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Abstract Ralstonia eutropha H16 is a well-studied bacterium
with respect to biosynthesis of polyhydroxyalkanoates
(PHAs), which has attracted attentions as biodegradable bio-
based plastics. However, this strain shows quite poor growth
on glycerol of which bulk supply has been increasing as a
major by-product of biodiesel industries. This study examined
enhancement of glycerol assimilation ability of R. eutropha
H16 by introduction of the genes of aquaglyceroporin (gipF)
and glycerol kinase (glpK) from Escherichia coli. Although
introduction of glpFK . into the strain H16 using a multi-copy
vector was not successful, a recombinant strain possessing
gIpFK . within the chromosome showed much faster growth
on glycerol than H16. Further analyses clarified that weak
expression of glpKr,. alone allowed to establish efficient glyc-
erol assimilation pathway, indicating that the poor growth of
H16 on glycerol was caused by insufficient kination activity to
glycerol, as well as this strain had a potential ability for uptake
of extracellular glycerol. The engineered strains expressing
glpFKy,. or glpKp,. produced large amounts of poly[(R)-3-
hydroxybutyrate] [P(3HB)] from glycerol with much higher
productivity than H16. Unlike other glycerol-utilizable wild
strains of R. eutropha, the H16-derived engineered strains
accumulated P(3HB) with no significant decrease in molecu-
lar weights on glycerol, and the polydispersity index of the

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-014-5831-3) contains supplementary material,
which is available to authorized users.

T. Fukui (<) - L. Orita * S. Nakamura

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

M. Mukoyama

Strategic Technology Research Center, NIPPON SHOKUBALI,
1-25-12 Kannondai, Tsukuba 305-0856, Japan

Published online: 31 May 2014

glycerol-based P(3HB) synthesized by the strains expressing
gIpFKy. was lower than those by the parent strains. The
present study demonstrated possibility of R. eutropha H16-
based platform for production of useful compounds from
inexpensive glycerol.

Keywords Polyhydroxyalkanoate - Ralstonia eutropha H16 -
Glycerol - Metabolic engineering

Introduction

Glycerol has become an attractive feedstock owing to its
availability and low prices because it is accumulating in large
quantities as a by-product of biodiesel, oleo-chemical, and
bioethanol industries, thus biotechnology expanding microbi-
al utilization of glycerol is increasingly important for produc-
tion of bio-based fuels and materials (Dobson et al. 2012;
Yang et al. 2012). One of the useful bio-based materials is
polyhydroxyalkanoates (PHASs), produced by a wide variety
of bacteria as intracellular carbon and energy storage materials
from renewable carbon resources (Keshavarz and Roy 2010;
Taguchi et al. 2012; Verlinden et al. 2007). Since many
bacterial PHAs are applicable as biodegradable thermoplas-
tics, they have attracted industrial attentions as possible alter-
natives to petroleum-based plastics (Pan and Inoue 2009;
Taguchi et al. 2012). Given the growing surplus of raw glyc-
erol, the use of glycerol as a feedstock of PHAs is a promising
option for the low-cost microbial production (Nikodinovic-
Runic et al. 2013). It is also considered that glycerol-
converting ability may affect PHA productivity on vegetable
oils, as they contain about 10 %(w/v) of glycerol moiety.
Previous studies have also reported that several hydroxyl
compounds, including glycerol, decreased molecular weight
of PHAs by the chain transfer action during PHA synthase-
catalyzed polymerization both in vivo and in vitro (Hiroe et al.
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2013; Madden et al. 1999; Taidi et al. 1994; Tomizawa et al.
2010, 2013). The relationship between the level of cellular
ability for glycerol assimilation and molecular weights of the
glycerol-based PHAS is also an interesting subject.

A chemolithoautotrophic (3-proteobacterium Ralstonia
eutropha (Cupriavidus necator) strain H16 has been well-
known as an efficient producer of poly[(R)-3-
hydroxybutyrate] [P(3HB)], the most abundant PHA in na-
ture. There have been many studies focusing on PHA biosyn-
thesis by this strain, including several omics analyses
(Brigham et al. 2012; Fukui et al. 2014; Peplinski et al.
2010; Pohlmann et al. 2006; Raberg et al. 2011; Shimizu
et al. 2013) and metabolic engineering aiming at biosynthesis
of PHA copolymers such as flexible poly[(R)-3-
hydroxybutyrate-co-(R)-3-hydroxyhexanoate] [P(3HB-co-
3HHx)] (Budde et al. 2011; Insomphun et al. 2013;
Kawashima et al. 2012; Loo et al. 2005; Mifune et al. 2008,
2010; Riedel et al. 2011). Recent studies further demonstrated
a potential of this strain for production of branched-chain
alcohols (Lu et al. 2012). However, one drawback of this
strain has been the rather narrow spectrum of utilizable carbon
sources. This strain can well grow and produce PHAs on
fructose, gluconate, fatty acids, and plant oils, whereas it
cannot utilize glucose, xylose, and arabinose. Hence, exten-
sion of the substrate range of R. eutropha H16 has been
considered to be necessary for the wider applications. So far,
engineered strains of H16 capable of utilizing glucose were
established by expressing glucose facilitator (g/f) and gluco-
kinase (glk) from Zymomonas mobilis (Orita et al. 2011;
Sichwart et al. 2011), or by reconstituting mutations identified
in nag operon within the glucose-utilizable mutants (Orita
et al. 2011; Raberg et al. 2012). R. eutropha H16 also shows
quite slow growth and low PHA productivity on glycerol, and
Kaddor and Steinbuchel (2011) reported that PtsMHI, one of
phosphoenolpyruvate-carbohydrate phosphotransferase sys-
tems (PEP-PTS) in H16, played some role in the slow growth
and P(3HB) accumulation on glycerol. Interestingly, it has
been reported that other wild strains of R. eutropha JMP134
and DSM 545 grew and accumulated PHAs on glycerol
(Cavalheiro et al. 2009, 2012; Garcia et al. 2013; Mothes
et al. 2007; Spoljaric et al. 2013a, b), and a glucose-
utilizable strain NCIMB 40529 converted glycerol to
P(3HB) in two-step cultivation (Taidi et al. 1994). A
glycerol-utilizable mutant of ATCC 17699 (thought to be
equivalent to H16) was isolated by adaptation in glycerol-
rich medium (Tanadchangsaeng and Yu 2012). These previ-
ous studies observed decrease of molecular weight of P(3HB)
synthesized from glycerol than that from sugars. So far, the
genetic and metabolic properties responsible for glycerol uti-
lization in the above strains have not been determined.

