaC,,, under
Co**-sufficient conditions. PhaA,
[-ketothiolase; PhaB, NADPH-
acetoacetyl-CoA reductase;
DepA, DepB, and DepC, PHA
depolymerases; Pcc, propionyl-
CoA carboxylase; Ccr, crotonyl-
CoA reductase/carboxylase
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monosaccharides such as glucose (Valappil et al. 2007). In
Nocardia corallina, propionyl-CoA produced through the
methylmalonyl-CoA pathway is condensed with acetyl-CoA
and subsequently reduced to (R)-3HV-CoA, which is then
copolymerized with (R)-3HB-CoA by PHA synthase
(Valentin and Dennis 1996). Alternatively, recent advances
in metabolic engineering have allowed us to construct recom-
binant strains capable of PHA copolymer biosynthesis from
single carbon sources; the synthesis of PHAs containing (R)-
3HV, 4-hydroxybutyrate, medium chain length (R)-3-
hydroxyalkanoates, or lactate from glucose by recombinant
strains of Escherichia coli (Matsumoto and Taguchi 2013;
Wang et al. 2013). We have previously engineered Ralstonia
eutropha, a well-studied PHA producer, to convert plant oils
into poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate]
[P(3HB-co-3HHXx)] (Mifune et al. 2008; Mifune et al. 2010;
Kawashima et al. 2012), as well as to convert fructose into
P(3HB-co-3HHx) and poly((R)-3-hydroxybutyrate-co-3-
hydroxypropionate) copolymers through artificial monomer
supplying pathways (Fukui et al. 2002, 2009).

The present study focused on PHA copolymer biosynthesis
by M. extorquens using methanol as the sole carbon source.
We demonstrated that M. extorquens AMI1 had a natural
ability to synthesize P(3HB-co-3HV) copolymer during
methylotrophic growth under Co**-deficient conditions and
provided strong evidence that propionyl-CoA, the precursor
of the 3HV unit, was supplied via the EMC pathway. Further
engineering of M. extorquens AM1 constructed a strain capa-
ble of synthesizing P(3HB-co-3HV-co-3HHx) terpolymer
from methanol. These results indicated the potential of
methylotrophic bacteria in methanol biotechnology for the
production of useful plastic materials.

Materials and methods
Bacterial strains and culture condition

E. coli DH5« (Clontech) was grown at 37 °C in a Luria-
Bertani (LB) medium, and ampicillin (50 mg/1) or kanamycin
(100 mg/l) was added to the medium when necessary.
M. extorquens AM1 (a kind gift from Prof. M. E. Lidstrom)
(Peel and Quayle 1961) and the derivative strains were grown
on a hypho minimal medium (Okubo et al. 2007) in a 500-ml
flask with reciprocal shaking (115 strokes/min). One milliliter
of the trace element solution was added into the 1-1 medium,
and the standard composition of the trace element solution
used in this study was 12.7 g of Na,EDTA-2H,0, 4.4 g of
ZnS047TH,0, 1.47 g of CaCl,-2H,0, 1.01 g of MnCl,-4H,0,
0.998 g of FeSO4-7H20, 0.22 g of (NH4)6M07024'4H20,
0.314 g of CuSO45H,0, and 0.322 g of CoCl,-6H,O in 11
of milli-Q water. The EDTA-free trace element solution was
prepared at the time of use because metal precipitates were

formed during the preservation at 4 °C. When necessary, the
trace element solutions with different concentrations of
CoCl,-6H,0 were prepared and added into the medium. The
cell growth was monitored with optical density (OD) at
600 nm. The standard cultivation on methanol was carried
out as follows: M. extorquens strains were precultured in a 50-
ml hypho minimal medium containing 0.5 % (w/v) succinate at
30 °C for 2 days. The cells were harvested by centrifugation at
8,000xg for 5 min at room temperature and resuspended in a
fresh hypho minimal medium not containing carbon source
nor trace element to adjust ODggo to 10. One milliliter of the
resuspended cells was inoculated into a 100-ml hypho medi-
um containing 0.5 % (v/v) methanol with the initial ODggg of
0.1, and the cultivation was carried out at 30 °C for 72 h. In the
case of two-stage cultivation, M. extorquens strains were
firstly cultivated in a 100-ml hypho medium containing
0.5 % (w/v) succinate at 30 °C for 48 h. The cells after the
first-stage cultivation were harvested by centrifugation at
8,000xg for 10 min at room temperature and washed with
100 ml of a nitrogen-free fresh hypho minimal medium not
containing carbon source. All of the cells were then trans-
ferred to a 100-ml nitrogen-free hypho minimal medium
containing 0.5 % (v/v) methanol, and incubated at 30 °C for
48 h as the second-stage cultivation. Kanamycin (100 mg/1)
was added to the medium for the strains harboring a vector.

