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Metabolic pathway engineering using &~

the central signal processor,P

Bjorn Watzeér Alicia Engelbrechiwaldemar HatyfMark StahlIris Maldenéand Karl Forchhamniér

Abstract

Background: B, signal processor proteins are wide spread in prokaryotes and plants where they control a multitude
of anabolic reactions. E cient overproduction of metabolites requires relaxing the tight cellular control circuits. Here
we demonstrate that a single point mutation in thesignaling protein from the cyanobacteri@ynechocyssp.

PCC 6803 is su cient to unlock the arginine pathway causing over accumulation of the biopolymer cyanophycin
(multi+-arginyl-poly—aspartate). This product is of biotechnological interest as a source of amino acids and polyas-
partic acid. This work exempli es a novel approach of pathway engineering by designing custom-fesigrediriy
proteins. Here, the engineerSginechocysisp. PCC6803 strain with@d8N mutation over-accumulated arginine
through constitutive activation of the key enzylhacetylglutamate kinase (NAGK).

Results: In the engineered strain BW86, in vivo NAGK activity was strongly increased and led to a more than tenfold
higher arginine content than in the wild-type. As a consequence, strain BW86 accumulated up to 57 % cyanophycin
per cell dry mass under the tested conditions, which is the highest yield of cyanophycin reported to date. Strain BW86
produced cyanophycin in a molecular mass range of 25 to >100 kDa; the wild-type produced the polymer in a range
of 30 to >100 kDa.

Conclusions: The high yield and high molecular mass of cyanophycin produced by strain BW86 along with the low
nutrient requirements of cyanobacteria make it a promising means for the biotechnological production of cyano-
phycin. This study furthermore demonstrates the feasibility of metabolic pathway engineering usjs@ttadify

protein, which occurs in numerous bacterial species.

Keywords: Cyanophycin, Cyanobacteri#rginine, pprotein

Background opague, membrane-less granuled] [ Isolated cyanophy
Cyanophycin (multi- -arginyl-poly- -aspartate) is a cin has a molecular weight widely ranging from 25 to
nitrogen/carbon reserve polymer present in most cyano 100 kDa p] and is insoluble at physiological pH, but selu
bacteria [1, 2] and in a few heterotrophic bacteria3[ 4].  ble in diluted acids or based.().
It consists of a polyaspartic backbone with arginine resi  In cyanobacteria, the amount of cyanophycin is usu
dues linked via isopeptide bonds at the free carboxylateally less than 1 % of the cell dry mass during exponen-
groups of the aspartic backbones,[6]. Cyanophycin is tial growth. When cells experience certain unfavorable
nonribosomally synthesized from arginine and aspartateconditions other than nitrogen starvation, such as sta
by cyanophycinsynthetase (CphA) in an ATP-dependenttionary phase or unbalanced growth conditions owing
elongation reaction using unidentied primers §-8]. to nutrient limitation, e.g., sulfate or phosphate star
Cyanophycin accumulates in the cytoplasmic space awation [11], light stress, low temperaturelf], or pres-
ence of chloramphenicol 13], the cyanophycin content
may increase to 18 % of the cell dry mass. Cyanophycin

*Correspondence: karl.forchhammer@uni-tuebingen.de also can accumulate transiently during the recovery of
!_ntgrfacultylnstltute ofMlcro'bloIo'gly ar_]_d.lnfectlon Medicine nitrogen-starved, non-diazotrophic cyanobacteria upon
Tubingen, Eberhard-Karls-Universitat Tibingen, Auf der Morgenstelle 28, e .

72076 Tubingen, Germany addition of a usable nitrogen sourcel4]. Furthermore,
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in heterocysts (specialized cells for nitrogen xation) of ammonia is impaired 23]. We tested whether the oppo

cyanobacteria of the ordeNostocalespolar nodules con

site phenotype inSynechocystisp. PCC 6803 would be

sisting of cyanophycin are deposited at the contact site topossible if we replaced the wild-typgInB gene (encod

adjacent vegetative cell4 ).

e cyanobacterial P, protein is a member of the
widely distributed family of R signal transduction pro-
teins present in bacteria, plants, and some archa&é].|

ing B,) with agInB variant with codon alteration 11€86 to
Asp, thereby generating a,Pvariant that constitutively
activates NAGK, which could lead to the accumulation
of cyanophycin not just transiently, but in high amounts.

P, proteins are largely involved in the regulation of is metabolic pathway engineering via manipulation of

nitrogen assimilatory metabolism. For this purpose, P

the B, signal indeed resulted in a strain that excessively

senses the cellular energy level by binding ATP or ADPoverproduces cyanophycin (Fig).

competitively [17] and senses the state of central carbon/

nitrogen metabolism by binding or lack of binding of
the status reporter molecule 2-oxoglutarate (2-OG)4,
19]. E ector molecule binding results in structural rear
rangements of the large surface-exposed T-loops qf P
its major protein-interaction determinant. In the unicel

Results and discussion

Expression of the R(I186N) variant inSynechocystisp. PCC
6803 causes a strong in vivo activation of NAGK

Previous biochemical studies have shown that the
P, (186N) variant ofS. elongatu$CC 7942 constitutively

lular freshwater cyanobacteriégynechococcus elongatusbinds to NAGK in vitro [26]. To test whether this | vari-

PCC 7942 andSynechocystisp. PCC 6803 during nitro

ant a ects the in vivo activity of NAGK, we constructed a

gen starvation, which corresponds with high 2-OG levels,genomic mutant ofSynechocystisp. PCC 6803 in which
the B, protein binds 2-OG and is phosphorylated at the the glnB gene was replaced by @nB gene carrying the
apex of the T-loop at position Ser49; when nitrogen is inmutation for I86N together with a spectinomycin resist
excess, which corresponds to 2-OG paucity and thereforeance cassette via homologous recombination. Complete

no binding of the R, protein to 2-OG, Ser49 is dephos-
phorylated [L6, 20].

Depending on the bound e ector molecules and the
phosphorylation status, P interacts and inuences

segregation of the mutation in the polyploidgynechocys
tis sp. strain, named strain BW86, was con rmed via PCR
(Additional le 1: Figure S1).

To determine in vivo NAGK activity during growth

many target proteins, including enzymes, channels, andvith different nitrogen sources, we cultivated the wild-

regulatory proteins [L8, 21, 22]. One of the major R
target proteins is the enzymé\-acetylglutamate kinase
(NAGK) [23], which catalyzes the committed step in the
cyclic arginine biosynthesis pathway24]. Under nitro-
gen excess, Pin its non-phosphorylated form binds to
NAGK [25], there by strongly enhancing its biosynthetic

type Synechocystisp. PCC 6803 and strain BW86 in
BG-11 medium containing either nitrate, ammonia, or
no nitrogen source (Fig2). NAGK activity was higher
in strain BW86 than in the wild-type in all cases; the
activity was 2.3-fold higher after growth with nitrate
and 3.2-fold higher after growth with ammonium.

activity as well as relieving the feedback inhibitory e ect The nitrogen source, i.e., nitrate or ammonium, did

of arginine on NAGK activity [8]. In a screening for P
variants with altered NAGK binding properties, our labo
ratory previously identi ed a variant of theS. elongatus
PCC 7942 R protein with a single amino acid replace-
ment, le86 to Asp86, hereafter referred to ag(RB6N),
that constitutively binds NAGK in vitro P6]. e variant

is a structural mimic of B in the NAGK complex, with

not strongly affect NAGK activity. However, under
nitrogen starvation, NAGK activity strongly increased
in strain BW86 and decreased in the wild-type, such
that the activity was 19.2-fold higher in strain BW86.
The low activity of NAGK in the wild-type under

nitrogen starvation could be explained by the full
phosphorylation of R under these conditions 48]

its T-loops in a kinked conformation; as a consequence ofince this prevents RNAGK interaction and thus,

this special T-loop folding, this variant has a high a nity
for NAGK and no longer responds to 2-OG but can bind
citrate in vitro [27].

For in vivo studies of the role of Pin arginine metabo-
lism, strain Synechocystisp. PCC 6803 o ers the advan-
tage overS. elongatushat it produces cyanophycin. In a
P,-de cient mutant of Synechocystisp. PCC 6803, not

the NAGK enzyme would be in an inactive state
[25]. Transcriptome studies ofSynechocystishow an
induced expression of theginB and argB (encoding
NAGK) genes under nitrogen starvation2P]. Such
an induced expression would lead to increased levels
of PB,(I86N) and NAGK. Provided that phosphoryla
tion of P, (186N) is impaired, this could be the cause

only does NAGK remain in a low activity state, but also of the high NAGK activity shown in Fig2, since R in

the transient accumulation of cyanophycin that normally

its non-phosphorylated state interacts with NAGK and

occurs after exposing a nitrogen-starved culture to excesstrongly enhances its activity2p].
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Fig. 1 The strategy of metabolic engineering of th@8BN) protein iBynechocystp. PCC 6803 for arginine/cyanophycin overproduction.
The conversion df-acetylglutamate (Ac-Glu) kbacetylglutamate-phosphate (Ac-Glu-P) is the rate-limiting step in the cyclic arginine synthesis
pathway and is catalyzed by NAGK. NAGK activity is controlled by complex formation yitoteis Rvhich senses the nitrogen status by
2-oxogluterate (2-OG) binding. In the wild-type, unbound NAGK has low atzshiyd( lifeand is highly susceptible to arginine feedback inhik
tion, whereas NAGK bound to thgpPotein has high activitgdglid black liz@nd much less sensitive towards arginine. |[[I86R) variant of strai
BW86 (imrange boxpermanently binds to NAGK and strongly increases its astilidyofange linand relieves arginine feedback inhibition.
When excess arginine (Arg) is produced cyanophycin is synthesized from arginine and aspartegg (Asp in

1.0+ r ik
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Fig. 2 NAGK speci c activity in extractSghechocystip. PCC 6803 Fig. 3 Analyses of,hosphorylation of wild-type,Rnd R(I86N)
(wild-type) and the engineered strain BW86 incubated with nitrate | from cells grown on nitrate, ammonium, or without a nitrogen
(NG, ), ammonium (NH), or no nitrogen source (-N) until the late source. Native PAGE and western blotting with giatiibodies.
exponential phase (QE of about 0.8). For nitrogen starvation (-N), | 10 pg of protein crude extract per lane
cells were incubated in nitrate-supplemented BG-11 medium to an
OD;5,0f 0.5 and were then transferred to BG-11 medium without|a
nitrogen source and incubated for 2 days to apsQ@f 0.8

electrophoretic mobility corresponding to one- two- and
threefold phosphorylated forms (B F}, F3). e mobil-

ity of non-phosphorylated R(I86N) and wild-type R
The R,(I86N) variant has a reduced phosphorylation slightly diered due to the replacement of isoleucine
To test the assumption that the high activity of NAGK with asparagine at position 86. In nitrate-grown cells,
in strain BW86 is due to impaired phosphorylation of wild-type P, was in the non-phosphorylated state {P
P,(I86N), we analyzed its phosphorylation status usingand in the mono-phosphorylated state {f whereas
non-denaturing PAGE followed by immunoblotting using P, (IB6N) was only in the non-phosphorylated state. As
P, specic antibodies B0] (Fig. 3). Each phosphoryla- expected, both P proteins were non-phosphorylated
tion event increases the negative charge of thg ro-  when the cells were grown with ammonium as nitro
tein and, therefore, leads to three isoforms of increasinggen source. Under conditions of nitrogen starvation, P
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in wild-type cells was strongly phosphorylated with the “Methods’), the only changing metabolites are arginine,

two-and three-fold phosphorylated forms @ F) pre-
vailing. By contrast, phosphorylation of [RI86N) was

citrate/isocitrate, succinate and glycerate-3-P. Remark
ably, strain BW86 accumulated on average 15-fold more

severely impaired, with absence of the fully phospheryl arginine than the wild-type. is increase re ects the
ated form F but dominance of the non-phosphorylated constant activation of NAGK by the JRI86N) variant,

(P%) and mono-phosphorylated form of P Furthermore,
due to the induced expression afinB during nitrogen
starvation 1], the bands of wild-type P and R,(I86N)

which maintains NAGK in a state that is highly insensi
tive towards arginine-feedback inhibition. On the other
hand, the pools of citrate/isocitrate, succinate and glyc

from nitrogen-starved cell are more intensive compared erate-3-P were decreased. e pools of citrate/isocitrate

to non-starved cells (Fig3). ese data con rm that the
strikingly high activity of NAGK under nitrogen starva

tion in strain BW86 (Fig.2) is due to impaired phospho-

rylation of B, (I86N).

The high NAGK activity of the {186N) variant leads to a
high intracellular arginine level

and succinate were just slightly (p value >0.05) lower in
strain BW86 whereas the amount of glycerate-3-P was
signi cantly lower in strain BW86 (p value 0.0107). e
reason for the decreased level of glycerate-3-P is not
known, but it indicates a yet to be explored connection to
the increased metabolite ow into the arginine pool, e.g.
by accelerated glycolytic ux that could drain the glycer

NAGK represents a key enzyme in the regulation of argi-ate-3-P pool.

nine biosynthesis and as such its activity is feedback-con-

trolled by the cellular arginine levels, the nal product of The R,(186N) mutation leads to cyanophycin accumulation

the pathway. Importantly, in vitro analysis demonstrated Previous studies have shown a relationship between a

that complex formation of NAGK with B not only acti-

lack of R-dependent NAGK activation and a lack of

vates the enzyme, but strongly relieves feedback-inhibi-cyanophycin accumulation. It has been suggested that
tion by arginine P6]. To reveal the metabolic changes the lack of R-induced arginine accumulation disables

that are caused by the replacement of wild-typg By

the B, (I86N) variant in vivo, we determined the metab-

the accumulation of cyanophycinZ3]. As shown above,
strain BW86 displays enhanced NAGK activity due to

olome of the two strains with a focus on metabolites of constant NAGK activation by the [(I86N) variant and

primary metabolism, i.e., of the TCA cycle, GOxation,
amino acid biosynthesis, and glycolysis (Fi). For the

in consequence, over produces arginine. It was, therefore,
intriguing to elucidate how this aects the accumuta

comparison an untargeted metabolomics approach wagion of cyanophycin. Preliminary analysis indicated, that
chosen. According to PCA and OPLS-DA analysis (seéndeed the cellular cyanophycin content was strongly
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Fig. 4 Concentration of metabolites of strain BW86 relative to that
of wild-typeSynechocystigp. PCC 6803. Only those metabolites a
shown whose levels in the two strains di ered. Cells were grown
BG-11 medium with nitrate to an @pof 0.8; n four independent

replicates. The method does not distinguish between citrate and
isocitrate. Note that the x-fold di erences in concentration are on|a
log 10 scale
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increased. Next, we systematically determined the rela
tionship between nutritional conditions and cyanophy-
cin production (Fig.5). With nitrate as nitrogen source
(Fig. 5a), wild-type cells accumulated about 1.1 0.5 %
cyanophycin relative to the cell dry mass (CDM) in the
rst 4 days. As the cells entered stationary phase on day
6 up to day 12 (Fig5A'), cyanophycin slightly increased
up to 3.6 0.8 % of the CDM. By contrasfirain BW86
accumulated up to 15.6 5.4 % cyanophycin relative to
the CDM, i.e., on average almost six fold more than the
wild-type. Remarkably, upon inoculation of a fresh BW86
culture with stationary cells, the cyanophycin content
was initially very high, but the level transiently decreased
in the following days, corresponding to the exponen
tial growth phase. After entry into stationary phase, the
cyanophycin content increased again.

With ammonium as nitrogen source (Figsb), wild-
type cells accumulated cyanophycin similarly as with
nitrate as nitrogen source, whereas strain BW86 pro
duced less cyanophycin than in nitrate-supplemented
medium, but still considerably more than the wild-type.
e cyanophycin level increased up to 9.6 1.7 % of the
CDM in the rst 4 days but began to slightly decrease on
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Fig. 5 Cyanophycin accumulation 8ynechocystp. PCC 6803 wild-typehfte barsand strain BW8gr&y barscultivateda with nitratep with
ammonium ¢ under phosphate starvation, addinder potassium starvatioh-D' Growth curve oBynechocystp. PCC 6803 (Wdild{esand
strain BW8&(uarels Y -axes in log 10 shows the,§Q3Cells of each strain exponentially growing in BG-11 medium were inoculated into 800 ml

of the respective BG-11 medium and incubated with an in ux of 2.9 @®. For phosphate starvation, washed cells were grown in phosphate-

free medium and were diluted with fresh phosphate-free medium after 2 days of cultivation; this time point was day 2. For potassium starvation,
the cells of the inoculum were washed and inoculated into potassium-free medaiamdd, the nitrogen source was nitrate. Cyanophycin was
quanti ed every second day; the concentration is plotted against the cell dry mass (CDM). Note the di erent scales on the y-axes

day 6. Quanti cation of the amount of ammonium in the However, since after 4 days the strain BW86 stopped to
medium supernatant of the two strains indicated that consume ammonia and to grow (Fi§B'), the cells might
strain BW86 consumed ammonia more slowly than the have degraded their cyanophycin reserves and used them
wild-type (Additional le 2: Figure S2). In the rst 2 days as internal nitrogen source. e impaired ammonia CoR

of cultivation, ammonia consumption of the wild-type sumption of strain BW86 could indicate a possible role
and the BW86 strain was similar (Additional 1&€: Figure of B, in ammonium utilization, which might be a ected
S2). Subsequently, ammonia consumption in strain BW86in the B, (186N) variant. In Escherichia coliand many
ceased. It is conceivable that the initial uptake of amimo other heterotrophic bacteria, the P homologue GInK
nium allowed initial cyanophycin accumulation, resulting regulates the membrane-localized ammonia transporter
in a peak of cyanophycin amount at day 2 and 4 (Fig). AmtB [18]. Although an involvement of cyanobacterial
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P, in the regulation of Amt homologues has not yet beenCDM was already reached on day 2. ereafter, the cyan
clearly demonstrated, such a function seems possibl®phycin content of both strains slowly decreased, prob-
[28]. e phenotype of impaired ammonia utilization ably a consequence of a stress response in the decaying
observed here could indicate a direct involvement of P cells, caused by the harmful lack of potassium.

in ammonia uptake inSynechocystisp. as well.

As nitrate-grown cells had higher cyanophycin cen Strain BW86 produces cyanophycin of high molecular mass
tents than ammonium-grown cells, we used nitrate as theTo test the in uence of the R(I86N) mutation on the
nitrogen source in the following studies. In some cyano cyanophycin polymer length, we isolated cyanophycin
bacterial species, the cyanophycin content can increasgranules from cells during the course of a phosphate
up to 18 % of the CDM 11-13, 31] under certain stress- starvation experiment. We used an extraction method
conditions. Generally, cyanophycin accumulation is trig that prevents hydrolyzation of the polymer that ner
gered by conditions of reduced growth rate, such as entrymally occurs during the usual acid extraction protocol
into stationary phase or unbalanced cultivation condi (see Methods"). e isolated polymer was solubilized
tions, whereas during exponential growth, the aminoin SDS sample buer and analyzed by SDS-PAGE
acids arginine and aspartate are mostly used for proteinFig. 6). Cyanophycin isolated from strain BW86 had
biosynthesis. To test the e ect of growth limitation on a size range of 25 to well above 100 kDa; the lowest
cyanophycin accumulation, we starved cells for phos molecular mass was slightly lower than that of the wild-
phate or potassium (Figbc, d, respectively). type (range 30 to >100 kDa). Like in the wild-type, the

To induce phosphate starvation cells were washed andime point at which samples were taken had no in-u
inoculated in phosphate free BG-11 medium. Since theence on the size distribution of the polymer. e high
internal phosphate pools are only slowly depleted, themolecular weight of cyanophycin produced in strain
cell growth in phosphate free medium is initially not BW86 is one of the main di erences to other recom
a ected. In order to avoid growth into stationary phase binant cyanophycin productions strains using heter
without full induction of phosphate starvation, after ologous expression systems with heterotrophic bacteria
2 days, the cultures were again diluted 1:5 in phosphat®r genetically engineered yeast or plants harboring a
free medium. After two more days, growth ceases due tacyanobacterial cyanophycin synthetase gen&4f36].
phosphate starvation. Accordingly, the cyanophycin con ose strains produce cyanophycin with a size range
tent of both strains on day 0 and day 2 (Fl&¢) is compa- of only 25-45 kDa, but why they fail to produce higher
rable to that of non-starved cells (Fi®a). In agreement, molecular mass cyanophycin has not been elucidated
the growth rate at this early stage was not aectedso far. A possible explanation would be that cyano
because of a su cient internal phosphate pool (Fi§C')  phycin synthesis in the nativé&ynechocysti®CC 6803
[32]. On day 4, the cyanophycin content in both the wild- background (as is provided in the presently engineered
type and strain BW86 strongly increased, correlatingstrain BW86) involves additional factors contributing
to the onset of the phosphate starvation. After 12 daysto the polymer length. Further work on the molecular
the accumulation of cyanophycin was maximal, with the biology of cyanophycin granule synthesis is required to
wild-type exhibiting 16.2 1.9 % of the CDM and strain solve this question.

BW86 47.4 2.3 % of the CDM.

Potassium starvation is a very strong and immediateMicroscopic examination of cyanophycin production
stress for cyanobacterial cell83] because it is not bu-  in strain BW86
ered by internal pools and stringently a ects the growth. e above experiments showed that cells of strain BW86
In the absence of potassium, the growth rate of bothmassively overproduced cyanophycin during exponential
strains was nearly zera®p] (Fig.5D"). To test the e ect of  growth and even more, under growth-limited conditions,
potassium starvation on cyanophycin production, expo whereas wild-type cells under both conditions produced
nentially growing cells of both strains were washed andvery little amounts of cyanophycin. To gain insight into
inoculated into potassium-free BG-11 medium (Figd). the distribution of cyanophycin production in the popu
In contrast to phosphate starvation, the cyanophycin lation of cells of strain BW86, we attempted to micro-
content in potassium-starved cells rapidly increasedscopically visualize cyanophycin. In previous studies,
in the rst 2 days, due to the rapid arrest of growth. As cyanophycin granules have been recognized by their
long as the metabolism is in an active state, growth arresappearance as light dense granules in bright- eld images.
allows the e cient synthesis of reserve materials. In Consequently, clear identi cation of granules is di cult
agreement, cyanophycin accumulation in the wild-type and only large granules could be recognized. e Sakagu
reached a peak of 15.8 0.5 % of the CDM after 4 days. chi reaction is a colorimetric reaction for identifying and
In strain BW86, a peak of 57.3 11.1 % cyanophycin per quantifying arginine B7]. To use the Sakaguchi reaction
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in unicellular cyanobacteria, we developed a xation pro- few cells. e intense color of these particles arises pre
tocol that maintained the structure of cells and cyano- sumably from the high arginine content, and they would

phycin granules (Fig7).

e cytoplasm of exponentially growing wild-type

thus correspond to cyanophycin granules (Figia).
Accordingly, the cytoplasm of cells of strain BW86 was

cells stained light red due to the arginine content of cel clearly stained darker red due to the higher arginine
lular proteins. Dark red dots were visible only in very content as well as more and larger cyanophycin gran

Strain BW86

Fig. 7 Cyanophycin stained aexponentially growing anil
phosphate-starved cells 8f/nechocystp. PCC 6803 wild-type
and strain BW86 using the Sakaguchi reaction. The intensity of
indicates the amount of arginine. The daiko purple dotare
cyanophycin granules

ules, and the granules were heterogeneously distributed.
During phosphate starvation, almost all cells, both from
the wild-type and strain BW86, produced cyanophycin
granules recognizable as dark red dots (Fith). e
granules in strain BW86 were clearly larger than those in
the wild-type; i.e., strain BW86 accumulated a few large
cyanophycin granules compared to the small granules
in the wild-type. We resolved the granule size in greater
detail by examining phosphate-starved cells of wild-
type and strain BW86 by transmission electron micros
copy (Fig.8). Cells of strain BW86 contained huge ovoid
granules with a scar-like sub-structure (Figb). To our
knowledge, these are the largest cyanophycin granules
observed to date. In agreement with the above results,
the cyanophycin granules of the wild-type were consid
erably smaller.

