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Abstract

Two different recombinant plasmids both containing the cyanophycin synthetase gene (cphA) of Synechocystis sp. strain PCC6308 but

differing concerning the resistance marker gene were tested for their suitability to produce high amounts of cyanophycin in recombinant

strains of Ralstonia eutropha. Various cultivation experiments at the 30-L scale revealed very low cyanophycin contents of the cells

ranging from 4.6% to 6.2% (w/w) of cellular dry weight (CDW) only, most probably because most cells had lost the corresponding

plasmid during cultivation. To establish a cost effective and high efficient system for production of cyanophycin at larger scales using

recombinant strains of R. eutropha, we applied two strategies: First, we integrated cphA into the dispensable chromosomal L-lactate

dehydrogenase gene (ldh) of R. eutropha. Depending on the cultivation conditions used, relatively low cyanophycin contents between

2.2% and 7.7% (w/w) of CDW were reproducibly detected, which might be due to weak expression or low gene dosage in the single cphA

copy strain of R. eutropha. In a second strategy we constructed a KDPG-aldolase gene (eda)-dependent addiction system, which

combined features of a multi-copy plasmid with stabilized expression of cphA. Flasks experiments revealed that the cells accumulated

extraordinarily high amounts of cyanophycin between 26.9% and 40.0% (w/w) of CDW even under cultivation conditions lacking

cyanophycin precursor substrates or plasmid stabilizing antibiotics. Cyanophycin contents of up to 40.0% (w/w) of CDW were also

obtained at a 30-L scale or a 500-L pilot-plant scale under such non-selective conditions. This demonstrates impressively that the

stabilizing effect of the constructed eda-dependent addiction system can be used for production of enhanced amounts of cyanophycin at a

larger scale in recombinant strains of R. eutropha.
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1. Introduction

Cyanophycin [multi-L-arginyl-poly(L-aspartic acid)] is a
protein-like polymer, which is common to cyanobacteria
and was discovered more than 100 years ago (Borzi, 1887).
This polymer contains aspartic acid and arginine at an
about equimolar ratio, and is arranged as a polyaspartic
acid backbone with arginine moieties linked to the b-
carboxyl group of each aspartate by its a-amino group
(Simon, 1976). Cyanophycin serves as a temporary
nitrogen, carbon and energy reserve and usually accumu-
e front matter r 2005 Elsevier Inc. All rights reserved.
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lates as cytoplasmic inclusions during the transition from
the exponential to the stationary growth phase (Mackerras
et al., 1990). At neutral pH and physiological ionic strength
cyanophycin is insoluble. Cyanophycin is of biotechnolo-
gical interest because a derivative with reduced arginine
content can be obtained by partial chemical hydrolysis
(Joentgen et al., 1998), which can be used as a biodegrad-
able substitute for polyacrylate in various technical
applications (Schwamborn, 1998).
Intracellular synthesis and degradation of cyanophycin

are catalyzed by cyanophycin synthetase, which is encoded
by cyanophycin synthetase gene (cphA) (Ziegler et al.,
1998), and cyanophycinase, which is encoded by cphB

(Richter et al., 1999), respectively. The polymerization
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reaction yields polydisperse cyanophycin with molecular
weights ranging from 25,000 to 100,000Da (Simon, 1976).
The activity of cyanophycin synthetase depends on the
presence of L-aspartic acid, L-arginine, ATP, Mg2+, K+, a
sulfhydryl compound and cyanophycin as a primer (Simon,
1976; Ziegler et al., 1998; Aboulmagd et al., 2000).
Cyanophycin synthetase has been purified from various
cyanobacteria, like Anabaena variabilis (Ziegler et al.,
1998), Synechocystis sp. strain PCC6308 (Aboulmagd et
al., 2001a) and the thermophilic Synechococcus sp. strain
MA19 (Hai et al., 1999). CphA was cloned from A.

variabilis (Ziegler et al., 1998), Synechocystis sp. strains
PCC6803 (Ziegler et al., 1998; Oppermann-Sanio et al.,
1999) and PCC6308 (Aboulmagd et al., 2000), Synecho-

coccus sp. strain MA19 (Hai et al., 2002), and Thermo-

synechococcus elongatus (Berg et al., 2000).
More recently, cphA homologous genes were also found

in several chemotrophic bacteria, like Acinetobacter sp.
strain ADP1, Bordetella sp., Clostridium botulinum, Desul-

fitobacterium hafniense, Nitrosomonas europaea and others
(Krehenbrink et al., 2002; Ziegler et al., 2002). Hetero-
logous expression of cphA from Acinetobacter sp. strain
ADP1 and Desulfitobacterium hafniense in Escherichia coli

resulted in detectable CphA activity and also cyanophycin
accumulation, indicating that CphAs of both organisms
were functionally active (Krehenbrink et al., 2002; Ziegler
et al., 2002). In addition, cyanophycin accumulation occurs
also in the wild type Acinetobacter sp. strain ADP1 under
phosphate limited culture conditions (Krehenbrink et al.,
2002; Elbahloul et al., 2005).

For technical production of cyanophycin, heterologous
expression of different cyanobacterial cphA genes was
demonstrated in recombinant strains of E. coli (Frey et al.,
2002), Ralstonia eutropha, Corynebacterium glutamicum

and Pseudomonas putida (Aboulmagd et al., 2001b). More
recently it was shown that production of cyanophycin in
recombinant strains of R. eutropha and P. putida is
significantly influenced by the source of cphA gene, the
accumulation of another storage compound like polyhy-
droxyalkanoates (PHA) as well as by the concentration of
precursor substrates (Voss et al., 2004). Very recently cphA

from T. elongatus strain BP-1 was successfully transferred
and expressed in tobacco and potato plants (Neumann et
al., 2005).