Construction of M. extorquens mutants by homologous
recombination

General genetic manipulations were performed according to
the standard procedures. The bacterial strains and plasmids,
and primers used in this study are shown in Tables S1 and S2,
respectively. A vector pK18-AphaCyy.::phaCy., used for re-
placement of original phaCy,, on chromosome of
M. extorquens AM1 by phaC,. from Aeromonas caviae, was
constructed as below. A DNA fragment containing phaCy,,
along with its flanking regions (approximately 800 bp each)
was amplified from M. extorquens genomic DNA using a
primer set phaCy,. Eco-N/phaCy. Eco-C. The amplified
fragment was inserted into pUC118 at Hincll site. Inverse
PCR was carried out using the resulting plasmid as a template
and a primer set phaCye-Inv1/phaCyse-Inv2 to amplify the
flanking regions of phaC,, along with pUCI118 backbone.
The resulting fragment was ligated with a 5’-phosphorylated
fragment of the phaC,. coding region (without any upstream
and downstream regions derived from 4. caviae) which was
amplified with pEE32d13 (Fukui and Doi 1997) and phaC, -
N/phaCa-C as a template and a primer set, respectively. The
fragment containing phaCy,. flanked to the upstream and
downstream regions of phaC,, was excised by EcoRI and
inserted into pK18mobsacB (Schafer et al. 1994) at the cor-
responding site to obtain pK18-AphaCyy::phaCae.
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pK18-AphaCyi.::phaC,y. was introduced into
M. extorquens AM1 by electroporation (Woodall 2003) using
Gene Pulser Xcell™ Electroporation System (Bio-Rad).
Kanamycin-resistant transformants formed by integration of
the plasmid into the chromosome (pop-in strains) were select-
ed on the plate of hypho minimal medium containing 0.5 %
(w/v) succinate and 100 mg/l kanamycin. The selected
transformants were then cultivated on a hypho minimal plate
medium containing 5 % (w/v) sucrose, to obtain sucrose-
resistant transformants formed by excision of the integrated
plasmid region via the second recombination event (pop-out
strains). The desired strain AM1C s harboring phaC,. instead
of phaC,,, region was selected among the sucrose-resistant
isolates by PCR analysis.

For deletion of pcc4 (Mex_1p3203) from the chromosome
of M. extorquens, a fragment of the coding region along with
its flanking regions (approximately 1,000 bp each) was am-
plified from M. extorquens genomic DNA with a primer set
pccA_Xba-N/pccA Xba-C. The amplified fragment was
inserted into pUC118 at Hincll site. The flanking regions
along with pUC118 backbone, not containing the pccA coding
region, were then amplified by inverse PCR with a primer set
pccA-Invl/pccA-Inv2. The amplified fragment was self-
ligated and then digested with Xbal. The excised fragment
was inserted into pK18mobsacB at the corresponding site.
M. extorquens AM1C.ApccA was obtained by pop-in and
pop-out recombination by using the resulting plasmid
pK18-ApccA and a host strain AM1C,,, according to the
procedure mentioned above.

Recombinant vectors for deletion of depA (Mex_1p0419),
depB (Mex_1p4597), or depC (Mex_1p4148) were also con-
structed in a similar way. A fragment of the coding region along
with the flanking regions (approximately 1,000 bp each), am-
plified from M. extorquens genomic DNA, was digested using
restriction enzymes of which recognition site had been added to
the primer, and then inserted into pK18mobsacB at the corre-
sponding sites. A vector not containing the coding region was
prepared by inverse PCR and subsequent self-ligation. The
primer sets for the first PCR were depA Hind-N/depA Xba-
C, depB_Xba-N/depB_Eco-C, and depC_Hind-N/depC Xba-
C, and those for the inverse PCR were depA-Inv1/depA-Inv2,
depB-Inv1/depB-Inv2, and depC-Inv1/depC-Inv2. The pop-in
and pop-out recombination were performed with the resulting
plasmids, pK18-AdepA, pK18-AdepB, or pK18-AdepC, for
construction of three single deletants. Double deletants and a
triple deletion strain AdepABC were constructed by sequential
treatments with the vectors.

Construction of phaA-phaB expression vector
A broad host range expression vector pPCM80Km, containing

methanol dehydrogenase promoter from M. extorquens AM1,
was constructed by replacement of antibiotic resistance gene
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in pCMS0 (a kind gift from Prof. M. E. Lidstrom) (Marx and
Lidstrom 2001). A linear fragment of plasmid backbone not
containing the tetracycline resistance genes tetA-tetR was pre-
pared by inverse PCR using pCMS80 as a template and a
primer set pCM80-Inv1/pCM80-Inv2. A kanamycin resis-
tance gene cassette was amplified from pK18mobsacB using
a primer set Km-Fw/Km-Rv and ligated with the inverse PCR
product, to obtain pCM80Km. The coding regions for phaA-
phaB (Mex_1p3700-1p3701) were amplified from
M. extorquens genomic DNA using a primer set
phaAy;. Hind-N/phaBy, Xba-C. The amplified fragment
was digested with HindIll and Xbal and inserted into
pCM80Km at the corresponding sites, and the resulting vector
was designated pCM80Km-phaAB.