Conclusions

is work demonstrated the possibility of metabolic
engineering using the {I86N) variant of the R signal
transduction protein to strongly increase arginine levels
due to the R, dependence of the key enzyme of arginine
biosynthesis, NAGK. As a consequence, cells of the engi
neered strain, strain BW86, overproduced arginine and
over-accumulated cyanophycin of high molecular weight.
is direct link further supports our previous assump-
tion that cyanophycin synthesis is primarily controlled
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Fig. 8 Transmissionelectron micrographs of ultrathin sections of phosphate-si&yrdchocyssp. PCC 6803 wild-type andtrain BW8&ed
asteriskedicate cyanophycin granules

by cellular arginine levels23]. Taken together, theSyn  Methods
echocystisp. strain described in this study, strain BW86, Cultivation of bacteria
is the most potent cyanophycin producer described to Standard cloning procedures were done . coli XL1-
date and is, therefore, a promising option for photoau Blue (Stratagene) grown in Luria—Bertani medium at
totrophic production of arginine as well as cyanophy- 37 °C with constant shaking at 300 rpm.
cin. e large amount of cyanophycin of high molecular ~ Cyanobacterial stains were grown photoautotrophi
weight that can be produced with this strain opens the cally in BG-11 medium $8] containing nitrate or ammo-
possibility of investigating novel applications of this pely nium as nitrogen source and supplemented with 5 mM
mer for biotechnological purposes. NaHCO,. Cultures were incubated in 50 or 200 ml
In addition to the specic benet of arginine and medium in 100 or 500 ml Erlenmeyer asks, respectively,
cyanophycin production obtained with the [{I86N) at 28 °C with constant shaking at 120 rpm and illumi
variant, this study demonstrated the feasibility of using nated with 50 umol photons m? s 1. Larger cultures
engineered variants of the P signaling protein for were grown in illuminated cylinders containing 800 ml
metabolic engineering in bacteria. In addition to argi medium supplemented with 5 mM NaHCQ 5 mM TES/
nine synthesis, | controls a multitude of other cellular NaOH pH 8.2 (Roth). e cylinders were constantly aer
activities in various autotrophic and heterotrophic bac ated by bubbling 2 % CQin air through the liquid with-
teria. erefore, metabolic pathways that are under con  out additional shaking. Antibiotics were added to the
trol of this versatile regulatory protein could similarly media when required. Growth rates were monitored by
be engineered. measuring the optical density of the cultures at 750 nm.
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Starvation conditions were induced by harvesting, lysed using FastPrés24 (MP biomedical) with 0.1 mm
washing, and transferring exponentially growing cells glass beads at a speed of 6.0 m/s for 20 s ve times. e
(ODs5 0.4-0.5) into BG-11 media lacking a specic lysate was separated into soluble and insoluble fractions
nutrient, i.e., no nitrogen source for nitrogen starvation; by centrifugation at 25,000gfor 25 min at 4 °C. e pro-
K,HPO, replaced by KCI for phosphate starvation; andtein concentration of the soluble fraction was determined
K,HPO, replaced by NsHPO, for potassium starvation. using the Bradford assay!{]. NAGK activity of cell-free
In the case of phosphate starvation, after 2 days culturegxtract was measured according to Heinrich et aR5
were diluted again in phosphate-free BG-11 mediumusing 100 pug/ml protein for each measurement.
to an ODy5, of 0.15 to avoid entry into stationary phase

before cellular phosphate reserves were exhausted. Determination of P, phosphorylation via western blotting
For non-denaturing electrophoretic separation of pro
Construction of a B,(186N)mutant teins, a native Gel was used according to Forchhammer

To construct a genomic (I86N) mutant of Synechocys- et al. B0]. Per lane, 10 pg of crude protein extract was
tis sp. PCC 6803, the,Pencoding gengyinB was geneti- loaded; after electrophoretic separation, the gel was blot
cally modi ed with the 186N mutation [lle (5ATC) at ted onto a PVDF membrane4fl]. e membrane was
codon postion 86 to Asp (RAAC)]. e entire cloning blocked with TBS blocking bu er (25 mM Tris/HCI pH
procedure is shown in Additional le3: Figure S3. To 7.4, 75 mM NacCl) containing 1 % (v/v) Tween 20 over
incorporate the corresponding ATC to AAC mutation night at 4 °C. e membrane was washed three times
in the glnB gene, two amplicons afinB were made using with TBS containing 0.1 % (v/v) Tween 20 (TBS-T) and
oligonucleotides R(I86N)_rev (containing the ATC to afterwards incubated in TBS-T containing the anti,P
AAC mutation) and R,_prom_for as well as Pter_rev antibody [20] for 1 h at ambient temperature. Unbound
(containing Sad restriction site) and R(I86N)_for. Both  antibody was removed by washing three times with TBS-
ginBamplicons were fused by fusion PCR resulting in theT. Anti-rabbit IgG secondary antibody conjugated to
mutated glnB amplicon. e genomic region downstream horseradish peroxidase ( -rabbit polyclonal goat antibody,
of ginBwas ampli ed usingslr0402 rev (containingNdel ~ Sigma-Aldrich) diluted 1:10,000 in TBS-T was applied to
restriction site) andsIr0402 for primers. e mutated the membrane and incubated for 30 min at ambient tem
gInB amplicon was fused with theslr0402 fragment by perature. Unbound antibodies were removed by three
fusion PCR and the resulting product was cloned in pJetvashes with TBS-T. Bound antibodies were visualized
1.2 (Fermentas). Subsequently, a spectinomycin resistusing the Lumi Light detection system (Roche DiagRros
ance cassette and a terminator sequence were insertetics). Luminograms were taken with the Gel Logic 1500
between the mutatedjinB gene and theslr0402fragment  imaging system (Kodak) with the associated software.
for later selection. A spectinomycin resistance cassette
was rst ampli ed using oligonucleotidesspe€ for (con-  Metabolite extraction and quanti cation
taining Sad restriction site) andspe€ rev and was then For the extraction of metabolites, cells in 50 ml of cul-
fused with a terminator sequence that was, amplied ture at an ODg, of 0.8 were shock-cooled by mixing
using oligonucleotidesTer_rev (containingNdel restric-  with crushed ice, rapidly harvested by centrifugation,
tion site) andTer_for. e product was inserted between and immediately frozen in liquid nitrogen. After freeze-
the Sacl and Ndel restriction sites of theglnB-slr0402 drying, 5.0 mg lyophilized cells were homogenized with
fusion product, resulting in pJet RI86N). See Additional tungsten carbide beads in a Retsch Mill MM 200 (Retsch).
le 4: Table S1 for a list of all oligonucleotides used toMetabolites were extracted with 400 pl methanol, fol
generate constructs. lowed by a second extraction of the cells with 400 ul 20 %
Synechocystisp. PCC 6803 was transformed with pJetmethanol with 0.1 % formic acid. e two supernatants
P, (IB6N) via natural competence3]; transformants were were combined; solvents were removed using a vacuum
selected on BG-11 agar plates supplemented with 25 pg/mtoncentrator. Metabolites were re-dissolved in 60 pl
spectinomycin. Transformants were screened for complete20 % methanol with 0.1 % formic acid. A 5 pl aliquot
segregation via PCR using oligonucleotideg_Prom_for was injected on a Waters UPLC/Synapt G2 LC/MS sys

andslr0402 for (Additional le 1: Figure S1). tem equipped with a Waters Acquity 2.1 mm 100 mm,
1.8 um particle size HSS T3 reversed phase column.
In vivo NAGK activity assay Metabolites were separated in a gradient from 20 %

Cells (20 ml of a 50-ml culture at an Ofg, of 0.8) were methanol with 0.1 % formic acid to 100 % methanol with
rapidly harvested by centrifugation and resuspended0.1 % formic acid in 10 min. e mass spectrometer was
in a bu er consisting of 50 mM Tris/HCI pH 7.4, 4 mM operated in ESI-positive and -negative modes with a scan
EDTA, 1 mM DTT, and 0.5 mM benzamidine. Cells were range fromm/z 50 to 2000 and a dwell time of 0.5 s. Data
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were evaluated using the MarkerLynx Software (WatersMicroscopy and cyanophycin staining

Cooperation, Milford, MA, USA) in combination with

Cyanophycin granules in bacterial cells were visual

Simca-P (Umetrics AB Umea, Sweden). Compoundsized microscopically using a newly developed stain

(based on formula and MSfragmentation pattern) that
diered between the dierent samples were identi ed
by principal component analysis (PCA) and Orthogonal
projections to latent structures (OPLS)—discriminant
analysis (DA). From the entire metabolome, this proece
dure therefore identi es only those compounds, whose
abundance di ers between the two analyzed samples.

Cyanophycin extraction and quanti cation

ing method based on the Sakaguchi reaction. Cells of a
500 pl culture at an OB, of 0.1-1.0 were collected via
centrifugation and washed with 2.7 mM KCI, 1.5 mM
KH,PO,, 137 mM NacCl, 8.1 mM NaHPO,, pH 6.5 (PBS
buer). e cells were xed by resuspending them in
500 pl PBS bu er containing 2.5 % (v/v) glutardialde
hyde and incubated for 30 min at 4 °C. After xation, the
cells were washed with PBS and collected by centrifuga
tion at 3000 gfor 8 min at 4 °C. en, cells were gently

Cyanophycin was extracted as described by Elbahloul et atesuspended in 80 pl 5 M KOH and 10 pl of 1 % (w/v)

[42] with some modi cations. Brie y, cells in 20-50 ml of

2,4-dichloro-1-naphthol dissolved in absolute etha

culture at an OD;, of 0, 1-4 were harvested by centrifu nol was added; the mixture was incubated for 2 min at
gation, resuspended in 100 % acetone, and incubated faxmbient temperature. Subsequently, 10 pl of 4—6 % (v/v)
30 min with constant shaking at 1400 rpm. Cells were-col NaCIO was added, and the mixture was incubated for

lected by centrifugation at 25,000g for 15 min. e pellet

2 min. Finally, the cells were collected by centrifugation

was resuspended in 1.5 ml 0.1 M HCI and incubated forat 3000 g for 5 min, resuspended in 100 pl PBS bu er,

1 h with constant shaking at 1400 rpm at 60 °C to solubi

and viewed under a Leica DM2500 microscope with a

lize cyanophycin. To remove debris, the sample was-cen100 /1.3 oil objective. Photographs were taken with a

trifuged at 25,000 g for 15 min. Cyanophycin in the clear
supernatant was precipitated by adding 300 pl 1 M Tris/
HCI pH 8.0 and incubating the mixture for 40 min at 4 °C.
e mixture was then centrifuged at 25,000 gfor 15 min
at 4 °C. e supernatant was discarded, and the pelleted
cyanophycin was dissolved in 500 pl 0.1 M HCI. Cyano
phycin was quanti ed by determining arginine using the
Sakaguchi reaction according to Messinetd].

Cyanophycin isolation and determination of molecular

mass

To determine the molecular mass of native cyanophycin,
we modied the procedure of Ziegler et al.3] to avoid
hydrolyzation of cyanophycin by acid extraction. Cells
were harvested and washed three times in bu er consist
ing of 50 mM Tris/HCI pH 7.4, 150 mM NaCl, and 5 mM
EDTA. e cell pellet was resuspended in B-Per buer
supplemented with 100 pg/ml lysozyme and 5 U/ml DNase
I. Cells were lysed using FastPfep4 (MP biomedical) with

0.1 mm glass beads at a speed of 6.0 m/s for 20 s ve time

e lysate was separated into soluble and insoluble fractions
by centrifugation at 25,0009 for 25 min at 4 °C. e insol-
uble fraction was washed three times with the same bu er
and resuspended in B-Pér buer supplemented with
200 pg/ml proteinase K, which does not degrade cyanophy

cin, and incubated at 50 °C overnight. Cyanophycin granules

were collected by centrifugation at 25,00@ for 25 min at

4 °C and washed three times with water. Cyanophycin wa
guanti ed as described above. To determine the molecular
mass, cyanopycin granules were solubilized in SDS-loadin

bu er and separated by SDS-PAGE on a 12 % polyaeryla

mide gel according to Sambrook and RusséH][

Leica DFC420C color camera.

Transmissionelectron microscopy

Samples for transmissionelectron microscopy were
prepared as described in Fiedler et ak5. Briefly,
samples were fixed and post-fixed using glutaral
dehyde and potassium permanganate. The samples
were embedded in EPON, and ultrathin sections were
stained with uranyl acetate and lead citrate. The sam
ples were examined with a Philips Tecnai electron
microscope at 80 kV.

Additional les

Additional le 1: Figure S1. Complete segregation of the mutation in
the polyploidySynechocystp. BW86. The replacement of all genomic|
copies ofInB (ssl070@9n rmed via PCR with isolated genomic DNA g
Synechocystp. BW86, and, as controls, the wild-BypechocystCC
6803 and the pJet 1.2 pJgtl®N) construct. Wild-typgéBproduces

sa PCR fragment of approximately 1,300 bp, wheregntB@86N)
construct in both pJet 1.2 and strain BW86 produces a PCR fragmen
of approximately 2,600 bp with no observable wild-type background
fragment.

Additional le 2: Figure S2. Ammonium concentration in culture
supernatants of the wild-tygg@ynechocystp. PCC 6803 (WT) and stra|
BW86 grown in BG-11 medium with ammonium.

=}

L. Additional le 3: Figure S3. Cloning schemes for generation of the
gene encoding RI86N) irBynechocystp. PCC 6803 showing all prime
binding positions and restriction sites used in the construction. A) Spi
g tinomycin resistance cassetpéd fused with a terminator sequence
(Te}. B) encoding geneglnBand downstream open reading frame
slr0402C) Engineered construct encodinf/88N) with spectinomycin

0 resistance cassette inserted downstream of the vayliaBgene.

D

Additional le 4: Table S1. QOligonucleotides used in this study.
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Closing a gap in
cyanophycin metabolism

Cyanophycin is a bacterial polymer that
consists of the two amino acids aspartate
and arginine, forming a poly-aspartic
acid backbone with each carboxyl group
linked to an arginine residue

(multi- L-arginyl-poly-+-aspartic acid)
(Simon, 1971). Cyanophycin was identibed
as a constituent of granular inclusions in
cyanobacteria (Alleet al, 1980) and was
therefore referred to as cyanophycin
granule polypeptide (CGP). CGP is
synthetized by a single enzyme,
cyanophycin synthetase, CphA1l, in a
two-step reaction from.-aspartate and
L-arginine, with one ATP used per step.
The Prst step in cyanophycin formation is
an aspartate ligase reaction, where the

C terminus of the growing chain is
phosphorylated and then an aspartate
residue is attached via peptide bond
formation. Second, thb-carboxyl group of
the newly added aspartate residue is
phosphorylated and then ligated to the
a-amino group of anL-arginine residue
(Berg, 2003; Zieglest al, 1998). By these
consecutive reactions, an AspbArg
co-polymer is formed with a chain length
of 100D500 AspbArg building units. With a
C/N ratio of 2 : 1, this polymer is extremely
rich in nitrogen and an excellent nitrogen
storage compound (Carr, 1988; Obst &
Steinbtchel, 2006). In agreement, CGP

conditions of unbalanced growth (Allen

etal, 2006; Watzeet al, 2015). This ensures
that CGP is produced only when nitrogen
and energy are in abundance. Under
conditions of nitrogen limitation, CGP can
be rapidly metabolized and used as an
internal nitrogen source. For this, CGP is
prst hydrolysed by cyanophycinase CphB,
releasing the dipeptide-aspartyl-arginine,

diazotrophic growth defect (Picossi al,
2004), whereas diazotrophic growth of an
Anabaena variabili€phAl mutant was
impaired at high light intensities (Ziegler
et al, 2001).

In many nitrogen-bxing cyanobacteria,
a truncated version of CphAl is present,

which is subsequently cleaved by isoaspartytermed CphA2, whose function was

dipeptidase, yielding the free amino acids
Asp and Arg for further metabolic use
(Fig. 1). In unicellular nitrogen-pxing
cyanobacteria, CGP serves as a transient
depository of Pxed nitrogen that

enigmatic up to now. A deletion of the
cphA2gene resulted only in a minor loss
of total CGP and thus CphA2 was
considered to be of minor importance
(Picossiet al, 2004). In the paper by

accumulates during active nitrogen bxation Klemkeet al. (2016), the authors
in the dark and is consumed during the day, identibPed a distinct function for CphA2

when nitrogenase is switched off @tial,
2001). In heterocystous Plamentous
cyanobacteria (orddlostocal@sCGP
appears to play an additional role.
Heterocysts, specialized cells for nitrogen
bxation, contain at their contact sites with
the adjacent vegetative cells large CGP
bodies, so-called polar nodules. This

that closes an unrecognized gap in
cyanophycin metabolism. They
demonstrate that CphA2 acts as a
cyanophycin synthetase that uses the
b-aspartyl-arginine dipeptide as substrate,
consuming one molecule of ATP per
reaction. Thus, CphA2 enables a direct
recycling of theb-aspartyl-arginine

heterocystous CGP seems to be intimately dipeptide into CGP (see Fig. 1). Although

involved in transfer of Pxed nitrogen from

a loss of CphA2 results in only a minor

heterocysts to the photosynthetically active decrease of the overall cellular CGP

vegetative cells (Burnat al, 2014). CGP is
synthetized from the Asp and Arg pools of

content, the reaction performed by
CphA2 could be of considerable

the heterocyst as a result of active nitrogen physiological relevance. The CphA2-

bxation, and simultaneously CGP is
degraded by CphB to yield theaspartyl-
arginine dipeptide, which is transported to
the neighbouring cells and provides them

debcient mutant displays a similar
diazotrophic growth defect under high
light conditions as compared to the CGP-
free CphAl mutant. This implies that the

A ) with Pxed nitrogen. At the same time, CGP apparent Ofutile cyclingd of CGP by
accumulates in many cyanobacteria under ., serve as a sink for bxed nitrogen in the hydrolysis and immediate re-

heterocysts to prevent potential inhibitory

polymerization (Fig. 1) has functional

et al, 1980), when nitrogen is still available foeqpack effects from soluble products of ~ importance. Despite the fact that CGP is

in abundance. The ability to form CGP is
widespread among cyanobacteria and is
found in both non-diazotrophic and
diazotrophic strains. Meanwhile, CphA
homologues were also identibed in some
heterotrophic bacteria (Krehenbringt al,
2002; Ziegleet al, 2002).

As shown in the non-diazotrophic strain
Synechocystp. PCC 6803, the
accumulation of CGP depends on the
cellular arginine level, which itself is
controlled by the I signal transduction
protein in response to the cellular nitrogen
supply and energy supply (Maheswaran

nitrogen pxation (Burnaet al, 2014).
However,Anabaend®CC 7120 mutants
debcient in CGP synthesis showed no

present in CphA2 mutants, this polymer,
in the absence of CphA2 function, seems
to provide no benept to the nitrogen-
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Fig. 1. Schematic illustration of CGP metabolism in fPxing cyanobacteria. The newly identibed reaction of CphA2 (Klemke

et al, 2016) is indicated by the red asterisk.
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The cyanobacterial wild-type strain ~ Synechocystissp. PCC 6803 and its engineered strain BW86 were cultivated
under de ned conditions in photobioreactors to investigate the effect of phosphate availability on cyanoph ycin
accumulation. Cyanophycin, multi- L-arginyl-poly- L-aspartate, can be deployed as amino acid source or can be
chemically converted into polyaspartic acid, a biodegradable polymer. In previous studies it was demonstrated
that a single point mutation in the PII signaling protein from the
the arginine pathway causing an over accumulation of the biopolymer cyanophycin in BW86. One pro
egy to evoke cyanophycin synthesis in Synechocystisis nutrient starvation. Therefore, different phosphate con-
centrations from 17.5 to 175
cyanophycin accumulation. The highest obtained cyanophycin amounts in g cyanophycin per g cell dry mass
were 18% and 40% for Synechocystissp. PCC 6803 wild type and BW86 respectively, demonstrating that phos-

Synechocystiswild type is suf cient to unlock
cess strat-

M were tested. Progressive phosphate starvation resulted in an increased

phate starvation is an effective route for biotechnological cyanophycin production. By evaluating cyanophycin

and phosphor quotas per cell dry mass, it was possible to determine the speci
to accumulate cyanophycin and to initialize stationary growth phase. Phosphor quotas in the
1 mg phosphor per g cell dry mass triggered cyanophycin biosynthesis while

¢ required amount of phosphor
range of 4 to
Synechocystisentered the stationary

phase at phosphor quotas of 1 mg phosphor per g cell dry mass or less. Additionally, light kinetics was deter-

mined. Photon  ux densities exceeding 46 mol photons m

2s lresultinamaximum growth rate of 1.32d %

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/ ).

1. Introduction

Cyanobacteria are photosynthetic gram-negative prokaryotes. Be-
sides their ability to obtain energy by oxygenic photosynthesis, they
are known to synthesize reserve substances like cyanophycin,
polyhydroxybutyrate (PHB) [1] and glycogen [2]. The accumulation of
cyanophycin or multi- L-arginyl-poly- L-aspartate, a nitrogen and carbon
reserve polymer, is unique for cyanobacterial metabolism and a few
other heterotrophic bacteria [3..7].

Extracted cyanophycin can be chemically converted to polyaspartic
acid, a biodegradable substitute for polyacrylic acid which can be used
for many technical and medical applications [8,9]. Furthermore,
cyanophycin could be used as a possible amino acid source for arginine
and asparagine. Cyanophycin-derived dipeptides as natural alternatives
to the widely applied amino acid mixtures are under discussion  [10].

Corresponding author at: Institute of Process Engineering in Life Sciences, Section IlI:

Bioprocess Engineering, Karlsruhe Institute of Technology (KIT), Fritz-Habe r-Weg 2,

76131 Karlsruhe, Germany.
E-mail address: andreas.trautmann@kit.edu (A. Trautmann).

http://dx.doi.org/10.1016/j.algal.2016.10.009

Cyanophycin consists of a polyaspartic acid backbone, its  -carboxyl
groups are linked via amid bonds to the ~ -amino group of L-arginine.
Aspartic acid and arginine are usually present in equimolar amounts
in cyanophycin. The molecular masses of the polymer range from 25
to 100 kDa [11..14]. Cyanophycin is located in the cytoplasm in form
of optically opaque granules. It is soluble under acidic, pH b 2, or alka-
line, pH N9, conditions and insoluble at physiological pH [15,16].
Cyanophycin is non-ribosomaly synthesized by the cyanophycin syn-
thetase (CphA) and can be degraded by the enzyme cyanophycinase
within the cell (CphB) or extracellularly by the cyanophycin hydrolyz-
ing enzyme CphE, which is excreted by other bacteria like Pseudomonas
anguilliseptica [17] . It has to be mentioned that other proteases like pep-
sin, leucine aminopeptidase, chymotrypsin or -and -carboxypepti-
dases are not able to degrade cyanophycin [18..21].

The cyanophycin content of Synechocystissp. PCC 6803 (from now
on Synechocystis6803) and other cyanobacteria varies depending on
the growth phase and environmental conditions. During exponential
growth, a cyanophycin content of roughly 1% per cell dry mass (CDM)
is reported while higher contents up to 18% per CDM are synthesized
under unbalanced conditions, as there are nutrient starvation e.g. of
phosphate or sulfate, adverse light intensities and low temperature

2211-9264/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license fttp://creativecommons.org/licenses/by-nc-nd/4.0/ ).
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[22,23]. Simon [5] showed that chloramphenicol, a broad-spectrum an-
tibiotic which inhibits protein synthesis, stimulates cyanophycin syn-
thesis in Anabaena cylindrica. Cyanophycin contents up to 46% (w/w)
were achieved in cultivations of Acinetobacter calcoaceticusby using a
phosphate-limited medium spiked with arginine and chloramphenicol
[24] . Generally, cyanophycin accumulation is depending on the avail-
ability of arginine [25].

Itis also possible to obtain increased cyanophycin concentrations by
genetic engineering. The key enzyme of the arginine pathway, acetyl
glutamate kinase (NAGK), is controlled by the global carbon-nitrogen-
energy-status sensing PII signaling protein, which is a member of the
widely distributed family of Pl signal transduction proteins, present in
bacteria, plants and archaea [26] . Pll proteins are involved in the regula-
tion of nitrogen assimilation. Therefore Pll senses the cellular energy
level by binding ATP or ADP, as well as the carbon/nitrogen availability
by 2-oxoglutatate [27..29]. Depending on the bound effector molecules
and phosphorylation status, Pll changes its conformation leading to a
structural rearrangement of the T-loops, which are the major protein in-
teraction structures [30]. Under nitrogen excess conditions, PIl binds to
NAGK [31] and strongly enhances its activity. A PIl variant with a single
amino acid replacement, 11e86 to Asp86, is responsible for a constitu-
tively in vivo activation of NAGK, which leads to the accumulation of
cyanophycin in high amounts in this strain, named BW86. Under phos-
phate-limited conditions this engineered strain accumulated an ex-
tremely high cyanophycin content per CDM, which is 57% [32]. To our
knowledge this is the highest cellular cyanophycin content in a bacterial
cell reported so far.

Here the engineered strain SynechocystisBW86 is used to investigate
the quantitative effect of phosphate availability on cyanophycin accu-
mulation. Experiments were carried out in photobioreactors under de-

ned cultivation conditions. The wild-type strain ~ Synechocystis6803
was cultivated using the same process parameters as benchmark. Fur-
thermore, light kinetics were determined for the wild type.

2. Materials and methods
2.1. Strain, medium and culture conditions

Liquid cultures of the strains Synechocystis6803 and BW86 [32]
were cultivated for 2 weeks in shaking  asks and incubated at 25 °C,
100 rpm, pH 7.5 and a photon  ux density (PFD) of 135 molm 2
s 1 (PAR photons, photosynthetic active radiation) supplied by
warm-white LED illumination. The culture medium was BG-11  [33]. In
shaking ask cultures, 10 mM HEPES buffer was added to the medium.
Phosphate concentrations in the photobioreactor experiments varied
from 16.65, 8.32,4.16,3.33and 2.08t0 1.66 mgL *. Reduced phosphate
concentrations were achieved by using lower amounts of K ;HPQ, in the
culture medium. To prevent potassium starvation, KCl was added in
equimolar amounts. To attain equal starting conditions for the respec-
tive experiments, the inoculum volumes were slightly adjusted depend-
ing on the optical densities of the precultures. All chemicals used were
of analytical grade (p.a.) and purchased from Carl Roth, Sigma Aldrich,
VWR Chemicals and Merck.

2.2. Photobioreactor system

Experiments to investigate cyanophycin accumulation were carried
outin at plate photobioreactors (Midiplate reactor, Fig. S2 in the sup-
plementary material) with a working volume of 1 L and a temperature
of 28 °C. This reactor system was described earlier by Dillschneider et
al. [34]. Light kinetics were determined in  at plate photobioreactors
(Miniplate reactor) with a working volume of 0.2 L. The basic design is
analogous to the Midiplate reactor with inner reactor dimensions for
height, width, depth of 140, 100, 20 mm. Gas  ow was adjusted to
0.33 and 0.25 vvm for Midi- and Miniplate reactors, respectively. Prior
to inoculation the reactor system was saturated with 2 to 5% CO  for

24 h. In Miniplate reactors temperature was controlled by a climate
chamber (25 °C, MKK1200, Flohr Instruments) and pH was buffered
with 10 mM HEPES, while 1 M NaOH was used for pH adjustment in
Midiplate reactors. The pH value was set to 7.5. For experiments in
Midiplate reactors, the amount of CO , and O, in the exhaust gas was
measured by the gas analyzer M610, Maihak AG. PFD (PAR photons)
was adjusted with a planar light sensor (Li-250, Li-Cor) by measuring
the PFD directly behind the  rst glass plate where photons enter the lig-
uid suspension. The amount of transmitted photons was measured be-
hind the second glass plate. Illumination was supplied using warm-
white LEDs.

2.3. Cyanophycin extraction and quanti cation

Cyanophycin extraction was carried out as described in the protocol
from Elbahloul et al. [24] with some modi cations. A sample volume of
15 mL was centrifuged (Rotina 420R, Hettich Zentrifugen) for 15 min
with 11,000 rpm and 4 °C and supernatant discarded. The remaining
pellet was dissolved in 1 mL absolute acetone and incubated at room
temperature for 30 min at 900 rpm (orbital shaker KS 501 digital,
IKA). After a second centrifugation step (10 min, 11,000 rpm, 4 °C) the
acetone supernatant was discarded again, the pellet was resuspended
in 1.2 mL 0.1 M HCI and incubated for 60 min at 60 °C and 900 rpm. A
third centrifugation step (10 min, 11,000 rpm, 4 °C) was performed to
remove cell debris as pellet. The supernatant contains the solubilized
cyanophycin. Addition of 720 L 0.1 M Tris/HCI, pH 8.0, to the superna-
tant and following incubation at 4 °C for 40 min leads to precipitation of
cyanophycin. A further centrifugation step (15 min, 11,000 rpm, 4 °C)
was carried out to obtain a cyanophycin pellet. The described precipita-
tion step was repeated once more with the obtained pellet to ensure a
higher purity of the product. After disposal of the supernatant, the pellet
was resuspended in 500 L 0.1 M HCI. Cyanophycin quanti cation was
carried out according to Messineo [35] by using the Sakaguchi reaction,
a detection method for arginine. L-arginine was used to generate a cali-
bration curve. Each cyanophycin sample was measured in duplicates.

2.4. lon chromatography

Concentrations of nitrate (NO 3 ), phosphate (PO3 ) and sulfate
(SO3 ) were determined by ion chromatography (Metrohm 882 Com-
pact IC plus) equipped with a Metrosep A Supp 5 column 150/4.0, lling
material polyvinyl-alcohol with quaternary ammonium groups, as sta-
tionary phase and a conductivity detector (Metrohm). The limit of
quanti cation was 1.0 mg L *. Mobile phase was an elution buffer
consisting of 3.2 mM Na ,CG;, 1.0 MM NaHCOs and 12.5% (v/v) acetoni-
trile in water. Cyanobacterial samples were centrifuged (10 min,
11,000 rpm, 4 °C) and the supernatant was used for subsequent analy-
ses. An autosampler unit (Metrohm Professional Sample Processor
858) diluted and injected the samples automatically. The phosphor con-
centration was calculated through the determined phosphate concen-
tration by the particular molar mass of phosphor and phosphate,
30.97gmol *and 94.97 gmol .