In this study, we report on further strain optimization
for cyanophycin production with recombinant R. eutropha

using stabilized expression systems for cphA, which
minimize plasmid instability especially during cultivation
at a 30- and 500-L scale. A high rate of plasmid instability
is a well known problem of recombinant high-level protein
expression and is often correlated with a strong decrease in
productivity. To overcome this problem and to establish a
stable process for cyanophycin production without the
need to add antibiotics, we constructed R. eutropha strains
either containing a single copy of cphA integrated into the
genome or using a KDPG-aldolase gene-dependent addic-
tion system.
2. Material and methods

2.1. Bacterial strains, plasmids and culture conditions

The strains and plasmids used in this study are listed in
Table 1. E. coli was grown at 37 1C in Luria Bertani (LB)
medium (Sambrook et al., 1989). R. eutropha was grown
either in Nutrient Broth (NB) medium (Difco Labora-
tories, Detroit, USA) or in mineral salts medium (MSM)
according to Schlegel et al. (1961) at a temperature of
30 1C. Sodium gluconate, fructose or sodium lactate were
used as carbon sources at concentrations of 1–2% (w/v),
and aspartic acid and arginine were added as supplements
at concentrations of 0.2% (w/v) in some experiments if
indicated in the text. For selection of plasmid carrying
strains, antibiotics were added to the media at the
following concentrations (mg/ml): ampicillin (75, E. coli),
kanamycin (50, E. coli and 300, R. eutropha) and
tetracycline (12.5, E. coli and 25, R. eutropha).

2.2. Preparation of cell extracts

After entering the stationary growth phase, cells were
harvested by centrifugation (10min, 2800g, 4 1C), washed
once with 50mM Tris–HCl buffer (pH 8.2) and resus-
pended with 2mL buffer per gram of fresh cell mass. Cells
of E. coli and R. eutropha were disintegrated by a three-fold
passage through an ice-cooled French press cell at 96MPa.
The supernatants of high-speed centrifugations of the
broken cells (1 h, 100,000g, 4 1C) were desalted on NAP5
columns (Pharmacia Biotech, Freiburg, Germany) and
served as ‘soluble cell fractions’ for enzyme activity
measurements.

2.3. Analysis of ammonium and gluconate

The concentration of ammonium was estimated in cell-
free supernatants employing ammonium test bars (Merck,
Darmstadt, Germany) or a gas sensitive ammonium
electrode (Type 152303000; Mettler Toledo GmbH, Grei-
fensee, Switzerland).
The concentration of gluconate was estimated in cell-free

supernatants employing an enzyme test kit for D-gluconic
acid (Boehringer Mannheim/R-Biopharm, Darmstadt,
Germany) following the instructions of the manufacturer.

2.4. Enzyme assays

The activity of KDPG-aldolase (EC 4.1.2.14) was
determined by a spectrophotometric assay in 45mM
triethanolamine hydrochloride (pH 7.6) containing
0.25mM NADH, 1mM 2-keto-3-deoxy-6-phosphogluco-
nate (KDPG) and 20U of L-(+)-lactate dehydrogenase per
ml (Blackkolb and Schlegel, 1968).
Cyanophycin synthetase activity was determined by a

radiometric assay according to the protocol described
previously (Aboulmagd et al., 2000). The activity was
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Table 1

Bacterial strains and plasmids used in this study

Bacterial strains or plasmids Relevant characteristics Reference or source

Bacterial strain

Ralstonia eutropha

H16 Wild type, autotrophic, prototrophic DSM 428

H16-PHB-4 Mutant of H16 defective in synthesis of PHB DSM 541

Dldh/Okm-cphA Mutant of H16-PHB�4 with cphA of Synechocystis sp. PCC6308 integrated into the

ldh gene

This study

Deda Marker-free mutant of H16-PHB-4 with deleted eda gene This study

Escherichia coli

S17-1 recA proA thi-1 hsdR, harbors the RP4 tra genes in the chromosome Simon et al. (1983)

TOP10 F� mcrA D(mrr-hsdRMS-mcrBC) f80lacZDM15 DlacX74 recA1 araD139 D(ara-

leu)7697 galU galK rpsL (StrR) endA1 nupG

Invitrogen (Carlsbad, USA)

Plasmid

pBluescript SK� Ampr, lacPOZ, T7 and T3 promoter Stratagene (San Diego, CA)

pBBR1MCS-2 Kmr, broad host range vector, lacPOZ0 Kovach et al. (1995)

pBBR1MCS-3 Tcr, broad host range vector, lacPOZ0 Kovach et al. (1995)

pSKsymOkm Okm in pSKsym Overhage et al. (1999)

pEX100T Suicide vector, kmr, lacPOZ‘, oriT, sacB Schweizer and Hoang (1995)

pJQmp18-Tcr Suicide vector, Tcr, sacB, oriV, oriT, traJ Pötter et al. (2005)

pBBR1MCS-2HcphA pBBR1MCS-2 harboring cphA from Synechocystis sp. strain PCC6308 Aboulmagd et al. (2001a, b)

pBBR1MCS-3HcphA pBBR1MCS-3 harboring cphA from Synechocystis sp. strain PCC6308 This study

pSK�HcphA 3.3-kbp PCR product from Synechocystis sp. strain PCC6308 DNA in pBluescript

SK- harboring cphA colinear to lacPOZ0
Aboulmagd et al. (2000)

pSK�HOkm-cphA pBlueskript SK� harboring 1.1-kbp Okm and 3.3-kbp cphA from Synechocystis sp.