Enzyme assay

M. extorquens AM1 and AMC,, cells grown on methanol at
30 °C for 72 h were washed and resuspended in 50 mM Tris-HCI
(pH 7.5). The cells were disrupted by high pressure homogeni-
zation (20 kpsi) using an One Shot Model of Constant Cell
Disruption System (Constant Systems, Northants, UK) and
then centrifuged with low speed (1,500xg, 5 min, 4 °C) to
obtain whole-cell extracts containing PHA granules. PHA
synthase activity in the whole-cell extracts was spectropho-
tometrically determined with (R)-3HB-CoA and 5,5'-
dithiobis(2-nitrobenzoic acid), as described previously
(Valentin and Steinbuchel 1994).

PHA analyses

The cells after the cultivation were harvested and washed with
distilled water, followed by lyophilization. The dried cells were
then subjected to methanolysis in the presence of 15 % (Vv)
sulfuric acid in methanol as described previously (Kato et al.
1996; Fukui and Doi 1997). Cellular PHA content and compo-
sition were determined by GC analysis with a GC-17A
(Shimadzu, Kyoto, Japan) equipped with an InertCap 1 capillary
column (30 m by 0.23 mm; GL Sciences, Tokyo, Japan) and a
flame ionization detector. The methyl esters of 3-
hydroxyalkanoate (3HA-Me) were also analyzed by gas
chromatography-mass spectrometry with a GCMS-QC 2010
(Shimadzu, Kyoto, Japan) equipped with an InertCap 1 column.

The intracellular polyester was extracted from the dried
cells by using chloroform with stirring for 72 h at room
temperature, and the extract was filtrated with a PTFE mem-
brane filter to remove the cell debris. The polymer fraction
was then purified by precipitation in methanol and collected
on a PTFE membrane filter. The "H NMR spectra of the
purified polymers were recorded using a Varian 400-MR
spectrometer in CDCl;. The molecular weight and polydis-
persity were determined by gel permeation chromatography
(GPC) using a Shimadzu 10A GPC system and a 10A
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refractive index detector equipped with a serial of Shodex
K-806 M and K-802 columns at 40 °C. Chloroform was used
as the eluent at a flow rate of 0.8 ml/min. The calibration curve
was generated using polystyrene standards with a low poly-
dispersity (STANDARD SM-105, Shodex).

Results

Incorporation of 3HV unit into PHA synthesized
from methanol by M. extorquens AM1 under cobalt-deficient
conditions

In our examination of PHA biosynthesis by M. extorquens
AM1 from methanol, we noticed that the Co*" concentration
in the medium markedly affected not only the methylotrophic
growth rate as reported previously (Chou et al. 2009; Kiefer
et al. 2009), but also the composition of PHA accumulated
within the cells; very interestingly, the 3HV unit was detected
in PHA synthesized from methanol by M. extorquens AM1
under cobalt-deficient conditions. Figure 2 shows the effects
of Co®" concentration on the growth rate of M. extorquens
AMI1 on methanol and the 3HV fraction in the accumulated
PHA. As the over-chelation of Co®" by EDTA, which was
added into the trace element solution to prevent metal precip-
itation, has been reported to inhibit the methylotrophic growth
of M. extorquens AM1 (Chou et al. 2009), we also investigat-
ed the effects of Co®" concentration under an EDTA-free
condition. The specific growth rate was increased markedly
with the increase of Co?" concentration within the range of
1.35-5.4 uM in the presence of EDTA and was saturated at
higher concentration (Fig. 2a). As reported previously (Chou
et al. 2009), poor growth was observed at much lower con-
centrations of Co®>" (1.35 pM—1.35 nM) in the absence of
EDTA (Fig. 2b). The specific growth rates at the saturated
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Fig. 2 Effects of Co*" concentration on growth of M. extorquens AM1
on methanol and composition of PHA accumulated during the
methylotrophic growth in the presence (a) and absence (b) of EDTA.
Each of the Co®" concentration was adjusted by the addition of the trace

Co*" concentrations, both with and without EDTA, were
comparable to each other (0.135 and 0.134 h™', respectively),
although the rates obtained in this study were slightly lower
than those reported previously (approximately 0.18 h™")
(Chou et al. 2009; Kiefer et al. 2009).

