SABP

BIOCHIMICA
ONICA

Vol. 59, No 3/2012
357-361

on-line at: www.actabp.pl

Regular paper

1,3-propanediol production by Escherichia coli expressing genes
of dha operon from Clostridium butyricum 2CR371.5

Stawomir Dabrowski

A&A Biotechnology, Gdynia, Poland

1,3-propanediol is used as a monomer in the produc-
tion of some polymers e.g. polytrimethylene terephtha-
late used in the production of carpets and textile fibers
and in the thermoplastics engineering. However, the
traditional chemical synthesis is expensive, generates
some toxic intermediates and requires a reduction step
under high hydrogen pressure. Biological production
of 1,3-propanediol could be an attractive alternative to
the traditional chemical methods. Moreover, crude glyc-
erol which is a by-product of biodiesel production, can
be used. We constructed a recombinant Escherichia coli
strain producing 1,3-propanediol from glycerol by intro-
ducing genes of the dha operon from Clostridium butyri-
cum 2CR371.5, a strain from our collection of environ-
mental samples and strains. The E. coli strain produced
3.7 g of 1,3-propanediol per one litre of culture with the
yield of 0.3 g per 1 g of glycerol consumed.

Key words: 1,3-propanediol, anaerobic fermentation, biodiesel,
Clostridium butyricum, dha operon, Escherichia coli, glycerol

Received: 12 February, 2012; revised: 16 July, 2012; accepted:
30 July, 2012; availabler on-line: 01 August, 2012

INTRODUCTION

1,3-propanediol (1,3-PDO) is used as a monomer
in the production of several types of polymers, one of
which is polytrimethylene terephthalate (PTT), produced
by polycondensation of 1,3-PDO with terephtalic acid or
its esters. PTT is a type of polyester used in the produc-
tion of carpets and textile fibers and in thermoplastics
engineering (Liu ez al., 2010).

1,3-PDO can be produced in many ways i.a. from eth-
ylene oxide over a catalyst in the presence of phosphine,
water, carbon monoxide, hydrogen and an acid. Howev-
er, the traditional chemical synthesis is expensive, gener-
ates some toxic intermediates and requires a reduction
step under high hydrogen pressure (Raynaud ez al., 2003;
Emptage e al., 2009). Biological production of 1,3-PDO
could be a useful alternative to the traditional chemical
methods because of its numerous advantages, including
a lower environmental impact. Moreover, crude glycerol,
which is a by-product of biodiesel production, can be
used as precursor. The conversion of glycerol to higher-
value products, such as 1,3-PDO should decrease the
cost of biofuel production (Zeng & Biebl, 2002; Yazdani
& Gonzalez, 2007).

Several bacterial species fermenting glycerol to 1,3-
PDO are known e.g., Lactobacillus sp., Citrobacter freundiz,
Clostridinm sp., Klebsiella sp. (Boenigk e al., 1993; Luo et
al., 2011; Mu et al., 2006; Burkhard ez al., 2009; Pasteris
et al., 2009; Gungormusler ez al., 2010; Chatzifragkovet

., Dorota Pietrewicz-Kubicz, Ewa Zabtotna and Anna Dtugotecka

et al, 2011; Zheng et al., 2008). Additionally, genetically
modified E. coli, Saccharomyces cerevisiae and Pichia pastoris
strains can also be used (Burch e al, 1997; Nagarajan
& Nakamura, 1997; Nevoigt, 2008). However, traditional
methods of 1,3-PDO production are still much more ef-
fective than the biological one.

Glycerol fermentation by glycerol-fermenting microor-
ganisms is a two-branched pathway. The 1,3-PDO pro-
duction by C. butyricum is the reductive branch catalysed
by two enzymes, (i) glycerol dehydratase encoded by
dhaB1 and (i) NADH-dependent 1,3-PDO oxidoreduc-
tase (encoded by dhaT), with 3-hydroxypropionaldehyde
as an intermediate (Fig. 1). Glycerol dehydratase requires
for activity the presence of a protein encoded by the
dhaB2 gene. All three genes are located in the dba op-
eron, the expression of which is induced in the presence
of dihydroxyacetone or glycerol. On the other hand,
in the oxidative branch, glycerol is dehydrogenated by
NAD-dependent glycerol dehydrogenase to dihydroxy-
acetone (DHA). DHA is then converted sequentially to
glyceraldehyde-3-phosphate, phosphoenolpyruvate, and
pyruvate (Saint-Amans ef a/, 2001; Raynaud e al., 2003;
Daniel ez al., 2005; Gupta ez al., 2009; Margal ez al., 2009).