PCC6308

This study

pEX100THldh pEX100T harboring 1.7-kbp fragment containing ldh gene This study

pEX100THDldh/Okm-cphA pEX100T harboring ldh gene interrupted by 4.3-kbp Okm-cphA fragment This study

pSK�Heda pBlueskript SK� with a 1.63-kbp PstI–XbaI PCR product from R. eutropha H16

genomic DNA containing eda gene

This study

pSK�HDeda pBlueskript SK� harboring a 1-kbp fragment containing disrupted eda gene This study

pJQmp18-TcrHDeda pJQmp18-Tcr with 1-kbp disrupted eda gene This study

pBBR1MCS-2HcphA/eda pBBR1MCS-2 harboring 3.3-kbp cphA and 0.64-kbp eda gene of R. eutropha H16 This study

Abbreviations: DSM, Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany; eda, 2-keto-3-desoxy-6-phosphogluconate

aldolase gene; ldh, lactate dehydrogenase gene; PCC, Pasteur Culture Collection of Cyanobacteria, Paris, France; Km, kanamycin.
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measured by following the incorporation of (U-14C) L-
arginine into insoluble cyanophycin.

Enzyme activities were measured at 30 1C. One unit of
enzyme activity was defined as the transformation of
1 mmol of substrate per min. Specific activity is given in
units per milligram of protein.

2.5. DNA isolation and manipulation

Total genomic DNA of R. eutropha was isolated
according to a procedure described by Marmur (1961).
Plasmid DNA was isolated from E. coli and R. eutropha by
the alkaline extraction procedure (Birnboim and Doly,
1979). DNA was digested with various restriction endonu-
cleases under the conditions described by Sambrook et al.
(1989) or by the manufacturer. Pfx-DNA polymerase
(Invitrogen, Karlsruhe, Germany) was used according to
the instructions of the manufacturer. Primers were
purchased fromMWG-Biotech AG (Ebersberg, Germany).
Other DNA-manipulating enzymes were used as described
by the manufacturers. DNA fragments were isolated from
agarose gels by using the NucleoTrap kit (Machery and
Nagel, Düren, Germany).

2.6. Transfer of plasmids

Plasmids were transferred into E. coli by employing the
CaCl2 method (Sambrook et al., 1989), whereas the
transfer of plasmids into R. eutropha was performed by
conjugation using E. coli S17-1 as donor strain (Friedrich
et al., 1981).

2.7. Cloning of cphA into the broad host range vector

pBBR1MCS-3

The cyanophycin synthetase gene of Synechocystis sp.
strain PCC6308 was amplified by PCR using plasmid
DNA of the previously constructed hybrid plasmid
pBBR1MCS-2HcphA (Aboulmagd et al., 2001b) and
oligonucleotides #1 and #2 (Table 2). After digestion with
XhoI–XbaI, the fragment was cloned into the broad host
range vector pBBR1MCS-3, which was digested with the
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Table 2

Oligonucleotides used in this study

No. # Name Sequence (50-30)

1 up-cphA (XhoI) AAAAAC|TCGAGATGGGGCATCACATGATCGCCGG

2 down-cphA (XbaI) AAAAAT|CTAGATACTCACTATTCACTACTGAGATG

3 up-ldh (EcoRI) AAAG|AATTCCATCCCCGTGACGATCATCGGCTA

4 down-ldh (EcoRI) AAAG|AATTCCGGATTATTAGCCGACGGCGCCTTC

5 up-Okm (SalI) AAAG|TCGACACAGCAAGCGAACCGGAATGACCAGCTGGGG

6 down-cphA (SalI) AAAG|TCGACTACTCACTATTCACTACTGAGATG

7 up-edaH16 (XbaI) AAAAAT|CTAGAGTCACGCTGGACACCAACCTGC

8 down-edaH16 (PstI) AAAAACTGCA|GATTCCCTGCGACCTGGCTGC

9 Inv1-edaH16 TCAGGGAAGCAGGAGTTCAGGC

10 Inv2-edaH16 GAGAAACGGCACGCCATGC

11 up-edaH16 (XbaI) AAAAAT|CTAGACTGATCCCTACTCCGAGACAGCCATGC

12 down-edaH16 (SacI) AAAAAGAGCT|CTTGCGCTGCCGCTGCTCA

13 up-ldh/Okm TCGATACCGCCACCGTGACC

14 down-ldh/Okm GCCGATTGTCTGTTGTGCCC

15 up-cphA/ldh ACGCAGTTTTAACCCTGGGGC

16 down-cphA/ldh TCAGGCGACGGCGTTATCG
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same restriction endonucleases. After transformation in
E. coli S17-1, the resulting plasmid pBBR1MCS-3HcphA

was transferred by conjugation into R. eutropha H16-
PHB�4.