The results also demonstrated that, regardless of the pres-
ence or absence of EDTA, 1-6 mol% of the 3HV unit was
incorporated in the PHA on methanol when the growth rates
were limited by the low Co®" concentrations, although many
previous studies have reported that this methylotroph accu-
mulated only P(3HB) homopolymer when methanol was a
sole carbon source (Barnard and Sanders 1989; Korotkova
and Lidstrom 2001; Korotkova et al. 2002b). The 3HV frac-
tion was larger at lower Co”" concentrations that led to lower
growth rates, but not detected under Co”"-sufficient condi-
tions with the saturated growth rate, indicating an inverse
correlation between the 3HV composition and the growth rate.

PHA copolymer biosynthesis from methanol by a
recombinant strain of M. extorquens harboring phaC.
from A. caviae

A previous study demonstrated that R. eutropha PHB 4 ex-
pressing the PHA synthase gene from 4. caviae (phaC,.) and
the crotonyl-CoA reductase/carboxylase (formerly crotonyl-
CoA reductase) gene from Streptomyces cinnamonensis
(ccrs,) synthesized PHA containing a small amount of 3HHx
unit from structurally unrelated fructose (Fukui et al. 2002). In
this recombinant strain, (R)-3HHx-CoA was supposed to be
formed by the condensation of acetyl-CoA with the butyryl-
CoA generated from crotonyl-CoA by Ccrg,, followed by (R)-
specific reduction. Because Ccr is present in the EMC pathway
as a key enzyme (Erb et al. 2007), the functional expression of a
gene encoding PHA synthase with broad substrate specificity
was expected to lead to incorporation of the 3HHx unit into
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PHA in methanol-grown M. extorquens. We therefore replaced
the original phaC on the chromosome of AM1 (phaC,,,) with
phaC,. by homologous recombination. The resulting
transformant, designated AM1C 4, was cultivated on methanol
under a Co”"-deficient condition (1.35 uM Co”" in the presence
of EDTA). The strain AM1C,, accumulated a terpolymer
composed of trace 3HHx units along with 3HB and 3HV units,
[P(3HB-co-3HV-co-3HHX)], with a 4-fold greater cellular PHA
content than the wild-type (WT) strain (Table 1). Although the
3HV composition in the terpolymer (0.71 mol%) was lower
than 3.92 mol% in the P(3HB-co-3HV) copolymer synthesized
by the WT strain, the amounts of 3HV incorporated into the
polymer fractions were only slightly different from each other
(0.023 and 0.016 mmol/l culture by the strains AM1 and
AMI1C,,, respectively). This fact indicated that the larger
PHA content in M. extorquens AM1C,. could primarily be
attributed to the incorporation of more 3HB units into PHA, as
the incorporation of 3HV during the methylotrophic growth
was rather constant. This is the first report of a significant
enhancement of methanol-dependent PHA production by the
genetic engineering of a methylotroph, as well as of the bio-
synthesis of P(3HB-co-3HV-co-3HHXx) terpolymer from meth-
anol as the sole carbon source.

To investigate relationship between the PHA content and
the expression level of phaC in M. extorquens grown on
methanol, PHA synthase assay was examined for the strains
AMI1 and AM1C,.. Unexpectedly, the extract of AM1Cx,
contained less than 3 mU/mg, lower than 30 mU/mg in the
WT strain, indicating that the larger accumulation of PHA in
AMI1C, was not attributed to higher intracellular activity of
PHA synthase. When compared to PHA synthase activity of
about 200 mU/mg in fructose-grown R. eutropha H16
(Valentin and Steinbuchel 1994; Mifune et al. 2008), the
activity in M. extorquens was much lower.

Characterization of PHAs synthesized by M. extorquens
strains

The structures of the comonomers in the PHAs synthesized by
M. extorquens AM1 and AM1C,. from methanol were

verified by GC-MS analysis of 3HA-Me after methanolysis
of the intracellular PHAs. Figure 3 shows ion chromatograms
of m/z 103, corresponding to CH;—O-CO-CH,~-CH=0H"
commonly formed by fragmentation of 3HA-Me. In addition
to the major peak observed for 3HB-Me at 1.9 min, a minor
peak at 2.6 min and two minor peaks at 2.6 and 3.7 min were
detected for the PHAs from M. extorquens AMI1 and
AMI1C,,, respectively. The retention times and mass spectra
ofthe minor peaks at 2.6 and 3.7 min were identical to those of
3HV-Me and 3HHx-Me derived from authentic samples of
P(3HB-co-3HV) and P(3HB-co-3HHX), respectively. The
polymer fractions in the cells of M. extorquens AM1 and
AMI1C,. grown on methanol were extracted and purified for
further analyses. In a 400-MHz "H-NMR spectrum of the
PHA from M. extorquens AM1, a triplet peak was observed
with a chemical shift at 0.9 ppm, corresponding to the methyl
proton resonance of 3HV (Fig. 4a). The signals at 0.9 ppm in
the PHA from the strain AM1C 4. were detected as overlapped
triplet peaks, which was consistent with the presence of the
methyl groups of 3HV and 3HHx (Fig. 4b). These results
confirmed the biosynthesis of P(3HB-co-3HV) copolymer
and P(3HB-co-3HV-co-3HHXx) terpolymer from methanol by
M. extorquens AM1 and AM1C 4, respectively.

