Applied and Environmental
Microbiology

REFERENCES

CONTENT ALERTS

Autotrophic Production of
Stable-Isotope-Labeled Argininein
Ralstonia eutropha Strain H16

Steffen Lutte, Anne Pohlmann, Evgeny Zaychikov, Edward
Schwartz, Johannes R. Becher, Hermann Heumann and
Bérbel Friedrich

Appl. Environ. Microbiol. 2012, 78(22):7884. DOI:
10.1128/AEM.01972-12.

Published Ahead of Print 31 August 2012.

Updated information and services can be found at:
http://aem.asm.org/content/78/22/7884

These include:
This article cites 47 articles, 18 of which can be accessed free
at: http://aem.asm.org/content/78/22/7884#ref-list-1

Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals. ASM.org

INMISU|-19180T-youpal4 AQ Z2T0Z ‘02 JoqWBAON uo /Blowse wae//:dny woly papeojumod


http://aem.asm.org/cgi/alerts
http://aem.asm.org/

AEM

Journals.ASM.org

Autotrophic Production of Stable-Isotope-Labeled Arginine in
Ralstonia eutropha Strain H16

Steffen Liitte,> Anne Pohlmann,®* Evgeny Zaychikov,”< Edward Schwartz, Johannes R. Becher,© Hermann Heumann,”* and
Barbel Friedrich®

Institut fiir Biologie, Humboldt-Universitét zu Berlin, Berlin, Germany?; Max Planck Institut fir Biochemie, Martinsried, Germany®; and Silantes GmbH, Munich, Germany©

With the aim of improving industrial-scale production of stable-isotope (SI)-labeled arginine, we have developed a system for
the heterologous production of the arginine-containing polymer cyanophycin in recombinant strains of Ralstonia eutropha un-
der lithoautotrophic growth conditions. We constructed an expression plasmid based on the cyanophycin synthetase gene
(cphA) of Synechocystis sp. strain PCC6308 under the control of the strong P ., promoter of the R. eutropha H16 cbb_operon
(coding for autotrophic CO, fixation). In batch cultures growing on H, and CO, as sole sources of energy and carbon, respec-
tively, the cyanophycin content of cells reached 5.5% of cell dry weight (CDW). However, in the absence of selection (i.e., in anti-
biotic-free medium), plasmid loss led to a substantial reduction in yield. We therefore designed a novel addiction system suitable
for use under lithoautotrophic conditions. Based on the hydrogenase transcription factor HoxA, this system mediated stabilized
expression of cphA during lithoautotrophic cultivation without the need for antibiotics. The maximum yield of cyanophycin was

7.1% of CDW. To test the labeling efficiency of our expression system under actual production conditions, cells were grown in
10-liter-scale fermentations fed with '>’CO, and '’NH,Cl, and the '*C/'*N-labeled cyanophycin was subsequently extracted by
treatment with 0.1 M HCL; 2.5 to 5 g of ['*C/"°N]arginine was obtained per fed-batch fermentation, corresponding to isotope

enrichments of 98.8% to 99.4%.

table-isotope (SI)-labeled biomolecules are increasingly in de-

mand for various applications in quantitative mass spectrom-
etry (19) and multidimensional nuclear magnetic resonance
(NMR) (43). Of particular interest for quantitative proteomics are
SI-labeled amino acids, especially SI-arginine, which are used for
labeling of proteins in cultured cells, i.e., for the SILAC (stable-
isotope labeling with amino acids in cell culture) method (30, 31).
The beauty of this method is that cells growing on '*C/'*N-labeled
amino acids incorporate the label into their proteins without any
perturbing effects on their metabolism. The production of ">C-
labeled substances using algae and other autotrophic organisms
that utilize '>*CO, as the sole carbon source is far more cost-effec-
tive than using heterotrophic organisms. Not only is '*CO, per se
cheaper than '*C-labeled sugars, but heterotrophs incorporate
only a fraction of the label, the rest being lost due to respiration.
SI-labeled compounds are high-value specialty chemicals that are
produced in small batch sizes (e.g., 1 to 25 g).