Aerobic metabolism of glycerol has been well-studied in
Escherichia coli (Durnin et al. 2009) and other bacteria. In
E. coli, glycerol transported by aquaglyceroporin (GlpF)
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(Wang et al. 2005) was phosphorylated by glycerol kinase
(GIpK) to glycerol 3-phosphate, which is oxidized by FAD-
dependent glycerol 3-phosphate dehydrogenase (GlpD) to
yield dihydroxyacetone phosphate for further metabolism
through glycolysis (Austin and Larson 1991; Weissenborn
et al. 1992). Mukoyama (2007) has reported that introduction
of glpFKy,. into Corynebacterium glutamicum, R. eutropha
ATCC 17697 (another wild strain distinct from H16), and
Alcaligenes faecalis significantly enhanced the growth in
glycerol-containing minimum media. However, the contribu-
tion of the individual gene in glpFKg,. to the glycerol assim-
ilation ability and the effects of the metabolic modification on
PHA production by the R. eutropha strain were not investi-
gated. C. glutamicum was also engineered for glycerol utili-
zation by introduction of glpFKg. and glpDp. genes
(Meiswinkel et al. 2013; Rittmann et al. 2008). It was revealed
that co-expression of glpDp,. along with glpK . was necessary
for glycerol assimilation by C. glutamicum, and no growth of
the strain expressing glpFK . without glpDp,. on glycerol was
due to accumulation of sub-toxic glycerol 3-phosphate at very
high concentration within the cells grown in the presence of
glycerol (Rittmann et al. 2008).

This study dealt with engineering of R. eutropha H16 for
efficient glycerol utilization. We found that weak expression
of glpK . was a sufficient modification for much faster growth
of the H16-derived strain on glycerol. The engineered
R. eutropha strains harboring glpKg,. or glpFKg,. on the chro-
mosome could highly accumulate P(3HB) on glycerol as well
as on fructose, without significant decrease of molecular
weights.

Materials and methods
Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in
Table 1. R. eutropha strains were cultivated at 30 °C in a
nutrient-rich (NR) medium containing 10 g of meat extract,
10 g of polypeptone, and 2 g of yeast extract in 1 1 of tap water.
E. coli strains were grown at 37 °C on a lysogeny broth (LB)
medium. Kanamycin (50 mg/1 for E. coli and 200 mg/l for
R. eutropha strains) or ampicillin (50 mg/l for E. coli) was
added to the medium when necessary.

Construction of plasmids and strains

DNA manipulations were carried out according to standard
procedures, and sequences of oligonucleotide primers used for
PCR amplification are shown in Supplementary Table SI.
pBBR-glpFK (described as glpFK/pBBR122 in the previous
report (Mukoyama 2007)) was constructed by inserting
gIpFK . along with the adjacent promoter region, amplified
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Table 1 Bacterial strains and plasmids used in this study

Strains or plasmids

Relevant markers

Reference or source

Escherichia coli

K-12 Wild strain IFO 3301
DHS5«x deoR, endAl, gyrA96, hsdR17 (r” my’), recAl, relAl, supE44, Clontech
thi-1, A(lacZYA-argFV169), ©80lacZAM15, F , A~

S17-1 thi, pro, hsdR, recA, chromosomal RP4; Tra"; Tmp" Str/Spc" Simon et al. (1983)
Ralstonia eutropha

Hl16 Wild strain DSM 428

H16_glpFK H16 derivative; Pys5s-glpFKp-h16_A2858 This study

H16 glpF H16 derivative; Py,g58-glpFr-h16_A2858 This study

H16 glpK H16 derivative; Py,g55-glpKp-h16 A2858 This study

NSDG H16 derivative; AphaCr,::;phaCnspg Mifune et al. (2010)

NSDG_glpFK NSDG derivative; Pyogss-glpFKg~h16_A2858 This study

TTO13 AphaCAg.::phaCnspg-phal y~phatdag, Kawashima et al. (2012)