The molecular weights of the extracted polymers were
determined by GPC. The number average molecular weight
(M,), weight average molecular weight (), and polydisper-
sity index (PDI, M,,/M,) of the P(3HB-co-3HV) obtained from
M. extorquens AM1 were 0.66 x 10°, 2.7 x 10°, and 4.1,
respectively. The same values for the of P(3HB-co-3HV-co-
3HHXx) obtained from the strain AM1C . were 1.2 x 10°, 3.8
x 10°, and 3.1, respectively, indicating that PhaC,,. synthe-
sized PHA with a slightly higher molecular weight than did
PhaC,,, in the cells grown on methanol.

Enhancement of 3HV incorporation into PHA
by the disruption of pccA

(R)-3HV-CoA is generally formed from propionyl-CoA and
acetyl-CoA, and propionyl-CoA is one of the CoA-thioester
intermediates in the EMC pathway essential for methanol

Table 1 PHA biosynthesis from methanol by M. extorquens AM1 and the recombinant strains under Co*"-deficient condition (cells were cultivated in a

hypho medium containing 0.5 % (/) methanol and 1.35 uM Co®" for 72 h)

Strain Dry cell mass (g/l)  Residual cell mass (g/I)  PHA content (wt%)  PHA monomer composition (mol%)
3HB (Cy) 3HV (Cs) 3HHx (Cg)
AMI1 0.70+0.10 0.64+0.08 8.4+23 95.7+1.8 3.92+1.8 0
AMIC,, 0.87+0.06 0.58+0.07 32.6+£4.0 99.2+0.4 0.71+£0.31 0.28+0.12
AM1C, AdepABC 0.90+0.06 0.59+0.05 34.7+0.8 99.1+0.1 0.64+0.09 0.25+0.05
AMI1C,/pCMB0Km 0.83+0.03 0.57+0.07 30.7+5.8 99.2+0.1 0.46+0.12 0.34+0.03
AM1C,/pCMB80Km-phaAB  0.42+0.03 0.24+0.01 43.6+3.3 96.6+1.3 3.23+1.3 0.20+0.02
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Fig.3 GC-MS analysis of PHA copolymers synthesized from methanol
by M. extorquens AM1 (a) and AM1C,, (b) under the Co**-deficient
condition. The m/z 103 ion chromatograms of methyl 3-
hydroxyalkanoates obtained by methanolysis of PHA are shown

assimilation by M. extorquens AM1. When the propionyl-
CoA for (R)-3HV-CoA formation was supplied via the EMC
pathway, a lack of propionyl-CoA carboxylase was expected
to increase the accumulation of propionyl-CoA and conse-
quently enhance the 3HV fraction in the PHA copolymers.

Fig. 4 "H NMR spectra of a
terminal methyl protons of PHAs AM1
synthesized from methanol by CH, (3HB)

M. extorquens AMI (a) and
AMI1Cx, (b) under the Co**-
deficient condition

CHa
g
CHy 0 CH, 0 CH,§ 9 0 o}
I
—CH=CH,=C {— O=CH=CH,—C ~CH— CH— —CH-CH— —o- CH—CH -
x ¥
3HB 3HV

In order to confirm this, the pccA gene, which encodes the o
subunit of propionyl-CoA carboxylase, was deleted in
M. extorquens AM1C 4. by homologous recombination. We
confirmed that the resulting strain, AM1C.Apce, lost its
ability to grow on methanol due to blockage of the EMC
pathway, as reported previously (Korotkova et al. 2002a).
Therefore, the deletion mutant was first cultivated on succi-
nate, then the grown cells were transferred into a nitrogen-free
methanol medium to induce PHA biosynthesis by methanol.
The wild strain AM1 and the parent strain AM1C,. were also
cultivated by the same procedure for comparison.

