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Advenella mimigardefordensis strain DPN7" was genetically modified to produce poly(3-mercaptopropionic acid) (PMP) ho-
mopolymer by exploiting the recently unraveled process of 3,3'-dithiodipropionic acid (DTDP) catabolism. Production was
achieved by systematically engineering the metabolism of this strain as follows: (i) deletion of its inherent 3MP dioxygenase-
encoding gene (mdo), (ii) introduction of the buk-ptb operon (genes encoding the butyrate kinase, Buk, and the phosphotrans-
butyrylase, Ptb, from Clostridium acetobutylicum), and (iii) overexpression of its own polyhydroxyalkanoate synthase
(phaCy,,,). These measures yielded the potent PMP production strain A. mimigardefordensis strain SHX22. The deletion of mdo
was required for adequate synthesis of PMP due to the resulting accumulation of 3MP during utilization of DTDP. Overexpres-
sion of the plasmid-borne buk-ptb operon caused a severe growth repression. This effect was overcome by inserting this operon
into the genome. Polyhydroxyalkanoate (PHA) synthases from different origins were compared. The native PHA synthase of A.
mimigardefordensis (phaC,,,) was obviously the best choice to establish homopolythioester production in this strain. In addi-
tion, the cultivation conditions, including an appropriate provision of the carbon source, were further optimized to enhance
PMP production. The engineered strain accumulated PMP up to approximately 25% (wt/wt) of the cell dry weight when culti-
vated in mineral salts medium containing glycerol as the carbon source in addition to DTDP as the sulfur-providing precursor.
According to our knowledge, this is the first report of PMP homopolymer production by a metabolically engineered bacterium

using DTDP, which is nontoxic, as the precursor substrate.

Polythioesters (PTE) are sulfur-containing polymers, which in
comparison to the corresponding polyoxoesters (see Fig. S1 in
the supplemental material) exhibit interesting features such as
higher melting points, lower solubility, and increased heat stabil-
ity (20, 21, 32). One further remarkable difference between poly-
hydroxyalkanoates (PHA) and PTE regards their biodegradability
(47). Whereas PHA are degraded into simple organic compounds
by many microorganisms, including bacteria and fungi, which are
present in all natural environments (27), no organisms or habitats
in which degradation of PTE takes place are known (22). PTE are
therefore considered nonbiodegradable. The biological persis-
tence of poly(3-mercaptopropionic acid) (PMP) may be a valu-
able property for certain applications. Considering the actual and
prospective development of public opinion and environmental
consciousness, industry may search for persistent materials which
are biotechnically produced from renewable resources (47).

Chemical synthesis of PTE was first described in 1951 (35, 42).
However, due to its difficult preparation, the requirement of toxic
reagents, low yields, and high costs, it was never produced on a
large scale and commercialized. The first report of PTE produc-
tion by a biotechnical process attracted much attention (30). Up
to now, two strains have been used successfully for PTE produc-
tion on the laboratory scale.

The first strain which synthesized PTE at all was Ralstonia eu-
tropha H16; it carried out PTE synthesis by utilizing its inherent
metabolism (30). Different organic sulfur compounds (OSC)
such as 3-mercaptopropionic acid (3MP), 3,3'-thiodipropionic
acid (TDP), 3,3’-dithiodipropionic acid (DTDP), 3-mercaptobu-
tyric acid (3MB), and 3-mercaptovaleric acid (3MV) were used as
precursors in R. eutropha H16 for PTE production. Depending
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on the organic sulfur compound used, poly(3HB-co-3MP),
poly(3HB-co-3MB), or poly(3HB-co-3MV) was produced. Since
the natural poly(3-hydroxybutyrate) (PHB) biosynthesis pathway
could not be suppressed (28), production of PTE homopolymer is
unlikely to be achieved in R. eutropha H16.

PTE homopolythioesters were first produced by an engineered
recombinant Escherichia coli strain which harbors genes encoding
enzymes for the nonnatural BPEC pathway (31). The BPEC path-
way contains the genes encoding butyrate kinase (Buk) and phos-
photransbutyrylase (Ptb) from Clostridium acetobutylicum in ad-
dition to the PHA synthase (PhaEC) from Thiocapsa pfennigii
(29). Several different PTE homopolymers, such as PMP,
poly(3MB), and poly(3MV), were accumulated in the cells of this
recombinant strain when the respective precursor substrates were
applied. The bioprocess was also optimized at the pilot scale by
changing the medium composition (50). Cells with a PMP con-
tent of more than 40% (wt/wt [CDW]) were obtained in this op-
timized process.

Because it is still not possible to produce PTE de novo from
sulfate and simple carbon sources, which are structurally not re-
lated to the constituent mercaptoalkanoic acids, the choice of an

Received 4 January 2012 Accepted 10 February 2012

Published ahead of print 17 February 2012

Address correspondence to Alexander Steinbuchel, steinbu@uni-muenster.de.
Supplemental material for this article may be found at http://aem.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.00007-12

0099-2240/12/$12.00 Applied and Environmental Microbiology p. 3286-3297


http://dx.doi.org/10.1128/AEM.00007-12
http://aem.asm.org

appropriate precursor remained a key factor in the process of PTE
production. So far, only 3MP, 3MB, and 3MV could be used for
the more valuable PTE homopolymer production in recombinant
E. coli strains containing the BPEC pathway. However, all three
precursors possessing sulfhydryl groups are unstable, expensive
reactive, malodorous, or commercially unavailable, and are toxic
to cells. Growth of R. eutropha is for example already severely
inhibited by only 1 g/liter of 3-mercaptopropionic acid in the
medium (33). In contrast, the disulfide DTDP is more stable,
cheaper, chemically inert, and less toxic. Unfortunately, E. coli
cannot utilize DTDP for growth or PTE biosynthesis. Otherwise,
E. coli and R. eutropha grow unsuppressed with other carbon
sources even in the presence of 10 g/liter of DTDP in the medium
(33). For these reasons, DTDP is considered to be an ideal alter-
native substrate for PMP homopolymer production. The estab-
lishment of PMP production based on these nontoxic and more
stable PTE precursors is promising for large-scale applications.