TTO13 glpFK TTO13 derivative; Pyrgss-gIpFKp~h16_A2858 This study
Plasmids

pBBR122 pBBR ori, Kan', Cm" MoBiTec

pBBR-glpFK pBBR122 derivative; Cm'::Pgy,-glpFK, Mukoyama (2007)

pBBR-glpF pBBRI122 derivative; Cm'::Pgy,-glpF g, This study

pBBR-glpK pBBR122 derivative; Cm'::Pyy,-glpK g, This study

pK18mobsacB pMBI1 ori, mob, Kan', sacB Schafer et al. (1994)

pK18ms-glpFK-A2858 pK18mobsacB carrying P>gs5s-glpFKg~h16_A2858 This study

pK18ms-glpF-A2858 pK18mobsacB carrying P,gs5s-glpFr.-h16_A2858 This study

pK18ms-glpK-A2858 pK18mobsacB carrying Pogs5s-glpKp.-h16_A2858 This study

&

from E. coli K-12 gDNA, at Ncol site in pBBR122
(MoBiTec). pBBR-glpF and pBBR-glpK were obtained by
self-ligation of the linear fragment not containing the coding
regions of glpKy. and glpF . prepared by inverse PCR with
primer sets of d-glpK-Inv3/d-glpK-Inv5 and d-glpF-Inv3/d-
glpF-Inv5, respectively, and pBBR-gIpFK as a template.
Transformation of R. eutropha strains with the pPBBR122-
based recombinant plasmids was performed by electropora-
tion. The electrocompetent cells of R. eutropha were prepared
by three times washing of the cells grown in 100 ml NR
medium (30 °C, 5 h, ODgp=0.6) with ice-cold glycerol
solution (10 % (v/v)), and resuspended in 2 ml in the cold
glycerol solution. The electroporation was done using Gene
Pulser Xcell Electroporation System (Bio-Rad) and 2-mm
cuvettes. The pulse conditions were 2.5 kV voltage, 25 pF
capacity, and 200 ) external resistance. The cells after the
electroporation were diluted with 1 ml fresh NR medium,
incubated at 30 °C for 3 h, and then plated onto an NR-agar
medium containing 250 mg/l kanamycin.
pK18ms-glpFK-A2858 for insertion of glpFKy,. at up-
stream of 416 _A2858 was constructed as below. First, a 1.5-
kbp fragment around the start codon of 416 _A2858 was
amplified with R. eutropha H16 gDNA and an A2858-5/
A2858-3 primer pair. The resulting fragment was digested

Py, promoter region located at upstream of gipF s, in E. coli, P,>s5s promoter region located at upstream of 71/6_A2858 in R. eutropha H16

by Sall and inserted into pK18mobSacB (Schafer et al.
1994) at the corresponding site. Inverse PCR was done to
open the plasmid at the start codon of #/6 42858 with a
primer set A2858-Inv3/A2858-Inv5, and then ligated with
the glpFKp. fragment with the same direction as
hi6 _A2858. The primers for the inverse PCR were designed
to locate a 23-bp upstream region of 4116 42858, including
the putative ribosome binding sequence, at the upstream of
glpFg. in the resulting plasmid. pK18ms-glpF-A2858 and
pK18ms-glpK-A2858 were obtained by inverse PCR and
subsequent self-ligation as the same way for construction of
pBBR-glpF and pBBR-glpK, respectively.

Transconjugation of the mobilizable pK18mobsacB-based
plasmids from E. coli S17-1 (Simon et al. 1983) to R. eutropha
strains and isolation of strains generated by pop in-pop out
recombination were performed as described previously
(Mifune et al. 2008, 2010).

Enzyme assay
R. eutropha cells in the late exponential growth phase on
fructose or glycerol were harvested, washed with 50 mM

Tris-HCI buffer (pH 7.5) containing 0.1 M NaCl, and resus-
pended in the same buffer. Crude extract was prepared from
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the harvested cells as described previously (Orita et al. 2011).
Glycerol kinase and FAD-dependent glycerol-3-phosphate
dehydrogenase activities were assayed according to the pro-
cedure described by Rittmann et al. (2008).

PHA production by recombinant R. eutropha strains

PHA production by R. eutropha strains was carried out on a
reciprocal shaker (115 strokes/min) at 30 °C in a 500 ml flask
with a 100 ml of nitrogen-limited mineral salts (MB) medium
(Kato et al. 1996). A filter-sterilized solution of fructose or
glycerol was added to the medium at a final concentration of
0.5 % (w/v) as a sole carbon source. Soybean oil was directly
added to the medium at 1.0 % (v/v). After the cultivation for
appropriate time, the cells were harvested, washed once
with cold deionized water, and then lyophilized. Cellular
PHA content and composition were determined by gas
chromatography (GC) after methanolysis of the dried cells
in the presence of 15 % sulfuric acid as described previ-
ously (Kato et al. 1996).

The molecular weight and polydispersity were determined
by gel permeation chromatography (GPC) using a Shimadzu
10A GPC system and a 10A refractive index detector
equipped with a serial of Shodex K-806 M and K-802 col-
umns 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 polydispersity
(STANDARD SM-105, Shodex).