After the first-stage cultivation on succinate, M. extorquens
AMI accumulated a small amount (0.6 wt%) of PHA, where-
as AMIC,. and AMI1C,.Apcc unexpectedly accumulated
15-20 wt% of PHA (Table 2). Notably, these strains accumu-
lated P(3HB-co-3HV) copolymer during the first-stage culti-
vation, indicating that M. extorquens could produce
propionyl-CoA from succinate. This result was consistent
with the previous work, which reported a weak flux of the
EMC pathway on succinate with an unknown physiological
role (Smejkalova et al. 2010). A more significant difference in
PHA composition was observed in the PHA accumulated after
the second-stage cultivation on methanol: the 3HV fraction
was increased from 0.5 up to 6.6 mol% by the deletion of
pccA. We further estimated the composition of the PHA

D AM1C,,

CH; (3HB)

3HHx

CH, (3HV)

1.0 0.8 L]
ppm

14 1210 0806 04

ppm

CH, (3HV+3HHXx)
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Table 2 Effect of pccA disruption on PHA biosynthesis by two-stage cultivation of M. extorquens strains

Strain Cultivation® Dry cell Residual cell  PHA content ~ PHA monomer composition (mol%)°

mass (g/1) mass (g/1) (Wt%)

3HB (Cy) 3HV (Cs) 3HHx (Cy)

AM1 First stage 0.62+0.03  0.62+0.03 0.60+0.11 65.6+1.8 344+1.8 0
AMI1Cy, 0.68+0.02  0.57+0.03 15.7+1.29 99.0+0.07 1.03+0.07 0
AMI1CxApccA 0.65+0.01 0.52+0.01 20.0+0.29 97.8+0.05 2.17+0.05 0
AMI1 Second stage ~ 0.87+£0.03  0.62+0.03 27.2+1.65 99.5+0.16 (100) 0.54+0.16 (0) 0(0)
AMI1Cx, 0.94+0.04  0.57+0.02 35.1+4.36 99.1£0.18 (99.1)  0.51+0.07 (0.27)  0.39+0.11 (0.58)
AMI1Cx ApccA 0.64+0.03  0.48+0.03 24.7+1.60 93.1£0.79 21.7)  6.57+0.77 (77.7)  0.33+£0.06 (0.52)

# Cells were cultivated in a hypho minimal medium containing 0.5 % (w/v) succinate for 48 h (for first-stage cultivation) and then transferred into the
nitrogen-free medium containing 0.5 % (/) methanol for 48 h (for second-stage cultivation). Co>* concentration was 1.35 uM in both stages

®Monomer compositions of PHA accumulated during the second-stage cultivation, calculated by subtracting PHA accumulated after the first-stage
cultivation from those after the second-stage cultivation, are shown in parentheses

synthesized from methanol by subtracting the PHAs present
before the second stage. As shown in parentheses in Table 2,
the 3HV fraction in the PHA accumulated by M. extorquens
AMI1C, Apce during the second stage reached to 77.7 mol%,
whereas that accumulated by AM1C4 was only 0.27 mol%.
These results strongly supported the assumption that the
propionyl-CoA in the EMC pathway was a precursor of the
3HV unit synthesized during the methylotrophic growth.

The phaCy-expressing strains were also confirmed to syn-
thesize P(3HB-co-3HV-co-3HHX) terpolymer during the
second-stage cultivation. The 3HHx compositions were cal-
culated to be 0.5-0.6 mol% by these strains during the second
stage and were not changed by the deletion of pcc4, likely
because the gene deletion had no appreciable effect on the
reactions in the EMC pathway other than the formation of
methylmalonyl-CoA from propionyl-CoA.

Effects of deletion of the dep genes

M. extorquens AM1 has been reported to possess two intra-
cellular PHA depolymerase genes, depA and depB, which are
potentially involved in PHA mobilization; the single deletion
of each the gene yielded no significant changes in growth and
P(3HB) biosynthesis on methanol (Korotkova and Lidstrom
2001). In the M. extorquens AM1 genome, we found the third
putative intracellular PHA depolymerase gene, Mex_1p4148,
designated as depC in this study. DepC was deduced to be a
45-kDa protein containing a PHB depo C domain
(pfam06850) and shared 43 and 45 % identity with DepA
and DepB, respectively. As we assumed the possibility that
the lack of depA or depB may be compensated by the remain-
ing two dep genes for PHA mobilization in the previous single
deletants, the three dep genes were all disrupted in
M. extorquens AM1C 4. with the aim of blocking PHA deg-
radation and consequently increasing cellular PHA content.
The resulting strain, AM1C, . AdepABC, was cultivated on
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methanol under the Co**-deficient condition. Contrary to our
expectations, the growth and PHA biosynthesis properties of
M. extorquens AM1C . AdepABC were very similar to those
of the parent strain AM1C,. (Table 1). Single and double
deletions of the dep genes also showed no significant differ-
ence in the properties (data not shown). These results raised
the possibility that the intracellular mobilization of PHA was
mediated by other PHA depolymerases or did not occur under
the examined cultivation condition.