2.5. Determination of cell dry mass concentration and cell density

For CDM determination, duplicates of 20 mL cyanobacterial samples
were taken, centrifuged (15 min, 6000 rpm, 4 °C, Rotina 420R, Heraus),
washed and incubated in a drying chamber (48 h, 80 °C). The resulting
pellets were cooled down to room temperature and weighed on an an-
alytical balance (Kern & Sohn GmbH ABJ 320-4). A synchronous mea-
surement of the optical density at 750 nm (spectrophotometer
Lambda 35, Perkin EImer) enabled the generation of individual calibra-
tion curves for each experiment. A reproducible correlation factor of
0.179g CDM L * per OD75onm for wild type (R 2 =0.997) and 0.177 g
CDM L * per OD7s0 v for BW86 (R? = 0.999) was determined. Cell
density was measured via ow cytometry (Guava EasyCyte 6 ..2 L,
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Merck Millipore). Cyanobacterial cells were counted by gating RED/
RED2 uorescence; RED = red laser, lter bandpass 690/50; RED2 =
red laser, Iter bandpass 661/19. The cell density of each sample was
measured in triplicates.

2.6. Calculation of speci c growth rate

The speci cgrowthrate ind *was determined from the initial ex-
ponential phase according to eq. (1) where c » is the cell concentration
on time pointt , and cy ; the cell concentration on time pointt ;. Using
the optical density at 750 nm instead of ¢ x would also be applicable.

Cx: 1
Yln X2 ap
Cx1 f2 U

2.7. Calculation of photo conversion ef ciency

Photo conversion ef ciency (PCE) was calculated as the quotient of
Ex, the captured biomass energy, divided by E .5 ign:, the absorbed

light energy (Eq. (2)).

B 100 ®p
bs;light

PCEY4

According to Dillschneider et al. [34], by assuming an average pho-
ton energy E ppoton Of 210.48 kJ mol 1 for the illumination device and
an combustion enthalpy of cyanobacterial biomass  Hxof 22kJg *
[36], Bx and Eaps,ight can be de ned as follows (eq. (3)):

Py Hx

A
Ephoton V: a0 |trans Pt

PCEYs 100% &8P

with P x as the volumetric CDM productivityingL ~ *d  Acinm Z2the
illuminated surface area of the liquid reactor volume V. ginL, lg and lyans
inmolm 2d *represents the incident and transmitted PFD. Start and
end time of the PCE calculation interval is de ned as t[d]. It has to be
mentioned that  Hy can change with biomass composition [34]. The
measurements for | o and lyans Were performed in triplicates using a pla-
nar light sensor (Li-250, Li-Cor).

2.8. Calculation of cyanophycin and phosphor quota

The calculations of cyanophycin and phosphor quota are given in Eq.
(4) . Either cyanophycin ¢ cp(W/v) or phosphor concentrationc  p (W/v) is
used for c; with reference to the measured CDM concentration ¢y (W/v).

Qi:x 1/4& oMb
X

By the evaluation of quotas (w/w), it is possible to determine the
speci c¢ content of the investigated substance within the produced bio-
mass. Quotas can be seen as an expression for theoretical balance
boundary of cells.

2.9. Statistical analysis

One representative photobioreactor experiment was performed for
each initial phosphate concentration and light intensity. The measure-
ment of cyanophycin, optical density and cell density were conducted
in duplicates, while PFD was measured in triplicates. A correlation
curve enabled the determination of CDM in triplicates from optical den-
sity measurements. The software Microsoft Excel 2013 was used to cal-
culate average and standard deviation values as well as one-way
analysis of variance (ANOVA) with a statistical signi  cance of p =
0.05. For IC analysis, an absolute analytical error of 10% was applied.

3. Results
3.1. Growth rates in dependency of photon ux densities

A light kinetics curve for the strain  Synechocystis6803 was deter-
mined in Miniplate photobioreactors to identify the reasonable irradi-
ance for maximum growth ( Fig. 1). Therefore, PFD were adjusted to
15, 25, 50, 100, 160, 250 and 450 molm s ', For each irradiance
used, one batch experiment was performed and speci ¢ growth rate
ind ! was determined according to Eq. (1). The particular growth
curve for each light intensity applied can be found in Fig. S2 in the sup-
plementary material. Since low biomass concentrations b0.125 g CDM
L * were used to study the effect of PFD on growth rate, the formation
of a light gradient can be neglected. In our experiments the maximum
growth rate was 1.32d 1, resulting in a generation time of 0.52 d
(=In(2)/1.32d ') or a cell division rate of 1.91d ' (=1.32d Y
In(2)). We observed that growth rate increased strongly when PFDs in
the range of 15t0 50 molm 2s * were applied, while in the range
0f100t0450 molm ?s * showed only a slight increase. The point
of intersection between the dashed linesin  Fig. 1represents Iy, the tran-
sition from photo-limited to the photo-saturated region. | ¢ was deter-
mined to be 46 mol m 2s 1. This means that in the light-limited
region, lowerthan46 molm 2s 1, growth rate is directly proportion-
al to irradiance whereas in the light-saturated region, above 46 mol
m 2s ! this relation is no longer valid and the growth rate reaches
its maximum at around 150 molm ?s . However, for future exper-
iments it would be reasonable to use a PFD slightly higher than | | to
achieve high growth rates with the lowest possible light intensity
supplied.

1

3.2. Cultivation of Synechocystis BW86 under phosphate starvation

Batch experiments in Midiplate reactors were performed with dif-
ferent concentrations of phosphate in the culture medium in order to
investigate the potential of SynechocystisBW86 to accumulate the bio-
polymer cyanophycin. Initial phosphate concentrations varied from
16.65, 8.32, 4.16, 3.33 and 2.08t0 1.66 mg L * (corresponding to 5.43,
2.71,1.36, 1.09 and 0.68 to 0.54 mg L * phosphor). Furthermore, the
wild-type strain  Synechocystis6803 was cultivated under same condi-
tions as benchmark. Since the phosphate availability affects both
cyanophycin accumulation and metabolism maintenance, we were
able to evaluate how the concentration of the internal cellular

Fig. 1. Growth rate of Synechocystis6803 in dependence on light intensity (photon ux
density, PFD) at 25 °C, pH 7.5 and 5% CQ. The point of intersection of the dashed lines

represents the transition from the photo-limited to the photo-saturated range, | K=
46 mol m 2s !; maximum growth rate was 1.32 d . Error bars represent the

standard deviation of one representative batch cultivation.
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phosphate, i.e. the phosphor quota g p x (in mg initial phosphor per g
CDM), speci cally in uences the cyanophycin concentration, i.e. the
cyanophycin quota q cp x(in g cyanophycin per g CDM), as well as the
transition to stationary growth phase. | o was manually adjusted to
70 molm 2s *priorto each experiment in accordance to |  ( g. 1)
and in order to facilitate the comparability with Watzer et al. [32]. The
initial biomass concentration (CDM) for all experiments was 0.03 g L 1
Fig. 2 shows exemplarily a batch cultivation with an initial phos-
phate concentration of 3.33 mg L * (corresponding to 1.09 mg L
phosphor). Concentration gradients of CDM c x, phosphor cp,
cyanophycin ¢ cpand the PFD of transmitted photons | ans are given in
Fig. 2A.Fig. 2A can be de ned as the balance boundary «cell suspensionZ,
showing volumetric quantities. Fig. 2B shows the cell concentration
Ceells, Phosphor quota g p x and cyanophycin quota q cp xand therefore
can be de ned as the balance boundary <cellsZ showing speci ¢ quanti-
ties. During the  rst 4 days cells were growing exponentially while | yans
decreased to 19 molm 2s I, corresponding to a decrease of 67%.
From day 4 to 8 growth extends linearly and merges into the stationary
phase from day 8 to 9. Due to the increasing biomass concentration,
lyans decreased below 6 molm 2s *until cultivation day 13. The cul-
tivation was nished at day 13 with a maximum biomass concentration

1

Fig. 2. Batch cultivation of SynechocystiBW86 under phosphate starvation in dependence of cultivation time t

of .1gL *. Concerning the low amount of transmitted light at the end
of this experiment, the cells are light limited at this point. As can be seen
in Fig. 2 light limitation usually leads to linear growth. Hence, with
phosphate as the only depleted nutrient, stationary growth phase was
induced due to phosphate limitation. The predetermined amount of
phosphor was consumed within the rst 24 h of cultivation as con-
rmed by ion chromatography ( Fig. 3). Incident and transmitted PFD
were measured to calculate the photo conversion ef ciency (PCE,
Table 1). The calculation of PCE was performed according to chapter
2.7 and yielded a value of 5.5% for this exemplary batch cultivation.
Cyanophycin concentration increased 8.5fold from 40 to 340 mg
L 1, resulting in a cyanophycin quota q cpx Of 0.14 and 0.34 g
cyanophycin per g CDM, respectively. After entering the stationary
phase, ccpdid not increase anymore. By considering the progression of
gcp xin Fig. 2B an increase in cyanophycin content was observed during
the linear phase. During the stationary phase, q cp xdecreased slightly
from 0.34 to 0.32 g cyanophycin per g CDM. This decline can be attribut-
edto the increaseinc xfrom1.0to 1.1 gL * despite steady cell concen-
trations ¢ ¢eis, Which indicates that cyanobacterial cells increase their
weight, probably by accumulating proteins or storage compounds like
lipids, PHB or glycogen. The amount of initial phosphor per CDM q  p x

¢ A: cell dry mass (CDM) concentration ¢ x, media phosphor concentration ¢ p,

cyanophycin concentration ¢ cpand PFD of transmitted photons | yans, B: cell concentration ¢ ceis, phosphor quota ¢ p x [mg initial phosphor per g CDM] and cyanophycin quotaq  cpx[g

cyanophycin per g CDM]. Cultivation parameters: | 470 molm 2

standard deviation ( b1%) was observed.

s 1,28 °C, pH 7.5.8.0, 2% CQ. Except for qp xno error bars are given since no signi  cant difference regarding the
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Fig. 3. Nutrient consumption during  SynechocystisBW86 batch cultivation under phosphate starvation in dependence of cultivation time t

¢ The nutrient concentrations of nitrate (C  nog),

phosphate (¢ pos) and sulfate (¢ so,) were determined. Error bars mark an absolute analytical error of 10%.

showed a reverse progression compared to ¢ .¢s. At the end of exponen-
tial phase, qp x Was already reduced to 4.1 mg/g and reduced further to
1.2 and 1.0 mg/g at the end of linear and stationary phase, respectively.
The data presented in Fig. 2B show that the highest increase in
cyanophycin content occurred in the range of 4.1 to 1.2 mg phosphor
per g CDM and that the stationary phase was initiated at 1.0 mg phos-
phor per g CDM. This value corresponds to a phosphor content of
5.5 ng phosphor per cell. Thus, according to the determined values for
gp xand under consideration of the growth curves, the entry to the sta-
tionary phase presumably occurs at phosphor quotas of 1.0 mg phos-
phor per g CDM or 5.5 ng phosphor per cell. The accumulation of
cyanophycin occurs between 4.1 and 1.2 mg phosphor per g cell or
16.6 to 6.0 ng phosphor per cell. The nutrients nitrate and sulfate were
suf ciently available since their  nal concentrations at the end of the
cultivation were estimated as 0.86 g nitrate L * and 12.1 mg sulfate
L ! (Fig. 3).

It was furthermore possible to evaluate the speci ¢ cyanophycin for-
mationrater cpind !, andthespeci cgrowthrate ind I rcpwas cal-
culated according to Eq. (5) where c; is the cell concentration on time
pointt , and c;; the cell concentration on time pointt ;.

Ccpz Ccp1 1
tz 11 Cxz

I'cp Ya &bb

A linear stoichiometric correlation betweenr cpand was observed.
The slope of the estimated speci ¢ rates was determined to be 0.33 (cor-
relation coef cient R>=0.999, Fig. 4).

Table 1

Initial phosphor concentrations ¢ p jniia, Calculated from applied K ,HPQ,, and corresponding

3.3. Cyanophycin accumulation of Synechocystis 6803 and BW86 under
phosphate starvation

The engineered strain SynechocystisBW86 and the wild-type strain
were used to investigate the effect of phosphate availability regarding
cyanophycin accumulation. Therefore, several cultivations with differ-
entinitial phosphate concentrations in BG-11 medium were performed,
using Midiplate photobioreactors. A representative batch process for
SynechocystisBW86 is illustrated in chapter 3.2. The combined results
of all performed batch cultivations regarding the cyanophycin quota
gcp xin dependence of initial phosphor concentration ¢ p jniriar (@pplied
as K;HPOy in the medium) and in dependence of phosphor quotaq  p x
are shown in Fig. 5. With the reduction of the initial phosphate concen-
tration in the medium (¢ pnia 2.71mgL 1), anincreased cyanophycin
quota was observed in the stationary phase (0 cp.end . From2.71t00.54
mg L ! alinearincrease in q cp.endxfor both Synechocystis6803 and
BW86 was detected. A maximum of 0.40 and 0.18 g cyanophycin per
g CDM was achieved for mutant and wild-type cultures, respectively
(Fig. 5A).

The diagramin Fig. 5B, representing phosphor quotas to correspond-
ing cyanophycin quotas for SynechocystisBW86 and 6803, reveals that a
certain amount of phosphor should not be exceeded to induce
cyanophycin accumulation. For phosphor quotas higher than 4 mg per
g, no increase in gqcp xwas found. In contrast, as soon as (p x falls
below 4 mg phosphor per g CDM, cyanophycin accumulation occurs.
For gp x values b1 mg phosphor per g CDM no further increase of  cp x
was observed because the stationary phase was usually reached at this
point, most likely due to the ongoing decrease in q p xand the related

nal biomass concentrations € x eng, Cell densities € cejis eng, Cyanophycin quotas ¢ cp end,xand

photosynthetic conversion ef  ciencies (PCE) for the photoautotrophic cultivation of ~ SynechocystisBW86 and 6803. Data are means of at least two measurements. Standard deviation

for Cp niiar @Nd Qcp ena,xrepresents an absolute analytical error of 10%. The respective columns for BW86 and 6803 are signi

cantly different ( p b 0,05) according to C p jnjgai -

Cp initial Cxena[gL 1] Ceelis.end [ML ] Aepenaxldg 1 PCE [%]

[mg L l] BW86 6803 BW86 6803 BW86 6803 BW86 6803
5.43 + 0.54 2.1 2.3 40x10°8 43 x108 0.156 + 0.016 0.002 + 0.000 5.8 7.3
2.71 £ 0.27 2.2 24 n.a. 45 %108 0.159 + 0.016 0.016 £ 0.002 5.7 71
1.36 £ 0.14 1.6 2.0 n.a. 3.4 x10° 0.250 + 0.025 0.110 + 0.011 5.7 6.6
1.09 £ 0.11 1.1 1.7 2.0x10°8 2.9 x 108 0.331 + 0.033 0.135 + 0.014 55 7.0
0.68 + 0.07 0.7 11 15x10 8 1.9 x10°8 0.360 + 0.036 0.156 + 0.016 3.1 4.9
0.54 + 0.05 0.7 0.6 15x10°8 8.2 x107 0.402 + 0.040 0.180 + 0.018 2.8 2.6

n.a. = not available
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Fig. 4. Stoichiometric correlation between the speci ¢ cyanophycin formationrater cpand
the speci c growth rate  of SynechocystisBW86 cultivated under phosphate starvation.
No error bars are given since no signi  cant difference regarding the standard deviation
(b1%) was observed.

inability of synthesizing nucleic acids. The breakdown of the cell metab-
olism is attributable solely to phosphate limitation, not to light de cien-
cy, as con rmed by the PCE data presented in Table 1. By reducing
Cpinitiat lower than 1 mg phosphorL %, PCE is reduced as well. Therefore,
based on the data presented here, it is assumed that  rstly, cell growth
of Synechocystisenters the stationary phase at phosphor quotas below

1 mg phosphor per g CDM and secondly, cyanophycin accumulation is
triggered at phosphor quotas between 4 and 1 mg phosphor per g CDM.

The volumetric cyanophycin productivity P cpin Fig. 5D follows an
analogue pattern compared to the cyanophycin quotas of  Fig. 5B. For
phosphor quotas higher than 4 mg per g, no increase in P cpwas found
whereas lower values for g p x result in higher productivities up to
38.7 mg cyanophycin per L per day for SynechocystisBW86. However,
low initial phosphor concentrations can lead to a reduction of the volu-
metric cyanophycin productivity in batch mode as shownin  Fig. 5C.

A summary of the batch experiments from  Fig. 5regarding nal bio-
mass concentrations Cyx end, Cell densities Cces end, Nal cyanophycin
quotas gcp ena.xas Well as PCE to the corresponding initial phosphor con-
centrations ¢ p is given in Table 1. cx eng Was determined gravimetric as
indicated in chapter 2.5. Phosphor concentrations were calculated
based on applied K,HPO, in the culture medium. The wild type
Synechocystis6803 generally showed higher values for ¢ x enq and
Ceells end- iNdicating a higher conversion of incorporated phosphor to bio-
mass. In return, ¢ cp eng,xin the wild type was lower compared to the
strain BW86, suggesting that the engineered strain preferably uses the
available resources for cyanophycin synthesis with an negative effect
on biomass production. By considering the calculated PCE results, it is
obvious that the wild-type strain is more ef  cient in converting
absorbed energy to biomass. Except for the two lowest phosphor con-
centrations, the maximum PCE was between 6.6 and 7.3% for the wild
type and between 5.5 and 5.8% for the mutant, indicating that
SynechocystisBW86 is less effective in the conversion of photons, prob-
ably due to the introduced mutation. The calculation of PCE is given in
chapter 2.6.

4. Discussion
The growth rate of Synechocystiss803 in dependence on PFD was in-

vestigated in Miniplate photobioreactors ( Fig. 1). Maximum growth
rate was determined as 1.32 d 1. A former study investigated the

growth rate of Synechocystis minimaat different PFD in light/dark cycles
and different temperatures. Cultivation conditions of 32 °C and
125 molm 2s *resulted in a similar maximum growth rate of 1.32

d *[37]. Though Synechocystis minimaand Synechocystis803 belong
to the same genus, the maximum growth rates are not directly compa-
rable. Bland and Angenent [38] cultivated Synechocystis6803 at differ-
ent light regimes and room temperature. White light did not induce
photoinhibition even at high PFD up to 1000 molm ?s . Photo-sat-
uration occurred at 200 molm ?s * with growth rates between 1.2
d and1.44d *[38].Hence, the data presented here con rm previous
studies since maximum growth rates and the photo-saturated area are
in the same order of magnitude although different temperatures, i.e.
25 °C and 32 °C, were applied. Since temperature presumably affects
the growth rate, it would be worthwhile to investigate this impact on
light kinetics in future studies.

To investigate the ratio of the energy output that can be obtained
from the produced biomass to the supplied light energy, PCE was calcu-
lated for batch cultivations with Midiplate photobioreactors, using dif-
ferent initial phosphate concentrations ( Table 1). A theoretical
maximum PCE value of 12.4% is described in literature. In real cultures
the PCE is lower depending on the photobioreactor system or cultiva-
tion environment. Values between 1.5 and 5.0% are cited although
higher PCEs can be reached by means of favorable light distribution
[39]. Touloupakis et al. [36] reported PCE values between 7.7 and
11.9% by growing Synechocystis6803 in continuous cultures. The com-
parably high PCE levels were achieved in particular by applying high di-
lution rates, indicating that the reduction or avoidance of dark zone
formation in the reactor can lead to an increased PCE. Regarding the
PCE information from literature, we assume that the utilized
photobioreactor system is adequate for the cultivation of ~ Synechocystis
PCE values between 5.5 and 7.3% as achieved in this study for initial
phosphate concentrations between 16.65 and 3.33 mg L * (corre-
sponding to 5.43 and 1.09 mg L * phosphor) are common and have
no adverse effect on phototrophic cells. In order to achieve higher PCE
values continuous grown cultures might be an option.

In chapter 3.2 an exemplary growth curve was shown for a batch
cultivation of SynechocystisBW86 under phosphate starvation ( Fig. 2).
We observed that cell growth proceeds despite phosphor depletion.
For that reason we assume that polyphosphate granules were enriched
withinthe  rst 24 h and supplied the organism with phosphor until the
stationary phase was reached. Moreover, it is likely that the cells de-
graded their phycobilisomes. Bleaching of the culture from a blue-
green to a yellowish color was observed during process time (unpub-
lished data). This effect was already described earlier for Synechococcus
sp. PCC 7942 grown under nitrogen, sulfur and phosphor deprivation in
50 mL culture tubes, bubbled with 3% CO , in air [40]. Nutrient depriva-
tion of cyanobacterial cells leads to degradation of phycobilisomes after
sulfur or nitrogen deprivation. Collier and Grossman  [40] also reported a
partial degradation of light-harvesting phycobiliproteins in
cyanobacteria after phosphor deprivation. Hence, it is reasonable to
run a cyanophycin production process at phosphor quotas q p x in
which a high PCE value is reached despite the fact that phycobilisomes
are degraded, i.e. between 1 and 3 mg phosphor per g CDM (see
Table 1 or Fig. 5B). Of course, nitrogen and sulfur deprivations have to
be avoided. A further degradation of phycobilisomes due to nutrient
deprivation would result in lower PCE values.

Nutrient consumption of SynechocystisBW86 revealed a linear de-
crease of NO; and SG2  concentrations ( Fig. 3) until stationary growth
phase was reached. In terms of cultivating this strain under phosphate
starvation, the use of lower amounts of these nutrients in the medium
would be feasible regarding the fact that only 26% of the available
NO; and 50% of the available SO} in the BG-11 medium were con-
sumed. The linear correlation between r cpand in Fig. 4 point out
that considered phosphate depletion has no adverse effect on the
growth ef ciency of cells as additionally con rmed by the comparably
high PCE (Table 1). Progressing phosphate starvation force the cell to
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Fig. 5. Effect of phosphate availability on cyanophycin accumulation and productivity in
cyanophycin per g cell dry mass] in dependence of initial phosphor concentration ¢
per g cell dry mass]; C: volumetric cyanophycin productivity in the stationary pha

cyanophycin per L per day]. The dashed line shows the trend of the respective quota and productivity. Cultivation parameters: |

Synechocystis6803 and BW86; A: cyanophycin quota in the stationary phase q  cp ena,x[9
pnisal [Mg L 1]; B: cyanophycin quota q cp xin dependence of phosphor quota q p.x[mg phosphor
se Pcp ena[Mg cyanophycin per L per day]; D: volumetric cyanophycin productivity P

crlmg
070 molm 2s * 28°C,pH 7.5.8.0, 2% CQ. For

reasons of clarity no error bars are shown in 4B and 4D, the absolute analytical error in 4A and 4Cis  10%.

cease nucleic acid synthesis. Consequently, cell division stops (see Fig.
2). The subsequent increase in CDM indicates that the remaining nutri-
ents are used to form proteins or storage compounds.

The main focus of this research was to understand how phosphate
availability affects the production of cyanophycin. Previous studies al-
ready described a relation between phosphate concentration and
cyanophycin accumulation [24,32,41]. However, there was a lack of
guantitative information regarding the suitable phosphate concentra-
tion, phosphor quota as well as corresponding PCE so far. The engineer-
ing approach and quantitative data of this work can consequently
contribute to improve cyanophycin production with Synechocystis
Elbahloul et al. [24] characterized phosphate limitation as the most ef-
fective nutrient limitation for promoting cyanophycin biosynthesis
and accumulation in Acinetobacter calcoaceticus For small phosphate
amounts of 42 M, which corresponds to a phosphor concentration of
1.30 mg L *, higher cyanophycin contents were reported. This value
corresponds to our results for Synechocystis(Fig. 5A). Stevens and
Paone[41] describe the accumulation of cyanophycin granules as a re-
sult of phosphate limitation in ~ Agmenellum quadruplicatum (now
renamed as Synechococcusp. PCC 7002). So far, heterologous expres-
sion systems like heterotrophic bacteria, genetically engineered yeast
or plants harboring a cyanobacterial cyanophycin synthetase gene

(CphA) were used for cyanophycin production in bench scale  [3]. The
resulting heterologous cyanophycin differs from native cyanophycin in
the length of the polymer, amino acid composition and solubility. The
unicellular cyanobacterium Synechocystis6803 can accumulate native
cyanophycin in response to unbalanced growth conditions.

The work of Watzer etal. [32] and the results presented herecon rm
an enhanced cyanophycin accumulation in cyanobacteria due to de -
ciency of the element phosphor, in particular for ~ Synechocystis6803
and the engineered strain BW86. Therefore, phosphate starvation can
be an effective strategy to produce cyanophycin in high yields using
photobioreactors. The at plate reactors we used are geometrical similar
to larger at plate production systems and allow a scale-up to higher
volumes. For open pond or bag systems the geometric differences
should be considered. In terms of productivity, the applied phosphate
concentration and production strategy such as batch or fed-batch is im-
portant to achieve a suf  cient volumetric cyanophycin productivity ( g.
5Cand g.5D).

Based on the data of this work it is furthermore possible to develop a
cultivation process, preferably a fed-batch or continuous process, where
the phosphate availability is controlled to induce an ongoing
cyanophycin production with high cyanophycin yields. Genetic stabili-
zation of the engineered production strain BW86 might be an issue in
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biotechnological applications, especially for continuous processes. Al-
though Guerrero et al. [42] reported that an engineered Synechocystis
6803 strain for ethylene production was stable for N6 months in liquid
culture, it has to be considered that the BW86 strain harbors solely a
point mutation in the PIl gene.