Consequently, Advenella mimigardefordensis DPN7", which
has the capacity to utilize DTDP as the sole carbon source, was
previously isolated from mature compost in a waste management
facility (15, 54). Meanwhile, this bacterium serves our laboratory
as amodel organism to study the metabolism of DTDP and related
organic sulfur compounds. Transposon mutagenesis was applied
to unravel its DTDP degradation pathway and the relevant genes
involved (53). DTDP is first cleaved into two molecules of 3MP by
a dihydrolipoamide dehydrogenase (LpdA) (55), and the 3MP is
further catalyzed to 3-sulfinopropionic acid (3SP) by a 3MP di-
oxygenase (Mdo) (4). 3SP is then covalently linked to coenzyme A
(CoA) to form 3SP-CoA by a succinyl-CoA synthetase (SucCD)
(45). This intermediate is then most probably converted to propi-
onyl-CoA by an acyl-CoA dehydrogenase (CaiA) (M. Schiirmann,
A. Deters, J. H. Wiibbeler, and A. Steinbiichel, unpublished data),
and further metabolized via the methylcitric acid cycle (53) (Fig. 1A).
In this study, a new recombinant homo-PMP production pathway
was engineered, optimized, and applied in A. mimigardefordensis by
using recently acquired knowledge about DTDP catabolism.

MATERIALS AND METHODS

Bacterial strains, plasmids, and oligonucleotides used in this study.
Bacterial strains with their relevant characteristics and sources as well as a
complete description of the plasmids are listed in Table 1. Oligonucleotide
sequences and their applications are presented in Table S1 in the supple-
mental material.

Isolation and transfer of DNA. Genomic DNA from A. mimigard-
efordensis cells was isolated according to Marmur (34). Plasmid DNA from E.
coliand A. mimigardefordensis strains was isolated by using the GeneJET plas-
mid miniprep kit from Fermentas (St. Leon-Rot, Germany) according to the
manufacturer’s manual. DNA fragments were isolated from agarose gels by
using a peqGOLD gel extraction kit (PeQLab, Biotechnologie GmbH, Erlan-
gen, Germany). For transformation, E. coli competent cells were prepared by
using the calcium chloride procedure (41). Plasmid DNA was transferred
from E. coli to A. mimigardefordensis strains by conjugation (12). The transfer
of plasmids to different A. mimigardefordensis strains was accomplished by
electroporation (Easyject electroporators; Equibio). The preparation of elec-
trocompetent cells of A. mimigardefordensis and the parameters applied for
electroporation were similar to the method used for E. coli DH5« according
to the Bio-Rad manual.

Modification and amplification of DNA. DNA was digested with re-
striction endonucleases under conditions described by the manufacturer
or according to Sambrook and Russell (41). PCRs were carried out in an
Omnigene HBTR3CM DNA thermal cycler (Hybaid, Heidelberg Ger-
many) using Pfx DNA polymerase (Invitrogen, Karlsruhe, Germany), Taq
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DNA polymerase (Fermentas, St. Leon-Rot, Germany), or Phusion high-
fidelity DNA polymerase (New England Biolabs). T4 DNA ligase was pur-
chased from Invitrogen (Karlsruhe, Germany). Primers were synthesized
by MWG-Biotech (Ebersberg, Germany).

DNA sequencing and sequence data analysis. DNA sequences were
determined according to Sanger et al. (43). Sequencing was done using an ABI
Prism 3730 capillary sequencer at the Universitits-Klinikum Miinster
(UKM) with a BigDye Terminator v3.1 cycle sequencing kit according to the
manufacturer’s manual (Applied Biosystems, Darmstadt, Germany). The
program BlastX (National Center for Biotechnology Information; http:
/Iwww.ncbi.nml.nih.gov) was used for determination of nucleotide identity
(1). The program BioEdit was used for multiple sequence alignments (16).

Gene cloning and plasmid construction. A DNA fragment contain-
ing the phaEC operon of Thiocapsa pfennigii was obtained from plasmid
pBPP1 by digestion with EcoRI. A DNA fragment containing the buk-ptb
operon was obtained from pBPP1 by digestion with BamHI. These frag-
ments were purified and ligated with the cloning vector pJet1.2 (Fermen-
tas, St. Leon-Rot, Germany). They were cut from respective plasmids and
ligated with pBBRIMCS5, which was digested by the same enzyme. Plas-
mids pBBRIMCS5::phaEC_colinear, pBBRIMCS5::phaEC_antilinear,
pBBRIMCSS::buk_ptb, and pBBRIMCS5:BPEC were obtained (23).
From the genome of A. mimigardefordensis strain DPN7" the phaC,,,
promoter sequence (553 bp upstream of the ORF sequence) was amplified
by using the Phusion polymerase. The PCR product was subsequently
purified and cloned into the vector pJetl.2. After sequence analysis, the
fragment was cut by HindIII, and the purified fragment was cloned into
linearized pBBRIMCS5 DNA yielding the hybrid plasmids pBBRIMCS5::
phaC,,, colinear and pBBRIMCS5::phaC,,, antilinear. In addition, a
DNA fragment harboring phaCly, with its promoter sequence was am-
plified from the genome of R. eutropha strain H16 by using Phusion poly-
merase and subsequently ligated to the same vector, vyielding
pBBRIMCS5::phaCly,_colinear and pBBRIMCS5::phaCl,_antilinear,
respectively.

Construction of different gene deletion suicide plasmids. The
798-bp and 832-bp DNA fragments upstream and downstream of mdo in
the genome of A. mimigardefordensis strain DPN7" were amplified em-
ploying the oligonucleotides mdo_UFR_Fr and mdo_UFR_Rev or
mdo_DFR_Fr and mdo_DFR_Rev, respectively (see Table S1 in the sup-
plemental material). The resulting fragments were EcoRI digested and
cloned to yield a 1,630-bp fragment. The latter was amplified, and the
resulting PCR product was cloned into the Xbal site of pJQ200mp18Tc¢ to
yield pJQ200mp18Tc::Amdo (37).

In a similar way, the suicide vectors pJQ200mpl8::ArecA and
pJQ200mp18::AphaC were generated (38). The fragment harboring the
buk-ptb operon was obtained from pBPP1. This fragment and the suicide
vector pJQ200mp18::ArecA were further digested by EcoRI, and both
fragments were ligated, yielding pJQ200mp18::ArecAQbuk-ptb with the
buk-ptb operon colinear to the recA gene.

Construction of deletion mutants using the sacB system. Precise-
deletion gene replacement plasmids were used to generate the corre-
sponding deletion mutants M1, M2, M3, M4, M5, M6 and M7 of A.
mimigardefordensis (Table 1). Standard protocols using the plasmids
pJQ200mp18Tc and pJQ200mp18 were adapted to generate these dele-
tion mutants (37, 38). The donor strain E. coli S17-1 was transformed with
the plasmids to subsequently mobilize these plasmids into A. mimigard-
efordensis (46). Identification of mutants was carried out on LB agar plates
supplemented with 150 g/liter sucrose and on mineral salts medium agar
plates containing 25 pg/ml tetracycline or 20 ug/ml gentamicin. The cor-
rect gene replacement strains were confirmed by PCR analysis and DNA
sequencing by employing primers which bind beyond the primers used
for construction of the deletion gene replacement plasmids (see Table S1
in the supplemental material).