Due to the lack of the dha operon E. coli cannot fer-
ment glycerol to 1,3-PDO in the absence of an external
electron acceptor. Instead 1,2-PDO and ethanol are pro-
duced (Tong e# al., 1991; Gupta et al., 2009). However,
genetically modified E. /i strains fermenting glycerol
to 1,3-PDO have been constructed (Daniel ef al., 1995;
Emptage ez al., 2009; Eliot e/ al., 2011).

Here we report construction of a recombinant E. co/i
strain producing 1,3-PDO from glycerol by introduc-
ing dhaB1, dbaB2, and dbaT genes from the dha operon
from C. butyricums 2CR371.5, a strain from our collection
of environmental samples and strain. The strain was pre-
viously isolated and tested as a 1,3-PDO producer and
the results were described in the accompanying article
(Dabrowski ez al, 2012).

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. bu-
tyricnm 2CR371.5 from our collection was used as the
source of dha operon containing dhaB and dbaT genes.
It was cultured anaerobically at 37°C for 3 days in a
medium containing: Yeast Nitrogen Base without ami-
no acids and without ammonium sulphate (Formedium)
— 6.9 g I\, NaHCO, — 2.6 g I}, yeast extract — 2
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g I, cysteine — 0.5 g I, resazurin — 0.5 mg ‘I,
MgCl, -6H,0O — 0.9 g ‘I'!, glycerol — 10 g ‘I, ZnCl,
— 50 ng ‘I, MnCl, . ‘-H,O — 38 g I't, CoCl, -2H,0
— 50 ng I, NiCl, -6H,0 — 92 ng ‘1", FeCl, -2H,0 —
2.3 mg I\, (NH),Mo.O,, -4H,0 — 50 ng ‘I', EDTA
— 0.5 mg -I'l. An anaerobic atmosphere was generated
by using Biogon® C-20 (80% N,, 20% CO,). All experi-
ments in anaerobic conditions were performed in a Mini-
MACS anaerobic workstation (Don Whitley Scientific).

E. coli TOP10F’ (Invitrogen) was used as the host for
cloning and the resulting transformants were grown at
37°C for 16-18 h in Lutia-Bertani (LB) broth contain-
ing ampicillin (50 pg -ml).

Strains E. /i BL21(DE3) and Rosetta2(DE3) (No-
vagen) were used as hosts for expression of the dhaBl,
dhaB2 and dhal genes. They were grown at 37°C in LB
medium containing glycerol (10 g ‘I"') and eventually also
glucose (10 g -I'!). The solid medium and liquid medium
for non-induced overnight culture did not contain glu-
cose or glycerol. LB medium for E. co/i Rosetta2(DE3)
was additionally supplemented with 50 pg -ml! of chlo-
ramphenicol and media for culturing transformants were
also supplemented with 50 pg ‘ml- ampicillin.

DNA manipulation. DNA manipulations were car-
ried out according to standard procedures (Sambrook &
Russel, 2001) or manufacturer’s recommendations. Re-
striction endonucleases were purchased from Fermentas,
T4 DNA ligase was from A&A Biotechnology. To pu-
rify DNA after enzymatic reactions DNA Clean-up AX
and DNA Gel-out kits (A&A Biotechnology) were used.
To isolate plasmid and genomic DNA Plasmid Mini AX
and Genomic Mini AX Bacteria Spin (A&A Biotechnol-
ogy), respectively, were used.

Sequencing and ORF analysis. Genomic DNA of
C. butyricum 2CR371.5 was partially sequenced (Macro-
gen). The obtained genomic sequence fragments were
analysed using the CLC Genomics Workbench software.
To identify the DNA fragment encoding 1,3-propanediol
operon components, the obtained C. butyricums 2CR371.5
sequence was compared with the nucleotide sequence of
the 1,3-propanediol operon of C. butyricumz DSM 2478
(GenBank: DQ901407.2).