2.8. Analysis of plasmid stability

For plasmid stability tests, sterile samples were with-
drawn from the fermenter at the beginning and at the end
of a cultivation. Hundred microliters of these samples were
appropriately diluted and spread onto MSM agar plates
containing no antibiotic or containing kanamycin or
tetracycline depending on the plasmid used. The plates
were incubated for 24 h at 30 1C, and the colony forming
units (CFU) were counted. The values obtained for MSM
agar plates without antibiotics were set as 100%, and the
% CFU values obtained in MSM plus kanamycin or
tetracycline were related to the latter.

2.9. Genomic integration of cphA

For integration of the cphA gene of Synechocystis sp.
strain PCC6308 into the genome of R. eutropha H16-
PHB�4, the L-lactate dehydrogenase (EC 1.1.1.27) encod-
ing ldh gene (Jendrossek et al., 1993) was chosen as
appropriate target sequence (Fig. 1A), and the previously
constructed plasmid pBluescript SK� harboring cphA of
Synechocystis sp. PCC6308 (Aboulmagd et al., 2000) was
used. The kanamycin resistance gene was isolated from
SmaI-digested pSKsymOkm (Overhage et al., 1999) and
was then subcloned into SmaI digested pSK�HcphA

yielding pSK�HOkm-cphA. The ldh gene was amplified
from genomic DNA of strain H16 using oligonucleotides
#3 and #4. The obtained PCR product was digested with
EcoRI and subsequently ligated into EcoRI-digested
suicide vector pEX100T (Schweizer and Hoang, 1995).
The Okm-cphA fragment was amplified by PCR using
oligonucleotides #5 and #6 and was then inserted into the
central part of the ldh encoding region after SalI digestion
of both constructs. The resulting plasmid pEX100THDldh/
Okm-cphA was transformed into E. coli Top10 to analyze
the specific activity of cyanophycin synthetase. To integrate
the Okm-cphA fragment into the ldh structural gene of
R. eutropha H16-PHB�4 by homologous recombination,
the suicide plasmid was transformed into E. coli S17-1,
which served as donor strain in conjugative transfer.

2.10. Disruption of the KDPG-aldolase encoding eda gene

A 1.63-kbp DNA region starting 533-bp upstream and
ending 450-bp downstream of the eda gene was amplified
by PCR from genomic DNA of R. eutropha H16 using
oligonucleotides #7 and #8 (Table 2 and Fig. 2). After
XbaI–PstI digestion, the fragment was cloned into pBlue-
skript SK� resulting in pSK�Heda. Inverse PCR was done
to amplify the regions up- and downstream of eda using
oligonucleotides #9 and #10, whereby the coding region of
eda was completely excised. After ligation of the hybrid
plasmid, the Deda fragment was isolated after XbaI–PstI
digestion and subcloned into the suicide vector pJQmp18-
Tcr (Pötter et al., 2005). The resulting plasmid was used for
homologous recombination in R. eutropha H16-PHB�4
after transformation of E. coli S17-1 and conjugative
transfer of the plasmid to R. eutropha.
For construction of a KDPG-aldolase gene-deficient addic-

tion system, which combines the complementation of the
KDPG-deficient mutant of R. eutropha H16-PHB�4 with
expression of cphA, the eda gene was amplified from total
genomic DNA of R. eutropha H16 by PCR using oligonucleo-
tides #11 and #12. The resulting 678-bp fragment, which
comprised the complete coding region of the eda gene and also
its Shine–Dalgarno sequence, was digested with XbaI-SacI
and cloned into the above mentioned hybrid plasmid
pBBR1MCS-2HcphA directly downstream of the cphA gene
(Fig. 3). The resulting plasmid was transferred into R. eutropha

H16-PHB�4-Deda via E. coli S17-1 by conjugation.
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Fig. 1. Construction of the suicide plasmid pEX100THldh/Okm-cphA to integrate a single-copy of cphA from Synechocystis sp. PCC6308 into the ldh

structural gene of R. eutropha H16 (A) and verification of the cphA integration mutant R. eutropha H16-PHB�4-Dldh/Okm-cphA by PCR (B). For

amplification of a 1709-bp fragment (50-integration side) oligonucleotides #13 and #14 were used, whereas for amplification of a 1717-bp fragment (30-

integration side) oligonucleotides #15 and #16 were used (Table 2). The resulting PCR products were digested with SalI to ensure chromosomal

integration of the constructed Okm-cphA cassette.
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2.11. DNA sequence analysis

DNA sequences were determined with a model 4000L
DNA sequencer (LI-COR Inc., Biotechnology Division,
Lincoln, NE, USA) and a Thermo Sequenase fluorescence-
labeled primer cycle sequencing kit (Epicentre Technolo-
gies, Madison, USA) according to the instructions of the
manufacturer.

2.12. Purification and determination of cyanophycin

Cyanophycin was isolated according to the method
described by Simon and Weathers (1976) or by the acid
extraction procedure described by Frey et al. (2002). The
amino acid constituents of cyanophycin were determined
by HPLC as described previously (Aboulmagd et al., 2000).
2.13. Polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophor-
esis (SDS-PAGE) was performed in 11.5% (w/v) gels as
described by Laemmli (1970). Staining of proteins and
cyanophycin was done with Serva Blue R. Protein
concentrations were determined by the procedure of
Bradford (1976).
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Fig. 2. Construction of the suicide plasmid pJQmp18-TcrHDeda which was used to completely excise the KDPG-aldolase gene (eda) from the genome of

R. eutropha H16-PHB�4.
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2.14. Cultivation at 30- or 500-L scale

Cultivations of recombinant R. eutropha strains produ-
cing cyanophycin were done at a 30- or 500-L scale using
either a Biostat UD30 or Biostat D650 stainless steel
reactor (B. Braun Biotech International, Melsungen,
Germany) which were described previously (Voss and
Steinbüchel, 2001).