Reverse transcription-PCR (RT-PCR) analysis of total RNA isolated
from A. mimigardefordensis. DNA-free total RNA from cells of the early
exponential growth phase of A. mimigardefordensis strain SHX5 and strain
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SHX8 was prepared with an RNeasy RNA purification kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol. For identi-
fication of transcription of relevant genes participating in BPEC pathway
in the cells, RT-PCR was applied by using the indicated oligonucleotides
(Table 1). RT-PCR was carried out using a Qiagen OneStep RT-PCR kit
(Qiagen, Hilden, Germany) and 0.5 ng RNA as the template. To confirm
the absence of contamination with DNA, which could serve as the tem-
plate for PCR, template RNA was added in a control experiment after
inactivation of reverse transcriptase for 15 min at 95°C in the presence of
Taq polymerase. The absence of PCR products indicated that the RT-PCR
products did not derive from DNA.

Growth conditions and PMP formation. E. coli strains were culti-
vated in Luria-Bertani (LB) medium at 37°C with the addition of appli-
cable antibiotics, if necessary. E. coli XL10 Gold and the broad-host-range
vector pPBBRIMCS5 were used for DNA cloning. E. coli S17-1 was used as
the donor for mobilization. Cells of A. mimigardefordensis were cultured
aerobically in mineral salt (MS) medium or LB medium at 30°C with
appropriate antibiotics for normal growth. Carbon sources were supplied
from filter-sterilized stock solutions as indicated below. Strains of A. mi-
migardefordensis were used as receptors for mobilization. Antibiotics were
added to the medium in the following concentrations: ampicillin (Ap),
100 pg/ml; kanamycin (Km), 50 pug/ml; gentamicin (Gm), 20 wg/ml; and
tetracycline (Tc), 12.5 pug/ml.

Two different batch cultivation processes for PMP production were
used in this study. In the one-stage cultivation process, 1% (vol/vol) in-
oculum from LB medium was transferred to MS medium containing 5
g/liter carbon source and 0.5 g/liter DTDP if not indicated otherwise. In
the two-stage cultivation process, 1% (vol/vol) inoculum from a precul-
ture in LB medium was first transferred into MS medium with a defined
carbon source at the first stage. All cells were then collected, washed, and
transferred into fresh MS medium containing the same carbon source
plus DTDP as a precursor for cultivation in the second stage. If not indi-
cated otherwise, the culture scale was 50 ml medium in a 300-ml Erlen-
meyer flask without baffles. Additionally, a modified MS medium was also
used in some of the experiments containing 2 g/liter NH,Cl and 0.4 g/liter
yeast extract. The incubation time for the first cultivation stage was varied
in different trials, as indicated below.

Analysis of PTE or PHA by GC and GC/MS. Cells of A. mimigard-
efordensis were harvested by centrifugation (15 min, 6,000 X g, 4°C),
washed three times in saline, and then lyophilized for 24 h. The PTE or PHA
contents of the cells were determined upon methylation of 5 to 10 mg lyoph-
ilized cells in the presence of 85% (vol/vol) methanol and 15% (vol/vol) sul-
furic acid for 4 h at 100°C. The resulting methyl esters of 3HB, 3HV, or 3MP
were analyzed by gas chromatography (GC) as described previously (3, 51).
The chemical structures of the substances in the various peaks were further
confirmed by GC-mass spectrometry (GC/MS) analysis.

Supernatant analysis by HPLC. DTDP, 3MP, and other carbon
sources in the medium supernatant were analyzed by high-performance
liquid chromatography (HPLC) employing a LaChrom Elite HPLC appa-
ratus (VWR-Hitachi International GmbH, Darmstadt, Germany). Every
sample was filtered through a 0.2-um filter membrane (Whatman GmbH,
Dassel, Germany) before being applied to the HPLC device. The Metacarb
67H advanced C column (Varian, Palo Alto, CA; Bio-228 Rad Aminex
equivalent) (300 mm by 6.5 mm) consists of a sulfonated polystyrene
resin in the protonated form. The 2350 VWR-Hitachi column oven tem-
perature was kept at 30°C. Detection of the samples was done by an L-2490
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VWR-Hitachi refractive index detector. Aliquots of 50 ul were injected
and eluted with 5 mM sulfuric acid in MilliQ pure water at a flow rate of
0.8 ml/min. For integration and analysis of the data the EZ Chrome Elite
Software (VWR, International GmbH, Darmstadt, Germany) (45) was
used.

RESULTS

PMP production in A. mimigardefordensis SHX1. Because plas-
mid pBBRIMCSS5 could be successfully transferred into A. mim-
igardefordensis strain DPN7, plasmid pBBRIMCS5::BPEC (Ta-
ble 1) was constructed. It comprised the genes for the nonnatural
and synthetic BPEC pathway that was successfully used in the past
for synthesis of PHA and PTE in E. coli (28, 30). Cells of E. coli
XL10 Gold/pBBRIMCS5::BPEC accumulated PMP up to 22.3%
of the CDW under similar cultivation conditions, as previously
described for E. coli JM109/pBPP1 (31). This result proved the
correct construction of this plasmid and showed that the enzymes
encoded on this plasmid constitute a functional pathway. Plasmid
pBBRIMCS5:BPEC was then mobilized into A. mimigard-
efordensis strain DPN77, yielding strain SHX1. At the same time,
vector pPBBRIMCS5 was also transferred into the same strain,
yielding strain SHX2 as the control (Table 1). Only few and small
colonies of the recombinant strain SHX1 appeared on Gm" agar
plates. Attempts to produce PMP with SHX1 in a one-stage
cultivation process failed, since its growth was severely re-
pressed (Fig. 2).

Therefore, a modified two-stage cultivation process was em-
ployed using MS medium with normal (1 g/liter NH,CI) or limited
(0.5 g/liter NH,Cl) nitrogen in the second stage. The results showed
that under normal nitrogen conditions, strain SHX1 could produce
only about 2% (wt/wt) PMP (see Table S2 in the supplemental ma-
terial) at most. Growth of strain SHX1 in MS medium was also slow
in comparison to the control strain SHX2. Both SHX1 and SHX2
produced poly(3HB-co-3HV) under the conditions with a limited
nitrogen supply. The growth curves were normal, and plasmid
PBBRIMCSS5 was stable at all times in cells of strain SHX2, whereas
pBBRIMCS5::BPEC showed a structural instability in strain SHX1
(see Fig. S2 in the supplemental material).