The present study aims at improving the production of SI-
labeled arginine. The novel approach taken by us revolves around
the use of cyanophycin as an intermediate for arginine produc-
tion. Cyanophycin (multi-L-arginyl-poly-L-aspartic acid) is an
arginine-containing branched polypeptide found in cyanobacte-
ria and in some other bacteria (16). Cyanophycin is synthesized
nonribosomally by the action of a single enzyme, cyanophycin
synthetase, in an ATP-consuming reaction (1, 40, 47). It serves as
a nitrogen, carbon, and energy reserve and accumulates upon
transition from the exponential to the stationary growth phase
(25). Cyanophycin synthetases from cyanobacteria, including
Anabaena variabilis (47) and Synechocystis sp. strain PCC6308 (2),
have been purified and characterized. Related enzymes from some
chemotrophic bacteria, such as Acinetobacter sp. strain ADP1,
Bordetella sp., and Desulfitobacterium hafniense (16, 46), have also
been studied. Cyanophycin has attracted considerable biotechno-
logical interest as a potential source of polyaspartate, a biodegrad-
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able substitute for polyacrylate. Polyacrylate is a bulk chemical
with various industrial and agricultural uses. With the bulk pro-
duction of cyanophycin in mind, several studies have explored the
heterologous expression of cyanobacterial cyanophycin synthe-
tases in Escherichia coli (9), Pseudomonas putida (7), Ralstonia eu-
tropha (7), Saccharomyces cerevisiae (41), Pichia pastoris (42), Rhi-
zopus oryzae (27), and other organisms capable of growing on
cheap feedstocks, such as agricultural waste (28). Cyanophycin
has also been successfully produced in transgenic tobacco and
potato plants (29). Cyanobacteria are themselves not suitable as
cyanophycin production strains due to their fastidious growth
requirements, low yields of biomass, and low cyanophycin con-
tent (3.5% of cell dry weight [CDW]) (13). Some of the microbial
expression systems tested provided impressively high yields of cy-
anophycin (e.g., 46% of CDW for Acinetobacter calcoaceticus [8]).
However, with the exception of R. eutropha, none of them are
capable of autotrophic growth on CO,, a prerequisite for efficient
labeling with 13CO,. For this reason, we chose R. eutropha H16 as
the host strain for cyanophycin production, even though the yield
in previous studies was much lower than in other strains.

R. eutropha H16 is able to grow with H, and CO, as sole sources
of energy and carbon, respectively. Comprehensive information
originating from previous genomic, transcriptomic, and pro-
teomic studies is available for this strain (4, 6, 15, 20, 32, 33, 35,
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TABLE 1 Bacterial strains and plasmids used in this study

Autotrophic Production of Sl-Labeled Arginine

Bacterial strain or

plasmid Relevant characteristics Reference or source
Bacterial strains
R. eutropha
HF884 AphaCl; mutant of H16 defective in PHB synthesis 37
HF950 AphaC1 AhoxA; mutant of HF884 defective in lithoautotrophic growth This study
HF952 Mutant of HF884 with ¢phAg;os under the control of the P, promoter integrated in the nor2 This study
region of chromosome 2
E. coli
S17-1 recA proA thi-1 hsdR; harbors the RP4 tra genes in the chromosome 39
Plasmids
pLO1 Km® sacB RP4 oriT ColE1 ori 22
pLO11 Tc" RK2 ori Mob "5 expression vector for Strep-tagged fusion proteins in R. eutropha 38
pCM62 Tc"; bhr cloning vector 26
pSK::cphABsyn6308 Derivative of pBluescript SK(—) carrying the genes cphA and cphB of Synechocystis sp. PCC6308 1
pCH553 pLO1 containing hoxA with 921-bp in-frame deletion 23
pCH700 pLOI containing a 2.6-kb EcoRV fragment with a 4.9-kb Stul deletion (AnorR2A2B2) 34
pCH1609 3.3-kb MspAlI fragment of pGE778 in pCH700 Stul This study
pGE295 Derivative of pVK101 carrying the hoxABC]J region of Alcaligenes sp. strain M50 O. Lenz
pGE777 0.21-kb PCR fragment P, sequence ligated to AfIIII/Ncol-cut pLO11 O. Lenz
pGE778 pLO11 containing P, -cphAgs0s This study
pGE779 pLO11 containing P, -cphAgs05 and hoxABC] yjcasigenes sp. ms0 This study

36). Although the genome of R. eutropha harbors two homolo-
gous genes for cyanophycin synthetase (cphA and cphA’), no cya-
nophycin originating from the respective enzymes was detectable
(37). R. eutropha H16 does not accumulate cyanophycin as a stor-
age compound.