5. Conclusion

A quantitative regulation of phosphate availability in terms of different
initial phosphate concentrations affect the cyanophycin accumulation.
The engineered strain SynechocystisBW86 showed higher cyanophycin
yields compared to the wild type due to the increased NAGK activity.
However, the total produced biomass and PCE values were lower com-
pared to cultivations of the wild type, indicating a less effective conversion
of absorbed photons. The essential amount to induce cyanophycin accu-
mulation is between 1 and 4 mg phosphor per g CDM, while stationary
growth phase was reached around 1 mg phosphor per g CDM. To our
knowledge, this is the  rst study analyzing the speci ¢ necessary phos-
phor quota to trigger cyanophycin accumulation and to initialize station -
ary growth phase of Synechocystis A maximum growth rate of 1.32d ~ *
was found by applying aphoton  uxdensityof 150 molm 2s where-
by the transition from photo-limited to photo-saturated region already
occurred at46 molm 2s 1 The quantitative statements of this work
allow a scale-up to larg er production systems.
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e emerging eld of metabolomics has the potential to accurately describe the physiological state of aeell at t
time of measuremeht. Technological improvements during the last decade hdwe fore rapid and precise
metabolite identi catiod; however, state of the art HPLC-MS based analyses require extraction of the metabolites
from the cells, making the study of detailed temporal mditabactuations a challenging task. Additionally,
certain metabolites are not stable under commonly used extraction conditions aetwsiery rates are 6w
To overcome these drawbacks, a variety of genetically encoded, protein-based sensors were deeséoped.
in vivo/ex vivasensors allow real-time measurements of high temporal resolution without disrupting the cell
To date, there are hundreds of sensors available, not only for metabolites, but alkddoaspkcts like ion
concentration, mechanical stress, enzyme and kinase activity, redox potentiattpetti¢sensor.dpb.carne
giescience.ed)f. e majority of these sensors utilize the growing number of optimized uorescence proteins
(FPs) to create a Forster resonance energy transfer (FRET) feadi®RET occurs when donor and acceptor
uorophores with overlapping emission and excitation spectra come in close proximity.iRglkxeitation of
the donor, energy is transmitted to the acceptor in a non-radiative manner by means of intermolegutarden
dipole—dipole coupling and emitted by the acceptor. Ligand-binding-induced conformational changes in the sen
sors containing both, donor and acceptor uorophres, results in altered FRET e ciency, which can be monitored
under a uorescence microscope or in a uoriméter

One central metabolite of high interest is 2-oxoglutarate (2-OG), which links the carbon and nitrogen meta
bolic pathways in all domains of life. 2-OG is used as the carbon skeleton for nitrogen assimilaimng esatt
has been proposed as a master regulatory metdbtilitas been shown that the 2-OG pool reacts to changes
in extracellular nitrogen availability within minutes and its half-life has been estimated’&3®0Apmrt from
the regulatory pPproteins (see below) 2-OG is sensed by a number of transcription faétmteermore, 2-0G
acts as a starvation signal in eukaryotesSileerevisiag the metazo€. elegarn$®®. Competitive inhibition of
2-0G-dependent DNA and histone demethylases by the oncometabolite and 2-OG analogue 2-hydroxyglutarate

Interfaculty Institute for Microbiology and Infection Medicine, Division Organismic Interactions, University of
Tlbingen, Tibingen, GermaniDivision of Molecular Genetics, German Cancer Research Center (DKFZ), Heidelberg,
Germany.XCentre for Organismal Studies Heidelberg, Rupprecht-Karls-Universitat Heidelberg, Heidelberg,
Germany. Jan Luddecke and Liliana Francois contributed equally to this work. Correspondence and requests for
materials should be addressed to K.F. (emaikl.forchhammer@uni-tuebingen.de
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have been shown to be the cause of cancer-speci ¢c epigenome and gene expression alterations in glioma ar
acute myelogenous leukertfid®. Furthermore, 2-OG levels were proposed to regulate the epigenome of dif
ferentiating human pluripotent stem céfignd embryonic stem cells’. In mice it has recently been shown,

that 2-OG acts as a systemic signal providing protection from cardiac is¢hémiecteria, the sugar-uptake
phosphotransferase system (PT3iioliis regulated by the 2-OG/phosphoenolpyruvate fatio e PTS not

only promotes sugar transport but is also responsible for activation or inhibition of thdadeyglase which
produces cyclic AMP, a very important signaling raole that a ects the expression of a vast rangeinés>

26, ese examples demonstrate the importance of 2-OG as a regulatory metabolite and underline the need for a
functional sensor in living cells, which allows investigations of 2-OG uctuations with high spdttehaporal
resolution.

e small trimeric regulatory protein R which is widely distributed in prokaryotes and chloroplasts, is known
as a sensor of cellular 2-OG le¥eBinding of 2-OG leads to conformational changes in the protein structure
in a concentration dependent manAgt’. ese conformational changes modulate the interiact of B, with
its regulatory targets In previous studies, these interactions have been utilized to create inter-molecular FRET
sensors employing cyanobacteriglgPoteins and their targets N-acetyl-L-glutamate kinase (NAGK) and PipX.
ese sensors have successfully been used to expand the knowledge about the 2-OG dependent tesde of in
action between Pand its targef$=* However, FRET sensors using protein-protein interactions have disadvan-
tages, especially for applications in living cells, where di erent expression rates and protein halfdit@béav
taken into account, as well as the increased chance of unwanted side reactmn8lAGK enzymatic activity.
Berget al have constructed gased intramolecular FRET sensor to read out uctuations in ATP/ADP levels,
a er having inactivated the 2-OG binding site ip*P is motivated us to create an enhanced intra-molecular
2-OG FRET sensor making use of the high speci city, gr&eins towards 2-OG.

As a rst application we used the 2-OG sensor fomasitu glutamine:2-oxoglutarate aminotransferase
(GOGAT) assay. GOGAT catalyzes the reductive transfer of the amide group from glutamine to thieazbo
bone of 2-OG, which yields two molecules of glutamate. is is a key reaction in nitrogen assimiildtiacteria
and plants5, but studies on GOGAT activity regulation are scérdee to the lack of a simple assay. Using the
P,-based 2-OG speci ¢ FRET sensors, we present here the determinatiomaiitinfElGOGAT activity in the
unicellular cyanobacterigynechococcus elong®R@C 7942 (herea er designatedsa®longatysFurthermore,
we used the sensor to determine 2-OG concentrations in cell extracts.fomihFinally, we conducted the rst
application of a real-time 2-OG sensor in mammalian cells to measure 2-OG uctuations in humartgiigblas
brain-cancer cells and other cell lines. ese experiments provide the proof of principle,thased 2-OG spe-
ci ¢ FRET sensors could become useful tools for studying cancer patho-mechanisms and as|freadiouis
in metabolic-drug screening.

:l:o_vz_o fo'l‘ (Vo_.__oo(‘o
F7FZ7efte— 7 St @r eu"d@ttempt to construct a 2-OG sensor that employs the confor-

mational change of Rupon 2-OG binding, we made use of the knowledge gained during the development of the
P,-NAGK FRET sensét and crystal structures 8f elongatug,?®. Di erent sensor variants were constructed,
most of which use the monomeric (m) cyan FP mCerulean as the FRET donor and the yellow FP Venus as accey
tor. e simplest approach was to fuse these FPs to the N and C-terminys @fripstal structures of;Rvith
Mg? -ATP  2-OG bound display a conformational change in the C-termifnirsthe ligand free state (PDB:
1QY7) or while interacting with NAGK (PDB: 2V5H), the@®-terminus adopts a stretched conformation, point
ing away from the trimer. By contrast, upon bindofdg? -ATP  2-OG, the C-terminus retracts and folds over
the metabolite binding site of the inter-subunit cle (PDB: 2XUL). With the rst variants, we aimed to asses if this
conformational change in the C-terminus could be used to create a change in FRET.

To achieve this goal, we had to overcome a problem associated with modifying the N-terminus of bacteria
P, proteins. e N-terminus of S. elongatuB, is hidden within the protein and a direct fusion to the buried
end leads to misfolding and degradation (data not shown). To solve this problem, we used the non-conservec
extended N-terminus dEhlamydomonas rheinhardf, that protrudes from the proteiiand fused these six
N-terminal amino acids (S-A-F-P-G-V) to the N-terminusSofelongatuB,. is indeed led to a stably expressed
protein. On top of that, we added exible (FL; L[SGGEB2JAA) or sti helical (HL; A[EAAAK]A) linkers
of 20 or 25 amino acids (Fij. B,-NC1 to 4¥°. e Venus FP was fused to the C-terminus of Pia the 12
amino acid long streptavidin a nity tag (Strep-tag), as has been done previousI$trep-tag should enable
the transfer of the proposed C-terminal movement to the FP and was also used for protein puri cation. While
P,-NC1 and NC3 could be puri ed in good quantity and qualityNC2 and NC4 were not expressedircoli
Probably the helical linker led to misfolding and degradation of these proteins.

In other variants, we aimed to use the conformational change of the T-loop ugorAVig 2-OG bind
ing to obtain a change in FRET. As shown in the crystal structures mentioned above, the stiietchedfT
ligand-free R are retracted and folded upon binding of M@TP  2-OG. is folding also prevents the inter-
action of R, with other receptor proteins like NAGK or PiffXWe devised eight variants to test this approach. In
the rst two variants (Figl, R,-TC1 and TC2) we inserted mCerulean with its natural C- and N-terminus into
the tip of R’s T-loop between amino acids 44 and 45. Venus was again placed at the C-terminus using either the
Strep-tag, or a four amino acid linker (LAAA). FRET is not only in uenced by the distance between donor and
acceptor, but also by their angle towards each Bthwith that in mind, we also used circularly permuted (cp)
versions of mCerulean, by connecting its native C- and N-terminus with a short exible linker (GSGGTG) and
using other positions for the fusion into the T-loop, similar to the approach described kBt Befgr the con
struction of a P-based ATP/ADP senstr Topellet al showed that circular permutations of GFP to positions
Y145-N144, K158-Q157 as well as G174-D173 yielded correctly folded\FeRssed these locations for fusion
with the T-loop and again varied the linker between th€ferminus and Venus (Fid, R,-TC3 to 8).
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Figure 1. Schematic representation of the FRET-sensor constructs. R&iu€ mCerulean; Yellow:

mVenus; White: linker regions. Flexible (FL) or sti helical (HL) linkers or short linkers (SL) of di erent length,
Chlamydomonas reinhard#, N-terminus CrNT) or streptavidin a nity tag (Strep-tag). All Domains are
presented to scale.

All tested variants showed strong initial FRET signals, indicating that the FPs wectlycfolded and in
close proximity. Subsequently 0.1 mM ADP, 0.1 mM ATP or 0.1 mM ATP together with 1 mM 2-OG were added
to the solution and the FRET change was measured (MlaiMiest variants showed only small FRET changes,
either slightly increasing or decreasing the FRET upon e ector molecule addition.,@nG8Rshowed an 18%
drop in FRET. e decreased FRET indicates that the FPs move away from each other, which is consistent with the
crystal structures, where the T-loop folds downward upon 2-OG binding, away from the C-terminus.

Since R-TC3 showed the strongest FRET change so far, we tried further modi cations pfta& Rariant.
GFPs have the tendency to dimerize. To allow the C-terminally attached Venus more exibility in movement,
we added the monomer mutation A206lénd also elongated the linker betwegrafd mVenus by ve or ten
amino acids (FidL, R,-TC3-mV, -L1 and -L2). Even though-C3-mV showed a higher initial FRET value, the
relative FRET drop upon addition of ATP2-OG was lower compared tp-PC3. Also the modi ed linkers did
not increase the sensors signal (Tapl&lext, we tried to enhance the TC3 sensor by replacing mCerulean by the
advanced mTurquoise2, which shows exceptional quantum yield, brightness, photostabilitysanthtufation
rate and is thus proposed as an optimal donor for FRET systéditionally, we created two versions with
partially deleted T-loops (PTC3-mT1 to 3). p-TC3-mT1 and -mT3 showed lower signal changes thahd3.
Interestingly, R-TC3-mT2, with T-loop amino acids 43 and 44 deleted, showed increased FRET upon addition of
ATP 2-OG. is indicates that the small deletion in the T-loop alters the orientation of the attached FP,-demon
strating once again that subtle changes can have a dramatic and unpredictable impact on thepigoghou
FRET sensor. A detailed analysis showed thatd3-mT2 was only reacting to high 2-OG concentrations and
was not as sensitively responding towards 2-OGQ-8<B (data not shown).
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% FRET change a er addition of

Sensor ADP ATP ATP 2-0OG
P,-NC1 n.d. 0.3 4.4
P,-NC3 n. d. 3.1 3.1
p,-TC1 2.0 1.1 1.7
pP,-TC2 1.1 1.0 5.7
P,-TC3 0.8 0.8 18.3
p,-TC4 0.4 0.8 25
p,-TC5 6.1 0.1 3.1
P,-TC6 1.0 0.2 34
p,-TC7 0.6 0.8 2.3
P,-TC8 6.2 0.8 0.9
p,-TC3-mV n.d. n.d. 15.1
P,-TC3-L1 n.d. n.d. 15.4
P,-TC3-L2 n.d. n.d. 15.6
P,-TC3-mT1 n. d. n. d. 8.3
P,-TC3-mT2 n.d. n.d. 25.8
P,-TC3-mT3 n.d. n.d. 13.3

Table 1. FRET change a er addition of metabolites. FRET of the puri ed senor proteins was measured before
and a er addition of 0.1 mM ADP, 0.1 mM ATP or 0.1 mM ATR mM 2-OG and the relative FRET change
was calculated. (n. d., not determined).

Aerall, P,-TC3 appeared to be the most promising sensor variant for sensitive 2-OG detection. To-biochem
ically characterize,PTC3, the a nity-tag isolated protein was further puri ed by size-exclusion chromatogra
phy to remove degradation products containing only one of the two FPs. We also optimized the bu er eondition
and the work ow to improve TC3's signal to noise ratio and to be able to use a 96-well plate setup dnd a smal
reaction volume. As previously described fpNAGK interactions, the proteins can be unstable when bu er
conditions are quickly chang&dWhen the sensor, stored in a 50% glycerol bu er2d °C, was quickly mixed
with the measurement bu er, it showed a lower signal to noise ratio and sensitivity, possiblgidsediation of
the trimer. To circumvent this problem, we tested a variety of reaction-bu er setups and came up with a mixture
containing 15% glycerol, which not only stabilized the sensor and enabled easy preparation of a master mix f
96-well plate application, but also lead to a increase of the signal-to-noise ratio to 25%AFpaves the 2-0OG
induced FRET change under these optimized conditiqp¥ (3 displayed a ffor 2-OG of approximately 3.
is is close to the binding constant of the high a nity 2-OG binding site in wild-typg ftotein, showing that,
despite the insertion of mCerulean into the T-loop,TRE3 acts similar to,Rwildtype. However, for possibie
vivo applications, where one- to two orders of magnitude higher 2-OG concentrations are expected, tlsis respon
is too sensitive. erefore, we constructed a variant gf RC3 with a mutation in the vicinity of the 2-OG bind
ing site. Previously, it was shown that mutation of Arg9 reduces the a nRyosbglutarate binding. Here, a
mutation of arginine 9 to proline (R9P) decreased the a nity pfd? 2-OG 35 times, resulting in g & 91 M
(Fig.2A). With a dynamic range of the FRET response fromMLE 10 mM, this sensor seems to be ideally
suited to span the physiological relevant range of 2-OG concentrations. Because ATP and ADP coimpete for t
same binding site on theg, Protein, but only ATP enables the binding of 2-OG, we also measured the eompeti
tive e ect of ADP on the signal output. As shown in Big.physiological ATP/ADP ratios (ATPADP) do not
in uence 2-OG sensing.

In the next step, we tested the sensitivity and speci city of TC3 and TC3-R9P. All metabolites oflbiee trica
xylic acid (TCA) cycle and the 2-OG analog dime2¥)G (dm2-OG) were tested. As shown in Big. TC3
is about 460 times more sensitive for 2-OG than for dm2-OG, which gave the second strongest signal. e third
strongest signal was induced by oxaloacetate, with a 900 times reduced sensitivity. All other tdspéitbmet
were even less interfering than oxaloacetate, demonstrating the high speci city of the sensor towards 2-OG.
Interestingly, increasing NaCl concentrations also lead to a decrease in FRET. Most of the testedisovepoun
sodium salts or had to be titrated with NaOH to adjust the pH, and therefore might give a strongeseré&sqo
pure compounds. Similarly, TC3-R9P was also highly speci ¢ for 2-OG. It showed an 85 times decreased sensi
tivity for dm2-OG and responded to other metabolites only at non-physiologically high concentratioBB)Fig

o—f,Z<ceSdm%Biuf et foeef> —ecoe% —ST xee One pessibes dfdication
of a 2-OG FRET-sensor is thmesitu determination of GOGAT activity. In contrast to previously dibsx
approaches, in which the formation of glutamate or consumption of glutamine were measngddRLC-based
amino acid quantification methods the FRET sensor based 2-OG quantification is much faster and cost
e cient.

e in situ GOGAT assay was establishedSoelongatysvhich only possesses a ferredoxin-depending

GOGAT. e method developed in the present study is based on experimentsMarquést al and Kameyat
al.**¢ In short, the cells were permeabilized by toluene, the GOGAT substrates 2-OG, glatasimieductant
were added and the mixture incubated at 32 °C. e e ciency of cell permeabilization was tested via uorescence
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Figure 2. Properties of FRET-sensqr-PC3. A) Relative Ngerresponse of PTC3 and R-TC3-R9P to
increasing 2-OG concentration®)(In uence of di erent ADP/ATP ratios on the Mgrresponse of PTC3
upon addition of 0.1 mM 2-OGC(andD) Relative Ngerresponse of PTC3 (C) and R-TC3-R9P D), to
di erent metabolites of the TCA cycle. Error bars.e.m., n 4.

Figure 3. fdGOGAT assay with complete and incomplete reaction $niglongatusells were grown to

an OD,,0f 0.3 in nitrate-supplemented medium. e 2-OG concentrations in the reaction mixture was

determined by FRET over time. Results are shown for a complete reaction mix (black squares and black dashec
line) and the blank mix lacking glutamine (white squares and red dashed line). Errorshanst., n 3.

microscopy using a live/dead staining kit for bacteria, revealing a very e cient permeabilizatidal(Fig.
our experimental setup, the natural reductant ferredoxin was substituted by methyl viologetias ddeor,
which was reduced by addition of sodium dithionite. To avoid air-oxidization of the dithionite, we covered the
reaction mix with para n oil. Samples were taken in 5 to 10 minutes intervals and the reaction was stopped by
aeration through intense vortexing and cooling on ice, which is quick and easy to apply. A erwards, thescells wer
separated by centrifugation and the supernatant was used for 2-OG quanti cation via FREEmeatsure
components of the GOGAT-reaction mixture itself had no in uence on the FRET measurement, since addition
of the reaction mix to a 2-OG standard curve did not a ect the read-outgBig.

When all components, including permeabilized cells, glutamine, 2-OG and the electron donor veste pres
in the reaction mix, a decrease of the 2-OG concentration over time could be detectgd Fraiminary
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Figure 4. In situ fdGOGAT activity with di erent nitrogen source®\) In situ fdGOGAT activity of.
elongatusultivated with nitrate (grey bars) or ammonium (white bars). Corresponding growth curves are
shown on the right. Stationary cells were cultivated for 9 days to ag@B.5 to 6.0R) fdGOGAT activity
of S. elongatusultivated with nitrate and a er shi (s) into nitrogen free medium (t1-3) with corresponding
growth curve on the right. Error barss.e.m., n 4.

experiments indicated a linear decline in the rst 20 min of the reaction (data not shown) when ukifigefls
(86.7 mL of culture at OB, 0.3). When glutamine was omitted from the reaction mix, the concentration of
2-0OG remained constant (Fig), which indicates the absence of background 2-OG consuming side reactions.

Sf"f..—F"<af—-<+ *"Sélongatuswesing thein situ "~ 1 *« f > & glutamine
synthetase (GS) - GOGAT cycle represents the connection between the carbon and nitrogen metabolism in bac
teria and plants. Whereas GS activity is easy to measure, established GOGAT activitg aighlysedaborate.

To determine the fdGOGAT activity with the newly developed FRET-basedras#aywe used, as a test case,
S. elongatusells grown in presence of nitrate or ammonia and cells that had been shi ed to medium without
nitrogen sources (Fig). Samples were taken at three di erent phases of growth.

With nitrate as nitrogen source, tivesitufdGOGAT activity increased by approximately 40% from the early
exponential (t1) to the late exponential growth phase (t24Rig.A er the cells entered the stationary phase,
fdGOGAT activity decreased to approx. 70% of the initial value, probably in response to the gealutierate
and declining metabolic activity in the stationary gdaUnder ammonium supplemented growth conditions,
the fdGOGAT activity was generally 40-50% higher as compared to nitrate conditiodg\[Figke in the
nitrate-supplemented medium, a 47% increase in activity occurred from early exponentaktpaential
growth phase.

e higher in situfdGOGAT activity under ammonium-supplemented growth shows that fdGOGAT-is reg
ulated di erently to GS. In cyanobacteria and many other prokaryotes, GS is subjected &gtitgtari®. In
Synechocystis. 9pCC 6803, GS activity is tuned down by addition of ammouaiia,ab the transcriptional level
via the NtcA regulatory systeéfas well as post-translationally by interactiorhwito inactivation factors IF7
and IF17¢. Inhibition is reversed by ammonia depletion within 10-20 min. e ammonium-triggered short-term
GS inactivation is essential for maintenance of glutamate home@stagien ammonium is in abundance,
although GS activity is decreased, more glutamate can be converted to glutaminehéseleonditions, a
higher fdGOGAT activity could keep the glutamine/glutamate balance in equilibrium.

Under nitrogen starvation conditions (Fi¢B), the fdGOGAT activity remains at a constant level. is level
is kept constant even a er 8 days of starvation, when the cells became chlorotic. is basal eatild ensure
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Figure 5. Intracellular 2-OG concentrations Bf coli20 mL of exponentially growirtg coliculture were

rapidly cooled to 0 °C and harvested by centrifugation.Bvawlicultures A,B) were used and two samples

were taken per culture (1, 2). 2-OG was extracted and intracellular concentrations determined by FRET-sensor
(grey; error bars: s.e.m. with n 4) or GC-MS measurements (white; error bar denotes the standard error of

the 2-OG calibration curve).

su ciently high nitrogen assimilation capacity via the GS-GOGAT cycle, enabling the chlorotic cells to immedi-
ately assimilate any ammonia that becomes available in the environment.

F—F"ecof—c'e 7 xa@ ‘o Te—"f—c'ee nothel pbssibility tb use-oul sensor is to
estimate the concentrations of 2-OG in cell-extracts. Metabolite concentrations in living cells are prone to uc
tuations and can change very quickly during cell treatments, such as cell harvesting. To gsidotally
relevant quantities of metabolites form cells, the quenching of cellular activity befatmlitetextraction is
required. ere are several established metabolic inactivation methadsse of 40 °C cooled 70% methanol
rapidly freezes the cells, but also leads to metabolité lBast centrifugation and subsequent freezing works
for heterotrophically growing cells, but is problematic for autotrophically ggpeyanobacteria, which quickly
adapt their metabolism to darkness. Fast lItration with illumination can solve this prébiemr quenching of
enzymatic activities, the metabolites are immediately extracted from the cells. ere are sevielishestaeth
ods, but not all of them are suitable for 2Oassical methods use mixtures of chloroform, methanol and bu er
with 53% 2-OG recovety boiling ethanol with 58% recovétyr pure 40 °C methanol with 82% recovéry
ese protocols all include lyophilization of the extracts.

Our rst approach was to rapidly Iter the cells and immediately freeze the lters in liquid nitrogethiE
purpose, we used 2.5 cm diameter polyether sulfone (PES) membrane Iters withra pot size. e |-
ters were immediately frozen in liquid nitrogen and a erwarde jrgrounded. 2-OG was extracted with pure

40 °C methanol or with a mixture of methanol, chloroform and bu er. However, the organic solvestseekt
unidenti ed compounds which interfered with the uorescence measurements, showing high background uo
rescence of more than 50% of the signal. erefore, we used toluene to permeabilize the cells, dar dinet
freezing as above, and measured 2-OG directly in the supernatant ySigg@ P e cells were vortexed with
1400 rpm for 8 min at 25 °C in the presence of 1% toluene and 4% EtOH (v/v), similar to the protocol described
abové®. However, the standard deviations were still high. erefore, we tried an even mildevaghpwith
out freezing, by sampling the cultures into ice-cooled medium and thus immediately cooling the ¢é€lls to 0
e cells were then harvested by centrifugation and therea er quickly permeabilized by toluene/Etting
reproducible results. e calculated intracellular 2-OG concentrations are shown if.Higparallel to the FRET
measurements, we determined the 2-OG concentrations by gas chromatography - mass spectrometry (GC-MS)
revealing in general 20-30% lower values (for technical detail see Supplementary Information). ig dulkkel
to losses during lyophilization and sample preparation for the GC-MS analyses. e measured intna2ell@a
concentrations foE. colicells are around 100, using M9 medium with 19 mM NI (Fig.5). ese concen-
trations are in the same range as reported earlidt.fooligrowing with high nitrogen suppl§*. Despite this
progress, quanti cation of cellular 2-OG levels from cell extracts remains problematic due to utiegitathe
extraction methoéf. e ultimate goal is therefordn vivodetection of cellular 2-OG levels in single cells. For this
purpose, the TC3-RIL variant seemed promising and in the following, we applied this sensor to humes cell lin
for which microscopic detection of metabolite FRET sensors is docuriiented

Exvivo ffe efe—e 7 xa@ Z— ... ——f—<'ee s aproofof coicdpt, we « I« &
tested the TC3- R9P sensor (with a dynamic range betweM—lClO mM) in the human glioblastoma cell line
U87-MG. Deregulation of 2-OG metabolism in glioblastoma and other gliomas previously has beerm sfeown t
responsible for the aberrant epigenetic gene regulation that characterizes many of thesg Whiterdhealthy

brain cells show 2-OG concentrations in the range of 1-3 mM, brain cancer cells contain drastically reduced
concentrations ranging from 100-30@+%54 Accordingly, we transiently transfected these cells with plasmids
expressing TC3-R9P under the control of the cytomegalovirus (CMV) promoter. We measured the FRET change
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Figure 6. E ect of TCA-cycle metabolites on the FRET signal of TC3-R9P in cultured humanfedds. (
Various concentrations of the compounds were added to the cell culture media of U87-MG glioblastema ca
cells at time point zero. 10 to 50 cells were evaluated in each experiment. Averagesvalmesire showr)
2-0OG analogue dm2-OGBJ Citrate; C) Glutamine; D) Glutamine following pre-incubation with 10M of

the glutaminolysis inhibitor epigallocatechin gallate (EGCB)Embryonic kidney cells (HEK293T) treated
with dm2-OG. £) Retinal pigment epithelium cells (RPE1L) treated with dm2-OG.

a er adding either dm2-OG, citrate or glutamine inedent concentrations to the cells. e cell-perméde com
pound dm2-OG is converted into 2-OG inside the &&lss shown in Figh, the FRET dropped within minutes
a er addition of the compounds, in a concentration-dependent marfarexample, with 20 mM dm2-0G,
a 10% drop in FRET was obseryEw). 6A; Supplementary Videband?2). eoretically, this drop could be
explained by the direct e ect of dm2-OG on the sensor; however, since TC3-R9P Imagsatveo orders of
magnitude lower a nity for dm2-OG than 2-O@ig.2D), and dm2-OG furthermore is rapidly demethylated by
esterases in the cell, this FRET change likely represents the accumulation of 2-OG in the cells.

Even more pronounced than dm2-OG, addition of citrate rapidly induced a 15% FRET drop, which is close
to the maximal observable FRET chafigg.6B). As the sensor is 3600 times less sensitive for chieatddr
2-0G, the strong drop in FRET can only be generated by the fast conversion of citrate to 2-OG by the TCA
cycle. To estimate the absolute changes in 2-OG, we harvested cells 5 minutes a er addition ofiditetde an
mined 2-OG amounts by ultra-performance liquid chromatography. Relative to control cells whigimedn
56.12 4.08 pmol/1Bcells (mean s.e.m.), addition of 5mM and 10 mM citrate increabed2-OG contents
t0 59.84 1.95 (7%) and 67.771.28 pmol/1Bcells (21%), respectively. In contrast to dm2-OG addition,
the response towards citrate is more dynamic: addition of 10 mM citrate results id butapansient FRET
response. is indicates that citrate is actively takep and rapidly metabolized to 2-OG leading to &kpea
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intracellular 2-OG levels. Subsequently, the 2-OG concentrations inside the cells return back taueguilibr
as revealed by the sensor. By contrast, in the case of dm2-OG, the FRET signal remains at a decreased ste
state level over the measuring time. is indicates that the di usion of dm2-OG into the cells and subsequent
demethylation to 2-OG leads to increased 2-OG levels, which remain constant, since passive dm2-QG di usio
maintains the novel steady state level of 2-OG.

e growth of glioblastoma and many other cancer cell lines is dependent on the uptake of glutamire, whic
is converted to 2-OG by glutaminolysis. is process involves the enzyme glutamatérdghnase 1 (GLUD1),
a potential target for anti-cancer therapy, whose activity can be suppressed by thekroalérimhibitor epi
gallocatechin gallate (EGC@)To test whether the TC3-R9P sensor could detect the intracellular increase of
2-0OG level due to increased glutamine uptake and conversion to 2-OG by glutaminolysis, we added 5 mM or
10 mM glutamine to U87 MG cells that were cultured in low-glutamine conditions (0.5 mM instead of 2 mM).
Immediately following glutamine supplementation we observed a concentratieamdiep: drop of the FRET
ratios suggesting elevated uptake of glutamine by the cells and its conversion {&ig-0@G. A er an initial
transient over-accumulation, 2-OG levels returned to a new steady state within a few minutes. When glutami
nolysis was blocked by pre-incubation with 1I8EGCG for three hours, no change in FRET was observed
(Fig.6D) indicating that the additional intracellular 2-OBat accumulated in the inhibitor-free condition
(Fig.6C) indeed was derived from glutamine. ese data show that qupPtein-derived FRET sensors poten-
tially could be used to detect phenotype-relevant changes of 2-OG concentrations in cancer cajlshemakin
useful tools to monitor readout during metabolic drug screening. To test whether the 2-OG sensoi@lso cou
be used in other types of cells, we measured FRET changes in cell lines that have been derived from embryor
(human embryonic kidney; HEK293T) and di erentiated (retinal pigment epithelium; RPEL1) tissues. In both
cell lines FRET ratios decreased following the addition of dm2F@GSE and [F suggesting that the TC3-R9P
sensor can be used to analyze 2-OG changes in various types of cells.