Effects of the overexpression of phad and phaB

The M. extorquens AM1 genes encoding the 3HB monomer-
supplying enzymes, phaA and phaB, were overexpressed in
the strain AM1C,. for further enhancement of PHA biosyn-
thesis on methanol and regulation of the PHA composition.
The strain AM1C 4. was transformed with pCM80Km-phaAB,
constructed for the expression of phaABy under the control of
the methanol dehydrogenase promoter from M. extorquens
AM1, and then cultivated on methanol under the Co®"-deficient
condition. The cellular content and 3HV composition of the
PHA synthesized by M. extorquens AMI1C5./pCM80Km-
phaAB were approximately 1.4- and 7.0-fold higher than those
of the control strain AM1C,./pCM80Km, respectively
(Table 1). However, the cell growth (residual cell mass) of the
strain harboring pCM80Km-phaAB was decreased to approx-
imately half of that of the control strain.

Discussion

The present study confirmed that Co®" is a critical trace ele-
ment for the methylotrophic growth of M. extorquens (Chou
et al. 2009; Kiefer et al. 2009) and, moreover, found that the
Co?" concentration markedly affected the properties of PHA
biosynthesis in this bacterium on methanol. The growth rate on
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methanol was impaired at a very low Co”" concentration,
approximately 1.35 nM, and was saturated at 13.5 nM in the
absence of EDTA (Fig. 2b), as reported previously (Chou et al.
2009). When EDTA was added to the trace element solution to
avoid metal precipitation, the cobalt limitation was observed at
a much higher Co”" concentration (1.35 M) probably due to
chelation of the metal ions by EDTA (Fig. 2a). The Co”"
concentration of 1.35 uM in the presence of EDTA, which
has often been adopted as the regular dose for this
methylotroph, appeared to be insufficient for supporting its
maximum growth rate on methanol. The reduced growth
ability of M. extorquens AM1 under the limited Co>* concen-
trations was possibly caused by a decrease of the activities of
two vitamin Bj,-dependent mutases in the EMC pathway, as
suggested previously (Chou et al. 2009; Kiefer et al. 2009).

We further clarified that M. extorquens AMI is able to
synthesize P(3HB-co-3HV) copolymers from methanol as a
sole carbon source under the Co®"-deficient conditions.
Considering the previous observation that a shortage of Co**
induced accumulation of propionyl-CoA as well as
ethylmalonyl-CoA and methylmalonyl-CoA (Kiefer et al.
2009), the accumulation of propionyl-CoA was supposed to
promote condensation with acetyl-CoA and subsequent re-
duction to form (R)-3HV-CoA by [3-ketothiolase (PhaA) and
NADPH-dependent acetoacetyl-CoA reductase (PhaB), re-
spectively; and the resulting (R)-3HV-CoA was then
copolymerized with (R)-3HB-CoA by PHA synthase
(PhaC). This presumption was strongly supported by two
observations. First, the 3HV composition in the copolyester
showed an inverse correlation with the growth rates on meth-
anol. Copolyester biosynthesis was observed only when the
methylotrophic growth was impaired due to the shortage of
Co*" accompanied by the accumulation of propionyl-CoA,
whereas no 3HV was incorporated into PHA during faster
growth with less accumulated propionyl-CoA under the suf-
ficient Co®" concentrations (Fig. 2). Second, the blockage of
the EMC pathway by the disruption of pccA resulted in
preferential incorporation of the 3HV unit into the polymer
fraction during incubation with methanol (Table 2). It seemed
feasible that propionyl-CoA was further accumulated within
the cells due to the lack of PccA in the EMC pathway.
Although the reason for the growth inhibition observed for
the strain AM1/pCM80Km-phaAB was unclear, the increases
in the PHA content and 3HV fraction induced by the overex-
pression of phaAB,,, may suggest that the excess conversion
of acetyl-CoA and propionyl-CoA to PHA had a negative
effect on the methylotrophic growth of M. extorquens.
Alternatively, protein overproduction may have caused the
growth inhibition, as reported previously (Chou and Marx
2012; Kurland and Dong 1996), because the methanol dehy-
drogenase promoter used for the overexpression of phaAB,,,. s
known to be among the strongest promoters in M. extorquens
AMI (Marx and Lidstrom 2001).