In this study, we report on the development of a heterologous
expression system for R. eutropha H16 suitable for autotrophic
production of cyanophycin as a basis for the production of the
stable-isotope-labeled amino acids arginine and aspartate. Specif-
ically, we describe efforts to advance strain optimization, includ-
ing the integration of the cphA gene into a dispensable chromo-
somal gene and the development of a novel addiction system
based on the essential transcription regulator for hydrogenase
gene expression, HoxA. Other addiction plasmids have been used
successfully in R. eutropha growing under heterotrophic condi-
tions, but these vectors are not suitable for autotrophic culture on
H, and CO, (45). Our new system mediates stable production of
cyanophycin in lithoautotrophic fermentations without the use of
antibiotics. SI-labeled cyanophycin can be easily extracted from
the cells via a fast acid extraction method (7) and hydrolyzed to
obtain the isotope-labeled amino acids [13C]arginine and [C]
aspartate.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The strains and plas-
mids used in this study are listed in Table 1. The strain HF884 is a deriv-
ative of R. eutropha H16 (DSM 428; ATCC 17699) carrying an in-frame
deletion allele of the phaC1 gene (24). E. coli S17-1 (29) served as a donor
for conjugative transfer. Strain HF950(pGE779) was used by our indus-
trial partner, Silantes GmbH (Munich, Germany), for the technical pro-
duction of SI-labeled cyanophycin.

Media and growth conditions. Strains of R. eutropha were grown in
mineral salts medium as described previously (12). Heterotrophic cul-
tures were grown in mineral salts medium containing 0.4% fructose (FN
medium). Lithoautotrophic cultures were grown in mineral salts medium
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under an atmosphere of 80% H,, 10% CO,, 10% O, in an explosion-proof
10-liter fermentor. Small-scale batch cultures were grown in 500-ml baf-
fled conical flasks in glass desiccators gassed with a mixture of 3% H,, 10%
CO,, 10% O,, 77% N,. Growth was monitored by measuring the optical
density at 436 nm. Strains of E. coli were grown in Luria-Bertani broth
containing 0.25% (wt/vol) sodium chloride (LSLB). Sucrose-resistant
segregants of sacB-harboring strains were selected on LSLB plates contain-
ing 15% (wt/vol) sucrose (22). Solid media contained 1.5% (wt/vol) agar.
Antibiotics were added as appropriate (for R. eutropha, 350 wg ml™* ka-
namycin, 15 wg ml ™" tetracycline; for E. coli, 15 pg ml ™! tetracycline, 100
pgml™ ! ampicillin). In fed-batch cultivations, the nutrients NH4+, Fe*t,
Ca’>*, and Mg”* were added at appropriate times to prevent growth lim-
itation. To test stable isotopic labeling under production conditions,
12CO, was replaced by '*CO, (chemical purity, >99%; isotopic enrich-
ment, >99%; Sigma-Aldrich) and "*NH,Cl was replaced by '"NH,Cl
(chemical purity, >989%; isotopic enrichment, >99%; Shanghai Research
Institute). Unless explicitly stated, all of the experiments reported in this
paper were done with unlabeled CO, and NH,Cl.

Plasmid and strain construction. In order to construct expression
vectors suitable for use under lithoautotrophic growth conditions, a
0.21-kb PCR fragment carrying the P, promoter sequence (18) and
appropriate restriction sites was amplified via PCR using primers cbbL
fwd (AfIIII) (5'-CGAACATGTGCAACTGGCGAAGGGTAAGG-3’) and
cbbL rev (Ncol) (5-CGTCCATGGTTGTCTCCTTGCGTGGTTG-3")
from R. eutropha strain HF210. The resulting PCR fragment was cut with
AfITIT and Ncol and ligated to pLO11 (38), a mobilizable expression vector
for Strep-tagged fusion proteins in R. eutropha, resulting in pGE777. This
plasmid was a kind gift of O. Lenz, Humboldt-Universitit, Berlin, Ger-
many. The Synechocystis PCC6308 cyanophycin synthetase gene was am-
plified using primers cphA Pcil (5'-GTCACATGTTAATCCTCAAAACA
CAAACCC-3') and cphA BglII (5'-TAAGATCTTTCACTACTGAGATG
ATATTTCTCAA-3") and plasmid pSK::cphAco (1) as the template. The
latter plasmid was a kind gift of A. Steinbiichel (Westfilische Wilhelms-
Universitit, Miinster, Germany). The PCR fragment was inserted into
pGem-T (Promega) and verified by sequencing. A 2.6-kb Pcil-BglII frag-
ment of the appropriate pGem-T clone was inserted into the NcoI-BglII-
cut vector pGE777, resulting in plasmid pGE778 carrying cphA 43, with a

aem.asm.org 7885

INMISU|-19180T-youpal4 AQ Z2T0Z ‘02 JoqWBAON uo /Blowse wae//:dny woly papeojumod


http://aem.asm.org
http://aem.asm.org/

Litte et al.