Results

Genes potentially related to glycerol metabolisms
in R. eutropha H16 genome

In the whole genome of R. eutropha H16 (Pohlmann et al.
2006), two pairs of genes, hl6_A2507-A2508 and
h16 B1199-B1198, have been identified for putative glycerol
kinase (GK) and FAD-dependent glycerol 3-phosphate dehy-
drogenase (FAD-G3PDH) (Table 2). H16_A2507 shared
higher identity (52 %) to GlpKg. than H16 B1199 (28 %),
while H16_A2508 and H16_B1198 both showed weak iden-
tities (27-30 %) to GlpD (aerobic FAD-G3PDH) and the N-
terminal region of GlpA (large subunit of anaerobic FAD-
G3PDH) from E. coli. Our recent RNA-seq analysis of
R. eutropha H16 (Shimizu et al. 2013) indicated that these
genes were weakly transcribed on fructose, where the reads
per kilobase per million mapped reads (RPKM) values for
hi6 _A2507-A2508 were slightly larger than those for
hl16 B1199-B1198. Two genes hl16 B1197 and h16 B1196,
lying downstream of h/6 BI1198 with the same direction,
encoded a homolog of alkyl-dihydroxyacetone phosphate
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synthase generally involved in long-chain ether lipid biosyn-
thesis in animal cells, and a transcriptional regulator related to
glycerol uptake operon antiterminator GlpP from Bacillus
subtilis, respectively. The four proteins expressed from the
gene cluster 216 _B1199-B1196 might play a role in some lipid
metabolism in R. eutropha. h16_A3690 was originally anno-
tated as glpF encoding glycerol facilitator or related permease.
However, taking into consideration the low and partial homol-
ogy of H16_A3690 to GlpFg. (25 % within 43 amino acids
overlap), it was unclear whether the gene product has an
ability to transport glycerol or not. #1/6 40336, moderately
transcribed on fructose, encoded a protein with 39 % identity
to GpsA (NAD(P)H-dependent glycerol 3-phosphate dehy-
drogenase) from E. coli. The gene was estimated to participate
in glycerophospholipid biosynthesis by catalyzing conversion
of DHAP to sn-glycerol 3-phosphate. No gene related to other
glycerol utilization pathways such as genes of glycerol dehy-
drogenase and dihydroxyacetone kinase, either genes of glyc-
erol dehydratase, was identified in the genome of R. eutropha
Hle.

Introduction of glycerol assimilation genes from E. coli
into R. eutropha H16

Based on the previous report conferring glycerol assimilation
ability to R. eutropha ATCC 17697 (Mukoyama 2007), we
first examined to introduce glpFKp,. along with the adjacent
native promoter region into R. eutropha H16 by using a multi-
copy vector pBBR-gIpFK. In addition, two derivative vectors
pBBR-glpF and pBBR-glpK were constructed and introduced
into H16 to investigate the effects of the individual gene
expression on glycerol utilization. However, contrary to the
previous result using the strain ATCC 17697, the H16-derived
recombinant strain harboring pBBR-gIpFK could not be ob-
tained even after several trials. Although many kanamycin-
resistant colonies appeared on the selective plate medium after
electroporation of the cells of H16 with pBBR-glpFK, PCR
amplification of the plasmid-borne glpFKf. region was un-
successful. The same phenomenon was also observed in
transformation with pBBR-glpK, whereas the strain harboring
pBBR-glpF could be isolated. Several plasmids extracted
from the transformants with pBBR-glpFK or pBBR-glpK
were mapped by PCR and restriction endonuclease digestion,
and the results strongly suggested deletion of the E. coli-
derived region from the plasmids in the isolates (data not
shown).

The engineering of R. eutropha H16 was also attempted by
inserting glipFKg., glpFg., or glpKg,. into the chromosome by
homologous recombination, as shown in Fig. 1. We selected
upstream of 416 _A2858, a gene of hypothetical membrane
protein containing transglycosylase SLT domain, as the target
site for the gene insertion, because the gene was monocistronic
and the transcriptional levels were high throughout the growth
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Table 2 Genes potentially related to glycerol metabolisms in R. eutropha H16

Gene ID Original annotation® Length (aa) Identity to E. coli protein (%/overlap)® Transcription on fructose
(RPKM)®
F16 F26 F36
H16_A3690 Glycerol facilitator or related permease 241 GIpF (25 %/43 aa) 209 168 951
H16_A2507 Glycerol kinase 523 GIpK (52 %/501 aa) 150 84 248
H16_A2508 Glycerol-3-phosphate dehydrogenase 534 GlpD (29 %/460 aa) 103 44 187
GIpA (30 %/379 aa)
H16_B1196 Transcriptional regulator, GlpP-family 194 YgcP (23 %/185 aa) 544 449 1095
H16_B1197 Alkyldihydroxyacetone phosphate synthase 516 YgcU (29 %/436 aa) 181 148 140
H16 B1198 FAD-dependent glycerol-3-phosphate dehydrogenase 559 GlpD (27 %/464 aa) 65 25 24
GIpA (30 %/395 aa)
H16_B1199 Glycerol kinase 507 GIpK (28 %/507 aa) 48 30 27
H16_A0336 Glycerol-3-P dehydrogenase [NAD(P)'] 338 GpsA (39 %/338 aa) 916 243 835

# GenBank AM260479.1 (chromosome 1) and AM260480.1 (chromosome 2) (Pohlmann et al. 2006)

°Blastp search with SEG filtering

¢ RPKM values at growth (F16), PHA production (F26), and stationary (F36) phases on fructose (Shimizu et al. 2013)

on fructose in the recent RNA-seq analysis (Shimizu et al.
2013). pK18mobsacB-based vectors harboring the glpg.
gene(s) between the upstream promoter region and coding
region of h116_A2858 were constructed and used to transform
the strain H16. Unlike the case using the multi-copy vectors,
the three strains harboring glpFK ., glpF ., and glpK,. at the
upstream of 416_A2858, designated as strains H16_glpFK,
H16 glpF, and H16 glpK, respectively, were successfully ob-
tained by the desired homologous recombination.