Another interesting linkage between the EMC and PHA
biosynthesis pathways appeared to be mediated by crotonyl-
CoA reductase (Ccer). Cer was first identified from
Streptomyces collinus (Wallace et al. 1995), and its role in
providing butyryl-CoA for monensin A biosynthesis was
reported for S. cinnamonensis (Liu and Reynolds 1999). We
have previously employed the ccr gene from S. cinnamonensis
for the generation of butyryl-CoA as a precursor of (R)-3HHx-
CoA in recombinant R. eutropha (Fukui et al. 2002). Ccr has
since been revealed to possess dual activities of reduction and
reductive carboxylation of crotonyl-CoA (Erb et al. 2007); the
enzyme is now thought to mediate the direct formation of
ethylmalonyl-CoA from crotonyl-CoA in the EMC pathway.
Nevertheless, butyryl-CoA has been detected at a significant
level with LC-MS analysis in the cell extracts of
M. extorquens AM1 grown on methanol (Peyraud et al.
2009), suggesting that the reductase activity of Ccr was not
negligible in the methanol-grown cells. Indeed, P(3HB-co-
3HV-co-3HHXx) terpolymers were synthesized from methanol
by the recombinant strains of M. extorquens in which PhaC 4.
with broad substrate specificity was functional in the poly-
merization. Although the 3HHx compositions of the terpoly-
mers were somewhat low at the present state (Table 1), the
results suggested the possible utilization of the EMC pathway
to supply not only propionyl-CoA but also butyryl-CoA for
biosynthesis of PHA copolyesters (Fig. 1).

The present results also demonstrated that PHA production
was improved by the replacement of the original phaC,,, gene
by phaC,. on the chromosome (Table 1). This observation
was not due to higher PHA synthase activity in the engineered
strain; in fact, lower PHA synthase activity was detected in
this strain. We further observed that PHA biosynthesis in
M. extorquens AM1 was repressed on succinate, whereas this
repression did not occur in the strains expressing phaC,,.
(Table 2). Although the reasons for these phenomena require
further exploration, the specific properties of PhaC 4, such as
its catalytic characteristics or affinity to the PHA granule
surface, may be favorable for the synthesis and accumulation
of PHA in M. extorquens.

The M, and PDI of the P(3HB-co-3HV) produced by
M. extorquens AM1 were determined to be 0.66 x 10> and
4.1, respectively; these values were comparable to those of
P(3HB) synthesized from methanol by the genus
Methylobacterium (0.24—1.43 x 10° and 4.0—11.1, respective-
ly) (Daniel et al. 1992; Taidi et al. 1994; Yezza et al. 2006).
When compared with PHAs produced by R. eutropha from
sugars and organic acids (M, 5.1-7.5 x 10°, PDI 2.4-3.2)
(Taidi et al. 1994), the PHAs produced from methanol showed
lower M, with higher PDI. This result was likely due to the
use of methanol as the carbon source, because it has been
previously reported that several hydroxyl compounds, in-
cluding methanol, can act as chain transfer agents during
polymerization by PHA synthase (Kawaguchi and Doi 1992;
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Taidi et al. 1994; Madden et al. 1999). The role of methanol as
the chain transfer agent has been assessed by NMR-based
end-group analysis, and a methyl end-group was actually
detected in the P(3HB) produced from methanol by
M. extorquens strain NCIMB 9133 (Madden et al. 1999). In
the present study, M. extorquens AM1C 4. harboring phaC,,
also produced PHA with low molecular weight from metha-
nol, although PhaC . has the ability to synthesize PHAs with
higher molecular weight (M,, 8.9 x 10°) from fructose in
recombinant strains of R. eutropha (Mifune et al. 2008).
This observation was in agreement with the chain transfer
function of methanol. Nevertheless, a 1.8-fold increase of M,
and a decrease in the PDI of the accumulated PHA were
observed due to the replacement of the original phaC,,, by
phaC,.in M. extorquens AM1. The low polymerizing activity
in the strain AM1C,, as shown by the enzyme assay, may be
responsible for the slightly higher molecular weight of PHA
(Sim et al. 1997); alternatively, PhaC ,. may possess a lower
affinity for the chain-terminating methanol than PhaC,,.. The
engineering of M. extorquens for production of PHAs with
high molecular weight from methanol will be an interesting
project.

The utilization of methylotrophic bacteria is a feasible
method for PHA production from methanol, a feedstock with
significant potential, and several groups have therefore opti-
mized the fed-batch cultivation of M. extorquens for P(3HB)
production (Suzuki et al. 1986; Bourque et al. 1995; Kim et al.
2003). However, P(3HB) is unsuitable for practical applica-
tions due to its hard and brittle properties. Recently,
M. extorquens ATCC 55366 expressing phaC from
Pseudomonas fluorescens GK13 was reported to accumulate
PHA copolymers containing C—C double bonds in the side
chains, when unsaturated carboxylic acids were added to the
medium along with methanol (Hofer et al. 2010). To our
knowledge, there has been no previous report of the produc-
tion of PHA copolymer using methanol as the sole carbon
source. The present study revealed that M. extorquens was
capable of synthesizing PHA copolymers without the addition
of expensive precursor compounds and that the EMC pathway
was potentially utilizable to supply CoA-thioester precursors
for PHA biosynthesis. Further investigation into the metabolic
engineering of methylotrophic bacteria will allow efficient
production of PHA copolymers with desirable physical and
mechanical properties from methanol.
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