FIG 1 Micrographs of R. eutropha HF950(pGE779) under cyanophycin-in-
ducing and noninducing conditions. Samples were withdrawn at an optical
density at 436 nm (OD,) ranging from 8 to 10. (A) Strain HF950(pGE779)
cultivated lithoautotrophically on H, and CO, (in a mixture of 3% H,, 10%
CO,, 10% O,, and 77% N,). Light-scattering inclusions (arrows) indicate the
presence of CGP. (B) Strain HF950(pGE779) cultivated heterotrophically in
mineral salts medium with 0.4% fructose as a carbon source.

Strep tag-encoding sequence at the 3’ terminus. A 9.1-kb HindIII-BglII
fragment of pGE295 carrying the hoxABC] region of Alcaligenes sp. strain
M50 (DSM 2625) was ligated to BglII-HindIII-cut pGE778, resulting in
pGE779.

For the integration of the P, -cphA expression cassette into chromo-
some 2, a 3.3-kb MspAlI fragment of pGE778 was introduced into the
Stul site of pCH700 (34), resulting in pCH1609.

The suicide plasmid pCH553 (18) containing a 921-bp deletion in
hoxA was used to delete the hoxA gene in HF884. The mutant strain was
designated HF950.

Mobilizable plasmids were transferred from E. coli S17-1 to R. eutro-
pha by a spot mating technique, as described previously (39). Transcon-
jugants were selected on mineral salts agar plates containing 0.4% fructose
and the appropriate antibiotic. Mutants harboring an allelic exchange
within the chromosome were isolated as described previously (22).

Plasmid stability. For the determination of plasmid stability, strains
were grown in medium without antibiotic, and samples were withdrawn
from the cultures at different times over the course of cultivation. The
samples were diluted and spread on mineral salts medium with and with-
out antibiotic. The CFU on plates without antibiotic were counted and set
to 100%, and the numbers of CFU obtained from plates with antibiotic
were referenced to them.

Cyanophycin extraction and arginine purification. Laboratory scale
extraction of cyanophycin from cells was done by the acid extraction
procedure described by Frey et al. (9), including two acid solubilization
and neutralization cycles. Finally the purified cyanophycin was vacuum
dried. Cyanophycin was determined gravimetrically, i.e., the cyanophycin
extracted from a given amount of biomass was weighed after drying.
Yields are given as percentages of CDW. For a fast qualitative test of
cyanophycin accumulation during fermentation, the extraction protocol
was shortened as follows. One milliliter of cell culture was harvested, and
cell pellets were extracted with 1 ml 0.1 M HCI at 37°C for 2 h. Ten
microliters of the supernatant was mixed with 10 pl of a 0.2% SDS and
0.2% mercaptoethanol mixture, heated at 56°C for 5 min, and analyzed
via SDS-PAGE. For purification of arginine from cyanophycin, the poly-
mer was hydrolyzed with 6 N HCI at 110°C for 24 h. Excess HCI was
removed under vacuum. The hydrolysate was decolorized with active
charcoal and applied to a Dowex 50 column. Impurities and aspartate
were eluted by flushing with 0.25 M ammonium acetate, pH 7. Arginine
was eluted with 0.5 M NH,OH. Ammonia was removed by evaporation
and freeze-drying. The resulting product is a white powder >95% chem-
ically pure. The chemical purity was assessed by amino acid analysis with
postcolumn ninhydrin staining on a Sykam amino acid analyzer. The
major impurity was ammonium salt. To assay the isotopic enrichment of
the purified arginine, samples were examined via mass spectrometry on a

7886 aem.asm.org

CGP / CDW [%]

6 -
5

4

3 -

2 4

k0 n
0 T T T

HF952

HF884(pGE778) HF884(pGE778)
+Tet -Tet

FIG 2 Comparison of cyanophycin yields for different overproducing strains.
Cells of HF884(pGE778) were cultivated with and without antibiotic, and the
yields of cyanophycin were compared with those for HF952 (chromosomally
integrated copy of the cphA gene) and HF950(pGE779) (hoxA-based plasmid
addiction system). The cells were grown in batch mode under an H,-CO,-
0,-N, (3:10:10:77) atmosphere to an OD ;4 of 10 to 12, i.e., 1.5 to 1.8 g/liter
CDW. The error bars represent standard deviations of two biological repli-
cates.