Growth and P(3HB) biosynthesis properties of the engineered
R. eutropha strains

The growth behavior of the recombinant strains H16_gIpFK,
H16 glpF, and H16 glpK was investigated on a solid and
liquid mineral salts media containing glycerol as the sole
carbon source. On the solid medium, H16 and H16 glpF
exhibited almost no growth on glycerol after 72 h cultivation
(Fig. 2a) and slightly grew after 144 h cultivation (data not

Fig. 1 Organization of glpFKg,,
glpFg., or glpKp, inserted at

shown). In contrast, H16 glpFK and H16 glpK could well
grow on glycerol for 72 h cultivation. The growth curves in a
liquid medium containing 0.5 % (w/v) glycerol or 0.5 % (w/v)
fructose are shown in Fig. 2b. All the strains examined here
showed the same growth property on fructose, indicating that
gIpFK . or the individual gene did not affect the fructose
metabolism in R. eutropha H16. The wild strain H16 grew
quite slowly on glycerol and reached to maximum after 245 h
cultivation. While H16 glpF showed very poor growth simi-
lar to H16, the strains H16_glpFK and H16_glpK, both har-
boring glpK,., could grow on glycerol much faster than H16
although the specific growth rates on glycerol (0.15 h™") were
lower compared to those on fructose (0.28 h™"). These results
clearly indicated that of glpKg,., but not glpFg,, was respon-
sible for the enhanced glycerol utilization ability.

P(3HB) biosynthesis properties of the engineered strains on
fructose were quite similar to that of wild strain as all the
strains produced 1.3~1.4 g-P(3HB)/I from fructose (Table 3),
again suggesting no effects of the glpg. gene(s) on the fructose

R. eutropha H16 chromosome 1

upstream of /6_A2858 on A2856  A2857 A2858 A2859 A2860

chromosome 1 of R. eutropha (transcription  (Amino- (Hypothetical (3-Octaprenyl-4-  (Acetoacetyl-CoA

H16. Inset table, transcription termination  transferase) membrane hydroxybenzoate  synthetase)
factor) protein) carboxy-lyase)

levels of h16_A2858 shown as

RPKM values at growth (F16),

>

§%% > e

PHA production (F26), and
stationary (F'36) phases on
fructose (Shimizu et al. 2013)

Transcription (RPKM)

H16_glpFK Gene F16  F26  F36
H16 glpF  re--em=memmemee- h16_A2858 20106 13459 5224
H16_glpKk  QEE---------
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Fig.2 Growth properties of the engineered strains of R. eutropha H16 on
glycerol. a Growth of R. eutropha HI16, H16 glpFK, H16 glpF, and
HI16 glpK on a nitrogen-limited MB solid medium containing 1 % (w/
v) glycerol for 72 h at 30 °C. b Growth curves of R. eutropha H16
(circles), H16_glpFK (diamonds), H16_glpF (triangles), and H16_glpK
(squares) in a nitrogen-limited MB liquid medium containing 0.5 % (w/v)
fructose (closed symbols) or 0.5 % (w/v) glycerol (open symbols) at 30 °C

metabolisms in R. eutropha. Although H16 and H16 glpF
grew very slowly on glycerol as described above, these strains
produced 1.0~1.1 g/l of P(3HB) from glycerol (0.20~0.22 g/
g) after 268-h cultivation. Notably, H16 gIpFK and
H16_glpK accumulated 1.3~1.4-fold more P(3HB) from
glycerol (0.27~0.29 g/g) after much shorter cultivation time
(72 h) compared to the strains not harboring glpKr.. When
soybean oil was fed as a carbon source, the amount of P(3HB)

produced by H16 gIpFK (3.6 g/, 0.39 g/g) was larger than
those by the other three strains (2.9~3.1 g/l, 0.32~0.34 g/g).

GK and FAD-G3PDH activities in recombinant R. eutropha

Enzymatic activities of GK and FAD-G3PDH were measured in
R. eutropha H16 and H16_gIpFK (Table 4). The cell extract of H16
grown on fructose contained no GK and FAD-G3PDH activities,
while very low activities of GK (6.0 mU/mg) and FAD-G3PDH
(1.4 mU/mg) were detected in the cells at the late exponential growth
phase on glycerol (206 h). Interestingly, GK activity in H16_glpFK
on glycerol at 48 h was 11.4 mU/mg, which was only slightly higher
when compared to that in H16. These results indicated that the quite
weak GK activity would cause the slow growth of the wild strain on
glycerol, and the slight increase of GK activity by heterologous
2IpKg,. led to the faster growth of H16_glpFK on glycerol. FAD-
G3PDH activity in H16 glpFK was subtly induced as well as in
H16 when the cells were grown on glycerol.