Growth inhibition of strain SHX3 and SHX4. To identify the
factor which causes the growth repression of A. mimigardefordensis
cells, the phaEC operon and the buk-ptb operon were sepa-
rately cloned into vector pBBRIMCSS5, yielding the plasmids
pBBRIMCS5::phaEC and pBBRIMCS5::buk-ptb, respectively. Each
plasmid was then mobilized into A. mimigardefordensis DPN7",
yielding strains SHX3 and SHX4, respectively (Table 1). Analyses of
cell growth revealed that A. mimigardefordensis SHX4 showed re-
pressed growth similar to that of A. mimigardefordensis SHXI,
whereas A. mimigardefordensis SHX3 showed growth similar to that
of A. mimigardefordensis SHX2 (Fig. 2). It was therefore concluded
that the growth inhibition was apparently caused by the proteins en-
coded by the buk-ptb operon or by these genes themselves.

pBBRIMCS5:: phaC,,,. All reactions catalyzed by enzymes are numbered. Bold A, B, and C indicate three important manipulations for improved PMP
production. The detailed genetic operations of these three steps are given at the bottom. The buk-ptb operon originates from C. acetobutylicum and is regulated
under its native promoter. Other genes in this figure originate from A. mimigardefordensis DPN7 and are regulated under their own promoters. 3MP, 3-mer-
captopropionic acid; DTDP, 3,3'-dithiodipropionic acid; 3SP, 3-sulfinopropionic acid; IpdA, disulfide reductase; mdo, thiol dioxygenase; sucCD, succinyl-CoA
synthetase; caiA, acyl-CoA dehydrogenase; buk, butyrate kinase; ptb, phosphotransbutyrylase; phaCy,,,, poly(hydroxyalkanoic acid) synthase; caiB, acyl-CoA
transferase; ahpD, alkylhydroperoxidase; rdgC, recombination-associated protein; recA, recombination protein; recX, recombination regulator protein; cfa,
cyclopropane-fatty-acyl-phospholipid synthase; phaB, acetoacetyl-CoA reductase; phaR, polyhydroxyalkanoate synthesis repressor protein; PphaC,,,, native

promoter of phaC,,,,.
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TABLE 1 Strains and plasmids

Reference
Strains and plasmids Relevant characteristics or source
Strains
E. coli
S17-1 thi-1 proA hsdR17(ry~ my ") recAl; tra genes of plasmid RP4 integrated into the genome 46
XL10 Gold endAl glnV44 recAl thi-1 gyrA96 relAl lac Hte A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 tetR F' [proAB Stratagene
lacl’”ZAM15 Tn10(Tet" Amy Cm")]
A. mimigardefordensis
DPN7 Wild-type strain 54
M1 DPN7 mutant (Amdo) This study
M2 DPN7 mutant (ArecA) This study
M3 DPN7 mutant (Amdo ArecA) This study
M4 DPN7 mutant (Amdo recA::buk-ptb) This study
M5 DPN7 mutant (recA::buk-ptb) This study
M6 DPN7 mutant (Amdo recA::buk-ptb AphaC,,,) This study
M7 DPN7 mutant (Amdo ArecA AphaC,,,) This study
SHX1 DPN7 harboring pPBBRIMCS5::BPEC This study
SHX2 DPN7 harboring pBBRIMCS5 This study
SHX3 DPN7 harboring pBBRIMCS5::phaEC This study
SHX4 DPN7 harboring pBBRIMCS5::buk-pth This study
SHX5 DPN7 mutant (Amdo recA::buk-ptb) harboring pPBBRIMCS5::phaEC This study
SHX6 DPN7 mutant (Amdo recA::buk-ptb) harboring pPBBRIMCS5 This study
SHX7 DPN7 mutant (Amdo) harboring pBBRIMCS5::BPEC This study
SHX8 DPN7 mutant (Amdo) harboring pPBBRIMCS5 This study
SHX9 DPN7 mutant (recA::buk-ptb) harboring pBBRIMCS5::phaEC This study
SHX10 DPN7 mutant (recA::buk-ptb) harboring pBBRIMCS5 This study
SHX11 DPN7 mutant (ArecA) harboring pPBBRIMCS5::BPEC This study
SHX12 DPN7 mutant (ArecA) harboring pPBBRIMCS5 This study
SHX13 DPN7 mutant (Amdo ArecA) harboring pPBBRIMCS5 This study
SHX14 DPN7 mutant (Amdo ArecA AphaC,,,) harboring pBBRIMCS5 This study
SHX15 DPN7 mutant (Amdo recA::buk-ptb AphaC,,,) harboring pBBRIMCS5 This study
SHX16 DPN7 mutant (Amdo recA:buk-ptb AphaC,,,) harboring pBBRIMCS5::phaEC_colinear This study
SHX17 DPN7 mutant (Amdo recA:buk-ptb AphaC,,,) harboring pBBRIMCS5::phaEC_antilinear This study
SHX18 DPN7 mutant (Amdo recA::buk-ptb AphaC,,,) harboring pBBRIMCS5::phaC,,,_colinear This study
SHX19 DPN7 mutant (Amdo recA::buk-ptb AphaC,,,, harboring pPBBRIMCS5::phaC,,,,,_antilinear This study
SHX20 DPN7 mutant (Amdo recA::buk-ptb AphaC,,,) harboring pBBRIMCS5::phaCl ,_colinear This study
SHX21 DPN7 mutant (Amdo recA::buk-ptb AphaC,,,) harboring pBBRIMCS5::phaCl ,_antilinear This study
SHX22 DPN7 mutant (Amdo recA:buk-ptb) harboring pPBBRIMCS5::phaC,,,,_colinear This study
Plasmids
pBBRIMCS5 Broad-host-range vector, 4.9 kb, Gm" with lac promoter in front of MCS for white/blue selection 23
pBPP1 Harbors the whole BPEC pathway genes 29
pBBRIMCS-5::phaEC_colinear ~ Harbors the operon of phaEC from Thiocapsa pfennigii colinear to lac promoter (P, ) at the locus of EcoRI  This study
site
pBBRIMCS-5::buk-ptb Harbors buk-ptb from Clostridium acetobutylicum colinear to P, at the locus of BamHI site This study
pBBRIMCS-5::BPEC Harbors the phaEC operon at the locus of EcoRI site and the operon of buk-ptb at the locus of BamHI site  This study
together colinear to P,
pBBRIMCS-5::phaEC_antilinear Harbors the operon of phaEC from Thiocapsa pfennigii antilinear to P, at the locus of EcoRI site This study

pBBRIMCS5::phaC,,,_colinear ~ Harbors the operon of phaC,,, from A. mimigardfordensis DPN7 colinear to P, at the locus of HindIII site This study
pBBRIMCS5::phaC,,,_antilinear Harbors the operon of phaC,,, from A. mimigardfordensis DPN7 antilinear to P, at the locus of HindIII ~ This study