HF950(pGE779)

Brucker Daltonics microTOF mass spectrometer in positive mode. The
isotopic enrichment of ["*C/'°N]arginine (MW, 185.13 for the proto-
nated form) was calculated using the areas under the peaks at MW 185.13,
184.13, and 183.13.

RESULTS AND DISCUSSION

Plasmid-based expression of cyanophycin synthetase under
autotrophic growth conditions. We constructed an expression
vector on the basis of the broad-host-range vector pCM62 (26), in
which we cloned a Strep-tagged version of the cphA gene from Syn-
echocystis sp. PCC6308 under the control of the strong P ;,;,; promoter
ofthe R. eutropha H16 cbb.operon (17). The cbb,.operon contains the
genes encoding most of the enzymes of the Calvin-Benson-Bassham
cycle, by which R. eutropha H16 fixes CO, during lithoautotrophic
growth. P, -controlled transcription is repressed during cultivation
on pyruvate and succinate, partially derepressed on fructose and glu-
conate, and fully derepressed during autotrophic growth on CO, and
formate (3, 11, 17).

The resulting construct, designated pGE778, was transferred
via conjugation from E. coli S17-1 to R. eutropha HF884 (37), a
mutant deficient in the synthesis of the storage polymer poly(3-
hydroxybutyrate) (PHB). Wild-type strains of R. eutropha pro-
duce copious amounts of PHB and therefore are not suitable as
production strains. When the transconjugants were cultivated
heterotrophically on 0.4% fructose, the cells appeared as optically
uniform rods under the light microscope. In contrast, cells culti-
vated lithoautotrophically on a mixture of H,, CO,, and O,, i.e.,
under conditions that lead to induction of the P, promoter,
contained prominent light-scattering inclusions (Fig. 1). The
number and size of the light-scattering granules increased in the
course of cultivation. These observations suggested to us that
the granules consisted of cyanophycin, also known as cyanophy-
cin granule polypeptide (CGP), the product of cyanophycin syn-
thetase (CphA). Immunodetection specific for the Strep tag fused
to the C terminus of CphA;,s clearly showed the heterologous
overproduction of ¢phA;,s under lithoautotrophic growth con-
ditions (data not shown). Cyanophycin extracted from the cells
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FIG 3 Expression plasmid pGE779 harboring the cyanophycin synthetase
gene (cphAgsys) from Synechocystis sp. 6308 under the control of the cbbL
promoter (P,;) and the hydrogenase regulator region from Alcaligenes sp.
strain M50 (hoxABC]J). oriV_ g, colE1 origin of replication; oriVyp,, RK2/RP4
origin of replication; trfA, RK2/RP4 replication initiator; tefA and tetR, tetra-
cycline resistance determinants.

formed a polydisperse band on SDS-PAGE with sizes ranging
from 22 to 30 kDa (data not shown).

Cyanophycin production in the absence of antibiotic selec-
tion. The yield of cyanophycin as a percentage of CDW was deter-
mined in cultures of strain HF884(pGE778) with and without
antibiotic. Cells grown in the presence of 15 ng/ml tetracycline
accumulated cyanophycin up to 5.5% of CDW. In cultures with-
out antibiotic, the cells accumulated less than 3% cyanophycin
based on the CDW. Microscopic examination revealed that the
number of cells with a light-scattering cyanophycin inclusion de-
creased in the course of the cultivation. Plasmid loss would be an
obvious explanation for this observation. In order to monitor
plasmid loss, we scored tetracycline-resistant cells in parallel cul-
tures grown in minimal medium containing fructose with and
without the addition of tetracycline. Not surprisingly, the cultures
grown in the absence of tetracycline contained significantly more
tetracycline-sensitive cells. After a 24-hour incubation, only about
70% (71.4% = 8.5%; n = 3) of the cells were tetracycline resistant
compared to control cultures in the same medium with tetracy-
cline. This is in line with the conjecture that plasmid-free cells
were increasing in number, since there was no selective pressure
for plasmid maintenance.