In summary, with these various applications we could demonstrate the functionality of our FR&EZ-HS
sensor for di erent applications. e TC3 sensor performed very wellifositu GOGAT activity determina
tion. For determining cellular 2-OG concentrations, the nal goal was to create a sensor that seegitvsly r
uctuating 2-OG concentration in living cells. For this purpose, the R9P variant of the TC3 sensor seems to be
a very good starting point. is sensor variant allowed real-time live-cell imaging of 2-OG in canceyaamiabr
and di erentiated cells, and potentially could also be used as a readout assay in high-throughpcrtegming.

For even more sensitiievivoexperiments, the maximal signal change of 25% upon 2-OG addition should be
further improved by protein engineering of the FRET sensor, to achieve a more robust signal. Assaen-n th
sor development, small alterations can have a drastic, unpredictable in uence on the FRET output. Agcording
we suggest a directed evolutionary approach to further improve the FRET sensor. It hasvoedefsne, that
a random mutagenesis approach with a well-designed selection mechanism can strongly lemcapeséitities
of a FRET sensor®®. In view of the emerging importance of 2-OG as e ector molecule for central cellular pro
cesses, monitorinig vivo uctuations of 2-OG will lead to a deeper understanding on the role of the metabolism
on cell functions.

f-$"<fZ f1_ $-S't
—Z—<Tf =<t wf o —E"<fZ feoft C&aﬁebaﬁ:terlal strdid whresclukidiated photoauto

trophically at a constant |IIum|nat|on of 5ol photons m?s tin BG-11 mediurif supplemented with 5 mM

NaHCGQ; at 28 °C in asks shaking at 120 rpm. As nitrogen source, either 17.65 mM NaBi@M NH,CI, with

5mM TES/NaOH; pH 8.2 (Roth), was added.

Escherichia coK-12 substrain MG1655 cells were cultivated in M9 minimal medium containing: 48 mM
Na,HPO,, 22 mM KHPO,, 8.5 mM NaCl, 19 mM NKCI, 2 mM MgSQ 0.1 mM CaGl 0.4% (w/v) glucose,
0.0001% (w/v) thiamin. Cultures of 100—200 mL volume were grown in 1 L wide-neck asks at 180 rpm, using
silicone sponge closures to ensure aerobic growth. Optical density was measured at 600 nm.

Human glioma cell line U87-MG was cultured at 37 °C, 90% air/10%ndulbecco’s Modi ed Eagle’s
medium (DMEM Sigma D5921) without phenol-red, 1000 mg/L glucose, supplemented with 10% FCS (Biochrom
#S0115), 2 mM glutamine and 1% penicillin/streptomycin mix. HEK293T cells were cultured in RPMI 1640
Medium, 4500 mg/L glucose, supplemented with 10% FCS, 2 mM glutamine and 1% penicillin/streptomycin mix.
hTERT-RPEL1 cells were cultured in DMEM/F12 Medium, 4500 mg/L glucose, supplemented with 10% FCS and
additional 1% glutamine. All cell lines were transfected withgdn8L plasmid DNA using Translt-LT1 reagent
(Mirus). Dimethyl-2-oxoglutarate (dm-20G, Sigma), citric acid (AppliChem) and glutamine (Gibco 25030) were
diluted in DMEM bu ered with HEPES solution. For GDH inhibition, cells were pre-incubated 3 h witiML00
( )-Epigallocatechin gallate (Sigma E4143).

Z'eco% feotf "'—fce ' — Plasmidg$ werécénstructed by PCR ampli cationp&Rd FP genes

with primers containing overlapping regions. e PCR products were fused with an Xbal and Hindlll double
digested pASK-IBA3 vector (IBA GmbH, Géttingen, Germany) via isothermal, single-reaction DNAlgssemb
following the protocol by Gibsoet al®®. e sensor genes were ampli ed by standard PCR and cloned into the
mammalian expression vector pcDNA3.1 using the BamHI and Hindlll restriction sites. e complete sequences
of the sensor genes are provided in the Supplementary Information.

P, protein variants were overexpressedtircoliRB9060 and puri ed as described earlier using Strep-tag
a nity chromatography?®. To remove contaminating proteins and degradation products the sensor proteins were
further puri ed by size exclusion chromatography, using an Akta puri er and a HiLoad 26/600 Superdex 200 prep
grade column (GE Healthcare GmbH, Solingen, Germany). e running bu er contained 30 mM Tris (pH 7.5)
and 175 mM NaCl. e proteins were stored in a bu er containing 50 mM Tris-HCI pH 7.8, 100 mM KCI, 5 mM
MgCl,, 0.5 mM EDTA, 1 mM DTT and 50% glycerol (v/v) &0 °C.
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Insitu "7 e f > & situ Fd-GOGAT activity was determined according to Margetéal* and
Kameyaet al*®, with some modi cations. For assaying ihesitu Fd-GOGAT activity inS. elongatyst 10°
cells were collected and washed twice with PBS bu er containing 2.7 mM KCI, 1.5 gf®,KE87 mM NacCl,
8.1 mM NaHPQO,, pH 7.5 at 4 °C. e cell pellet was resuspended in 208eaction bu er containing 20 mM
Na;PO, pH 7.2, 10 mM glutamine, 1 mM 2-OG and 5 mM methyl violoGetis were permeabilized by addition
of 4.4 L toluene and constant vortexing at 1400 rpm for 5 min at 32 °C. To insulate the reaction from atmospheric
oxygen, the reaction mixture was covered by BQ@ara n oil. e reaction was started by addition of 5 mM
sodium dithionite, gently mixing and incubating at 32 °C. Reactiguais (30 L) were removed in regular
intervals and the reaction was stopped by intensive shaking until the blue color disappé@athg oxidation
of the electron donor methyl viologen. Aliquots were then centrifuged at 15@@& 10 min at 4 °C and the
2-OG concentration in the supernatant was determined as described below. One ctivitgfveas de ned as
mol 2-OG consumption per min.

122 S§-"f ... —<cte 7t T f E—eolidukdres(2@ml aliquots) were harvested at an optical
density (O, of 0.5 by pipetting directly out of the shaking culture and mixing withl36f the correspond
ing culture medium and 30 g ice for rapid quenching of the metabolism. Cells were pelleted by centrifugation at
15,000 g for 8 min at 0°C. e cell pellet was resuspended on ice with.2D% (v/v) ethanol. e cell sus
pension was transferred into a 2 mL sample tube andl4P®liQ water was added to a nal volume of 500
with a nal ethanol concentration of 3.75% (v/v), as well as & &Huene for membrane permeabilization, as
described by Gomez Casattial*. e mixture was incubated for 8 min at 25 °C under shaking at 1,400 rpm and
subsequently quickly cooled on ice and centrifuged at 14,@00r 5 min at 0 °C. e clear supernatant was
transferred into a fresh tube and centrifuged as before. e supernatant was eithelydirgad for FRET meas-
urements or stored at20 °C.

Z-"f F7efe.f <"—<t S ef—"%"f’ Skordetermirfatighdbintraceliu
lar 2-OG content in human glioblastoma cell line, 1 cells were extracted with 24Gold 1 M perchloric
acid. Insoluble material was removed by centrifugation for 10 min at 25 @0Bor derivatization with DMB
(1,2-diamino-4,5-methylendioxybenzene), 3@xtract were mixed with 30 DMB derivatization reagent
(5mM DMB, 20 mM sodium hydrosul te, 1 M 2-mercaptoethanol, 1.2 M HCI) and incubated at 100 °C for
45 min. A er 10 min centrifugation, the reaction was diluted with 24M% acetonitrile. e derivatized ketoac
ids were separated by reversed phase chromatography on an Acquity HSS T3 column (200 mm, 1.7m,
Waters) connected to an Acquity H-class UPLC system. Prior separation, the column was heated to 40 °C anc
equilibrated with 5 column volumes of solvent A (0.1% formic acid in 10% acetonitrile) at a ow rate of 0.55 ml/
min. Baseline separation of DMB derivates was achieved by increasing the concentration of acetonitrile (B) in
bu er A as follows: 2 min 2% B, 4.5 min 15% B, 10.5 min 38% B, 10.6 min 90% B, hold for 2 min, and return to 2%
B in 3.5min. e separated derivates were detected by uorescence (Acquity FLR detector, Waters; excitation:
367 nm; emission: 446 nm) and quanti ed using ultrapure standards (Sigma). Data acquisition and processing
was performed with the Empower3 so ware suite (Waters). 2-OG data were globally normaliheziteetae
mean of all analyzed derivatized metabolites.

In vitro T fe—" 11 +FREX measurements were conducted in a bu er containing 50 mM imida-
zole (pH 7.5), 50 mM KCI, 20 mM MgCI2, 15% glycerol (v/v), 0.5 mM DTT and 5 mM ATP. e sensor protein
was carefully added to a nal concentration of 100 nM (monomer). For blank measurements the master mix was
prepared by adding water instead of the sensor protein ddfitmixing, the solution was incubated for 15 min

on ice to allow the protein to adapt to the bu er. A er that, the solution was mixed by inverting the tebal sev
times and 70L (extract measurement) or 90 (GOGAT measurement) aliquots were dispensed onto a black
non-binding 96-well plate (Greiner Bio-One, Frickenhausen, Germany). 80the cell extracts or 10 of the

GOGAT assay supernatant and a 2-OG standard solution were added to the plate. e platdedassieg an
adhesive foil to prevent evaporation. Subsequently the ks placed in a Tecan Spark 10 M microplate reader
(Tecan, Mannedorf, Switzerland) at 37 °C. e plate was shaken for 80 s and incubated for 20 min. A eathe inc
bation, the plate was again shaken for 20 s, the foil was removed and thedfREWas measured. Each well

was measured in three channels (each 20 nm bandwidth): Venus, excitation: 485 nm, emission: 530 nm; Cerulea:
excitation: 435 nm, emission: 480 nm; FRET: excitation: 435 nm, emission: 530 nm. Blank values were subtracte
from the measurements in each channel. Following taefformula developed by Xia and Eigorrected FRET

values were calculated. e correction factasandb were determined in separate measurements containing
only Venus or Cerulean. Each plate contained a standard curve of known 2-OG concentratibasantptes.

Using GaphPad Prism 6 (GraphPad So ware, San Diego, USA) the unknown concentrations weratiederp

from the standard curve. For the calculation of intracellular 2-OG concentrations the lioleaceolume of

glucose growik. coliMG1655 was assumed to be 8.per mL of OR,, 1 culture, as determined by Volkmer

and Heinemanf?.

<te t727Z - Flerestanée measurements were performed in a Leica TCS-SP5 laser scanning confocal
microscope equipped with resonant scanners and hybridphigtectors (HyD) and using a 40x objective (HCX
PL APO, NA 1.25, oil-immersion). Cells were excited with a UV diode (405 nm) and emission was detected at
450-490 nm (CFP) and 520-590 nm (FRET). Pictures were acquired every 60 sec. A er a baseline of 5 min, med
containing metabolites or not were added and changes in uorescence were recorded for 15 minutes. During
imaging, cells were maintained at 37 °C and 5% {Bi&ge processing was performed with Imagegd:(/ ji.
sch). A er background subtraction and registration, single cells were segmented by threshold and emséy int
was measured for each channel at every time point. e ratio was calculated by dividing the mearyiofensit
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the acceptor (FRET) by the intensity of the donor (CFP). Ratios calculated from every cell were normalized to
baseline measurements.
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&\DQRSK\FLQ $ 1LWURJHQ 5LFK 5HVHUYH

%M UQ :DW]JHU DQG .DUO )RUFKKDPPHU

$GGLWLRQDO LQIRUPDWLRQ LV DYDLODEOH DW WKH HQG RI WKH FKDSWFE

KWWS G[ GRL RUJ LOQWHFKRSHQ

Abstract

Cyanophycin is a nitrogen/carbon reserve polymer present in most cyanobacteria as well
as in a few heterotrophic bacteria. It is a non-ribosomally synthesized polyamide con-
sisting of aspartate and arginine (multi- Yarginyl-poly- Yaspartic acid). The following
chapter provides an overview of the characteristics and occurrence of cyanophycin in
cyanobacteria. Information about the enzymes involved in cyanophycin metabolism and
the regulation of cyanophycin accumulation is also summarized. Herein, we focus on the
main regulator, the P, signal transduction protein and its regulation of arginine biosyn-
thesis. Since cyanophycin could be used in various medical or industrial applications, it
is of high biotechnological interest. In the last few years, many studies were published
S = —+18e1e 718507, @ESZ1™>"e7Ee" " —1"¢1EECS—"™CE —1
yeasts and plants. Recently, a cyanobacterial production strain has been reported, which
shows the highest so ever reported cyanophycin yield. The potential and possibilities of
biotechnological cyanophycin production will be reviewed in this chapter.

Keywords: cyanophycin, cyanophycin synthetase, cyanophycinase, nitrogen reserve,
polyamide, Yarginine, Yaspartate, P, protein

1. Introduction

¢CS—"™ ¢E' —81S«>ZY'SeZe1l 10ECS—" ™' CE —1>5—7271
SE'*1S—e1 ™"t %o,o¢00'—Z81eZ1e 501 ™M e¢ S —" NS IEsSENles-as
a nitrogen/carbon reserve polymer in many cyanobacterial strains as well as in a few het-
erotrophic bacteria. CGP consists of the two amino acids, aspartate and arginine, forming &
poly-Y,Se ™S> E1SE'+1<SE"<"—Z1 "#'1Sse’—" —710'+2Z1E"'S"
71T, ES><TjCele>"7™17e172YZ5¢1S@™Sse¢e12]7°Ze¢1Y’'S1’0™™

i 7KH $XWKRU V. /LFHQVHH ,QWHFK2SHQ 7KLV FKDSWHU LV GLVWULEXWHG
|ntech0pen &RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHYV E
GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP (oI KH RULILQD



&\DQREDFWHULD

1 Sele’cE " YZ>Ze1l'—1WAMrN]1c¢1le'Z1c"eS—"0el —e"—""1 ">f
—72—"71ECS BPRELT}ETYYZe1"™SE771S—ele’e'elES427>
microscopy and created the name E’S — . Early-efectron microscopic studies showed &

o> —eloee>72Ee2>21YS85’Se’"—1%el1e'Z1 1e5S—7¢700d1eZ™7—
e75'—elZeZEe>"—1-"E>" o E 4%].Ghisded3e-a coiroVersyaliot the ultrastruc -
ture of these inclusions until the 1970s. Later, electron microscopic studies described CGI
>SS —7e701S8S®1-72->S—71+7Z®@®d1Z2ZEe>"—1e7—@715—+47:

With a C/N ratio of 2:1, CGP is extremely rich in nitrogen and consequently an excellent
nitrogen storage compound. During the degradation of CGP and subsequent degradation of
S>e’ —'—78181e7—E+"—1S®1Z—7>+¢8lee”"2>EZ1 SelSee™1™

2. CGP occurrence

" lECS—"«SE+Z>'S8L —Eeze'—el7—"EZe+722551S—e1 «S-7
diazotrophic groups are able to accumulate CGP (Figure 1).

In non-diazotrophic cyanobacteria, the amount of CGP is usually less than 1% of the cell dry
mass during exponential growth. CGP accumulates conspicuously under unbalanced growth
conditions including stationary phase, light stress or nutrient limitation (sulfate, phosphate or
™~ eSee’7-100eS>YSe " —lile'Sele”1—"01" 9 M Utidet such unbalanckd
E~"—e'o'"—@dl1e218-"72—1"e1 1-8¢1’'—E>7ZS ceZ119"DLifd e
recovery from nitrogen starvation by the addition of a usable nitrogen source, CGP is tran-
' Z—e¢1SEEELIFSZ-1y

In the unicellular diazotrophic cyanobacterium Cyanothec& ce ™11 I1[WWZXd1l—
and photosynthesis can coexist in the same cell, but temporarily separated. The nitrogen:
j'—e1Z—£¢-281—'+>"eZ—S®Zd1' 'l ’e'etlelZ—0o’sYZ1"1"
™Z5 "e@l1S—ele'Z1 jZel—"e>"¢7Z—1'celee™ 5721’ —1 i1 —1e'7
™Z750">—7e81¢'21 1'GleZe>SeZele"1-"¢ < A3 Traidslent ZPG-accumuld
T —1e7>'—e1eS5"1 ™75 "]l S@1See™1>Z2™">e70¢1’ —TrictibilearBiu
sp., which has a high abundance in tropical and subtropical seas and is an important contribu-
e">1e 100" <Sel 1S —eMIECE—-1y

Furthermore, in heterocysts of diazotrophic cyanobacteria of the order Nostocalegpolar nodules
E~"—oe'e’'—e17¢1l 1S>71e¢Z™ @ eZe1Se1+'721E"~—+S @} (FigureZ1).
‘21'Z272>"EC@e"2zel 1®ZZ-@1le 1«21’ —VY"e¥Zel'—1e5S—a™*
"t —e' 2 ESeeC1SEYZ1IYZeZeSe'YZ1EZeeil 1ESS< ' ELL
o ZYZe001'—1VZeZ2+Se'YZ1EZeee1e'S—1"—1'Z72>"ECeil 2™
o7 —1"—1'21'2¢2Z>"EC@e1s"1SY ’eleZZe«SE"L —""¢ ¢’ "—1e> ]
16, 17. In Anabaenasp. PCC 7120 andAnabaena variabilignutational studies have shown that
®e>S' —®1+SE" —e1 1l®t—e'ZELleZ—2®15>521'421S ZE->.
«S¢">Se7> ¢ 1 E"-1519 Hoartey, a growth defect was observed under high light condi -
AL >Z Y 72581’ SE " ™M U ELe>” o' 1’ elae’e—' ES—eeC1eZE
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Figure 1. Light and electron microscopic pictures of CGP accumulating cyanobacteria. In light microscopic pictures,
1 Seel@eS'—Zel70e'—e1+'2Z1 J0S ThaEntehsity 8fEhe’ fed- dofor indicates the amount of arginine.
§>"15Ze1 "1 ™35 ™Me71e%eel1S>721 1e>5—%Z0e1y bil ByinkcBoeystisp. PCC*6883Mn Jigt
and transmission electron microscopy, respectively. (C) Cyanothecesp. PCC 7424 cultivated in presence of nitrate anc
continuous light. (D) Filament of diazotrophic growing Anabaenap. PCC 7120 with terminal heterocyst containing polar
<“e'Zeoely pil0 U1l >S—ce-—"e@ "—1ZeZE*>"—1-"E>"+>S™ ' el1”+1S 1" AmabeefEspoPCL
JWXVdle'™ '—+151 1E~—a’ a- — ObdMatoSashSultivated iiH nitratd supplementation, showing
small CGP granules. (G) Phosphate starved Anabaena variabilis ATCC 29418nder nitrate supplemented growth.
(H) Nostoc punctiforme ATCC 291387 —+Z>1™ "oe ™‘SeZ1eS>VYSe’"—1S—e1—"e5SeZ1z™ ™.
of Anabaena variabilis ATCC 294%hd Nostoc punctiforme ATCC 29138espectively.

" 7e7@18>71570e"—el@™™>7 0" 21 EZeeel 1Sl @zce>"z™
@Z>Y' 'Y —ele™—el™75 el e17—eSY >SS Z1E"—e'o'"—il 7>
©'Z—22C1SEEZ2-72S¢721@e">SeZ1E -™"7—e@d1l —S-7Z+¢19: 20
(Figure 171 1+>8—7¢72001Se@™"1S™M™MZ7S551¢7>"—e1e7>-"24Inbaen
variabilis1 S"'—ZeZ0e1«SE”" —+1 1>S—7e7c@1 7>21See~1S8<71
with early observations that CGP is not the direct nitrogen source for protein biosynthesis and
o' Z>7¢ 371 —"e17Z00eZ—'Sele s PER2-ZeZ1Z>—"—Se'"—1y
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et al. discovered through evaluation of obligate heterotrophic bacteria genomes that many het-
257" ™MUELISEZ>'S1™ e e Zce 2B, 241 Gehes of CCB meiabelBm-atoarliny :

07158 —eZ1%ele’ 757 —e1™ ¢ e7 7’ E1eSiS1S—e1—"28|E-"ce

3. CGP characteristics

—1W _JWd1 "<Zse1 '="—1'e"eSeZe1l 1e>S—7e7Zc1e 51721 >ce«
771 e"—el 'etle’@loeeze¢d1l 1'Sceloe’” —1'elae™ZE26.
CGP is insoluble at physiological ionic strength and at neutral pH, but soluble in solutions
which are acidic, basic or highly ionic. In non-ionic detergents such as Triton X-100, CGP is
—e"e7¢e 701" ZYZ581 —1'"— ' E1eZe7Z>e 76} Presknt-tdyICGCRextrattiax
—Z+7e@1S>721<S®Ze1"—1'e@le" ez e’ e¢1Sele”™ 1™ 2B —o1' —c

‘Z1E'Z—ESelee>2Ee2>721"+1 1 Scel™> "™ x@Z.1’ — PWActartling
e"le’@l-—"eZed1 1'S®@1S1I™ e¢-7Z>1<SE"«—Z1E —ce’'ees’ —1"
) ST "1 ez ™ "1 Sre' 7101l —"71Y'S1'ee"™Z™Me 071 "
Se™Ssetel—""7e¢i1l ZES70Z212YZ>¢1S0e™S>eSe7157Z @’ +2721' 1
787 —"e551S5-"7—21 7 +1Se™S3RFV 1'Selt S7Es7s7AL Gl 27—
—Se'E1eZ5SeSe’"—1eeze’'Z®il ,9Ze5Se’—el17—£¢-Z®lleZZl
8]. CD spectroscopy data suggest that the acid-soluble and neutral insoluble forms of CGP have
=" eSH>1IE " —eH>-Se'"—eil "etler—elE"—S'—lezcmeS—-"329

¢S—"«<SE+7Z>'Se1l 1'Se1S1-"eZE7¢S>1 Z'¢'e1S—e1™ e’ e ™4
In contrast, the native CGP producer Acinetobactesp. ADP1 synthesizes CGP with a lower molec
7S>1 Z'e'e15S—e’—e1e>"— BO . \RecohribiArt baStéja or genetically engineered yeas
harboring heterologous expression of cyanobacterial CGP synthesis genes also show a lowe
—"eZE7S>1 7’ e'e1"+1 X7, I Mtassgenic plant-produced CGP also shows a reducec
™M~eGe’@™Zs00’e¢1<Ze 77 —32K ¥ pSssiblelexplariatidn would be that cyanophycin
elt—e'Ze'el ' —1721—Se'YZ1ECS—"«SE+Z>'Sel1<SE"s>"2—e1"-
polymer length. These additional factors should also be absent in Acinetobactesp. ADP1.
Native CGP is exclusively composed of aspartate and arginine. By contrast, in CGP isolatec
from recombinant E. coliexpressing cyanophycin synthetase (see below) fromSynechocyst
e™il I\AVYd1lcZe’'+Ze1Sam™S>¢Se71S—.1 338 TFhe' amduhiof¢rupr-
™ SeZelet®’'—21'—1 1'— 72Z—EZ®l'seloe sz« «¢1<Z2'SY"
S—"7—e10"¢'Z>1¢'S—1YW1-"e—011"0188[¢7<¢eZ21Se1—77¢>Se1™

4. CGP metabolism

4.1. Cyanophycin synthetase

CGP is non-ribosomally synthesized from aspartate and arginine by cyanophycin synthe-
tase (CphAl) Figure2 il —1W _]\81 ™' W1 SelZ—>'E‘'Z*1S—e1E" S
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'— '~ 349 yThe enzyme incorporates aspartate and arginine in an elongation reaction, which
requires ATP, KCI,MgCl, 1S —+1S1ceZz+"¢e>¢e1>25eZ—e10t,-Z>ES™"2
Te¢d1 ™' W1—ZZ.®1S1®"1+S517—"—" —1 1™5'-7581S®1S1
B5pil ¢1zZoe' —elet—e'Ze'ESeetl™> —7Z5081 Z>217Z1Si1E":

101, @™, >eile”Ze1l—"21®7Z>YZ21S®1S—17Z E'Z—+1™>" 7>
‘Z1™>'—Z>.1—ZZ1 " 1E —0e’'e*1"*1S1+ZS0e1">2Z71 toeditect
™ W1SEIBPRLLYZ>1 ™MZ™Me'e7@dLle’"Z1EZoel Seel™>17e 751
ZeeZ@eZele"1®@Z>YZ1S®@1S—1SeeZ>—Se’YZ1™>’— 37 ITdeis camld
be an explanation for the functionality of CGP synthesis in recombinant bacteria, without the
Sc'e’etle”™1 ™07 EZ1—S e 8. Interdstthgly; the @dhl of Thermosynechococt
elongatusl ce*>S'—1 Wl 0el™>' —7Z>,'—eZ™F9 o7 —o1 1loo¢—-

Today, CphAl enzymes from several bacteria, including cyanobacteria and heterotrophic bac-
©75'S81'SYZ1<Z27Z—1™32>5 71 83-3940 The Sndeclar firiasd ¢f the character
"EZe1 ™' W1Z—£¢-Z@1>S—eZ0oele>"—1 V1e"1IWYV1” SByneéioSydE
sp. PCC6308 andAnabaena variabili4 ] _Y]1'cel—-"ceele'"Z¢«¢133-4% while'tde
primer-independent CphAl from Thermosynechococcus elongagtrain BP-1 forms a homotet
> S —739).yThe primary structure of cyanobacterial CphA1l can be divided into two regions

$3]. The C-terminal region shows sequence similarities to peptide ligases that include murein
' eSeZel1S—ele etel ™M eg, f,007eS-SeZ1 e eS@Zil ‘Z1 ,°Z>-"-
similarities with another superfamily of ATP-dependent ligases that include carboxylate-thiol

Figure 2. Schematic illustration of CGP metabolism in cyanobacteria. CGP is synthesized from aspartate and arginine
by CGP synthetase (CphALl) in an ATP-depending elongation reaction using CGP primers, containing of at least three

@™, >elcz'ee’ —elce " E"@I1 —e>SEZee2+551 1e7¢>SeSe’" — 1" @1ESSe¢E£Ze1cC:
resulting from cleavage of CGP are further hydrolyzed by isoaspartyl dipeptidase, releasing aspartate and arginine. In
—S—¢1—"e>"eZ—, "—+1ECS—"<SE*Z>'5015—1S5ee’e’"—Se1 loet—e'ZeSeZ1l e’
arginine dipeptides to resynthesize CGP.
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S—el1ES><"j¢eSeZ,S—"—Z1¢'eSeZil "—E&Z1+'Z1 ,1S—e1 ,¢Z>—
RZ™Z>e8-"e’Z@1 01l ,eZ™Z _e7 —ele’eSeZ®@dle "1 ,—e' —
*SYZ1<Z7—1™36 i Erokxperiments revealed that arginine is probably bound in the
,0Z2>—"—Se18—01S0e™S>e5e71’—1'23]. ,07>-"—Se1SE'YZ1e’

The mechanism of CGP synthesis by CphA1 has been suggested by Berg et al. in 2000, by me
suring the step-wise incorporation of amino acids to the C-terminus of the CGP primer. The
™Z7eSe'VZ1 1Ze"—eSe’ " —1ECEsZ1l®@eS>0001Sele'Z1 075" —

Bl Z1ES TG ELSE ele>"Z™1 el Z1 ™ 6¢ Se™S50S.;
P, ™ "™ "s¢eles”z™1%e]l  §1 —1e'Z1@ZE " —eloeeZ™§Ll"—Z1¢
the growing polymer by its amino group, forming a peptide bound. Subsequently, the inter-
—Z+'Se710%1, oeAsp istiansferred to the second active site of CphA1 and phosphory-
eSeZelSele'Z1T, ES>¢ jCele>"2™]17e1e'Z1S0e™S>eSeZil '—Seet
T,ES>< jCele>"7™17 1S Ee™S>eSe781¢ >-"36]s1S—1'@™"™Z ™o e7

S>"7el ™' W1Z—£¢-2@1'SYZ1<Z2Z—1E'S>SEZ>'£Z+1 '+'1>
e™ZE' E’<¢il ~>Syn&hodysti§p.1PCC 6308, apparent K values were determined
to be 450 pM for aspartate, 49 uM for arginine, 200 uM for ATP and 35 pg/ml CGP as prim-
ing substance. The lower K 17 ¢1Ss¢’— —Z1E"-™S>Z¢1+"1S0e™S>e5+71
CphALl towards arginine. During the in vitro reaction, CphA1l converts per mol incorporated
amino acid 1.3 = 0.1 mol ATP to ADP. The optimal reaction conditions of this enzyme were at
™ 1ATX1S—4mM[VU 1y

™ T _"e"e@18571 'eZeCle'@er'<ZeZe1'—12%2<SE+Z>'Sil —1a
>"7™MEel1 1 E¢S—"™"¢E5-Ih oydnebaciés& ayahaphycin synthetases of group
I-I1l (CphA, CphA2 and CphA2’) can be found.