Sequence similarity analysis was done with the
BLASTN and BLASTX programs using the server at the
National Center of Biotechnology Information (http://
blast.ncbi.nlm.nih.gov/Blast.cgi).

Construction of expression plasmid. Plasmid
pUC57 (Fermentas) was used for construction of the ex-
pression vector.

For amplification of the dsaB7 and dhaB2 genes as a
single fragment from C. butyricum 2CR371.5, DNA prim-
ers ForDhaB1Sphl 5-GCG GCG GCA TGC GTG
ATT GAA GGA GTA AAA ATG ATA AG-3' and
RevDhaB2Sall 5-GCG GCG GTC GAC GTA AAG
CTA CTA TTA CTC AGC TCC-3'" were used. The ob-
tained PCR product of 3360 bp was cloned into Sphl
and Sall sites of pUC57 vector which resulted in pUC-
dhaB1B2 plasmid.

To clone the dhaT gene, primers ForDhaB2BamHI 5'-
GCG GCG GGA TCC AAG GAG ATA AAA GTA
ATG AGT AAG G-3' and RevDhaTKpnl 5-GCG
GCG GGT ACC TTT TAC TTT GAA TCC TTIT
AAA TAG-3" wete used. The PCR product of 2201 bp
was then digested with AfMI and Kprl and cloned into
pUCdhaB1B2. The resulting plasmid was named pUCd-
haB1B2T (Fig. 2). Sequence correctness of the con-
structed plasmid was confirmed by sequencing (Macro-
gen) with the use of universal primers M13F-pUC and

M13R-pUC (Macrogen). Sequences of specific recogni-
tion sites in the primers used are underlined.

The PCR reaction profile was: (i) initial denaturation
94°C for 2 min; (i) 30 repeats: 94°C for 30 s, 65°C for
30 s, 72°C for 2 min; (iii) final extension 72°C for 5 min.
The reaction was performed with the use of 2XPCR
Master Mix Plus High GC (A&A Biotechnology).

Expression in E. colii E. w/i BL21(DE3) or
Rosetta2(DE3) cells were transformed with pUC-
dhaB1B2T.

Cells were grown aetrobically for 16 h at 37°C in LB
medium containing antibiotics. The preculture was then
inoculated (1%) into 100 ml of fresh LB medium with
antibiotics, glycerol or glycerol plus glucose. The cultiva-
tion was at 37°C until optical density at 600 nm of 0.5
was reached. The culture was then supplemented with
0.5 mM isopropyl-8-D-thiogalactopyranoside (IPTG) and
grown without agitation for 2 weeks. To limit the oxy-
gen concentration, the induced cultures were grown in
anaerobic flasks.

As references, non-induced cultures and E. co/
BL21(DE3) and Rosetta2(DE3) transformed with
pUC57 were used.

To test the influence of iron ion on the 1,3-PDO pro-
duction the liquid medium was supplemented with FeCl,
up to 100 puM.

Analytical methods. HPLC analyses were performed
using a HPLC Agilent 1200 Series system with RID and
DAD detectors, a Phenomenex Rezex ROA column
(300 % 7.80 mm; 8 microns) with a 3 mM H,SO, as the
cluent (0,6 ml ‘min') and the column temperature of
60°C.

For quantitative determination of 3-HPA a colorimet-
ric method described by Krauter e a/ (2012) was used.
The absorbance was measured at 650 nm (Perkin Elmer
Lambda EZ 150).