Cultivations were done at 30 1C either under unrestricted
or restricted oxygen conditions. For unrestricted oxygen
conditions stirrer speeds between 100 and 500 rpm and
aeration rates of maximum 1.0 vvm were used. Restricted
oxygen conditions were performed using constant stirrer
speeds of 150 rpm and aeration rates of 0.3 vvm during the
whole time course of the cultivation. The pH in the
medium was controlled by automated addition of 4N HCl
or NaOH. Foam was preferentially controlled by the
mechanical foam destroyer; only if this was not sufficient,
chemical antifoam agents such as ‘‘Silikon Antischaum
Emulsion SLE’’ (Wacker, Darwin Vertriebs GmbH,
Ottobrunn, Germany) were added.

2.15. Cell harvest

Small samples withdrawn for analysis of, e.g. medium
components were separated into a cell pellet and a cell free
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Fig. 3. Map of plasmid pBBR1MCS-2HcphA/eda used to construct an

addiction system for improved production of cyanophycin in R. eutropha.
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supernatant by centrifugation in various bench top
centrifuges. Cells from 30- or 500-L cultures were harvested
by centrifugation in a CEPA type Z41 or Z61 continuous
centrifuge (Carl Padberg Zentrifugenbau GmbH, Lahr,
Germany).

3. Results

3.1. Plasmid-based expression of cyanophycin synthetase in

R. eutropha

Two different multi-copy plasmids, both harboring cphA

of Synechocystis sp. PCC6308 but differing concerning the
resistance marker gene, were transferred by conjugation to
R. eutropha H16-PHB�4 in order to produce cyanophycin
at a larger scale. During various 30-L batch- or fed-batch
cultivations in MSM using gluconate as sole carbon source
and in some cultivations aspartic acid or arginine as
supplements, very low cyanophycin contents between 4.6
and 6.2% (w/w) of cellular dry weight (CDW) were
obtained (data not shown). Detailed studies revealed, that
38% or 62% of the cells of the recombinant strain used
either harboring plasmid pBBR1CS-3HcphA or
pBBR1MC-2HcphA, respectively, had lost their plasmid
during cultivation (data not shown). Therefore, low
productivity of cyanophycin during cultivations of recom-
binant R. eutropha strains might be at least partially due to
plasmid instability.

3.2. Chromosomal integration of cphA

In order to minimize high rates of plasmid loss and to
establish a stabilized system for production of cyanophycin
without addition of antibiotics, we constructed a mutant of
R. eutropha H16-PHB�4 containing a single-copy of cphA
integrated into the chromosomal L-lactate dehydrogenase
(EC 1.1.1.27) gene (ldh). The dispensable ldh gene was
chosen as target for integration to reduce formation of
lactate especially under restricted oxygen conditions and
also to redirect the metabolic flux towards the formation of
intermediates supporting biosynthesis of aspartic acid and
arginine and therefore of cyanophycin. Construction of a
cphA integration cassette was done as described in Material
and methods and as shown in Fig. 1A. All steps of plasmid
construction were tested for expression of cphA and
synthesis of cyanophycin to ensure activity and function-
ality of CphA. Thereby, specific CphA activities between
3.2 and 4.9 as well as cyanophycin contents between 15.0%
and 21.5% (w/w) of CDW were detected in recombinant
strains of E. coli (Table 3). The integration vector
pEX100THldh/Okm-cphA was subsequently transferred
to R. eutropha H16-PHB�4 by conjugation and as a
consequence of homologous recombination cphA integra-
tion mutants could be selected on MSM agar plates
containing kanamycin and sucrose. The integration of
cphA into ldh was confirmed by PCR as shown in Fig. 1B.
This cphA integration mutant was then evaluated for
expression of cphA as well as for accumulation of
cyanophycin under different cultivation conditions. It was
shown, that this recombinant strain of R. eutropha

produced reproducible amounts of cyanophycin varying
between 2.2% and 7.7% (w/w) of CDW depending on the
applied cultivation conditions (Table 3). Previous studies
revealed highest amounts of cyanophycin of 7.7% (w/w) of
CDW and specific CphA activities of 0.2U per mg of
protein during cultivations under limited oxygen condi-
tions when the MSM was supplemented with additional
precursor substrates. However, the amounts of cyanophy-
cin accumulated in the cells were still not extraordinarily
high, most probably because of the lower gene dosage in
the cells in comparison to plasmid-based expression of
cphA. Light microscopic examinations clearly showed the
difference between a plasmid-based expression of cphA in a
recombinant strain of E. coli and in the single cphA gene
copy strain of R. eutropha. The larger number of refractil
cyanophycin granules in recombinant cells of E. coli

harboring plasmid pEX100THDldh/Okm-cphA, and the
only low number of relatively short granules in cells of the
cphA integration mutant of R. eutropha corresponded well
with the cyanophycin contents revealed by HPLC analyses
(figure insets A and B in Table 3).