site
pBBRIMCS5::phaCl g, _colinear  Harbors the operon of phaCl (phaCly,) gene from Ralstonia eutropha H16 colinear to P, at the locus of ~ This study
BamHI site
pBBRIMCS5::phaCl, antilinear Harbors the operon of phaCl (phaCly,) gene from Ralstonia eutropha H16 antilinear to P, at the locus of  This study
BamHI site
pJQ200mp18 Gm', suicide vector for gene deletion 38
pJQ200mp18Tc Tc', suicide vector for gene deletion 37
pJQ200mp18Tc::Amdo Tc', suicide vector for mdo gene deletion This study
pJQ200mp18::ArecA Gm', suicide vector for recA gene deletion This study
pJQ200mp18::ArecA:Qbuk-ptb  Gm', suicide vector for buk-ptb operon sequence substitute for recA gene This study
pJQ200mp18::AphaC,,, Gm', suicide vector for phaC gene deletion This study
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FIG 2 Growth of different strains in MS medium containing sodium gluconate or DTDP. All four strains were incubated in different media. (A) MS medium
with 5 g/liter sodium gluconate. (B) MS medium with 5 g/liter DTDP. The ODj, was set to 0.02 after inoculation and before growth started. ODy, profiles of

different samples were measured in daily intervals.

Systematic optimization to avoid growth inhibition and to
enhance the PMP content of the cells. To obtain further informa-
tion on the problems caused by Buk/Ptb or buk-ptb for A. mim-
igardefordensis, different carbon sources were used, and the buk-
ptb operon was inserted into the genome. When 5 g/liter sodium
succinate instead of 5 g/liter sodium gluconate in MS medium was
used as the carbon source, growth of the cells was still negatively
affected. Evidently, the problem was caused by the buk-ptb operon
itself, and it was not possible to prevent this growth repression by
modifying the cultivation conditions. As reported before, recA™
could cause plasmid multimerization and plasmid rearrange-
ment, which are two important factors leading to plasmid segre-
gational instability, owing to RecA’s central role in homologous
recombination (24, 44, 56). Both plasmid multimerization and
plasmid DNA rearrangement were also observed in recA™ strains
of A. mimigardefordensis (see Fig. S2 in the supplemental mate-
rial). Accordingly, the buk-ptb operon was inserted into the recA
locus in the genome of A. mimigardefordensis. The deletion of
mdo, which encodes the 3MP dioxygenase catalyzing the conver-
sion of 3MP into 3SP, was also considered for the improvement of
PMP production. At first, the mdo was deleted in strain A. mim-
igardefordensis DPN7" to generate strain M1. Subsequently, the
buk-ptb operon was inserted into the locus of recA in strain M1 or
in the wild-type strain to generate strains M4 and M5, respectively.
M2 and M3 were simultaneously constructed by deletion of recA
in the wild-type strain and in M1 as control genotypes. Finally,
plasmid pBBRIMCS5::phaEC was transferred into strain M4 and
M5 to generate SHX5 and SHXY, respectively. The vector
PBBRIMCSS5 was transferred into strains M1, M2, M3, M4, and
M5 to yield SHX8, SHX12, SHX6, SHX13, and SHX10, respec-
tively. Plasmid pBBRIMCS5::BPEC was transferred into strains
M1 and M2 to yield strains SHX7 and SHX11, respectively (Table 1).

To verify if the two operons were transcribed properly, four
pairs of primers were designed for reverse transcription-PCR as-
says. The assays for the transcripts of buk, ptb, phaC, and phaE
were all positive when RNA samples from strain SHX5 were used
(see Fig. S3 in the supplemental material). As a control, the assays
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with RNA samples from strain SHX8 were all negative as predicted
(data not shown).

The growth behavior of strains SHX5, SHX6, SHX7, and SHX8
was compared. Strains SHX5 and SHX6, which both harbored the
buk-ptb operon in the genome, exhibited growth similar to that of
the control strain SHX8. In contrast, growth of strain SHX7 was
still severely repressed. Therefore, growth repression caused by the
buk-ptb operon or the corresponding proteins was relieved by
insertion into the chromosome. Strains SHX5, SHX6, SHX9,
SHX10, SHX11, and SHX12 were investigated with regard to PMP
production in MS medium containing various concentrations of
sodium succinate (2, 5, and 8 g/liter) as the carbon source (Fig. 3).

[ sHX5
6 SHX6
SHX9
BB SHX10
E= SHX1M
0 SHX12

PMP content (wt/wt of CDW, %)

A - L. - L

N

/NI HHTHIIN
A AAMIMIMIIHIIIHITTTIIMIGy

2222222
2222222

N %
2 5 8
Sodium succinate concentrations (g/L)

/A

FIG 3 PMP production of indicated strains in MS medium using sodium
succinate as the carbon source. All indicated strains were first incubated in MS
medium containing 5 g/liter sodium succinate as the carbon source. In the late
exponential phase, all of them were transferred into fresh medium containing
5 g/liter DTDP. After 4 days of incubation, PMP contents from different sam-
ples were analyzed.
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FIG 4 PMP production in A. mimigardefordensis SHX5 and SHX9 by using
different carbon sources. The cells were first incubated in MS medium con-
taining different carbon sources at a concentration of 5 g/liter except sodium
propionate, which was supplied at a concentration of only 2 g/liter, in the first
cultivation stage. When sodium gluconate, sodium propionate, or sodium
succinate was used as the carbon source, the weight of sodium was eliminated.
In the late exponential phase, all cells were transferred into the same MS me-
dium containing 5 g/liter of the carbon sources (or 2 g/liter sodium propi-
onate) plus 5 g/liter DTDP as precursor substrate. After 4 days of incubation,
the PMP content of each sample was analyzed. The error bars represent the
standard deviations from three independent experiments.

Interestingly, cells of strains SHX5 and SHX6, which harbor the
buk-ptb operon inserted into recA, accumulated more polymer
than all other strains. This demonstrated that the chromosomal
integration of the buk-ptb operon enhanced accumulation of PMP
in the cells. Unexpectedly, little PMP was also accumulated in
strain SHX12 (Fig. 3). This showed that A. mimigardefordensis
obviously harbors a native PMP biosynthesis pathway which is
independent of the heterologously expressed genes. Based on
these conclusions, two strategies for further PMP optimization
were chosen: one was the optimization of the cultivation condi-
tions, and the second was further metabolic engineering.
Cultivation optimization for PMP production. To identify
the most suitable carbon source for PMP production by A. mim-
igardefordensis, the recombinant strains SHX5 and SHX9 were
cultivated in MS medium containing glucose, glycerol, sodium
gluconate, sodium propionate, or sodium succinate alone or sup-
plemented with DTDP or in medium containing DTDP alone
(control) (Fig. 4). Cells of strain SHX5 with glycerol as the carbon
source contained about 10% (wt/wt [CDW]) PMP, which was the
highest content compared to other applied carbon sources. Up to
10% (wt/wt [CDW]) PMP was also obtained in experiments in
which 0.2% sodium propionate was used as the carbon source
with strain SHX9. However, accumulation of PMP with sodium
propionate varied considerably, and in some experiments, much
lower PMP contents (3%, wt/wt [CDW]) were also recorded. The
other problem was that the cells were unable to tolerate concen-
trations of sodium propionate higher than 2 g/liter for growth. In
conclusion, the results of these studies indicated that glycerol was
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FIG 5 Relationship between cell amount and PMP production. (A) Growth
curves of different strains. Symbols: @, growth curve of strain SHXS5 in the first
cultivation stage; O, growth curve of strain SHX13 in first cultivation stage; H,
ODyy, of strain SHX5; [, ODgy,, of strain SHX13. Arrowheads indicate the
time points when the cells were transferred from the first to the second stage.
(B) PMP content relative to cell growth in the first stage. Black bars, strain
SHX5; white bars, strain SHX13. The error bars represent the standard devia-
tions from three independent experiments.