Chromosomal integration of P ,,;,;-cphA. Our first strategy to
overcome the problem of plasmid loss was to integrate the P, -
cphAgsps €xpression cassette into the chromosome of HF884. We
chose to integrate the construct into the dispensable nor2 region
located on chromosome 2, resulting in strain HF952. The integra-
tion was confirmed by PCR amplification using primers specific
for flanking sequences. HF952 showed a stable but low-level ac-
cumulation of cyanophycin during lithoautotrophic growth
(<2% based on CDW). The lower levels of cyanophycin than in
strain HF884(pGE778) are most likely due to low gene dosage, i.e.,
a single copy of ¢phA (Fig. 2). As a consequence of the above
finding, we did not pursue this approach further.

Construction of a hoxA-based plasmid addiction system.
Previous studies demonstrated the efficacy of a plasmid addiction
system for maintaining an expression vector in cells of R. eutropha
grown heterotrophically in the absence of antibiotic selection
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FIG 4 Stability of plasmid pGE779 in strain HF950. Cultures were grown
lithoautotrophically in a fed-batch fermentation. Samples withdrawn at dif-
ferent times (OD 3, = 3.7, 20, and 52) were spread on mineral salts medium
agar plates containing 0.4% fructose (FN) either with (+Tet) or without an-
tibiotic. CFU on agar plates without antibiotic were set to 100%, and CFU
obtained from the plates with antibiotic were referenced to them. The error
bars represent standard deviations of triplicates.

(45). We decided to adopt a similar strategy to ensure stable main-
tenance of a ¢phA expression plasmid under lithoautotrophic
growth conditions. Our addiction system is based on the regula-
tory mechanism governing hydrogenase gene expression in R. eu-
tropha. Hydrogenase expression is controlled by four components
encoded by the genes hoxA, -B, -C, and -] (5, 10). HoxB and HoxC
constitute subunits of a regulatory hydrogenase responsible for
hydrogen sensing. HoxA and HoxJ form a two-component sys-
tem, where HoxJ is a histidine kinase and HoxA is a response
regulator (21). The dephosphorylated form of HoxA is active as a
transcription regulator, promoting the expression of the dual
operons encoding the soluble and membrane-bound hydroge-
nases. Mutants lacking hoxA are not able to grow on H, due to a
lack of hydrogenase.

First, we engineered an appropriate R. eutropha strain as a host
for the addiction plasmid. We generated an in-frame deletion in
the hoxA gene of HF884 via an allelic-exchange protocol (22). The
resulting strain, designated HF950, grew normally on organic sub-
strates but was unable to grow lithoautotrophically on H, and
CO,. Next, we proceeded to construct the corresponding vector
plasmid. We inserted a fragment of DNA carrying the hoxA gene
of Alcaligenes sp. M50 into the cphA expression vector, resulting in
plasmid pGE779 (Fig. 3). The latter strain is a very close relative of
R. eutropha H16. In fact, it should probably be designated R. eu-
tropha (14). Subtle differences in the nucleotide sequences of the
homologous regulatory genes of strains M50 and H16 are corre-
lated with deregulated and excessive hydrogenase expression in
strain H16 (23). We deliberately used the regulatory components
of Alcaligenes sp. M50 instead of the autochthonous components
of R. eutropha H16. The addiction plasmid was transferred via
conjugation into HF950. The resulting strain had its ability to
grow lithoautotrophically restored, with a doubling time of ap-
proximately 6.1 h under an atmosphere of H,, CO,, and O, (80%,
10%, and 10%, respectively), which is somewhat slower than the
wild-type R. eutropha H16 (4.2 h).