RESULTS

Analysis of the dha operon

A genomic DNA fragment containing the 1,3-pro-
panediol operon (dha operon) of C. butyricuz 2CR371.5
was identified using the CLC Genomic Workbench. It
was submitted to GenBank with the accession num-
ber JQ346526. The nucleotide sequence of this frag-
ment shows the identity with 99% to the corresponding
operon of C. butyricumr DSM 2478. We found three dis-
tinct open reading frames encoding DhaB1, DhaB2 and
DhaT, components of the dha operon of C. butyricum
2CR371.5. DhaB1, comprising of 2,361 nucleotides, en-
codes a protein of 787 amino acids. The deduced amino
acid sequence shows the highest identity (100%) with the
amino acid sequence of B,,-independent glycerol dehy-
dratase from C. butyricum. DhaB2, of 912 nucleotides, en-
codes a protein of 304 amino acids. The deduced amino
acid sequence shows 100% identity with the amino acid
sequence of glycerol dehydratase activator from C. bu-
tyricum. DhaT, of 1,155 nucleotides, encodes a protein
of 385 amino acids. The deduced amino acid sequence
shows 100% identity with the amino acid sequence of
1,3-propanediol dehydrogenase from C. butyricum.

Production of 1,3-PDO by E. coli

The growth of all the E. /i strains harbouring the
pUCdhaB1B2BT plasmid was much slower comparing



Vol. 59 1,3-propanediol production by Escherichia coli 359
glycerol
4.0 4 '
TE. coli BL21(DE3) + pUC57
DhaB1/B2 35 4
1 30 1 BE. coli BL21(DE3) + pUCdhaB1B2T
3-hydroxypropionaldehyde 5 251 SEELGEE RSO
(3-HPA) g 2.0 1 BE. coli Rosetta2(DE3) + pUCdhaB1B2T
&

NADH+H"
DhaT [
AD*

y

1,3-propanediol
(1,3-PDO)

Figure 1. Glycerol fermentation pathway in anaerobic bacteria.
DhaB1, glycerol dehydratase; DhaB2, glycerol dehydratase activat-
ing protein; DhaT, 1,3-propanediol oxidoreductase.
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Figure 2. A map of the pUCdhaB1B2T plasmid.

Amp, ampicilin resistance gene; P,,, lactose promoter; pMB1, repli-
con; Aflll, Kphl, Sphl, restriction endonuclease sites.

with control E. coli strains transformed with pUC57 plas-
mid.

Seven days after expression induction with IPTG the
E. coli strains BL21(DE3) and Rosetta2(DE3) trans-
formed with pUCdhaB1B2T produced 1,3-PDO in the
concentration of 0.1 g *I"' (not shown).

The HPLC analysis performed two weeks after IPTG
induction showed 1,3-PDO concentration of 0.34 g -I*!
in the case of E. w/ BL21(DE3) and 3.7 g-l''in the
case of E. coli Rosetta2(DE3) when glycerol was used as
the sole carbon source (Fig. 3).

When a medium containing both glycerol and glucose
was used, the concentration of 1,3-PDO two weeks af-
ter IPTG induction did not exceed 0.3 g *I"! for either of
the two E. co/i strains (Fig. 3).

The yield of the 1,3-PDO production relative to the
amount of glycerol consumed was up to 0.028 g per one
gram of glycerol for eE. ¢/ BL21(DE3) and up to 0.3 g
for Rosetta2(DE3) (Fig. 4).

Table 1. 3-hydroxypropionaldehyde and 1,3-propanediol

dium supplemented with glycerol.

The increase of 1,3-PDO and 3-HPA was calculated as the ratio of the product amount at a

given time to that at the previous time analysed.

production by E. coli
Rosetta2(DE3) cells expressing genes of dha operon of C. butyricum 2CR371.5 in LB me-
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0.5 4
0.0 -
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Figure 3. 1,3-propanediol concentration after two weeks of ex-
pression expressing dha genes of 2CR371.5 in E. coli.
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Figure 4. 1,3-propanediol production per consumed glycerol,
after two weeks of expression dha genes of 2CR371.5 in E. coli.

Simultaneously with 1,3-PDO the amount of 3-HPA
was also measured, following induction with IPTG its
production increased more than that of 1,3-PDO (Ta-
ble 1).

Iron ions at concentration up to 100 pM had no ef-
fect on 1,3-PDO production (not shown).