Insertion of glpFK,. into P(3HB-co-3HHx)-producing
R. eutropha and examination of the PHA biosynthesis
properties

R. eutropha strains NSDG and TT013 were previously con-
structed for P(3HB-co-3HHX) biosynthesis from vegetable
oils by replacing the native phaCp, in H16 by phaCyspg
encoding N143S/D171G mutant of Aeromonas caviae PHA
synthase (Mifune et al. 2010), and by replacing 3-ketothiolase
gene phaAp, in NSDG by a tandem of two (R)-enoyl-CoA
hydratase genes phaJ,. and phaJ4ap, (Kawashima et al.
2012), respectively. It has been reported that P(3HB-co-
3HHx) composed of 3HHx fraction of 1.9 and 10.5 mol%
could be produced from soybean oil by the strains NSDG and

Table 3 P(3HB) production by

R. eutropha H16 and the deriva- Strain Carbon source Dry cell mass ~ PHA content ~ PHA (g/l) PHA comp. (mol%)
tives harboring gipFKg,, glpFg., (Cultivation time) (gM (wt%) -
or glpKg. 3HB 3HHx
Hl16 Fructose (72 h) 2.15+0.05 62.5+0.3 1.35+0.03 100 0
Glycerol (268 h) 1.81+0.16 59.742.1 1.08+£0.07 100 0
Soybean oil (72 h)  3.82+0.04 81.80.6 3.1240.05 100 0
H16 glpFK  Fructose (72 h) 2.1240.04 61.3£0.9 1.30+0.08 100 0
Glycerol (72 h) 2.25%0.06 63.9%1.7 1.44+0.08 100 0
Soybean oil (72 h)  4.44+0.10 82.10.5 3.6440.07 100 0
H16_glpF Fructose (72 h) 2.12+0.03 61.6+0.2 1.31£0.02 100 0
S Glycerol 268 ) 1.66+0.07 60.1+3.4 1.00£0.10 100 0
Cells were cultivated in a nitro- Soybean oil (72h)  3.70+0.05 782413 2904006 100 0
gen-limited MB medium con-
taining 0.5 % (W/V) ﬁ'LlCtOSC, H16_glpK Fructose (72 h) 2.19+0.01 61.4+1.0 1.35+0.02 100 0
0.5 % (w/v) glycerol, or 1 % (v/v) Glycerol (72 h) 2.10+0.01 63.3+£1.0 1.33+0.03 100 0
soybean oil for 72 h at Soybean oil (72 h)  3.78+0.13 81.7+1.4 3.09+0.10 100 -
30 °C. n=3~4
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Table 4 Activities of glycerol kinase and FAD-glycerol 3-phosphate
dehydrogenase in R. eutropha H16 and H16_glpFK

Strain Carbon source Specific activity (nmol min—
(Cultivation time) ~ mg-protein ')

Glycerol kinase ~ FAD-glycerol
3-phosphate
dehydrogenase

H16 Fructose (24 h) 0 <0.1
Glycerol (206 h) 6.0+1.3 2.2+0.6

H16 glpFK  Fructose (24 h) 2.0+£0.4 0.14+0.06
Glycerol (48 h) 11.4£1.6 2.8+0.7

Cells were cultivated in a nitrogen-limited MB medium containing 0.5 %
(w/v) fructose or 0.5 % (w/v) glycerol at 30 °C. Data are the means of two
determinations for two independent cultures

TTO13, respectively (Kawashima et al. 2012; Mifune et al.
2010). The insertion of glpFKg. at the upstream of
hl16 A2858 was also conducted into these strains to investi-
gate the effects of the metabolic modification on PHA copol-
ymer biosynthesis from soybean oil mediated by the heterol-
ogous PHA synthase. The strain NSDG_glpFK showed fast
growth and efficient P(3HB) production on glycerol, as seen
for H16_gIpFK. On soybean oil, NSDG_gIpFK accumulated
slightly larger amount of P(3HB-co-3HHx) than NSDG,
whereas PHA production by TT013_glpFK was not increased
from that by TT013. The 3HHx composition of PHAs on
soybean oil was 1.7 and 9.9 mol% by NSDG glpFK and
TTO13 glpFK, respectively. These values were almost the
same as those by the corresponding parent strains, indicating
little effects of the enhanced glycerol metabolism on compo-
sition of P(3HB-co-3HHX) synthesized from soybean oil.

Molecular weight of PHA synthesized from glycerol
by recombinant R. eutropha

It is of interest whether the enhanced glycerol assimilation
ability affected molecular weights of the glycerol-based
PHAs, because the previous studies have demonstrated that
supplement of glycerol into media for R. eutropha NCIMB
40529 decreased the molecular weights of P(3HB) possibly
due to the chain transfer action of glycerol during PHA
synthase-mediated polymerization (Madden et al. 1999; Taidi
et al. 1994). In the present results, however, the number-
average-molecular weights (M,) and weight-average-
molecular weights (M,,) of P(3HB) synthesized by H16 and
H16_glpFK from glycerol were 6.8~9.2x10° and 21.5~22.5x
10°, respectively, which were slightly higher than those of
P(3HB) on fructose and soybean oil (Table 6). It should be
noted that the polydispersity index (PDI) of P(3HB) on glycerol
synthesized by H16_glpFK was decreased to 2.4 from 3.2 of
that synthesized by H16. Similarly, no significant decrease of

molecular weights by glycerol was observed for the engineered
strains expressing phaCnspg derived from A. caviae. PDI of
P(3HB) synthesized from glycerol by NSDG glpFK was also
lower than that by the parent strain NSDG, although the intro-
duction of glpFKp. in NSDG led to slight decrease of M, and
M,, of the glycerol-based P(3HB).