Yields of cyanophycin from different heterologous produc-
tion strains. In a lithoautotrophic batch cultivation with cultures
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FIG 5 Cyanophycin overproduction during lithoautotrophic fed-batch culti-
vation of R. eutropha HF950(pGE779) grown on '>CO, and "NH,CL (A)
Growth curve of HF950(pGE779). Samples were taken at the time points in-
dicated in panel A (1 to 4) and subjected to SDS-PAGE. (B) SDS-PAGE. Equal
amounts of cells (based on the optical density at 436 nm) were harvested and
extracted with 0.1 M HCI. The acid-extracted cyanophycin was dissolved in
buffer containing SDS and mercaptoethanol and separated on a 15% SDS-
PAGE gel. M, protein size standards. Molecular weights of the standard pro-
teins are given at the left.

grown in a glass desiccator containing a defined gas mixture (H,/
0,/CO,/N,; 3%:10%:10%:77%), HF950(pGE779) produces re-
producible amounts of cyanophycin, with a maximum yield of
7.1% = 1.2%. This is slightly more than HF884(pGE778) in the
presence of tetracycline (5.5% = 0.5%) and significantly more
than the amounts yielded by antibiotic-free cultivation of
HF884(pGE778) (2.9% * 0.2%) and HF952 (1.8% = 0.2%) (Fig.
2). Plasmid stability tests showed practically no plasmid loss even
after prolonged cultivation, confirming that pGE779 is highly sta-
ble (Fig. 4). In contrast, the plasmid pGE778 is rapidly lost from
HF884 when no antibiotic is present in the growth medium (see
above).

As mentioned above, several studies on the heterologous ex-
pression of cyanophycin synthetase have been published in recent
years. Different cyanophycin synthetase genes and various vector-
host systems have been tested. Expression of the cphA gene from
Synechocystis sp. PCC6803 in E. coli DH1 resulted in cyanophycin
yields of 12% (based on CDW) for cells grown in minimal me-
dium and 24% for cells grown in complex medium (9). Cells of P.
putida KT2440 and R. eutropha H16 expressing the cphAl gene
from A. variabilis produced as much as 23.0% and 20.0% cyano-
phycin (relative to CDW), respectively (44). Mutants defective for
the synthesis of polyhydroxyalkanoates made even more cyano-
phycin: 24.0% and 22.0%, respectively. Other studies have fo-
cused on cyanophycin production in fungi. Steinle and coworkers
investigated the expression of the cphA gene from Synechocystis sp.
PCC6308 in S. cerevisiae (41). The authors showed that cyanophy-
cin accumulated up to 6.9% of CDW. Another study from the
same laboratory demonstrated the production of cyanophycin up
t023.3% in P. pastoris carrying a mutant cphA gene (42). Recently,
cphA genes from Synechocystis and Anabaena were expressed in R.
oryzae, resulting in the synthesis of cyanophycin up to 0.5% of
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CDW (27). All of the studies cited above are based on hetero-
trophic culture conditions and, hence, are not relevant to the spe-
cial case of producing SI-labeled amino acids. Nevertheless, the
high levels of cyanophycin obtained in some of these systems are
enticing and suggest that cyanophycin yields in autotrophic pro-
duction based on the system reported here can be improved. We
have begun a program of experiments aimed at the systematic
optimization of our expression plasmid. Preliminary results indi-
cate that transferring the P, -cphA expression cassette to a rep-
licon with a higher copy number leads to a doubling of the cyano-
phycin yield (S. Liitte and B. Friedrich, unpublished data). In a
recent systematic study on heterotrophically grown R. eutropha,
Lin and coworkers showed that by adjusting various physico-
chemical parameters of the fermentation, the yield of cyanophycin
could be increased to 47.5% (24). It is not unlikely that a similar
optimization of the conditions of autotrophic fermentation will
also lead to improved yields.

Yield and purity of SI-labeled arginine produced on an in-
dustrial scale. In order to test our new expression system under
real-life production conditions, strain HF950(pGE779) was
grown lithoautotrophically on '>CO, and ""NH,CI in a 10-liter
closed fed-batch fermentor. Samples were withdrawn at various
points during the course of fermentation and analyzed for cyano-
phycin accumulation by SDS-PAGE. Cyanophycin was present in
the cells and appeared to increase during the exponential growth
phase (Fig. 5). Yields of SI-labeled arginine varied between 2.5 and
5 g per 10-liter fermentation. After harvesting the cells, cyanophy-
cin was isolated by acid extraction and subsequently hydrolized,
yielding ['’C/"°Nlarginine and ['’C/'°N]aspartate. The [’C/
'”N]arginine was purified via ion-exchange chromatography. The
isotopic enrichment of '>C plus '°N in the ['*C/'*N]arginine, as
determined by mass spectrometry, varied between 98.8% and
99.4% (Fig. 6). These results are proof of principle demonstrating
that enrichment of cyanophycin in lithoautotrophically grown
cells is an attractive approach to the production of SI-labeled ar-
ginine.
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