Recently, the function of a cyanophycin synthetase of group Il (CphA2) has been charac
terized. Most non-diazotrophic cyanobacteria use a single type of cyanophycin synthetase
O ™ Wil ~ ZYZ>81"'—1-S—¢1—"e>"eZ—, {"—e1ECS—"<SE+2Z>
™sZ7@Z—ed1leZ>—7e1 ™" Xil —1IXVW\31 ¢Z-"717¢18S +44>Comaparid
to CphA1, CphA2 has a reduced size and just one ATP-binding site. CphA2 uses the product
"ol  1'Ce>"eC0e’edlt,Se™Sse¢e,Sre’—"—Z1e'™MZ™Me'e7]1Se1cC
consuming one molecule of ATP per elongation. A —7 « S — « 1 « O@NA2-shows only a minor
*ZE®>2SweZ1'—1'21"YZ>Seel 1E —eZ—eil ~ 2YZ581S1 ™"
e7e7Ee@17—eZ>1¢'SE > " ™M ELS —el el e’ el (E"—1I5 24 Thib
observation suggests that the apparent “futile cycle” of CGP hydrolysis and immediate repo -
eC—7>'£Se’ " —1’@1™>7<Sce¢1 el ™ ¢’ e e’ ESele’s—' ES—IAZ

4.2. Cyanophycinase

"—EZIW _]\81'¢1'el1”"—" —1¢'Sel 1'1>Z®’ce+S—+1SS’'—a
518> 25BNy Coel>Ze’esS—EZ1 el ™>"<Sce¢lez71 71«38
‘252757281 21™>72@Z—EZ17+1S1 7' e¢le™ZE’ Ze1™Z™e S

In 1999, Richter et al. reported a CGP hydrolyzing enzyme from the unicellular cyanobacterium
Synechocystit ce ™i1  1\AVY 31 E8«(Figute 2L ¥>' —ele’eloeezet¢dl ™
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S—el@eze'Zel'—1eZ+S’¢i1l ™' 1'1S1X_1Z1" S1 ,Z>-"—Se1Z;"T7
el 1711, ce™, >e1e’ P8 Basedbeeseguence analysis and inhibitor sensitivity to
serine protease inhibitors, CphB appears to be a serine-type exopeptidase related to dipeptidas:
10 Z ™4 Agcording to its sequence, CphB contains a serine residue within a lipase bo
motive (Gly-Xaa-Ser-Xaa-Gly). The serine residue together with a glutamic acid residue and
S1ae’'e’—715720'02721 >—1¢'Z1ES+Se¢e'E1e>'Sed1 ' E" L8elt
2009, the crystal structure has been solved at a resolution of 1.5 A, showing that CphB forms .
o' 7571 'eZ 0 s7ZEeZel-7Se7—7® ®©1E " — >-01e'Sel ™M 1'e1S
E"—@Z>YZe1™ E"Ze1 "o 1e'Z1ES S 46 StIdtuindilelinfifidizates thal the'
E+72SYSeZ1e™ZE' E'*C1 " EEZ>001221 18 —1ZjeZ—eZ1E " —-
E —e>-Se'"—17e1e'Z1SE'YZ10e '« Z1™M " E"Z15282' 520 1T, —"2
®'EIL™>ZYZ—e'—el ™' 1o "1 —"— @M™MZE EL1EZSYHGL171"

In addition to CphB, which catalyzes the intracellular cleavage of CGP, other versions of cya-
nophycinase exist, catalyzing the extracellular hydrolysis of CGP. In 2002, Obst et al. isolatec
©ZYZ>Se1l >85—,—Z7e8¢'VYZ1<SEeZ>'S1e>"—1e’ Z>57Z—1'Sc'eSeei
R Z>EZL" 1 ES> 473487 —Z 314 el'yS+71 S ®Rsb&loméhes andhitisépt
strain Bl. In the supernatant of a Pseudomonas anguillisepticalture, a cyanophycinase was
"7 —e1S—e1 ™35 731 &HFIZM* M7 it eel1S1e'1@™ZE" &’
™y eZ ' —@1 Z>Z21—"¢1751"—+¢1-S>e’—SeeCl'Ce>"eCEZei1l Z>S
Arg dipeptides. Inhibitor sensitivity studies indicated that the catalytic mechanism of CphE
is related to serine-type proteases. CphE fromPseudomonas anguilliseptisrain Bl exhibits an
S —"1SE '« 1®@Z8272—EZ1 «Z—e e¢1X].X =11 —e>SEZ++4¥F
Today, extracellular CGPases has been found in a high variety of bacteria including Gram-
positive, Gram-negative, aerobic and anaerobic strains. This indicates that the extracellulai
cleavage and utilization of CGP as carbon, nitrogen and energy source is a common principle
—1—S475F1y

In 2007, in silico analysis showed that CphB homologs are widely distributed in eubacteria,
™ML Mg’ el Z'e'ele’ 757 —0le>"7™MEl —EeZe’' —el ' —e>SEZee?
from cyanobacteria belong to group I, Il and partially group Il (CphB , ). Groups IV-VIII,
"— EezZe—el ™' §1S>Z1™>Z@Z—1"—1S1eS>eZ1YS>'5Bp¢17e1l—

4.3. Aspartyl-arginine dipeptidase

‘Z1eSeeleeZ™1 ' —1ES+Sc™e’®@-1"1 1'01+Z1E+2SYS-21
amino acids, arginine and aspartate Figure2 1711 —1W __ 81 "E‘eZ>172¢1Seils
tides hydrolyzing activity in extracts of Synechocysti4 ce ™11 128} InYSygechocystisp.
PCC 6803, the ORF sll0422 as well as ORF all3922 frodinabaenasp. PCC 7120 is annotate
Sel MeS—e,e¢™Z71SE@™S5Se' —S®Zd 1«ZES7Z1" 1002822 —
«>"—1 ™« &4 Owerihg characterization of plant-type asparaginase in general, including
SIl0422 and All3922, Hejazi et al. were able to show that these enzymes are able to hydrolyze

"eZ71>S—e7171" "~ S 0e ™ S55.¢30hspartyl feptidesarise from two biological path-

SCefl >@edL™> e e¢e’ELleZe>SeSe’ " — 170l "¢ Zel™5 07",
second, as primary degradation product of CGP cleavage from CGPases. Thus, the plant-type
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asparaginases, SllI0422 and All3922, have not only a function in asparagine catabolism but als
'—1e'7Z1 —SelaeZ™1%e1l 1S —e188>"eZ ' —1e7e55eSe’"_1y

The mature isoaspartyl dipeptidases of Synechocystisp. PCC 6803 andAnabaenap. PCC 712
consist of two protein subunits that are generated by autocleavage of the primary translation
product between Gly-172 and Thr-173 (numbering according to Synechocystisp. PCC 6803

et — 171 E"—0eZ>YZel E"— e Z— e55e Thee dalive’ mol@idldr wéight dif
S™M™,"{'—SeZe¢1l]V" 17ele’lZ—£¢-Z1eZeeZes0els F 1011812
> —1e'Z1 ,0Z>—"—Se1™S5e1S —eltle>"—1e¢'Z1 ,¢Z>85-51™S>.

In Anabaenasp. PCC 7120, all genes involved in CGP metabolism as well as the isoaspart
M7 ™Mo eSS 7l oY XX1S8>Z1Zi™s72ce0eZe1’—1YZ+72S'YZ1C
sion levels. Both, CGP synthetases and CGPases are much higher expressed in heterocy
'S —1"—1VZ2e786PVZIT®ILB1Foe™S>Se’ —S@Z1 oY _XX1'cel
oZY¥Zeel ' —1'Z+7Z>"E ¢l 5% N delatiry of 239227 AMEAaenaspl PCC
IWXV1IESZ7eZel1S—1'—E>2S5S®Z+1SEE7-72¢S«'"—1"+1 1S-
©ZeZ+¢' " —1-72S—el0e'” ©1S—1'-™S 71 e’'SETes ™M T E L™ o'
from CphB deletion mutants in Anabaendl ce ™ i1  NBWEX WHig observation implies that
©'Z1 >eeleeZ™17e1l 1ES S ' ®e-01'Z1E+ZSYSZ1ESS+¢CE

‘2157728 eZe1t, 0™, 501’ ™M7Z™Me'e7@1S5571e>S—@™ >eZe1s71
o 'MZ Me'eS e/l oo XXB31™>707—e1'—1'21Y272S«'YZ1EZ

sZ72e72SeZel-"—"-7>"E1S e ™ 57 Bheh1GEP- syinthesis-s net Adsgible, due tc
a deletion of CphA, arginine and aspartate might be transferred directly from heterocysts.
Cel1Zi™eS  —ele'Z1-"—"517 ZEeel —1e’SE > ™ (E 155 Théde

sZ@zee@l’eZ—e Zolt, 8™, 5ele’ ™7 ™o e701S0el—"e>"eZ—1Y¥
e 1ECS—"«SEZ>'S01—7Zjele"1ee7eS"—71S—B%HOpI1-L7AS
f, @™, >ele' ™MZ™Mee7e18el—"e>"e7—1e>5—ce ™01 clrde agiine
and aspartate in the heterocyst. This indicates that CGP metabolism has evolved in multicel
©7551' 772> " EC@e, e > —e1ECS—"<SE+Z>'S1+"1' —E>ZSH)Z 1

5. CGP regulation

5.1. Genetic organization of CphA and CphB

Usually, genes involved in CGP metabolism are clustered. The organization of these clusters
ES—1<¢Z1e Z>57Z—ed1leZ™7 —o’'—e1”~— 125/ h>FoeéiotyBtisp’ PAC 6682
cphAand cphB1S>721S«“SEZ—+01'~ ZYZ>81+'Z¢1S>7 1 BG™ t¥metbetcall
protein named slr2003 is located downstream of cphAand is transcribed in a polycistronic unit
with cphABPpT1 ~ ZYZ>81'Z1ez—E+'"—17e1 «>XVVY1l'eelz—"—" -
e—SeelS—e'@Z—@Z1 1 SeleZeZE+Z+1BOHS—0E> ™'~ —So]
In Anabaend ce ™ i1l 1IWXVdle "1Ee7@eZ>@1E " —S’ — ' —1 T8 In
the cphlcluster, cphBland cphAlwere expressed under ammonia and nitrate supplemented
growth, but the expression of both genes was higher in the absence of combined nitrogen in
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heterocysts and vegetative cells. In thecphloperon, cphBland cphAlwere cotranscribed. In
addition, cphAlcan be expressed from independent promoters, of which one is constitutive
S—ele'Z17 e 751570708 eZelct1e'Z10e " <Sel—"0>"e7Z _1E"A8 01

In cluster cph2 the cphB2and cphA2genes were found in opposite orientation and both genes
were expressed monocistronically. The genes were expressed under conditions of ammonia
nitrate or N, supplementation, but the expression was higher in the absence of ammonia
Generally, the expression of the cph2is lower compared to cph1113].

In addition to these two gene clusters, a third set of ORFs containing putative cphAand cphE
genes was found in Nostoc punctiformé&CC 73102 andAnabaena variabilid 1X_Z¥Y1

5.2. Dependence of CGP metabolism on arginine biosynthesis

Generally, CGP accumulation is triggered by cell growth arresting stress conditions, such as
entry into stationary phase, light or temperature stress, limitation of macronutrients (with the
ZiEZ™e " —1%el—"e5"e7—10eS>YSe’ " —01" 51" — """ —1"e1e5S
S—™ 7 __9MD0s alyAll of these CGP triggering conditions result in a reduced or arrested
growth. In exponential growth phase the amino acids arginine and aspartate are mostly used
for protein biosynthesis with the consequence of a low intracellular level of free amino acids.
Under growth-limiting conditions, protein biosynthesis is slowed down, which yields an
ZiEZemel el-"—"-7>"E1S-"—"1SE’ el —1+'Z1E¢C+"™3@ -5
1SEE7-78¢""—1Se@ 152875201 S—1Z{EZ0c0el s1l—"e5"e7
Calothrix sp. strain PCC 7601, it was shown that CGP accumulation occurs preferably in the
™7 0eZ—EZ1" 65 Fheaddit®n gf amino acids to the media further increased CGP for -
—$ <"~ 831 Puring process optimization studies for heterotrophic CGP production in the strain
Acinetobacter calcoaceticABP1, it was shown that addition of arginine to the medium as sole
carbon source increased CGP accumulation drastically. When, inA. calcoaceticustrain ADP1,
CGP synthesis is induced by phosphate starvation, it accounts to 3.5% (w/w) of the cell dry mat-
ter (CDM) with ammonia as nitrogen source. Additional supply of the medium with arginine
increases the CGP amount to 41.4% (w/w) (CDM). Notably, a combined supply of arginine and
Se™S>¢8¢71'S1S1-72E 1e” Z>laee'—2Se’—e17 ZE+1"1 3FE
1™~ e7Z —e’Sele’ —"1<Ze 2Z2—1>207¢Se’"—17e1S5¢’'—"— 71" ®¢-
eZeeZel —1-S—¢1™>7V " 7eleeze’'Zeil —1S1e>S—@™ " e"—
nobacterium Nostoc ellipsosporunan arginine biosynthesis gene,argl, was interrupted by a
transposon. This mutation partially impairs arginine biosynthesis but does not strictly result
iNY,S>e’'—"—Z71S7i{e> "™ ¢il "o 772185’ —'_71@ZI™MM™MeZ_7__+§
eZ—0818" —Z7eZ2@®@1 25212—S«<eZ1+"125—"—Se71S5—e1 1+>5—
both nitrate and arginine are present in the media, the impaired arginine biosynthesis is
«(¢™MSe@Zeil —eZ>1e " R@1E —e ¢ —8le'Z1-7eS—elE " Zesle"
e7—(Ee"—Se18" —7¢7001 "E'1E64HsS —Ze1 1>S—7eZ1ly
In metabolic engineering studies of the CGP production strain Acinetobacter calcoacetichBP1,
©ZYZ>SeleZ—7®@1>72+SeZe¢1e71¢' 7185’ —"—71c¢""®@t—e'Z®Z®1l">
S—"7—ee17¢1S5¢e'—"—7i1 ®1S1E"—@Z28727Z—E7Zd10e’'+—" (E S65]«
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SE*Z>'S1™>7eZEZ1S>e’'— —Zle>"—1eez7eS—-SeZ1'—1Z"'¢'clesZ™ce
intermediates lead to ornithine. The conversion of ornithine to arginine requires three addi -
Sl @M N ZE " —e1Z—£¢-Z17e1 > —"e"" —71¢ " @t—e'Zce
(NAGK), which catalyzes the phosphorylation of N-acetyl glutamate to N-acetylglutamyl-
™ e ™ Se7i1] 1ESeSeCEZ@LIeZ1IE"—-o> --'—-16§'J~K|A@1<’aetmsxs
RZ<¢“Z@EeZe1e " 18ee " @eZ>y' EL1eZZe«SE"L'—""¢'¢'"—1¢¢1S>e'—"— 7"
the P, 1 ce’ e—SelesS—ezE+’"— 183 BF Mahbsnardnzet alZstoviet fhat arginine
production and the following CGP accumulation depend on the catalytic activation of NAGK
by the signal transduction protein P, 169]. InaP, ,«Z &'Z— + 1— ByBeehetystitp. PCC 680:

1>2-S'—Z¢1'—1S1¢” 1SE'Y'et1leeS+701 "E'1ES7 6Bl —

‘Z1—'e>" 07— 5707eSe7el157@™ " —@Z1>77¢Se"51 >5> 1Se02"1'S¢
et—e'Ze'eil —1 >> ,+7Z ESyhechdcystisp.-RCA 6893 shows reduced intrace
0785185’ ' —71e72YZe®@1S—01E —®@Z537Y—*+¢d1>Z2+2EZ-1

eele'Zm@Z1>Z@Zee®@1S—e1"¢@Z>YSe'"—@1™™ —ele” Sre@1Sre’—
sis, while aspartate plays a minor role. CGP accumulation occurs as a result of arginine enrich
ment in the cytoplasm. Reasons for increased arginine content in the cell are lowered protein
biosynthesis as a result of various growth limiting conditions. Furthermore, an excess of nitrogen
and energy sensed by P leads to NAGK activation and thereby increased arginine biosynthesis.

5.3. P, regulation of arginine metabolism

The P 1oe'e—Sele>S—0eez@Ee'"—1™>7e7’'—@1S>Z1 'eZeCle'0e>'<
where1+'Z¢1™eS¢1S1E " >e’—Se’—el>"eZ1’ —1e'Z157%72+S¢' " — T
73]. For this purpose, P, senses the energy status of the cell by binding ATP or ADP in a com
™ Z oY 724 Bintlifig of ATP and synergistic binding of 2-oxoglutarate (2-OG) allows P
"loeZ—eZ1e'Z1E2>52—+1ES><«"—&I5pHPIXZ —11'ae dS + Z te Sk £
& 1>ZSEe""—0e1S—ele'Z57¢t1le’—"@1e'Z1ES><"—15S—e1—
e e 7B, Y7pil ‘Z1™ el e'£Z17¢1X, 1>ZSEem137 E"e¢ 1" 1 Ehekefore
2-0Gis1S—1"—+'ESe">1"e1e'7Z1ES> <78, &3Depénding dr the SitregErYslig -
ply, P, 1-S¢1<Z1™ "™ ">¢eSeZe1Se1'Z1S™ 7 1" +1+8F 8], BiridiMdLc}
072172 ZE+">1-"eZEZ2+Z1 81 1S—e1X, 1S®l Z++1Sel1™ "«
rearrangements of the large surface-exposed T-loop, R's major protein-interaction structure
$2]. These conformational states direct the interaction of P, with its various interaction part -
—7>01S—el1e¢'Z>57<C1>707¢Se71'ZBBEZ2¢7S>1 & 1<S«S—EZ1ly

In cyanobacteria, P, regulates the global nitrogen control transcriptional factor NtcA, through
C—e’—ele”1e 71 «E 1E", B4 M FoEwiorlwitiYothey bacteria, cyanobacterial P,
proteins can interact with the biotin carboxyl carrier protein (BCCP) of acetyl-CoA carboxyl-
SeZ1ld U1S—e1+'Z>Z<¢1E"—-«>"+1+84.IF8iEetmore, P, donfdiZargining
Tt —e'Z@’elY 'S1>7+768:6986] 1 1y

P,l™>"eZ —0ele™>—1S1ECe —e>'ESe, @' S™MZel'"="e>'—751 "e'1V
S1eS>eZ1S—el1®@z>eSEZ,Zi™M " @Ze1le"" ™1 ™% er7eZ01e>"-127ZS
™ e’  —7el’— 1715771 87:8Bpjieiltet’ HEZettely>e¢1S—-o:
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indicated by a high ATP and low 2-OG level, non-phosphorylated P | forms an activating
complex with NAGK.

The crystal structure of the P, -NAGK complex from Synechococcus elongatsisain PCC 794:
revealedtwoP, 1+>'~Z>eleS—e 'E*' —+1S1 1'"-"'Z{S-7> 88|-Eael/P dib
72—+ 1E"~—+SE- e 1”— 788. Twa pais @R, 'arkynvolved in interaction with NAGK. The
seeelee>ZE2>Z81ESe+Z1 " Wodlyaoe IntEr@etS with the-G-ermaih of NAGK
®7<z2—"081" —Y oY’ —elsZ@’e271 ¢2/M[i1 ‘21" —eZ>SEe'"—1"ele'Z1
tion. Second, the T-loop must adopt a bent conformation and insert into the interdomain cleft of
1y89pil "elZ—'S—EZel«'Z1ES-S<¢+'E1Z E iheredBing foutfold
andthe K 1751 ,SEZeCeee7S-SeZ1ZE>ZS o86pill ¢61'TLeSHE247 V1)
tion of NAGK by arginine is strongly decreased in the presence of P 18§3].

During P, mutagenesis, aRP1YS>'S—e¢1 Scel’'eZ—¢' Zele'Selc’'—eelE —0e
P, variant exhibits a single amino acid replacement, 1le86 to Asn86, hereafter referred as P(I86N)
89. The crystal structure of P, 0 "\ 11'Seel1«ZZ—10e"*YZ+d1loe'~ '—+15—1S-.-
wild-type P . However, the T-loop adopts a compact conformation, which is a structural mimic

of P, 1" — 1" 71 1 & ~89™M¢ZAddition of 2-OG in the presence of ATP normally leads to a
dissociation of the P,-NAGK complex, however P G "\ (i1—"1¢"—<Z>1>7 0 ™0}~ 0e

The P, (I86N) variant enables a novel approach of metabolic pathway engineering by using cus-
tom-tailored P signaling proteins. By replacing the wild-type P, with a P, carrying the mutation
for IB6N in Synechocystidce ™Mi1 1\A"VYd1'el Seel™ " eoe'<sZle 17 —o —
overproducer strain. Strain BW86, containing the P (I86N) version, shows an increase of NAGK
SE'Y'etd1 "E'1ESZ7Z®@1S1-">Z1'S—1WV,e"eel e 751 S1@J.
Under balanced growth conditions with nitrate as nitrogen source, strain BW86 accumulates up
to 15.6 + 5.4% CGP relative to the CDM, i.e., on average almost sixfold more than the wild type
Appropriate starvation conditions can further increase the CGP content of strain BW86 up to
47.4 + 2.3% per CDM under phosphate starvation and 57.3 £ 11.1% per CDM under potassiul
©eS>YSe’ " —081 'e"7e1See’ e’ 1701 S5 10 Fuiflbsidre, thé CGP; Ivhithyis
™>Te7@EZe1c¢loee>S ' —1 MBloe” 1Sl 1™ e’ e™Zr0 ¢ 15¢
the polydispersity of cyanobacterial wild-type CGP, which contrasts CGP from recombinant

producer strains using heterologous expression systems with heterotrophic bacteria, yeasts ol
™S A0MRILY 1’ eSeZeles —1e "@Z1le>S —@1‘'SYZ13784,84.1>S-

6. Industrial applications

Industrial applications for CGP have previously mainly focused on chemical derivatives. CGP
ES—1<Z1E"—YZ>¢21Y'S1 ¢e>" ¢+ ERIphrtiEacid (PAN) Add fidemrgintrie.