Discussion

R. eutropha H16 was able to produce P(3HB) from glycerol,
although it required very long cultivation time due to the poor
growth ability on glycerol. In the present study, we demon-
strated that the H16-based engineered strains possessing
gIpFKy,. or glpKy,. produced large amount of P(3HB) from
glycerol with much higher productivity than the wild strain
HI16. A previous report described that glycerol utilization
ability was conferred to R. eutropha strain ATCC 17697 by
introducing glpFKg. (Mukoyama 2007), but the participation
of the individual gene in the enhanced glycerol utilization has
not been considered. At least for R. eutropha H16, the sole
expression of glpKy,. established the pathway for more effi-
cient assimilation of glycerol, and the expression of glpF,
was not essential. Namely, insufficient kination activity to
glycerol was a major reason for the poor growth of
R. eutropha H16 on glycerol. The function of the two putative
GKsin H16 genome, H16_A2507 and H16_B1199, appeared
to be none or too weak to support the growth on glycerol. The
results also indicated that R. eutropha H16 had a potential
ability for uptake of extracellular glycerol by native trans-
porters such as PEP-PTS encoded by ptsMHI as reported
previously (Kaddor and Steinbuchel 2011), H16_A3690 orig-
inally annotated as GIpF sharing partial and weak identity to
GlpFg,, or other unidentified transporters. However, we ob-
served that production of P(3HB) by H16 glpFK from soy-
bean oil was increased up to 117 % when compared to
H16 glpK not harboring glpFg. (Table 3). This would raise
a possibility that the glycerol facilitator encoded by glpFi.
may contribute to uptake and utilization of low concentration
of glycerol generated through hydrolysis of soybean oil by
lipase (Lu et al. 2013). NSDG_glpFK also produced slightly
larger P(3HB-co-3HHX) than the parent strain NSDG from
soybean oil, whereas no such increase of P(3HB-co-3HHXx)
production by glpFKg. was observed for TTO13 glpFK
(Table 5). This was estimated to be due to the lack of phaA
encoding [3-ketothiolase in TT013, as previously reported that
phaA deletion in H16-derived strains resulted in reduction of
(R)-3HB-CoA formation from acetyl-CoA during the growth
on soybean oil (Mifune et al. 2010).

When glpFKg. or glpKp,. alone was introduced using
multi-copy vectors into R. eutropha H16, occurrence of un-
expected deletion probably in the glpK,. region was strongly
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Table 5 P(3HB) and P(3HB-co-3HHXx) production by R. eutropha NSDG (AphaCp,::;phaCnspg) and the derivatives harboring glpFKp,.

Strain Carbon source Dry cell PHA content PHA (g/l) PHA comp. (mol%)
(Cultivation time) mass (g/1) (Wt%)
3HB 3HHx
NSDG Fructose (72 h) 2.16+0.01 61.0+0.6 1.32+0.01 100 0
Glycerol (268 h) 1.95+0.12 622429 1.22+0.13 100 0
Soybean oil (72 h) 6.13+0.18 84.6+1.2 5.18+0.04 98.2 1.8
NSDG_glpFK Fructose (72 h) 2.17+0.06 67.8+0.8 1.47+0.04 100 0
Glycerol (72 h) 2.26+0.02 68.0+0.9 1.53+0.02 100 0
Soybean oil (72 h) 6.30+0.17 86.5+1.2 5.45+0.20 98.3 1.7
TTO13 Soybean oil (72 h) 4.73+0.08 82.8+0.8 3.92+0.09 89.9 10.1
TT013 glpFK Soybean oil (72 h) 4.52+0.24 80.3+0.4 3.62+0.18 90.1 9.9

Cells were cultivated in a nitrogen-limited MB medium containing 0.5 % (w/v) fructose, 0.5 % (w/v) glycerol, or 1 % (v/v) soybean oil for 72 h at 30 °C.

n=3~4

suggested. This phenomenon was not seen in R. eutropha
ATCC 17697 (Mukoyama 2007), implying a different met-
abolic background between H16 and another wild strain
ATCC 17697. The deletion was thought to be due to some
toxic effects of overexpression of glpKg. specifically in
H16. It has been reported that bacterial glycerol metabolisms
sometimes accompanied by-production of toxic compounds,
such as methylglyoxal formed in E. coli strains having
unregulated glycerol metabolism (Freedberg et al. 1971) or
an engineered pathway for 1,3-propanediol production (Zhu
et al. 2001), and glycerol 3-phosphate highly accumulated in
C. glutamicum overexpressing glpFKr. (Rittmann et al.
2008). However, unlike these cases, the probable gene de-
letion in the transformants of R. eutropha H16 occurred
during the growth on nutrient-rich plate medium without
supplement of glycerol. Nevertheless, we could not rule
out the possibility that formation of certain toxic com-
pound(s) from glycerol-related metabolites may be induced
in the cells of H16 by overexpression of glpKg,., and the
reason for this unanticipated deletion has remained to be
cleared.