DISCUSSION

There are several microorganisms naturally fermenting
glycerol to 1,3-PDO, but their large-scale application is
limited due to some difficulties. The main problems are
(i) accumulation of by-products which are toxic and can
inhibit 1,3-PDO production; (ii) some of these microor-
ganisms are human pathogens; (ii) most of the 1,3-PDO-
producing bacteria need B,, vitamin as a cofactor for
glycerol dehydratase (DhaB) which increases costs (Na-
kamura & Whited, 2003; O’Brien e/ al., 2004). Construc-
tion of genetically modified E. co/i strains express B,,-
independent glycerol dehydratase gene could overcome
these difficulties.

We constructed a system for heterologous expression
in E. coli genes of the glycerol of
metabolic pathway from C. bu-
tyricum 2CR371.5, from the A&A
Biotechnology  collection.  The
cloned genes dhaB1, dbaB2 and

dhaT encode a vitamin B ,-inde-

Days after induction with IPTG [1'3?—::']30 1,3-PDO increase ?_HI*P;]A 3-HPA increase per}der}t glycerol dehydratase, its
9 9 activating factor and an NADH-
3 0.21 - 012 - dependent 1,3-PDO  oxidoreduc-
tase, respectively.

7 0.74 3.52 0.62 517 2
The first problem we came
10 2.21 2.99 271 437 across was the poor growth of
14 3.72 1.68 5.24 1,93 the E. coli strains harbouring the

pUCdhaB1B2T plasmid. It can be
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explained by the fact that the LB medium could con-
tain a small amount of lactose to induce expression of
the cloned genes under the lac promoter at a low level.
That in turn would in accumulation of an intermedi-
ate (3-HPA), final product (1,3-PDO), or heterologous
protein/-s (DhaB1, DhaB2 or DhaT). We suppose the
agent which caused the growth inhibition was 3-HPA,
because it was proved previously to be toxic to bacterial
cells (Hao ez al., 2008b).

The observed 1,3-PDO production by E. /i
Rosetta2(DE3) was about 11-fold higher comparing
with E. /i BL21(DE3) (Fig. 3). It can be explained by
the fact that E. cw/ Rosetta2(DE3) contains a plasmid
conferring chloramphenicol resistance that supplies rare
tRNAs. Consequently, translation is not limited by the
codon usage of E. wii (Kane, 1995). Analysis of the
predicted amino acid sequences of DhaB1, DhaB2 and
DhaT revealed that they contain 14, 12 and 14% of rare
codons, respectively.

The low amount of 1,3-PDO produced in our expres-
sion system could be correlated with 3-HPA concentra-
tion. 3-HPA, an intermediate of 1,3-PDO production,
is an inhibitor of DhaB1 (Barbirato ef a/, 1996a; Hao ez
al., 2008a; 2008b). The 3-HPA accumulation is correlated
with a higher NAD/NADH ratio and it is known that
NAD behaves as a competitive inhibitor of glycerol de-
hydratase (Barbirato e al, 1996b). The level of 3-HPA
in culture medium could be controlled by the substrate
(glycerol) concentration, and a lower level of glycerol
could prevent 3-HPA accumulating to a high, lethal con-
centration (Hao ez al, 2008). 3-HPA accumulates when
the first step of glycerol fermentation to 1,3-PDO is faster
than the second one, e.g. when the activity of DhaT is
lower than that of DhaB1. Such a situation often occurs
in polycistronic expression systems where the mRNA
lacks internal ribosome entry sites for the next cistrons
(Nishizawa e# al., 2010). That was not the case in our ex-
pression system, as we cloned the whole dba operon with
all the sequences between individual genes. However, in a
heterologous expression system the expression of individ-
ual genes may differ from that in the natural host (C. bu-
tyricnm). An analysis of DNA sequences upstream of the
dba genes has revealed some departures from the consen-
sus Shine-Dalgarno sequence of E. ¢/ Thus, the recogni-
tion of the ribosome binding sites of the C. butyricum dha
genes by E. c/i translation machinery could be less effec-
tive (Makrides, 1996; Mironova e/ al., 1999; Shultzaberger
et al., 2001). However, above the difficulty could prob-
ably be overcome by cloning a gene encoding a DhaT
isoenzyme more active than DhaT from C. butyricum e.g.
YghD from E. w/, encoding a NADPH-dependent 1,3-
PDO dehydrogenase (Emptage ¢ al., 2009). YghD utilizes
NADPH rather than NADH and it is likely that the dif-
ferences in the cofactor reduced/oxidized ratios contrib-
ute to the higher production of 1,3-PDO by this enzyme
(Nakamura & Whited, 2003).