the best carbon source, and it was therefore employed in all fur-
ther experiments.

Afterwards, the relation between cell mass formation in the
first growth stage and PMP production in the second growth stage
were studied, using glycerol as the carbon source (Fig. 5). Cells of
strains SHX5 and SHX13 were first incubated in modified MS
medium containing 2 g/liter NH,CI, 10 g/liter glycerol, and 0.4
g/liter yeast extract in 2-liter flasks for the first growth stage, and
the optical density was measured at defined intervals during the
time course of the experiment (Fig. 5A). The cells were taken from
different growth phases, when the optical density reached 200,
450, 570, and 650 Klett units (Fig. 5A), and were then transferred
into the same volume of fresh medium containing in addition 6
g/liter DTDP as a precursor for PMP biosynthesis. After 4 days of
incubation, the cells were analyzed for the PMP contents by GC
(Fig. 5B). It was found that the PMP contents were higher if the
cultures were inoculated with high-density cells (Fig. 5B), thereby
revealing a positive correlation between cell mass and PMP accu-
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mulation. The optimal time point for cell transfer from the first
stage to the second stage was also defined and applied in further
experiments.

PMP formation was also studied according to time scale (Fig.
6). Both strains were cultivated in modified MS medium contain-
ing 2 g/liter NH,Cl and 7 g/liter glycerol until the cells entered the
late exponential growth phase at an optical density of about 500
Klett units. The cells were then collected and transferred into the
same fresh medium supplied with 9 g/liter DTDP as a precursor.
Cell mass, optical density at 600 nm (ODy,), PMP content, and
concentrations of glycerol, DTDP, and 3MP in the supernatant
were analyzed at defined intervals. As expected, the rate of PMP
production was higher in cells of strain SHX5 than in cells of strain
SHX13. 3MP continuously accumulated extracellularly in the su-
pernatants of both cultures. DTDP and glycerol were continu-
ously consumed. PMP accumulated for only approximately 30 h
during the experiment. From this, it was concluded that 3MP was
formed in excess, and since the concentration continued to in-
crease at a low rate, it could not be a limiting factor for PMP
formation. The cessation of PMP accumulation after 30 h cultiva-
tion was most probably caused by other, not-yet-identified fac-
tors.

Genetic optimization for enhanced PMP accumulation. To
determine which enzyme could be the limiting factor in A. mim-
igardefordensis, the native PHA synthase gene of the host, phaC,,,,
was deleted in strains M3 and M4, yielding strains SHX14 and
SHX16, respectively (Table 1). These new strains were then com-
pared with SHX5 and SHX13 with regard to their ability to form
PMP (Fig. 7). Strain SHXS5 accumulated approximately three
times more PMP than strain SHX13. In contrast, strains SHX14
and SHXI16 lost the ability to produce PMP homopolymer. The
performance of phaEC was inefficient in A. mimigardefordensis
strain SHX16, although the RT-PCR showed positive signals for
phaC and phaE (see Fig. S3 in the supplemental material). How-
ever, phaC,,, from A. mimigardefordensis itself was obviously an
alternative candidate to enhance PMP accumulation. In addition
to and in accordance with the results described above, A. mimigar-
defordensis strain DPN7" encodes its own as-yet-unknown en-
zymes, which are able to convert 3MP into 3MP-CoA at a compa-
rably low rate (Fig. 3).

Three different phaC genes with their own promoters (phaClp,
from R. eutropha H16, phaC,,, from A. mimigardefordensis, and
phaEC from Thiocapsa pfennigii) were compared for their ability
to confer and enhance PMP production in A. mimigardefordensis.
Suitable plasmids were constructed for this purpose (Table 1) and
were transferred to A. mimigardefordensis M6, yielding strains
SHX15, SHX16, SHX17, SHX18, SHX19, SHX20, and SHX21 (Ta-
ble 1). In view of a potential effect of the exogenetic promoter (lac
promoter) or the operon orientation in the vector pPBBRIMCSS5,
the operon was arranged in two directions, which were colinear or
antilinear to the lac promoter (18, 29). In addition, strain SHX15,
which harbors the vector pPBBRIMCS5, was used as a negative
control. All these strains were investigated for their ability for
PMP production in comparison to positive-control strain SHX6
(Table 2).

The highest PMP accumulation occurred in strains SHX18 and
SHX19, with up to about 14% (wt/wt [CDW]) PMP. Both recom-
binant strains possessed phaC,,, (Table 2). PMP production in
strain SHX18 and SHX19 was almost doubled in comparison to
that in strain SHX6. These results showed that the native PHA
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FIG 6 PMP content, OD, cell dry weight, and supernatant analysis during the time
course of the cultivation experiment. A. mimigardefordensis strains SHX5 and SHX13
were first incubated in modified MS medium containing 2 g/liter NH,Cl and 7 g/liter
glycerol at the first cultivation stage. After their OD had reached 500 Klett units, all cells
were transferred into the same MS medium containing 7 g/liter glycerol plus 9 g/liter
DTDP asa precursor. (A) Increase of OD (Klett unit) and cell dry weight in the second
cultivation stage. Symbols: @ and O, turbidity increase of SHX5 and SHX13; Aand A,
cell dry weight increase of SHX5 and SHX13. (B) PMP content over time in the second-
stage cultivation stage. Symbols: % and ¥, strains SHX5 and SHX13. (C) Concentra-
tions of DTDP, 3MP, and glycerol in different culture supernatants in the second-stage
cultivation stage. Symbols: ¥ and V, consumption of DTDP in cultures of SHX5 and
SHX13; M and [, degradation of glycerol in cultures of SHX5 and SHX13; 4 and <,
occurrence of 3MP in cultures of strains SHX5 and SHX13.

synthase PhaC,,, conferred the highest accumulation of PMP if it
was present in the vector instead of the chromosome (Table 2).
Furthermore, higher cell dry weight, higher cell density, and en-
hanced glycerol consumption were also achieved in comparison
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FIG 7 PMP production in engineered strains. Cells were first incubated in
modified MS medium containing 2 g/liter NH,Cl, 10 g/liter glycerol, and 0.4
g/liter yeast extract when their ODg,, had reached about 3 to 4 (late exponen-
tial phase). Then the cells were collected and transferred into fresh medium
supplied with 6 g/liter DTDP as precursor. After 4 days of incubation, all
samples were analyzed by GC to determine the PMP content. The error bars
represent the standard deviations from three independent experiments.

to the control strain SHX6. Data for strains SHX16 and SHX17 are
not shown, since the cells did not accumulate any PMP. Obvi-
ously, the defect of the phaEC operon is not altered by its orienta-
tion in the vector.