3.3. Construction of a KDPG-aldolase deficient mutant of

R. eutropha

In another strategy we tried to optimize cyanophycin
production with strains of R. eutropha by combining the
advantages of a multi-copy plasmid with a stabilized
expression system for cphA. This strategy is based on
the structural eda gene encoding the KDPG-aldolase
(EC 4.1.2.14). This gene is indispensable for growth of
R. eutropha on gluconate or fructose because the cells
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Table 3

Specific CphA activity and synthesis of cyanophycin in recombinant E. coli strains harboring cphA from Synechocystis sp. strain PCC6308 containing

plasmids as well as in the cphA integration mutant R. eutropha H16-PHB�4-Dldh/Okm-cphA

Strain/plasmid Medium CGP content

(% w/w of CDW)

Specific CphA activity

[(nmol arginine

(minmgprotein)�1]

Light microscopic photograph

E. coli

pSK�HcphA LB 20.372.0 3.270.3

pSK�HOkm-cphA LB 21.572.0 4.970.3

pEX100THDldh/Okm-cphA LB 15.072.0 4.570.3

R. eutropha H16-PHB�4-Dldh/Okm-cphA

With baffles MSM 2.272.0 0.1270.03

MSM+Arg 4.772.0 n.d.

MSM+Arg/Asp 7.072.0 n.d.

Without baffles MSM 2.572.0 0.270.03

MSM+Arg 5.272.0 n.d

MSM+Arg/Asp 7.772.0 n.d.

Abbreviations: Arg, arginine; Asp, aspartic acid; CGP, cyanophycin; n.d., not determined. Light microscopic photographs of (A) recombinant cells of E.

coli harboring suicide plasmid pEX100THldh/Okm-cphA and (B) of the cphA integration mutant R. eutropha H16-PHB�4-Dldh/Okm-cphA cultivated in

Erlenmeyer flask without or with baffles and in MSM sometimes supplemented with 0.2% (w/v) arginine and/or aspartic acid as indicated in the table.
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catabolize both carbon sources exclusively via the KDPG-
pathway (Gottschalk et al., 1964; Schlegel and Gottschalk,
1965; Steinbüchel, 1986). Therefore, we constructed an eda

deletion mutant as described in Material and methods and
shown in Fig. 2. The phenotype of the resulting mutant was
investigated in cultivation experiments using various
carbon sources as well as by determination of KDPG-
aldolase activity in crude extracts. In comparison to the
wild type strain H16 or the PHB-negative PHB�4, the eda

deletion mutant was unable to use gluconate or fructose as
sole carbon source for growth, whereas growth with lactate
as sole carbon occurred (Fig. 4). In addition, no KDPG-
aldolase activity was detectable after growth of the mutant
in NB complex medium, whereas the wild type and mutant
PHB�4 exhibited KDPG-aldolase activity in the range of
0.1U per mg of protein (Table 4).

For construction of a stabilized multi-copy cphA

expression system, the intact eda gene of R. eutropha H16
was integrated in the above mentioned plasmid
pBBR1MCS-2HcphA directly downstream of cphA from
Synechocystis sp. strain PCC6308 resulting in plasmid
pBBR1MCS-2HcphA/eda (Fig. 3) which was then trans-
ferred into the mutant R. eutropha H16-PHB�4-Deda. By
this it was ensured that the recombinant cells could not
loose the plasmid harboring cphA during growth on, e.g.
gluconate as sole carbon source because it also harbored
the indispensable eda gene. Consequently, the capability to
use gluconate as sole carbon source for growth was
restored in the recombinant eda mutant harboring plasmid
pBBR1MCS-2HcphA/eda (Fig. 4). Furthermore, a nearly
two-fold higher specific KDPG-aldolase activity was
measured in soluble cell fractions of the recombinant
strain, most probably because stronger expression of eda

localized on a multi-copy plasmid occurred due to a higher
gene dosage (Table 4). Since cphA is co-expressed with the
indispensable eda on plasmid pBBR1MCS-2HcphA/eda in
the eda mutant of R. eutropha, this biological system
represents an addiction system ensuring stabilized expres-
sion of cphA without high rates of plasmid loss.

3.4. Improved production of cyanophycin using the addiction

system

The addiction system constructed above offers the
possibility of improved production of cyanophycin without
addition of plasmid-stabilizing and cost-intensive antibio-
tics especially at a larger fermentation scale. The applic-
ability of this addiction system to produce high amounts of
cyanophycin in R. eutropha was investigated in various
cultivation experiments. First, flasks experiments were
performed to investigate the effect of cultivation conditions
and of supplementation of the medium with cyanophycin
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Fig. 4. Growth of R. eutropha H16-PHB�4 in comparison to the KDPG-

deficient mutant R. eutropha H16-PHB�4-Deda and the complemented

mutant R. eutropha H16-PHB�4-Deda (pBBR1MCS-2HcphA/eda) using

different carbon sources. Cells were cultivated at 30 1C and 150 rpm in

300-ml Erlenmeyer flasks containing 150ml MSM according to Schlegel

et al. (1961) and 1.5% (w/v) of the indicated carbon source. The

Erlenmeyer flasks were inoculated with 2ml of an appropriate overnight

culture grown in mineral salts medium containing the same carbon source.

Growth was recorded in a Klett–Summerson colorimeter equipped with a

filter of 520–580nm. Symbols: (J) R. eutropha H16-PHB�4 (pBBR1MCS-2)

with gluconate; ( ) R. eutropha H16-PHB�4-Deda with gluconate; (’) R.

eutropha H16-PHB�4-Deda with fructose; (&) R. eutropha H16-PHB�4-Deda

with lactate and (K) R. eutropha H16-PHB�4-Deda (pBBR1MCS-2HcphA/

eda) with gluconate.