Media containing glycerol or glycerol-glucose mixture
as the carbon source were tested. E. co/i cells used glu-
cose preferentially (not shown), which resulted in no or
lower 1,3-PDO production (Fig. 3). Moreover, the dba
operon is trepressed by glucose (Sprenger ez al, 1989).
Therfore, when glycerol was used as sole carbon source,
the obtained 1,3-PDO amount was 1.1 and 13.2-times
higher than in glycerol-glucose medium for E. cok
BL21(DE3) and E. cw/i Rosetta2(DE3), respectively
(Fig. 3).

Fermentation by recombinant FE. co/ strains was per-
formed in anaerobic flasks, without shaking, but the me-
dia used were not reduced before. Thus, it is possible

that, in such conditions a part of glycerol is dehydro-
genated by the glycerol dehydrogenase (DhaD) of E. coli
(Sprenger et al., 1989). Consequently, low 1,3-PDO con-
centration and yield was observed — 3.7 g -I'" and 0.3 g
per 1 g of glycerol consumed, respectively, for induced
expression in E. /i Rosetta2(DE3) (Fig. 3, 4). On the
other hand, culturing of the recombinant E. ¢/ in strict
anaerobic conditions failed to produce satisfying results
because the strain was not able to grow (not shown).

One way to improve 1,3-PDO production in E. coli
could be construction of a double-induced expression
system, with a delayed dhaB1 and B2 induction. DhaT
may be also cloned under control of a stronger promo-
tor than that of the dhaB7B2 genes.

Is was observed that DhaT from C. freundii expressed
in E. coli was more active in the presence of 50 uM
Fe?*(Daniel e al, 1995). However, there is no such in-
formation for its isoenzymes from Clostridium sp. On
the other hand, iron limitation causes higher 1,3-PDO
production by Clostridium sp., probably by inhibiton of
other dehydrogenases involved in the formation of bu-
tanol and ethanol (Dabrock ez al, 1992; Raynaud e al,
2003; O’Brien ez al., 2004). We therefore checked if sup-
plementing the medium with Fe?* up to 100 uM could
improve 1,3-PDO production, but no such effect was
obtained. One of the reasons for this lack of improve-
ment could be the absence of competing dehydrogenases
in the heterologous system used.

Several papers describing construction of 1,3-PDO-
producing E. co/i strains have been published. Emptage
et al. (2009) constructed an E. e/ strain producing up
to 130 g1 1,3-PDO. However, in there expression
system glucose was used as the sole carbon and energy
source. Moreover, the recombinant E. co// strain hat-
boured genes of the dha operon of K. pneumoniae and
so B, vitamin had to be added to the medium to acti-
vate the glycerol dehydratase. Glycerol was used as the
sole carbon source was obtained by others (Skraly ez a/,
1998) and 6.3 g 'I'! of 1,3-PDO was produced, again for
E. coli expressing the K. pneumoniae dha genes.

For compatision, a single-stage culture of C. butyricum
with raw glycerol produced up to 35-48 g of 1,3-PDO
per litre with a yield of 0.55 g per one gram of glycerol
(Papanikolaou ez al, 2000; Chatzifragkou ez al, 2011).
Glycerol fermentation by the C. butyricumz 2CR371.5,
which was the source of the genes studied here, results
in 0.57 g of 1,3-PDO per 1 g of glycerol consumed
(Dabrowski ez al., 2012).

The recombinant FE. co/i strains expressing genes of
the dba operon from C. butyricurs 2CR371.5 did not give
satisfying results due to the low 1,3-PDO production
level and long time required for maximal production.
We believe it should be possible to obtain much more
efficient glycerol fermentation to 1,3-PDO by E. /i
expressing genes of the 1,3-propanediol operon from
C. butyriecnm 2CR371.5 if modifications discussed above
are introduced. That effort should be worthwhile, be-
cause 1,3-PDO is a desired chemical and the costs of its
synthesis are still high.
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