The enhancement of glycerol utilization ability of
R. eutropha H16 was achieved by insertion of glpFKg,. or
gIpKp,. at upstream of h16_A2858 on chromosome 1. We
chose the targeted insertion site with the aim of constitutive
and strong expression of the heterologous gene(s) in
R. eutropha, based on the results of RNA-seq-based transcrip-
tional analysis (Shimizu et al. 2013). However, contrary to the
expectation, the expression level of the inserted glpKg,. was
not high as shown by the enzyme assay (Table 4). This was
consequently favorable, because strong expression of the
inserted glpKp,. in excess was predicted to be toxic as well
as observed with the plasmid-borne copy of the gene; i.e., the
weak expression of glpKy. would be a key factor for the
successful enhancement of glycerol utilization ability of
R. eutropha H16. The results of enzyme assay also clarified
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that the slight increase of GK activity drastically improved the
growth on glycerol. Similar significant increase of growth rate
of H16-based strains was also observed by slightly higher
glucokinase activity when glucose was used as the sole carbon
source (Orita et al. 2011). It was further revealed that FAD-
G3PDH activity in R. eutropha H16_glpFK was also very
low, but appeared to be sufficient to support the fairly fast
growth on glycerol. At the present state, the growth rates of
R. eutropha H16_glpFK and H16_glpK on glycerol were still
lower when compared to that on fructose. Subtly higher but
not excess expression of glpK, overexpression of gipD, or the
combination of them may allow to obtain H16-derived strains
capable of growing on glycerol as fast as on fructose.
Another interesting subject was the effect of the metabolic
engineering enhancing glycerol assimilation on molecular
weight of PHAs synthesized from glycerol. It has been

Table 6 Molecular weight of PHAs produced by R. eutropha H16,
NSDG, and the recombinant strains harboring gipFK,

Strain Carbon 3HHx comp. Mn Mw (x10%) PDI
source (mol%) (x10%)

Hl16 Fructose 0 54+04 149+23 28
Glycerol 0 6.8+0.2 21.5+14 32
Soybean oil 0 43+04 162+12 3.7

H16 glpFK  Fructose 0 74+03 20.8£0.7 2.8
Glycerol 0 92+14 225428 24
Soybean oil 0 5.6+03 19.7+#1.1 3.5

NSDG Fructose 0 9.0£0.8 19.4+09 22
Glycerol 0 84+1.2 265+25 32
Soybean oil 1.8 7.1£1.5 172413 25

NSDG_glpFK  Fructose 0 8.0+£0.3 18.0+23 23
Glycerol 0 72+0.8 17.6£23 24
Soybean oil 1.7 5.9+0.3 14.6+04 2.5

Determined by GPC. n=3~4
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reported that, with respect to R. eutropha strains, M, of
P(3HB) produced from glycerol by JMP134, DSM 545, and
NCIMB 40529 were in the range of 5.5~10x 10°, which were
about half of 12~18x 10° of P(3HB) from fructose or glucose,
probably caused by the chain transfer action of glycerol during
the polymerization (Cavalheiro et al. 2009; Mothes et al.
2007; Taidi et al. 1994). As well, rather low M,, of 5.5x 10°
was reported for P(3HB) synthesized from glycerol by a
glycerol-adapted mutant of R. eutropha ATCC 17699
(Tanadchangsaeng and Yu 2012). In this study, significant
decrease of molecular weights by glycerol was not observed
for R. eutropha H16 (Table 6). It might be due to less frequent
transfer of growing PHA chains to intracellular glycerol
caused by possibly lower glycerol-uptake ability of H16 than
the other R. eutropha strains. However, when molecular
weights were compared between P(3HB) synthesized from
glycerol by H16 and that by H16_glpFK, M, was increased
and PDI was consequently decreased by the introduction of
gIpFKy,.. The predicted low concentration of intracellular
glycerol might be further decreased through the enhanced
glycerol assimilation in H16 glpFK, thus leading to infre-
quent chain transfer reaction with glycerol. While, PDI and
molecular weights of glycerol-based P(3HB) synthesized by
NSDG_glpFK was lower than those by the parent strain
NSDG, both expressing a mutant of PHA synthase derived
from A. caviae (Tsuge et al. 2007). The decrease of PDI
observed with NSDG_glpFK was also assumed to be due to
the enhanced glycerol assimilation ability, but the reason for
the decrease of molecular weights were not clear. This may be
due to specific property of PHA synthase derived from
A. caviae, as demonstrated by unique change of molecular
weights of P(3HB) polymerized by 4. caviae PHA synthase in
E. coliunder the presence of poly(ethylene glycol) (Tomizawa
et al. 2010).

In conclusion, the engineered strains of R. eutropha har-
boring glpFKg. were applicable for biosynthesis of PHAs
with high molecular weight from glycerol, and the present
results would open the door for utilization of the R. eutropha
H16-based platform for production of other value-added ma-
terials from inexpensive and renewable glycerol.
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