Table 4

Specific enzyme activity of KDPG-aldolase measured in different R.

eutropha strains

Strain Medium Specific KDPG-

aldolase activity

[(nmolKDPG

(minmgprotein)�1]

R. eutropha H16 MSM 0.09270.01

R. eutropha H16-PHB�4 MSM 0.10270.01

R. eutropha H16-PHB�4-Deda NB o0.01070.01

R. eutropha H16-PHB�4-Deda

(pBBR1MCS-2HcphA/eda)

MSM 0.18970.01

Table 5

Synthesis and accumulation of cyanophycin by cells of R. eutropha H16-PHB

Conditions Medium

With antibiotics MSM

MSM+Arg

MSM+Arg/Asp

Without antibiotics MSM

MSM+Arg

MSM+Arg/Asp
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precursor substrates or absence of plasmid-stabilizing
antibiotics. The recombinant cells accumulated cyanophy-
cin in an extraordinarily high extent ranging from 26.9% to
40.0% (w/w) of CDW; even in the absence of the amino
acids arginine and aspartic acid the cyanophycin contents
were as high as 26.9% or 27.7% (w/w) of CDW (Table 5).
The cyanophycin contents of cells cultivated in the absence
of antibiotics were only marginally lower than of cells
cultivated in presence of the respective antibiotic, thus
indicating that the plasmid is sufficiently stabilized in the
addiction system used (Table 5).
The results obtained in Erlenmeyer flasks encouraged us

to use the addiction system for improved cyanophycin
production also at large fermentation scale. First, a 30-L
fed-batch fermentation was performed under oxygen
restricted conditions and without supplementation
of antibiotics and cyanophycin precursor substrates
(Fig. 5A). After a lag-phase of 6–8 h the exponential
growth phase began simultaneously with a drastic decrease
in supplied ammonium and dissolved oxygen concentra-
tion, the latter of which became limited after 23 h of
cultivation. Under these conditions exponential growth
turn into linear growth until the end of the fermentation
most probably because the oxygen concentration was
limited in the culture broth. During this phase, ammonium
chloride and gluconate were fed several times as nitrogen
and carbon source to prevent exhaustion of these macro-
elements which might reduce cell density and accumulation
of cyanophycin. At the end of the fermentation after 97 h
an optical density ðOD600 nmÞ of 27.5 and a cell density of
6.8 g/L were obtained yielding cells with a cyanophycin
content of 35.8% (w/w). Light microscopic examinations
revealed that the cells were slightly elongated and that
almost each cell contained one or more big cyanophycin
granule (Fig. 5B). Analysis of plasmid stability revealed
that only 7% of the cells had lost the plasmid during
cultivation indicating that the addiction system enabled an
improved and stabilized production of cyanophycin with
recombinant cells of R. eutropha also at larger scale.
A scale up to the 500-L pilot-plant scale confirmed the

results obtained at the 30-L scale. A fed-batch fermentation
yielded an optical density ðOD600 nmÞ of 42.1 and a cell
density of 10.6 g/L with a cyanophycin content of the cells
of 32.0% (w/w) of CDW after about 68 h (data not shown).
�4 (pBBR1MCS-2HcphA/eda) under different cultivation conditions

CGP content (%, w/w of CDW) Specific CphA activity [(nmol

arginine (minmgprotein)�1]

27.772.0 1.970.3

31.672.0 n.d.

40.072.0 n.d.

26.972.0 1.870.3

30.872.0 n.d.

38.972.0 n.d.
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Fig. 5. Fed-batch fermentation of R. eutropha H16-PHB�4-Deda (pBBR1MCS-2HcphA/eda) under restricted oxygen conditions. (A) The cultivation was

done at 30 1C in a 30-L stirred tank reactor (B. Braun, Biotech International, Melsungen, Germany) containing 28L mineral salts medium with 1.5% (w/v)

sodium gluconate as sole carbon source and 0.15% (w/v) NH4Cl as nitrogen source. Restricted oxygen conditions were performed using constant stirrer

speeds of 150 rpm and aeration rates of 0.3 vvm during the whole time course of the cultivation. To prevent limitation of nitrogen or carbon, NH4Cl

(indicated by gray arrows) and gluconate (indicated by black arrows) were fed several times during cultivation. The pH of the medium was controlled at

7.0 by automated addition of 4M NaOH or 4M HCl. The concentration of ammonium and gluconate in cell-free supernatants was analyzed as described

in Material and methods. Light microscopic photograph of R. eutropha H16-PHB�4/Deda (pBBR1MCS-2HcphA/eda) cultivated at a 30L scale (B).
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This showed impressively that high plasmid stability
allowed the increased production of cyanophycin using
recombinant strains of R. eutropha even at a large pilot
scale.