1'@1c¢"eZe>SeS¢eZ21S—1'Se1S1" e '1l—7-<Z51"e1—7eSe’YZod
el 17181 ™ @ee'ceZloeicae’ 7B, 50]19] PAACan®S Employ&c dsariti:
EES+S—e151e’@™Zre’—el' —e>Z2e'72—01"—1-S—¢1 Zeeel 1l
or suntan lotions. Furthermore, PAA has potential application areas as an additive in paper,
™S eFlcZ’ee’—e1> U880 —eZoee>C1ly
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CGP can also serve as a source for dipeptides and amino acids in food, feed and pharmaceut
cal industry. The amino acids arginine (semi-essential), aspartate (non-essential) and lysine
(essential) derived from CGP have a broad spectrum of nutritional or therapeutic applica-
tions. Large-scale production of these amino acids, as mixtures or dipeptides, is establishec
— 1 —e70ee>¢81 e 1VYSy T ZR1IE ——Z>E'Se1™> 7 Eee1Se>ZS
SeeS_1S—e1 «792)7E ‘Zo1y
“e7—¢'Se1SM™MM ESe T —@lTel—"— "¢’ Zel 1'SYZ1<Z27Z—1
™e“s70i1l "RIES—1™S>¢'See1¢Z17Z{™eS'—Zelc¢le'Z1eSE"1
™yTTMZ5e'Z0e1"e1l i1 ZEZ—eeC¢1'—1XVW]81e'Z1 sceeleezetls>Z
published. In this study, Khlystov et al. focused on the structural, thermal, mechanical and solu -
tion properties of CGP produced by recombinant E. coli giving new insights in the nature of
el ™"e¢-751501«DIPIE “Z41EB®IFH>'«Z1 1Sel1S—18-">™ "7,
Tetl el et Zs—"@eSc e’ Cil ‘Z1e5¢1-SeZ5'Sel’@les’ 1S—e1¢'4
1E " ZeelcZ17@Ze1e" 1@t —e'Z'EZ1E 4725 "—"-7>" EL1E" W] ¢-

7. Biotechnological production

Previous ventures to produce CGP in high amounts were mainly focused on heterotrophic
bacteria, yeasts and plants as production host. These recombinant production hosts heterolo
gously express CGP synthetase genes, mostly from cyanobacteria. In this way, heterotrophi
bacteria, which are established in biotechnological industry including E. coli Corynebacteriut
glutamicum Cupriavidus necatol 0i+~>—Se+¢ 1 " —Ralstohi& eatophaand Pseudomon:
putidadl Z>Z17ceZele >1'ZeZ> e e 70 1™3[(eZE+""—1"e1 1y

Strain E. coliDH1, containing cphAfrom Synechocystisp. PCC6803, was used for large-sca
production of CGP in a culture volume of up to 500 liter, allowing the isolation of CGP in

S17e"esS_10ESZil 2>’ —e1™>"EZeoel ™« —"£S¢'"_31+'Z1"
(w/w) per CDM. However, the synthesis of CGP was strongly dependent on the presence
Tl ET-™MeZi1ET-™M"—Z—eel’'—1Z1-7Z+2-102Z>5>" ELl>"s'1
—27-81 1SEE7-72Se'"—1"—+C¢1 " EEZ2>01 —1 " ZATTVArZeRdl-
neered version of CphA from Nostoc ellipsosporuntransformed in E. coli shows a further
increase in CGP production, up to 34.5% (w/w) of CDM. However, this production strain also

572825>72@12i™M7Z—@'YZ1E " —™eZjle>” ¢'1-7¢'S1"1¢' 791 e?E"

Cupriavidus necatoand Pseudomonas putideS>71”—" —1S@1—-"¢Z¢1"5+S—"ce
RESZ1I™> e7Ee"—1"¢1™ e¢ ' ¢e>"j¢Se”S—"SeZ@10 Uil ‘Z>7
ES—e'eSeZ@le">1S>+71ce E §3,83 MelaBbh¢ eddiReéfing dnd process optimi-
zation studies of Cupriavidus necatoand Pseudomonas putidarboring cphAfrom Synechocyst
sp. PCC 6803 orAnabaenasp. PCC 7120 were performed. In these organisms, the accumule
tion of CGP is mainly depending on the origin of the cphA gene, the accumulation of other
e H>SeZ1E -™"7—e0ele’”Z1 1Sl ZeelS@le'Z1See’e’"—1"e1
'71-7 P68yl 7 E'Z—-+1- Eupriavidusinéeatoand Pseudomonas putidaccu-
—78e71°—172—7>8S¢1-"5>71 1E " -™S>7Ze1+"1 " A8 DUrifiy genetic

—"e¢’ (E S+~ ¢ephAedpression in Cupriavidus necatqrCGP accumulation turned out to be
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@e> " —ee¢1lS ZEeZe1l<¢1le'Z1Zi™>Ze o'~ —1 ce taehiexpresdian sBtem
using the KDPG-aldolase gene g€dg-dependent addiction system, allows cultivation without

antibiotic selection. The multi-copy cphA expression results in a CGP yield between 26.99
and 40.0% (w/w) of CDM. The maximum amount of 40.0% (w/w) of CDM was observed in a
30- and 500-I pilot plant. In the absence of the amino acids arginine and aspartic acid in the
—Z27-81'Z1 1S-"72—e1 Sceloee’eelcZe ZZ—1X\T_ -9 —<1X]i

The industrially established host Saccharomyces cerevidias also been used for CGP production
by expression of cphAfrom Synechocystisp. PCC 6803S. cerevisiabarboring cphAaccumulated
up to 6.9% (w/w) of CDM. Two CGP species were observed in this strain: water-soluble and the
typical water-insoluble CGP. Furthermore, the isolated polymer from this transgenic yeast con -
tained 2 mol% lysine, which can be increased up to 10 mol% when cultivation occurs with lysine
'— 17 1-2781F Baring metabolic engineering studies, several arginine biosynthesis mutants
have been analyzed concerning their CGP accumulation abilities. Surprisingly, strains with

defects in arginine degradation accumulated only 4% CGP (w/w) of CDM; however, arginine

auxotrophic strains were able to accumulate up to 15.3%. Depending on the cultivation condi-
tions, between 30 and 90% of the extracted CGP was soluble at neutral pH. In addition to arginine,
aspartate and lysine, further amino acids, such as citrulline and ornithine, have been detected in
"e"eSeZel  le> —1e' Z57—e185¢'—'—7198aFdrthernibre, itevas-aladessite
to produce CGP and CGP derivates in Pseudomonas putidand the yeastPichia pastorig€99, 100].

1S —e1 1+7>°YSeZ®1S>7Z1'-™"5eS—el @ 72>EZ@le">11,s'™
*Ss>e72 , @ESeZ1-Z""el S@leZYZe"™Zele"1E " —VYZ5e1 1'—+"1"
CphE from Pseudomonas alcaligenéshis allows the large-scale production of customized
T,e'™MZ™e' e7@ILeZ™7 —o’'—el1”"—1¢'Z1E"-™"98'301}—1"¢1'21

>Te7Ee " —1"e1 1'Sel1See 1<Z2Z2—1S472-™eZe1'—1®ZYZ5Se1-
sion of the primer-independent CphA from Thermosynechococcus elongaBiz-1 leads to a1
accumulation of CGP up to 6.8% (w/w) in tobacco leafs and to 7.5% (w/w) of CDM in potato
* 7 < Z >X®21 $03. CGP production and extraction in plants can be coupled with the production
“elTetZ>1™eS o1 ™7 @OFeThe petliaiti€s &Bd thallenges of plant-produced

1'SYZ1¢272—1>2Y'72Z Z°1<¢BXF70eE121Sily

Compared to bacteria that are used so far in biotechnological industry, cyanobacteria are
unique as they use sunlight and CO, as energy and carbon source. Cyanobacteria have bee
"eZ—e' Ze1SelyE'1e Z>EZL171YS> "7l TeTe'ES¢1SE"Y
Z—27>+¢31+""«1 5104 Dbdiausly ythe importance of environmentally friendly produc -
tion processes increases more and more. Hence, Cyanobacteria are expected to play a ma
role in future industry. Synechocystidoe ™71 1\AVY1lae>S'—1 "\1'cele‘Z1 >
cal producing cyanobacterial strain in the literature. CGP production in  Synechocysti8W8€
¢TZe1—"215282>Z21"5+S— EL1ES><"—1"51 1™M>7ZEZ>0e">1l0oeZ<E
phosphate and potassium starvation can further increase the CGP production up to 47.4 + 2.39
and 57.3 £ 11.1% per CDM, respectively. The studies of Trautmann et al. showed that strai

MIES—1<Z1E7Z2e’YSeZel' —1 Sel™eSeZ1™ " e” '™ 7 SIER Deeitig
this optimization study, the optimal light intensity as well as the phosphate concentration was
determined to maximize CGP synthesis. Under optimal production conditions, highest amount
“e1 1 S0e1S5>77—e1ZV-1"¢1 1 'e*1S1e¢"eSe1¢’'Zeel"e1YZ\UBL 1



&\DQREDFWHULD

'Z21-S'—1¢"4eZ—ZE"17 1 1™5%e7ZEe""—1"—1 ¢S—"«<SE*Z>"S
which is much lower than in biotechnologically established bacteria. Conventional cultivation
—Ze "ol el ECS—"<SE+7>'S1>2ZSE ‘151 "—=Scecel”+107.7F0 obet-
come this limitation, a new cultivation method was developed, using a two-tier vessel with
membrane-mediated CO, supply. By using this cultivation setup, it was possible to enable
rapid growth of Synechocystisp. PCC 6803 andSynechococcusp. PCC 7002 up to 30 g CDN
™ 75 1 «18d].Sysrechocystisp. PCC 6803 strain BW86 was also used in this high-density cul
tivation setup. During this study, CGP amounts up to 1 g per liter were reached in 96 h. This
is approximately four times higher compared to the maximum CGP yield observed during
E~"—YZ—+"—SelE7e0'YSA06:40B.ceZ>1WX1eS¢tcely

In comparison, the recombinant E. colistrain DH1 harboring cphAfrom Synechocystisp. PCC
6803 produces between 6.7 and 8.3 g CDM per liter culture in 16 h. CGP amounts during
e'@leZe,<SeE ‘' 1eZ>-7Z—eSe’"—l Z>721<Z+ 7727, telir§-in alOGP
production rate of 87.9 to 124.5 mg/l and hour. Although this exceeds the production rate
in Synechocystisp. PCC 6803 strain BW86 by a factor of 10, the recombinanE. colirequires
75> E1>"e'1E"—™e7 1 —ZRyrechdcystisp.ZPLC 6803 strain BW86 is cultivater
in simple mineral medium and additionally sequesters hazardous greenhouse gas CO.,
Considering these super ordinate factors, production of biopolymers with cyanobacteria may
in fact become an alternative to heterotrophic bacteria.

8. Conclusions

1’00l Zeel>Z0ZS>E'Z+1S—+1'e®@1"EEZ>»>Z—EZ1'—1EES—"«
However, many questions are still open. Most obviously, the cell biology of the CGP granules
»Z2-S'—0eleS>eZe¢1l7—"—" —il —1+'Z1eSeelsZESZedl>ZmwZ!
— e ESel ™z ™M @ Z®dle"Z1ee>S —1H 1™y "EZeel ™ ' £S
short-chain CGP from recombinant producer strains; however the biophysical properties of the
long-chain native CGP remain largely unexplored. So far, heterotrophic bacteria were mainly
used to produce industrial biocompounds including CGP. In this chapter, we discussed the pos -
sibility of a cyanobacterial CGP production strain. The main disadvantages of cyanobacteria, their
slower growth and the low abundance of product can be compensated using genetic engineering
together with appropriate production processes. Future industry has to cope with the manifold
challenges to counteract environmental pollution and climate change. The use of cyanobacteria in
CGP production and, more generally, in biotechnological applications for bioproduct synthesis
provides an environmentally friendly alternative to conventional biotechnological approaches.
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PHYSIOLOGY

Cyanophycin Synthesis Optimizes Nitrogen Utilization in the
Unicellular Cyanobacterium Synechocystisp. Strain PCC 6803

Bjorn Watzer?2 Karl Forchhammeg

anterfaculty Institute of Microbiology and Infection Medicine Tibingen, Department of Organismic
Interactions, Eberhard Karls Universitat Tibingen, Tibingen, Germany

ABSTRACT Cyanophycin is a carbon/nitrogen storage polymer widely distributed in
most cyanobacterial strains and in a few heterotrophic bacteria. It is a nonribosomal
polypeptide consisting of equimolar amounts of aspartate and arginine. Here, we fo-
cused on the physiological function and cell biology of cyanophycin in the unicellu-
lar nondiazotrophic cyanobacteriumSynechocystisp. strain PCC 6803. To study the
cellular localization of the cyanophycin-synthesizing enzyme CphA during cyanophy-
cin synthesis and degradation, we fused it to green "uorescent protein. When CphA
was inactive, it localized diffusely in the cytoplasm. When cyanophycin synthesis was
triggered, CphA “rst aggregated into foci and later localized on the surface of cya-
nophycin granules. In the corresponding cell extracts, localization of CphA on the
cyanophycin granule surface required Mg . During cyanophycin degradation, CphA
dissociated from the granule surface and returned to its inactive form in the cyto-
plasm. To investigate the physiological role of cyanophycin, we compared wild-type
cells with a CphA-de“cient mutant. Under standard laboratory conditions, the ability
to synthesize cyanophycin did not confer a growth advantage. To mimic the situa-
tion in natural habitats, cells were cultured with a "uctuating and limiting nitrogen
supplementation and/or day/night cycles. Under all of these conditions, cyanophycin
provided a “tness advantage to the wild type over the mutant lacking cyanophycin.
During resuscitation from nitrogen starvation, wild-type cells accumulated cyanophy-
cin during the night and used it as an internal nitrogen source during the day. This
demonstrates that cyanophycin can be used as a temporary nitrogen storage to un-
couple nitrogen assimilation from photosynthesis.

IMPORTANCEWe clari“ed the elusive biological function of cyanophycin in the
nondiazotrophic cyanobacteriumSynechocystisp. PCC 6803. Cyanophycin is a dy-
namic carbon/nitrogen storage polymer (multi-arginyl-polyaspartate) that is condi-
tionally present in most cyanobacteria and a few heterotrophic bacteria as cellular
inclusion granules. Here, we show that the cyanophycin-synthesizing enzyme CphA
in the nonactive state localizes diffusely in the cytoplasm. When cyanophycin syn-
thesis is triggered, active CphA “rst aggregates into foci and then covers the surface
of mature cyanophycin granules, whichn vitro requires Mg as a cofactor. Cyano-
phycin accumulation enablesSynechocystisp. to optimize nitrogen assimilation un-
der nitrogen-poor conditions, in particular when the nitrogen supply "uctuates and
during day/night cycles, by allowing continuous nitrogen assimilation and storage.
Therefore, cyanophycin provides the wild-type cyanobacterium with a clear “thess
advantage over non-cyanophycin-producing cells in natural environments with "uc-
tuating nitrogen supply.

KEYWORDSCphA, cyanobacteria, cyanophycin, nitrogen storage, nitrogen
utilization, synechocystis
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Watzer and Forchhammer

ne of the most important steps in evolution on Earth was the appearance of

oxygen in the atmosphere. This dramatic change in the redox state of our planet,
called the egreat oxidation event,Z was triggered by the emergence of cyanobacteria
capable of oxygenic photosynthesisl).

Some of the cyanobacteria acquired the ability to “x atmospheric nitrogen, which
allowed them to spread throughout the illuminated biosphere and fertilize it Z).
Nitrogen is a necessary macronutrient for all life and therefore constitutes a growth-
limiting factor in many terrestrial and aquatic ecosystems3). Nondiazotrophic cyano-
bacteria can use a variety of combined nitrogen sources, such as nitrate or ammonia.
In the absence of a usable nitrogen source, these cyanobacteria face nitrogen starva-
tion, a situation that arrests anabolic metabolism, followed by a process known as
chlorosis, which “nally results in a state of dormancy4j. Chlorosis is characterized by
the degradation of photosynthetic pigments, which leads to a color change from
blue-green to yellow 6). Together with the degradation of light-harvesting phycobili-
somes, the cells accumulate carbon-reserve polymers, e.g., glycogen or polyhydroxy-
butyrate, and arrest the cell cycleq...B When nitrogen deprivation is prolonged, cells
further reduce their bulk of cellular proteins until they reach a “nal chlorotic stage,
where they maintain a low residual level of photosynthetic activity. In this state, cells
are able to survive long periods of starvation. After the addition of a nitrogen source,
they are able to regreen and resume growth9).

The process of resuscitation from nitrogen-starvation-induced chlorosis has been
investigated in detail in the unicellular and nondiazotrophic cyanobacteriunsyn-
echocystissp. strain PCC 6803 (her&ynechocystisp.) ¢, 10, 11). The addition of a
usable nitrogen source triggers a tightly coordinated resuscitation program, which
results in the restoration of the vegetative cell cycle within 48 h. This process can be
divided into two major phases. First, the cells turn on glycogen catabolism, which
provides energy and carbon skeletons for nitrogen assimilatiod@); this is used to “rst
reinstall the basic anabolic machinery, in particular, the translational apparats 12).
After 12 to 16 h, transition to the second phase occurs, where the cells reassemble their
photosynthetic apparatus. The cells regreen and engage oxygenic photosynthests (
After reaching full photosynthetic activity, the cells enter the vegetative cell cycle.
During resuscitation from nitrogen starvation, the carbon/nitrogen storage polymer
cyanophycin transiently accumulates?( 13). Cyanophycin (also known as cyanophycin
granule polypeptide) is present in most cyanobacterial species and in a few hetero-
trophic bacteria (L4). It is a nonribosomal polypeptide consisting of equimolar amounts
of arginine and aspartate. Every aspartyl moiety of the polyaspartate backbone is linked
with an arginine residue via an isopeptide bond5). In nondiazotrophic cyanobacteria,
cyanophycin accumulates when excess nitrogen is supplied and during unbalanced
growth that lowers the growth rate (e.g., during sulfate, phosphate, or potassium
starvation) (6, 17).

With a C/N ratio of 2:1, cyanophycin is extremely rich in nitrogen and is therefore
used as a nitrogen storage compound. This plays an important role in nitrogen-“xing
cyanobacteria, in particular in those that differentiate heterocysts to “x nitrogen during
the day. The heterocysts accumulate large cyanophycin structures at the contact sites
to the vegetative cells, termed the polar nodes; these nodes play a role in nitrogen
traf‘cking between the nitrogen-“xing heterocyst and the vegetative cells of the
“lament (18). Nonheterocystous strains, such aSyanothecesp. strain ATCC 51142,
synthesize cyanophycin at night during nitrogen “xation, where in the absence of
photosynthetic activity, nitrogenase is protected from harmful oxygen. During the day,
nitrogen “xation is arrested, and cyanophycin is degraded to mobilize the “xed
nitrogen (19, 20).

Cyanophycin synthetase (CphA) builds cyanophycin from arginine and aspartate in
an ATP-consuming elongation reaction that requires KCI, MgChnd a sulfhydryl
reagent (dithiothreitol [DTT] or -mercaptoethanol) 1). The elongation reaction re-
quires an unknown cyanophycin primer that must consist of at least three Asp-Arg
building blocks @22) as a starting point. The primary structure of CphA consists of two
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regions; both regions contain an active site and an ATP binding sit@2 23). The
putative cyanophycin elongation cycle starts at the C terminus of the cyanophycin
primer. First, the carboxylic acid group of the polyaspartate backbone is activated by
phosphorylation with the -phosphoryl group of ATP. Subsequently, one aspartate is
bound at the C terminus by its amino group, forming a peptide bond. The intermediate
( -Asp-Arg),-Asp is then transferred to the second active site of CphA and phosphor-
ylated at the -carboxyl group of aspartate. Finally, the -amino group of arginine is
linked via an isopeptide bond to the -carboxyl group of aspartate 22). Cyanophycin
accumulates in the form of opaque and light-scattering granules in the celf). CphB,
an intracellular cyanophycinase, catalyzes the degradation of cyanophycin téAsp-Arg
dipeptides (24). The last step in cyanophycin catabolism is the cleavage of theAsp-
Arg dipeptides to monomeric arginine and aspartate, catalyzed by isoaspartyl dipep-
tidases @5).

Several previous studies have indicated that arginine availability is the main bottle-
neck of cyanophycin biosynthesisl(7, 26...29 The committed step in arginine biosyn-
thesis, theN-acetylglutamate kinase (NAGK) reaction, is regulated by the signal trans-
duction protein P, (30). R, senses the energy status and the C/N ratio by binding
2-oxoglutarate and ATP31, 32). Binding of B, enhances the catalytic ef‘ciency of NAGK
and decreases its feedback inhibition by arginine38), resulting in increased arginine
production, followed by the accumulation of cyanophycin 17, 29).

In the last decades, research on cyanophycin has mainly focused on its potential use
in different biotechnological and industrial applications, whereas the biology of cya-
nophycin, in particular in nondiazotrophic cyanobacteria, remains largely uninvesti-
gated. Previous studies revealed an unexplained transient accumulation of cyanophy-
cin during the outgrowth of dormant Synechocystisp. cells from nitrogen starvation,
13). Here, we aimed at identifying the role of cyanophycin synthesis in the recovery of
Synechocystisp. cells from nitrogen starvation and, more generally, at clarifying its
function during "uctuating ambient nitrogen supply.

RESULTS

CphA localization changes during resuscitation from nitrogen starvation. To
investigate the intracellular localization of CphA, we fusecbhAto the gene encoding
enhanced green "uorescent protein (eGFP) (yielding eGFP fused to the C terminus of
CphA) and insertedcphA-eGFRnder the control of the native cphApromoter into the
Synechocystisp. shuttle vector pVZ32234). The resulting pVZ322phA-eGFplasmid
was introduced into Synechocystisp. by triparental mating 84). The resulting strain,
termed Synechocystisp. strain CphA-eGFP, was used to investigate the cellular local-
ization of CphA using comprehensive statistical analysis of microscopy images.

In the majority of nutrient-replete cells (87% 3%;n 486) in the mid-exponential
phase of growth (optical density at 750 nm [OBR,J, approximately 0.6), the GFP signal
was uniformly distributed in the cytoplasm and did not colocalize with the "uorescence
signal of the thylakoid membranes near the cell peripheryF{g. 1Ato D). In the
remaining cells (13% 3%), distinct foci formed. Accordingly, the cyanophycin content
during exponential growth was usually less than 1% of the cell dry mass, and visible
cyanophycin granules were absents( 17, 35).

To reveal the localization of CphA during periods of cyanophycin accumulation or
degradation, we monitored CphA-eGFP localization after the addition of nitrate to
Synechocystisp. cells that had been starved for nitrogen for 4 days. These conditions
are known to induce transient cyanophycin accumulation7( 13, 29). ThecphAgene is
constitutively expressed in different nitrogen regimes7). In agreement, a recent
quantitative proteomics analysis of resuscitating nitrogen-starvelynechocystisp. cells
revealed minor changes in the abundance of CphA. It increased by about 10% from
cells starved of nitrogen for 21 days to fully recovered exponentially growing cell$1).

In nitrogen-starved cells, the GFP signal was almost exclusively found as a diffuse signal
in the cytoplasmic space (98% 2% of the cells) (see Fig. S1 in the supplemental
material). Three hours after the addition of nitrate, the CphA-eGFP strain formed
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FIG 1 Localization of CphA-eGFP during exponential growth (QF of 0.6) of Synechocystisp. (A) Bright-“eld

Applied and Environmental Microbiology

image of cells. (B) GFP "uorescence; white arrows point to cells with CphA-eGFP foci. (C) Auto”uorescence of

thylakoid membranes. (D) Overlay of GFP and thylakoid membrane "uorescence images.

distinct foci in almost half of the cells Fig. 2. After 6 h and up to 27 h after nitrate
addition, the majority of cells contained CphA-eGFP foci (83% 7%). As the foci
appeared, their number per cell simultaneously increased, with a maximum between 6
and 12 h after nitrate addition Fig. 2and S2A); thereafter, the number of foci gradually
decreased. The apparent diameter of the CphA-eGFP foci reached a maximum between
12 and 21 h after nitrate addition (Fig. S2B). To correlate the appearance of the
CphA-eGFP foci with the occurrence of cyanophycin granules, we stained the granules

FIG 2 Number of CphA-eGFP foci and cyanophycin granules during 27 h of resuscitatiorsghechocystis

sp. cultures that were nitrogen starved for 4 days. Cells were resuscitated by adding 17.3 mM nitrate to
starved cultures. Measurements are means of three biological replicates. Filled circles, percentage of cells
with visible CphA-eGFP focin( 200 cells per time point); open circles, percentage of cells with
cyanophycin granules visualized with the arginine-speci‘c Sakaguchi stam ( 150 cells per time point);

“lled squares, growth curve.

October 2018 Volume 84 Issue 20 €01298-18

aem.asm.org 4

15anB Ag §T0OZ ‘2 1900100 uo /6io’wse wae//:d)y wolj papeojumoq



Role of Cyanophycin in Nondiazotrophic Cyanobacteria Applied and Environmental Microbiology

with the arginine-speci‘c Sakaguchi stain. In bright-“eld images, the granules are
opaque; the Sakaguchi stain enables a sensitive and clear identi“cation of cyanophycin
granules (7). Compared to the appearance of CphA-eGFP foci, the appearance of the
cyanophycin granules was delayed. Six hours after nitrate addition, the number of cells
containing cyanophycin granules increased dramatically, reaching a plateau of 87.8%
4.2% of the cells at 15 h after nitrate addition. Eighteen hours after the addition of
nitrate, both the number of cells with visible cyanophycin granules and the diameter of
the foci decreased Fig. 2and S2B). As the cyanophycin granules degraded, the cells
simultaneously started to grow againEig. 2.

During recovery from nitrogen starvation, cyanophycin is produced transiently, and
the maximal level of accumulated cyanophycin was relatively low compared to other
conditions that trigger cyanophycin accumulation 13, 17). Potassium starvation sub-
jects cyanobacterial cells to an intense and immediate stress, which results in massive
cyanophycin accumulation 17). This motivated us to analyze CphA localization under
such conditions. Upon induction of potassium starvation, CphA relocalized from an
initial diffuse cytoplasmic localization into distinct foci and later clearly localized on the
surface of the cyanophycin granules, forming a halo-like structure (Fig. S3). Cyanophy-
cin granules of larger diameter were amorphous and not spherical (Fig. S3). The
proportion of cells with cyanophycin granules and CphA-eGFP foci increased during
potassium starvation (Fig. S4A). Shifting the potassium-starved cells back to standard
BG-11 medium restored the growth within approximately 24 h, concomitantly with the
degradation of the cyanophycin granules. During cyanophycin degradation, it ap-
peared in some cases that CphA-eGFP no longer colocalized with the granules (Fig. S3).
The proportion of cells with cyanophycin granules and CphA-eGFP foci decreased
accordingly. After 24 h, only about 20% of the cells contained cyanophycin granules.
Simultaneously, 70% of the cells contained CphA-eGFP foci, while the remaining cells
show the CphA-eGFP signal exclusively distributed in the cytoplasmic space (Fig. S4B).
Furthermore, the average size of the granules decreased, while the number of granules
per cell increased (Fig. S5), indicating that the granules disaggregate into smaller
particles.

CphA localization on the cyanophycin granule surface requires Mg 2 . The
above-mentioned results showed that CphA is homogenously distributed in the cyto-
plasm as long as no cyanophycin synthesis occurs, and when cyanophycin accumula-
tion is triggered, CphA relocalizes into foci and subsequently attaches to the surface of
growing cyanophycin granules.In vitro, the elongation reaction of CphA requires
cyanophycin primers, arginine, aspartate, MgCIATP, and a sulfhydryl reagent ¢
mercaptoethanol or DTT)Z1). To determine how these components affect the local-
ization of CphA-eGFP in cell extracts, we analyzed cell lysates using anti-eGFP antibod-
ies and immunoblots. Cell extracts were prepared from potassium-starv8ginechocystis
sp. cells that produced CphA-eGFP and separated into soluble and insoluble fractions,
with the insoluble fractions containing the cyanophycin granules. We determined
whether CphA remained associated with granules in the presence of different buffer
components.

In potassium-starvedSynechocystisp. cells, CphA-eGFP appeared to be localized on
the surface of the cyanophycin granulén vivo (Fig. S3). When these cells were lysed in
a buffer containing 50 mM Tris-HCI (pH 7.4) and 4 mM EDTA, CphA was detected only
in the soluble fraction Fig. 3A. In contrast, when cells were lysed in a buffer containing
50 mM Tris-HCI (pH 8.2), 20 mM MgCand 20 mM KCI, CphA appeared in the insoluble
fraction, which indicated that it remained granule associated, because cyanophycin
granules remain in the insoluble fraction, owing to their insolubility at neutral pHFig.
3B). To test whether MgCl is responsible for the persistent association of CphA with
granules in cell extracts, cells were lysed in the same buffer containing different MgCl
concentrations Fig. 3Q. In the absence of Mg , only residual amounts of CphA were
detected in the insoluble fraction. Increasing amounts of Mg led to increased
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FIG 3 Immunoblot detection of CphA-eGFP using anti-GFP primary antibodies. Cell extracts of
potassium-starvedSynechocystisp. cells were fractionated into soluble and insoluble fractions. (A) Cells

lysed in a buffer containing 50 mM Tris-HCI (pH 7.4) and 4 mM EDTA. (B) Comparison of potassium-

starved Synechocystisells lysed in the presence of 4 mM EDTA (same buffer mentioned above) (lane 1)
and a buffer without EDTA containing 50 mM Tris-HCI (pH 8.2), 20 mM Mg@hd 20 mM KCIZ1) (lane
2). (C) Insoluble fraction of cells lysed in Tris-KCI buffer containing different Mg@incentrations.

amounts of CphA in the insoluble fraction, with an apparent optimal concentration of
10 mM Mg for in vitro association with cyanophycin granulesHig. 3G.