To further increase PMP accumulation, A. mimigardefordensis
SHX22 (Amdo recA::buk-ptb pBBRIMCS5::phaC,,,_colinear)
was constructed. This strain harbors phaC,,, on the vector
pBBRIMCSS in addition to its copy in the genome. Glycerol con-
centrations of 10, 20, 30, 40, and 60 g/liter were used in the second
stage to further optimize PMP accumulation (Fig. 8). The highest
PMP content, about 25% (wt/wt [CDW]), occurred at the lowest
glycerol concentration (10 g/liter). Interestingly, the PMP content
in cells of SHX22 was almost equal to the combined PMP contents
of the cells of strains SHX6 and SHX18 (see Fig. S4 in the supple-
mental material). This demonstrates that even higher PMP con-

TABLE 2 Relationships between PMP production and phaCs from
different sources”

CPW Concn (g/liter) in
without .
PMP content (%) PMPwt  Supernatantof

Strain  (wt/wt [CDW])  (g/liter) Glycerol 3MP DTDP
SHX6 7.02 £ 0.06 434 *+041 06*09 — 3.8+0.3
SHX15 0 3.10=0.17 6 £0.8 0.48 =£0.00 3.7 *=0.9
SHX18 13.38 = 0.14 421 £0.08 — — 3.6 £0.1
SHX19 12.76 = 1.26 435 *+032 — — 3.9 +0.8
SHX20 4.49 + 0.40 330 =035 49*05 04*001 44=*02
SHX21 4.31 = 0.23 353 *£0.15 49*=0.5 034 £0.06 4.7 *=0.3

30 -

°\°z

- 5_

=

&

(@)

5 20

=

=

S 151

s

C

@

c

S 10+

(]

=

o 5
0.

10 20 30 40 60
Glycerol concentrations (g/L)

FIG 8 PMP production in cells of A. mimigardefordensis strain SHX22 culti-
vated in the presence of different glycerol concentrations. The strains were first
incubated in modified MS medium with 2 g/liter NH,Cl, 10 g/liter glycerol,
and 0.4 g/liter yeast extract. After the cells had reached the early stationary
growth phase (ODy, of approximately 4.2 to 4.4), they were collected and
transferred to fresh medium supplied with different concentrations of glycerol
(10, 20, 30, 40, and 60 g/liter) and 6 g/liter DTDP as a precursor. After 4 days of
incubation, all samples were analyzed for PMP content by GC analysis.

tents can probably be obtained by inserting additional copies of
phaC into the genome or by enhancing the expression of the pres-
ent copies. Although PMP production decreased when the glyc-
erol concentration was enhanced to more than 10 g/liter, the vol-
umetric production levels among different samples were actually
similar owing to the increase of the cell mass in the samples with
more than 10 g/liter glycerol (Table 3; also, see Fig. S5 in the
supplemental material). Considering that 10 g/liter glycerol was
completely consumed, it is obvious that the reason for low cell
mass accumulation in 10 g/liter glycerol samples is due to the
shortage of glycerol (Table 3). To keep glycerol abundant for fur-
ther optimization, an application of more than 10 g/liter glycerol
is recommended.

DISCUSSION

The species A. mimigardefordensis as well as the entire genus Ad-
venella is not very well studied as yet. So far, only a few publica-

TABLE 3 Cell dry weight and supernatant analysis related to Fig. 8"
Glycerol CDW without

Concn (g/liter) in supernatant of:

concn PMP wt

(g/liter)  (g/liter) Glycerol 3MP DTDP NH,CI

10 3.18 £0.14 — — 5.6 +0.3 0.96 = 0.03
20 4.09 £ 041 23*+*20 0.16*x0.14 38=1.1 0.76 0.2
30 4.34 £0.16 10.3 £1.9 0.04 =0.07 4.4=*09 0.69=*0.15
40 4.16 = 0.25 183 £0.2 0.05=*0.08 4.7*0.3 0.68 = 0.15
50 4.19 £ 0.50 351 *19 — 5.0 0.7 0.61 =0.13

@ The strains were first incubated in modified MS medium containing 2 g/liter NH,Cl,
10 g/liter glycerol, and 0.4 g/liter yeast extract. A 1 mM final concentration of IPTG was
added when the ODygy, reached 0.6 (early exponential phase). After the cells arrived at
late exponential phase (ODy, of approximately 4.3), they were collected and
transferred into the same medium supplied with 7 g/liter DTDP as a precursor. After 4
days of incubation, all samples were analyzed for PMP content by GC analysis. CDW,
ODyg0, and supernatant of the final cultures were also measured. Values are means and
standard deviations from three independent experiments. —, below detection limit.
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@ Cells of A. mimigardefordensis strain SHX22 were first incubated in modified MS
medium with 2 g/liter NH,Cl, 10 g/liter glycerol, and 0.4 g/liter yeast extract. After the
optical density indicated that the early stationary phase (ODg, of approximately 4.3)
had been reached, cells were collected and transferred into the same medium supplied
with different concentrations of glycerol (10, 20, 30, 40, and 60 g/liter) and 6 g/liter
DTDP as a precursor. After 4 days of incubation, CDW, ODy, and supernatant of the
final cultures were also measured. The values are means and standard deviations from
three independent experiments. —, below detection limit.
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tions are available; however, scientific interest in these bacteria has
begun to increase (5, 8, 13, 14, 19, 45, 53-55). Recently, the com-
plete genome of Advenella kashmirensis WT001" was sequenced
(14). Until now, there were no reports on applications in biotech-
nology for members of this genus. This study unraveled a poten-
tial use of A. mimigardefordensis for the efficient production of
PMP homopolymer by applying one of its special metabolic fea-
tures: the utilization of the nontoxic PMP precursor substrate
DTDP (Fig. 1B).