4. Discussion

A prerequisite to establish expression of a recombinant
protein or a functional pathway for production of a
recombinant protein or a particular metabolite, respec-
tively, is stable maintenance of the respective gene(s) in the
genome of the recombinant production strain. Most often
plasmids are used in prokaryotes for this purpose because
they can be easily transferred into the host and occur in
multiple copies in the cells thereby increasing the amount
of the protein to be synthesized and consequently the
productivity of the cells. Frequently used multi-copy
number plasmids habor antibiotic resistance gene(s) and
often require the addition of antibiotics to the medium
during cultivation for their stabilization in the cells. This
makes the process cost intensive and economically as well as
ecologically unfeasible, especially if cultivations are done at
a large scale. Moreover, plasmid instability can even occur
despite the addition of antibiotics during cultivation, thus
also yielding plasmid-free cells and consequently a reduced
amount of the product (Zabriskie and Arcuri, 1986).
To overcome the problem of plasmid instability during

production of cyanophycin at large scale with recombinant
strains of R. eutropha, we employed two strategies to
stabilize expression of cphA of Synechocystis sp. strain
PCC6308 in R. eutropha. One strategy was to integrate
cphA into one of the two chromosomes (Schwartz and
Friedrich, 2001) of R. eutropha H16-PHB�4. Genomic
integration of a foreign gene is frequently used to overcome
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plasmid instability during production of recombinant
proteins (Friehs, 2004). It was for example previously
shown, that integration of the alcohol dehydrogenase and
the pyruvate carboxylase genes of Zymomonas mobilis into
the E. coli chromosome conferred the ability for efficient
production of ethanol to E. coli (Ohta et al., 1991). In our
study we chose the dispensable lactate dehydrogenase gene
(ldh), because it was known from previous studies that high
amounts of lactate are synthesized in R. eutropha when the
cells are cultivated under conditions of restricted oxygen
supply (Steinbüchel et al., 1983). Since limited oxygen
supply also promotes synthesis and accumulation of
cyanophycin in recombinant strains of R. eutropha and
P. putida (S. Diniz, I. Voss and A. Steinbüchel, unpub-
lished results), disruption of ldh by insertion of cphA could
in addition increase the metabolic flux towards the
formation of cyanophycin under these conditions.
Although the cphA integration mutant of R. eutropha

accumulated reproducible amounts of cyanophycin under
different cultivation conditions, the amounts of cyanophy-
cin were not very high. This was either due to weak
expression of cphA from the Okm- or ldh-promoter or due
to the lower gene dosage in this single cphA gene copy
strain in comparison to strains harboring cphA on a
plasmid. A single copy of an integrated gene will most
likely yield lower levels of the recombinant protein than
multiple copies of that gene in a multi-copy number
plasmid if identical promoters are used. This can be
overcome by multiple integrations of the same gene in the
genome. It was recently shown that single, double and
triple integrations of a recombinant organophosphorylase
gene into the chromosome of R. eutropha yielded a linear
increase in recombinant protein production without
instability of the constructs (Srinivasan et al., 2003).

We did not follow up this strategy further because
meanwhile an addiction system, which combined features
of a multi-copy number plasmid with stabilized expression
of cphA, was successfully applied and provided much more
promising results. The KDPG-aldolase gene-dependent
addiction system employed in this study also allowed
improved production of cyanophycin with recombinant
strains of R. eutropha during fermentations at larger scales
without addition of antibiotics. In the absence of an
antibiotic only 7% of the cells had lost the plasmid even
during prolonged fermentation at the 30-L scale. The
selective principle, i.e. capture of the plasmid due to its
indispensability because the eda gene is required for growth
on gluconate, caused a 90% increase in plasmid stability in
comparison to strains where the selective principle was the
presence of an antibiotic. Therefore, the recombinant cells
of R. eutropha accumulated cyanophycin up to 40% (w/w)
of the CDW after cultivation at the 30-L scale and only
slightly less after cultivations at the 500-L scale.

Originally, addiction systems were based on the existence
of at least two plasmid genes: one gene encoding a stable
toxin and another coding for an unstable factor which
prevents the lethal action of the toxin. While the toxin is
always represented by a protein, the antidote is either
antisense RNA, e.g. in the so-called hok/sok mechanism, or
a protein (Jensen et al., 1995; Jensen and Gerdes, 1995;
Engelberg-Kulka and Glaser, 1999). Meanwhile several
modifications of addiction systems are used in industry for
fermentative production of high-value substances (Friehs,
2004). Most of them are based on auxotrophic mutants
whose complementation is combined with the expression of
another gene leading to the desired product (Morsey, 1997;
Brey et al., 1995; Nakayama et al., 1988). In this study we
report on the construction of an effective and stabilized
system for the expression of a cyanobacterial cphA gene in
recombinant strains of R. eutropha, and it could be clearly
shown that production of cyanophycin in R. eutropha is
strongly affected by the expression system used. Further-
more, a different organization of cphA in the recombinant,
synthetic operon of the addiction system in comparison to
the other applied expression systems might cause a higher
transcript stability in the cells, which may lead to improved
expression of CphA and consequently production of
cyanophycin. In comparison to unstable multi-copy
plasmids or a single cphA gene copy strain, application of
the KDPG-aldolase gene-dependent addiction system
seems to be suitable for biotechnological production of
cyanophycin employing recombinant strains of R. eutro-

pha. Stable expression of cphA will be also helpful for
further detailed studies aiming at improved provision of
the cyanophycin synthetase with aspartic acid and espe-
cially arginine.
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eutrophus ldh structural gene encodes a novel type of lactate

dehydrogenase. FEMS Microbiol. Lett. 112, 229–236.

Jensen, R.B., Gerdes, K., 1995. Programmed cell death in bacteria: proteic

plasmid stabilization systems. Mol. Microbiol. 17, 205–210.

Jensen, R.B., Grohmann, E., Schwab, H., Diaz-Orejas, R., Gerdes, K.,

1995. Comparison of ccd of F, parDE of RP4, and parD of R1 using a

novel conditional replication control system of plasmid R1. Mol.

Microbiol. 17, 211–220.
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