During this study, a growth repression caused by the buk-ptb
operon became obvious, which has never been reported before.
Some studies applied these two enzymes heterologously in recom-
binant strains of E. coli without an observed growth repression
effect (10, 29, 49). One explanation may be the broad substrate
specificity of these enzymes (17, 52). This may allow the enzymes
to convert some important metabolic intermediates, which usu-
ally support regular growth, into not-required products, thereby
causing metabolic turbulences and finally growth inhibition. By
integrating the buk-ptb operon into the genome of A. mimigard-
efordensis, inhibition of growth was finally relieved. Actually, in-
tegration of genes into the genome is a common strategy to avoid
plasmid instability and/or to obtain a stable expression of proteins
encoded by foreign genes, especially when the expressed product
is toxic to cells (40). It causes the cells of A. mimigardefordensis to
accumulate more PMP, most probably due to the decrease of tran-
scripts of buk and ptb, which finally decrease the enzyme activities
to an endurable level.

The deletion of mdo was another important step to enhance
PMP accumulation (Fig. 3). The mdo deletion mutant could not
use DTDP as the carbon source for growth, which is in accordance
with previous results (4). Since the further catabolism of 3MP is
disrupted in the mdo deletion mutant, sufficient 3MP should now
be available in the cells for PMP synthesis (Fig. 1). 3MP could be
exported out of the cells but cannot be transported back into the
cells (53). 3MP, as a reactive thiol compound, can cause serious
problems for cell metabolism if it is accumulated in high concen-
trations in or outside the cells (11, 33, 36). Considering these
consequences, the in vivo effects of an mdo deletion mutant were
hard to predict. Finally, the analysis of the Amdo mutant and its
comparison with the wild type showed that the amount of surplus
3MP and its conversion are bottlenecks in the strains of A. mim-
igardefordensis possessing an intact mdo, which is basically due to
the fact that the high Mdo enzyme activity allows a strong meta-
bolic flux of 3MP toward 3SP (4).

The use of glycerol further increased the accumulation of PMP
in comparison to all other applied carbon sources (Fig. 4). The pH
stability in the cultivation medium with glycerol as the carbon
source was probably the main reason. When sodium gluconate,
sodium succinate, or sodium propionate was used as the carbon
source, the pH value of the respective medium increased to up to
9 within 2 days. This effect is caused by the decreasing amount of
the anionic carbon source consumed by the cells. Accordingly,
residues of sodium in the respective medium caused an increase of
the pH. Glucose acted in the opposite way. The pH value of the
medium containing glucose as the sole carbon source decreased to
3 to 4 in less than 8 h. Only during cultivation of the cells with
glycerol did the pH of the medium remain more or less stable at
around 7 even after 4 days of incubation. As reported before, ac-
etate is a main by-product when excess glucose or glycerol is used
as the carbon source in E. coli even under aerobic conditions (50).
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However, utilization of glycerol resulted in less acetate formation,
mostly because of the lower rate of transport into the cells, which
led to the decrease of carbon flux into glycolysis, as also observed
before in E. coli (25). Consequently, a similar process most prob-
ably occurred in A. mimigardefordensis. The maintenance of a sta-
ble pH in the medium is actually an important factor during the
cultivation of bacteria. The cells, which are used to produce PMP,
have to endure serious disulfide stress and oxidative stress from
DTDP and 3MP, respectively (Fig. 6) (26, 36). Therefore, it is
probably disadvantageous to expose the cells also to acid stress at
the same time. Since glycerol is at present abundantly available, it
is also practically viable (9, 50).

As reported earlier (2), phaC usually plays a dominant role in
controlling PHA production. Higher activities or higher expres-
sion levels of PhaC could lead to higher PHA and/or PMP accu-
mulation. Although the heterologous expression of PhaEC from
T. pfennigii has been successfully performed in R. eutropha, Pseu-
domonas putida, and E. coli (48), its expression in A. mimigard-
efordensis was completely insufficient (Table 2; Fig. 6). Most prob-
ably, the low expression level of PhaEC or the low activity of this
recombinant enzyme in A. mimigardefordensis was the reason,
since the two corresponding genes were insufficiently transcribed
(see Fig. S3 in the supplemental material). In contrast, the expres-
sion cassette of phaCly, from R. eutropha H16 and the native
phaC,,, of A. mimigardefordensis were both active. Moreover, the
copies of phaC in the cells strongly influenced PMP production
(Table 2; also, see Fig. S4); phaC,,, was more effective than
phaCly, for PMP production in A. mimigardefordensis. The
amino acid sequence of PhaC,,, is 58% identical to that of PhaC
from Bordetella petrii (highest identity) and 52% identical to that
of PhaCly,, and all these enzymes belong to the class I PHA syn-
thases. The low degree of homology indicates that the properties
of PhaC,,, could be quite different from those of PhaCly,.

In comparison to the establishment of PTE heteropolymer
synthesis from DTDP in R. eutropha, production of the PMP ho-
mopolymer was easier to achieve in A. mimigardefordensis (32,
33). The major and most relevant difference between these two
bacteria is the inherent PHB production ability. R. eutropha pos-
sesses a strong metabolic flux toward PHB that can hardly be com-
pletely suppressed (32) if an active PHA synthase is present. In
contrast, the recombinant A. mimigardefordensis strains did not
produce any PHA under normal nitrogen conditions when glyc-
erol was used as the carbon source (Fig. 8).

In summary, PMP production in A. mimigardefordensis is con-
trolled by two factors: (i) the supply of applicable monomers and
(ii) an effective PHA synthase, as described before (2, 39, 48).
Deletion of mdo and integration of buk-ptb into the chromosome
are considered two key steps to allow the cells to synthesize appro-
priate amounts of 3MP-CoA for the PHA synthase. In addition,
the increase in the number of copies of phaCresulted in a higher in
vivo PhaC activity in the cells. All these steps contributed to the
accumulation of PMP in A. mimigardefordensis whereby the PMP
content in the cells could be increased in a stepwise manner. The
fact that the exported 3MP cannot be reimported into the cells
(53) makes the PMP production in this strain different from that
in other bacteria. In contrast, 3MP was imported freely into E. coli
cells, since PMP can be produced in E. coli by supplying 3MP as a
precursor (31). Finally, to overcome the efflux of 3MP and to
further optimize the entire process, cells of A. mimigardefordensis
require a strong enzyme to convert 3MP into 3MP-CoA. Alterna-
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tively, an appropriate transport system could be employed to re-
import released 3MP.

For the first time, a novel PMP production pathway based on
the nontoxic precursor DTDP was established in a recombinant
strain of A. mimigardefordensis. The key points in the pathway for
the PMP production are discussed and illustrated (Fig. 1). Cellular
contents of almost 25% (wt/wt [CDW]) PMP were obtained with
this system.
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