Lack of CphA has no in"uence on the response to nitrogen starvation. To gain
further insights into the physiological role of cyanophycin, we generated @&phA
deletion mutant in which the slr2002(cphA open reading frame was replaced with a
kanamycin resistance cassette. Complete segregation of the mutant was con“rmed by
PCR (Fig. S6). The inability of the mutant to accumulate cyanophycin granule peptide
(CGP) was con“rmed by microscopy and cyanophycin extraction (data not shown). To
investigate a possible in"uence of cyanophycin de“ciency on the nitrogen starvation
response,Synechocystisp. wild-type and cphAmutant cells were grown to an OB,

of 0.4 to 0.6, washed, and resuspended in BG-11 lacking a combined nitrogen source.

This treatment induces nitrogen chlorosis, which is visible as the degradation of the
photosynthetic apparatus 9). We monitored the degradation of pigments during
chlorosis by recording the UV-Vis spectra of the cells. In the course of chlorosis, the
absorbance at 630 nm (phycobiliproteingtig. 4A and at 680 nm (chlorophylla/b; Fig.
4B) decreased in wild-type and cphA mutant cultures similarly. After induction of
nitrogen starvation, wild-type and cphA mutant cells divided one more time, as
indicated by the doubling of the OD, 5, of the culture (Fig. 4G. After prolongednitrogen
starvation for 13 days, cells of both the wild type and the cphA mutant completed
chlorosis, and the cultures appeared yellowiskrig. 48 However, the pigment composition
of long-term starved cultures of the cphAmutant and wild type slightly differed; the peak
heights at 440 nm and 680 nm in UV-Vis spectra in thecphAmutant were higher, which
indicated a higher residual amount of chlorophylb/b (Fig. 4D.

Cyanophycin synthesis delays resuscitation from nitrogen starvation under
standard laboratory conditions. As cyanophycin transiently accumulates during re-
suscitation from nitrogen starvation 7), we focused on this process to investigate the
physiological role of cyanophycin. To determine whether cyanophycin synthesis in"u-
ences the resuscitation processSynechocystisp. wild-type and cphA mutant cells
were “rst nitrogen starved for 2 weeks, and then resuscitation was initiated by the
addition of 5 mM nitrate, adjusting the cultures to an OB, of 0.5. The cultures were
incubated under continuous light with shaking. The time course of regreening was
monitored by recording the UV-Vis spectra of the cultures.

Twelve hours after the addition of nitrate to the chlorotic cultures, the absorbance
at 630 nm (phycobiliproteins;Fig. 54 and at 680 nm (chlorophylla/b; Fig. 5B began to
increase. The wild-type and cphAmutant cultures regreened similarly Kig. 5Ato C).
However, the cphA mutant had a growth advantage over the wild type in liquid
medium (as revealed by the optical density of the culture; sdeig. 50. Thirty-six hours
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FIG 4 Changes in pigmentation and growth during nitrogen starvation ofSynechocystisp. wild type and a cphAmutant under continuous light. Nitrogen
starvation was induced by resuspending washed exponentially growing cells in BG-11 medium lacking a nitrogen source to an;Q@f 0.5. The degradation

of pigments during chlorosis was monitored by recording UV-Vis spectra, which were normalized to cultures of the same optical density at 750 nm. Shown are

the means of three biological replicates. (A) Course of absorbance of phycobiliproteins at 630 nm. (B) Course of absorbance of chloragihyt 680 nm. (C)
Growth curve (ODgy) of Synechocystisp. during nitrogen starvation. (D) UV-Vis spectrum &ynechocystisp. wild type and cphAmutant cells that were

nitrogen starved for 13 days. Spectra were normalized to cultures of the same optical density at 750 nm. (E) Three biological replicates of cultures of

Synechocystisp. wild type and cphAmutant starved of nitrogen for 13 days.

after the addition of nitrogen, the difference in the optical density amounts to 0.07
OD; 5o units. After 46 h, the cphAmutant reached an OQ5,0f 0.747  0.045 compared
to the wild type, with 0.64  0.036, which is a signi“cant differenceR  0.0329). This
growth disadvantage of the wild type turned out even more clearly on solid medium
(as revealed by the drop plate method; se€ig. 58. In the drop plate method, the area
of the cphAmutant was green already after 2 days, which indicated a return to the
vegetative cell cycle and growth; the wild type lagged behind in the regreening
process. This growth advantage of the cphAmutant over the wild type continued until
day 8 of recovery, at which time the two strains showed a similar degree of recovery.

Cyanophycin accumulation helps overcome a "uctuating or limiting nitrogen
supply. The growth disadvantage of the cyanophycin-forming wild-type cells during
resuscitation from nitrogen chlorosis was puzzling. We questioned whether this disad-
vantage was due to unnatural laboratory conditions (nitrogen-rich medium and con-
tinuous light). Therefore, we nitrogen starvedSynechocystisild-type and cphA
mutant cells for 9 days and compared their resuscitation with a "uctuating and/or
limiting nitrogen supplementation by a modi“cation of the drop plate method (Fig. 6,
which allows nitrogen supplementation to be changed without imposing additional
stress to the cells that occurs with harvesting, washing, and resuspending cells in
another medium.

When chlorotic cells were exposed under continuous light to 6-h periods of nitrogen
excess (17.3 mM nitrate) per day (6 h on BG-11 with nitrate and 18 h on nitrogen-free
BG-11), the cphAmutant grew slightly faster than the wild type during the “rst 3 days
(Fig. 6A. After the fourth day, the wild type and cphA mutant reached the same
culture density. After 7 days, the wild type displayed a slight growth advantage. After
9 days, the wild type clearly had a growth advantage over thecphAmutant.
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FIG 5 Resuscitation from 2-weeks-nitrogen-starve8lynechocystisp. wild-type and cphAcultures in BG-11
liquid medium and on agar under continuous light. (A and B) Absorbance of phycobiliproteins at 630 nm
(A) and absorbance of chlorophyla/b at 680 nm (B) during regreening. Values shown are the means of
three biological replicates. (C) Cultures of resuscitating wild type (WT) and thephAmutant; O h, induction

of resuscitation. (D) Growth curve (OL,) of wild-type and the cphAmutant cultures during resuscitation.
Values shown are the means of three biological replicates. (E) Drop plate method of resuscitating wild-type
and cphAmutant cells on BG-11 agar plates containing 17.3 mM nitrate (standard concentration in BG-11
medium). Cultures were adjusted to an OR, of 1.0, diluted in a 10-fold dilution series, and cultivated under
continuous light. Photos were taken starting after 2 days of cultivation. Assays were performed using three
biological replicates per strain. d, days.

To test resuscitation with continuous but low nitrogen supplementation, chlorotic
cells were exposed under continuous light to only 1.73 mM nitrate (10% of the standard
concentration) and transferred to fresh plates containing 1.73 mM nitrate every day.
Colonies of green cells of both strains appeared after 3 day&iq. 6B, but the wild type
showed a clear growth advantage over the cphAmutant throughout the experiment
(Fig. 6B.

In the next experiment, we combined nitrogen limitation and "uctuating nitrogen
availability. A limiting amount of nitrogen (1.73 mM nitrate) was available for only 4 h
per day under continuous light. Under these conditions, the wild type showed the
clearest growth advantage over the cphAmutant (Fig. 6G. Furthermore, a difference
in the colors of the cultures of the two strains became apparent. Cultures of theephA
mutant were more yellow than those of the wild type, which indicated that the cphA
cells could not fully recover their photosynthetic pigments and remained in a semi-
chlorotic state.
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FIG 6 Synechocystisp. wild-type and cphAmutant cells starved of nitrogen for 9 days and resuscitated under continuous light on BG-11 agar plates supplying
“uctuating or limiting nitrogen levels. Chlorotic cultures were adjusted to an OR, of 1.0 and diluted in series. To enable "uctuating nitrogen supplementation,
each cell suspension was dropped onto a transfer membrane, which was periodically moved to another plate containing a different nitrogen concentration.
Photos were taken starting after 2 days of cultivation. Assays were performed using three biological replicates per strain. (A) Cells were exposed to 17.3 mM2
nitrate for 6 h per day and to no nitrogen for 18 h. (B) Cells were continuously exposed to a low concentration of nitrate (1.73 mM); to avoid nitrogen starvation, 6
the transfer membrane was moved daily to a fresh plate containing 1.73 mM nitrate. (C) Both nitrogen limitation and "uctuating nitrogen availability were
combined by exposing the cells to 1.73 mM nitrate for 4 h per day.

se'wae//.dny wolj papeojumoq

To determine whether the growth advantage under "uctuating nitrogen concen-
trations of wild-type cells over the cphA mutant could also be observed in liquid
culture, we provided nitrogen-starved liquid cultures oSynechocystisp. wild-type and
the cphAmutant with 10 mM nitrate for 4 h, followed by 20 h with no nitrogen source;
this cycle was repeated for 4 days~g. 7). After 2 days, both strains began to regreen,
but the wild type regreened faster than the cphAmutant (Fig. 7Aand B). After 4 days,
the growth advantage of the wild type was clearly visible, since the optical density of

1sanb Ag 8T0Z ‘¥¢ 1800100 U0 /

FIG 7 Synechocystisp. wild-type and cphAmutant cells starved of nitrogen for 9 days and resuscitated under continuous light in liquid medium supplying
“uctuating nitrogen concentrations. Values are the means of three biological replicates. Chlorotic cultures were adjusted to an,QDf 0.5. Resuscitation was
induced by adding 10 mM nitrate. Afte 4 h of nitrogen availability, the cells were washed and resuspended in nitrogen-free BG-11 medium. This routine was
repeated over 4 days. The progress of regreening was documented by measuring the absorbance of phycobiliproteins at 630 nm (A) and chloroghyét
680 nm (B). (C) Growth curve of the two strains.
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FIG 8 Synechocystisp. wild-type and cphAmutant strains starved of nitrogen for 1 week and resuscitated in liquid medium and on agar plates with "uctuating
nitrogen supply and day/night cycles. Starved cultures of wild-type and thecphAmutant were adjusted to an OD., of 0.5, and resuscitation was initiated

by adding 5 mM nitrate in the absence of light. After 20 h of nitrogen availability in the dark, the cells were washed and resuspended in BG-11 medium
containing residual amounts of nitrate (0.5 mM) and placed in the light. The progress of regreening was documented by measuring the absorbance of
phycobiliproteins at 630 nm (A) and chlorophylb/b at 680 nm (B). (C) Growth curve of the two strains. Gray areas in panels A to C indicate the night phase <
with nitrogen availability; white areas indicate the day phase with nitrogen limitation. Values are the means of three biological replicates. (D) Three liquid
cultures of resuscitatingSynechocystisp. wild-type and the cphAmutant. (E) Modi“ed drop plate method of Synechocystisp. strains starved of nitrogen for

1 week, with three biological replicates per strain. Starved cultures were adjusted to an-Qf»f 1.0 and diluted 10-fold in series, and the dilutions were dropped
onto a transfer membrane. The cells on the membrane were exposed to a small amount of nitrogen (1.73 mM) once per dafb in the absence of light.

72 1800100 U0 /60" Wwse wae//:dny woly papeojumod
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the wild-type culture increased 3-fold, whereas that of the cphA mutant increased
only 2-fold (Fig. 7G.

Cyanophycin accumulated in the night can trigger resuscitation during the
day. Photosynthetic organisms in nature have to deal with day-night changes and a
"uctuating and limiting nutrient supplementation. We hypothesized that cyanophycin
that accumulates in nondiazotrophic cyanobacteria in the night could be used as an
intracellular nitrogen source during the day. To test this hypothesis, we combined
nitrogen limitation and "uctuating nitrogen supplementation with day/night periods.

Nitrogen-starved liquid cultures ofSynechocystisp. wild-type and the cphAmu-
tant were exposed to 5 mM nitrate for 20 h without light. After this dark period, the cells
were washed and resuspended into fresh medium containing a small amount of nitrate
(0.5 mM) and exposed to light. After the 20-h dark period, the wild type accumulated
cyanophycinto 3.7% 0.6% of the cell dry mass, but the pigmentation of the wild type
and cphAmutant was still at its initial low level Fig. 8Aand B). Shortly after light
exposure in low-nitrate medium, the wild type started to synthesize pigments, but the
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cphAmutant was not able to regreen Fig. 8A B, and D). Forty-seven hours after the
“rst addition of nitrate, wild-type cultures appeared green and cultures began to grow
(Fig. 8Cand D), whereas the cphAmutant was still chlorotic. We further analyzed the
growth behavior with a modi“ed version of the drop plate method, in whichSynechocystis
sp. wild-type and cphAmutant cells starved of nitrogen for 1 week were grown on plates
with "uctuating nitrogen supply and with day/night cycles (16-h day/8-h night). A small
amount of nitrate (1.7 mM) was provided only during the night. Under these conditions, the
overall growth of both strains was very low. Nevertheless, the wild type showed a clear
growth advantage over the cphA mutant; growth of the wild type and mutant was
detected after 8 and 12 days of cultivation, respectivelyig. 8B

DISCUSSION

CphA localization switch indicates active and inactive forms. Our results re-
vealed different localizations of the inactive and active forms of CphA in cells of
Synechocystispecies. Under conditions in which no cyanophycin synthesis occurs, such
as during exponential growth or nitrogen starvation, CphA is inactive and mainly
located in the cytoplasm. Immediately after the induction of cyanophycin synthesis,
CphA aggregated in foci that were randomly distributed in the cell. Formation of the
CphA foci may be a consequence the priming of the CphA enzyme. The primers could
induce self-aggregation.

CphA in its primed state is ready to elongate the cyanophycin primer. During this
elongation process, the CphA foci increase in size and become visible as cyanophycin
granules. As cyanophycin accumulates, the numbers of foci and granules per cell
continuously decrease, possibly as initial granules fuse to form larger aggregates. This
behavior would also explain the amorphous structure of the large granules that we
observed when the cellular cyanophycin content was high and which we also observed
previously in electron micrographs of a cyanobacterial cyanophycin-overproducer
strain (L7). The observed ring-like appearance of the "uorescence signal around large
cyanophycin granules in our study suggests that during cyanophycin accumulation,
CphA-eGFP covers the surface of the granule.

Previous studies have shown that CphA activityn vitro requires cyanophycin
primers, arginine, aspartate, Mggl ATP, and a sulfhydryl reagent2(). Our results
indicate that Mg? s strictly required for the association of CphA to the cyanophycin
granules. The primary structure of CphA is composed of two regiorz3), both of which
show sequence similarities to ATP-dependent ligases of two superfamilies. Sequence
alignments of the p-alanine.p-alanine ligase DdIB with cyanobacterial CphA show that
key residues involved in binding of the ATP-Mg complex are conserved in CphA2Q).
Accordingly, M@ may stabilize the active conformation of CphA which is able to bind
the C terminus of the cyanophycin substrate. In the absence of Mg, CphA cannot
maintain its enzymatic activity, which could lead to dissociation of the substrate and
consequently to release from the granule surface.

Cyanophycin accumulation is triggered in the presence of combined nitrogen
sources by several growth-limiting conditions that lead to growth arrest, and cyano-
phycin degradation can be triggered by restoring the growth of the arrested cells.
During cyanophycin degradation, the localization of CphA-eGFP changed from the
surface of the cyanophycin granule to the cytoplasm. This suggests that as cyanophycin
degrades, CphA dissociates from the granule surface and distributes in an inactive form
throughout the cytoplasm, where it remains silent until cyanophycin synthesis is
triggered again by growth-arresting conditions. A model of the cyanophycin accumu-
lation and degradation cycle during nitrogen-induced chlorosis and resuscitation is
depicted in Fig. 9

Our previous transcriptome study of nitrogen-depletedSynechocystisp. cells has
shown that the transcript levels ofcphAin cells starved for nitrogen and of exponen-
tially growing cells are very similar (1.2-fold upregulated during 14 days nitrogen
starvation compared to nitrogen-supplemented cells). However, during resuscitation
from nitrogen starvation, the cphAtranscript level 24 h after the addition of nitrogen
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FIG 9 Hypothetical cycle of cyanophycin accumulation and degradation during resuscitation from

nitrogen starvation. t0, when cyanophycin does not accumulate, such as during nitrogen starvation,
CphA (green dots) is distributed in the cytoplasm; t1, 2 to 6 h after the addition of nitrogen, CphA

aggregates in foci; t2, 6 to 15 h after the addition of nitrogen, the “rst cyanophycin granules (red) appear,

with CphA localized on the surface of the growing granules; t3, 15 to 18 h after nitrogen addition,

adjacent granules merge when they collide, building amorphous granules with CphA on their surface; t4,
21 h after nitrogen addition, when cyanophycin begins to degrade, CphA begins to dissociate from the

granule surface; t5, 21 to 27 h after nitrogen addition, the granules become smaller, and CphA is
distributed in the cytoplasm; t6, after the cell completes resuscitation after more than 48 h, it starts to

divide, with CphA mainly distributed in the cytoplasm. Veg, vegetative.

is approximately 1.7-fold higher than in exponentially growing cells7§. In agreement,
quantitative proteomics revealed that the level of CphA after 21 days of nitrogen
starvation is slightly reduced compared to nitrate-supplemented cells and goes back to
initial values during recovery 11).

The synthesis of cyanophycin is probably tuned by the cellular level of arginine,
which increases under growth-limiting conditions because of lowered protein biosyn-
thesis. High concentrations of arginine surpass thg,, of CphA for arginine and could
therefore trigger the biosynthesis of cyanophycin29). Whether CphA is subjected to
additional activity control remains to be elucidated.

Cyanophycin-de“cient mutant has a growth advantage under laboratory con-
ditions. The ability to synthesize cyanophycin is widespread among cyanobacteria and
other eubacteria. With a C/N ratio of 2:1, cyanophycin is perfectly suited as a nitrogen
storage compound. However, the physiological signi“cance of cyanophycin for nondi-
azotrophic cyanobacteria remained largely unknown. Here, we showed that in the
nondiazotrophic unicellular cyanobacteriumSynechocystisp., the deletion of cphA
which causes the inability to produce cyanophycin, has no impact on the nitrogen
starvation response. The wild type and the cphA mutant responded to nitrogen
starvation similarly, namely, with chlorosis. However, thecphA mutant reproducibly
retained slightly higher residual pigment content in the chlorotic state. Merritt et al36)
reported in nitrogen-limited cells of Synechocystisp. the presence of a cyanophycin-
like polymer that contains glutamic acid instead of arginine3g). Such a compound
could be synthesized by a side-reaction of CphA and could affect the degradation of
pigments in a so-far-unknown manner.

Several earlier studies have reported the transient accumulation of cyanophycin in
cyanobacteria during resuscitation from nitrogen starvation7( 13). Allen et al. (1980)
reported an immediate synthesis of cyanophycin with a peak of 5 to 6% of the cell dry
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weight 8 to 12 h after the addition of NaNQ to nitrogen-starved Synechocystisp. PCC
6308 cultures 13). Here, we show that under standard laboratory conditions with
continuous light and nitrogen excess, the cphA mutant showed a clear growth
advantage over the wild type both in liquid medium and on agar plates. The synthesis
of cyanophycin costs 1.3 0.1 mol ATP per mol incorporated amino acith vitro (37).
Without using the bene“t of cyanophycin as a storage compound, the synthesis of
cyanophycin is only a burden to the cells, and consequently, the cyanophycin-de“cient
cphAmutant has an advantage over the wild type. This is the case under arti“cial
laboratory cultivation conditions, which provide an excess of nitrogen and light.

Cyanophycin is bene“cial under natural conditions. In nature, microorganisms
have to deal with a "uctuating and limiting nitrogen availability (). We hypothesized
that cyanophycin accumulation is a strategy to overcome temporal limitations in
nitrogen availability. Growth and resuscitation experiments dbynechocystisp. wild-
type and the cphAmutant con“rmed this hypothesis. The ability to store nitrogen in
the form of cyanophycin was bene“cial during resuscitation under a "uctuating or
limiting nitrogen supplementation, and the cells have a growth advantage over the
cyanophycin-de“cient mutant. When nitrogen "uctuation and limitation are combined,
the cyanophycin-de“cient mutant was not able to fully recover from chlorosis.

To further mimic natural conditions, we tested day/night cycles in addition to a
"uctuating and/or limiting nitrogen supply. In the unicellular diazotrophic cyanobac-
terium Cyanothecep. ATCC 51142 and the “lamentous cyanobacteriufitichodesmium
sp., cyanophycin acts as temporary nitrogen storage to enable the coexistence of
nitrogen “xation and photosynthesis in the same cell 19, 20). These cyanobacteria “x
nitrogen in the night and store the “xed nitrogen in the form of cyanophycin. During
the day, when cells carry out photosynthesis, cyanophycin is degraded to mobilize the
“xed nitrogen. Based on this behavior in diazotrophic cyanobacteria, we hypothesized
that cyanophycin is involved in nitrogen storage also in nondiazotrophic cyanobacteria
at night. Indeed, when we combined "uctuating nitrogen supplementation and day/
night cycles, the resuscitation oSynechocystisp. wild-type cells proceeded as fast as
in continuous light, with growth restoration after 48 h. In contrast, the cyanophycin-
de“cient mutant was not able to resuscitate in this time period.

The “rst phase of resuscitation from nitrogen chlorosis occurs in a light-independent
mode, where the cells catabolize glycogen using the parallel operating Entner-
Doudoroff and oxidative pentose phosphate pathwayslQ). Only when the photosyn-
thetic apparatus is reinstalled after approximately 12 to 16 h does metabolism switch
back from the heterotrophic mode to a mixotrophic mode and “nally to the fully
autotrophic mode. Our data suggest that most of the nitrogen that is required for
regreening can be assimilated in the initial heterotrophic phase and stored as cyano-
phycin. The stored cyanophycin makes internal nitrogen available to the cells during
the second phase of resuscitation, which can then proceed, even if the ambient
nitrogen supply is again low.

Nitrate assimilation by cyanobacteria is tightly regulated at both the transcriptional
and posttranslational levels 38, 39). Nitrate uptake is mediated by the bispeci“c
nitrate/nitrite transporter encoded by thenrtABCDgenes. This operon is only expressed
in the absence of ammonium, and the nitrate/nitrite transporter is rapidly and revers-
ibly inhibited by the addition of ammonia (38...40 The R, signal transduction protein
appears to be involved in this process, since a,fde“cient mutant shows no
ammonium-responsive inhibition of nitrate and nitrite uptake 41). In vegetative grow-
ing cells, in addition to the requirement for ammonium absence, the operation of the
nitrate/nitrite transporter also requires CQ “xation, because the inhibition of photo-
synthetic CQ “xation results in the simultaneous inhibition of nitrate uptake 42).
Newly assimilated nitrogen is incorporated in the central metabolism via the glutamine

synthetase (GS) and glutamate synthase (GOGAT) cycle. GS activity is tightly regulated

by light/dark transitions; induction of the inhibitory factor 7 (IF7) and IF17 in the dark
causes GS to switch of43...4p This leads to the inhibition of nitrogen assimilation in

October 2018 Volume 84 Issue 20 €01298-18

Applied and Environmental Microbiology

aem.asm.org 13

159nb6 AQ 8TOZ ‘v 1290100 Uo /Bi0°wse wae//:dny Wwoly papeojumod



Watzer and Forchhammer

the dark, both at the level of nitrate transport and by inhibition of the ammonium-
assimilating GS. Our results showed that cyanophycin accumulates upon nitrate addi-
tion to chlorotic cells in the dark, which requires active nitrate assimilation. This
contradicts the dark switch-off nitrate assimilation in vegetative cells. It is possible that
the B, signaling protein is directly involved in this behavior. Nonphosphorylated P
mediates a light-dependent inhibition of nitrate utilization @1, 46). However, during
nitrogen starvation, R, is highly phosphorylated and remains in the highly phosphor-
ylated state during the “rst period of resuscitation 11, 47). In this state, R is probably
unable to inhibit nitrate uptake. In agreement, Reyes et al4&) have shown that the
inactivation of GS in the dark is attenuated under nitrogen depletion, which allows the
cells to utilize nitrogen in the dark after a nitrogen starvation period48). The GS
inhibitory factors IF7 and IF17 are regulated by the global nitrogen control transcrip-
tional factor NtcA, which is in turn controlled by 2-oxoglutarate levels and the PII-PipX
network (49...51 Apparently, during nitrogen starvation, where NtcA is activated by
elevated levels of 2-oxoglutarate and by binding PipX, the nocturnal derepression of
the gifA and gifB genes appears to be abrogated52, 53).

The occurrence of cyanophycin in cyanobacteria has been known for more than 100
years. However, fundamental questions on its biological function or the bene‘t of
cyanophycin accumulation remained largely uninvestigated. Altogether, our study
sheds new light on the process of cyanophycin accumulation and reveals new insights
into the biological function of cyanophycin in nondiazotrophic cyanobacteria. Interest-
ingly, arti“cial laboratory conditions do not provide any “tness advantage for
cyanophycin-producing cells, and in a "uctuating environment, CphA becomes bene-
“cial. As the cphAgene is constitutively expressed irSynechocystisp., the cells are
programmed to overcome "uctuating nitrogen supply and transient periods of starva-
tion in a constantly changing environment.

MATERIALS AND METHODS

Cultivation conditions. Standard procedures for cloning irEscherichia coNEB 10-beta (NEB) artel
coliXL1-Blue (Stratagene) were followed. Strains were grown in LB medium at 37°C with constant shaking
at 300 rpm.

Synechocystisp. strains were cultivated photoautotrophically in BG-11 medium supplemented with 5
mM NaHCQ (54) at 27°C with constant shaking at 120 rpm and illumination at 40 to 50 microeinsteins.
Growth was monitored by measuring the optical density at 750 nm. BG-11 agar plates contained 1.5% (wt/vol)
Bacto agar (Difco), 0.3% (wt/vol) sodium thiosulfate pentahydrate, and 10 niNvris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid (TES)-NaOH (pH 8) (Roth). Antibiotics were added to the medium when required.

For the induction of starvation conditions, cells of exponentially growing cultures (QR, 0.4 to 0.6)
were harvested, washed, and resuspended in BG-11 medium lacking a speci“c nutrient. For nitrogen
starvation, the cells were resuspended in BG-11 medium without a nitrogen source. For resuscitation
from nitrogen starvation, chlorotic cultures were adjusted to an OfJ, of 0.5, harvested, and resuspended
in BG-11 containing a nitrogen source. To introduce potassium starvation, cells were harvested, washed,
and resuspended in BG-11 medium containing NEIPQ, in an amount equimolar to that of the K,HPQ,
it replaced. Regeneration from potassium starvation was induced by harvesting, washing, and resus-
pending cells in BG-11 medium containing a potassium source.

For the drop plate method, Synechocystisp. cultures were adjusted to an OR, of 1. The cultures
were diluted 10-fold in series in BG-11 medium lacking nitrogen. Drops (8) of “ve dilutions (10° to
10 4) were placed on BG-11 agar plates containing speci“c nitrate concentrations. When cells were to
be shifted to different solid media, the drops were placed on mixed-cellulose ester transfer membranes
(pore size, 0.45 m; HATF; Merck Millipore). The transfer membranes were placed on different BG-11 agar
plates at the intervals speci“ed in the “gure legends. To minimize carryover of the residual nitrate from
the initial plate, the transfer membranes were placed on nitrogen-free BG-11 plates for 10 min. The plates
were incubated at 27°C with illumination at 40 to 50 microeinsteins.

Construction of a cphA mutant and a cphA-egfp fusion. PCR fragments were generated using
high-“delity Q5 polymerase (NEB) and oligonucleotides with overlapping regions. Genorignechocystis
sp. DNA or plasmids served as the templates. The primers, plasmids, and strains used in this study are
listed in Tables 12, and 3, respectively.

To generate a cphAmutant, 500-bp upstream and downstream genomic regions aflr2002(cphA
were ampli‘ed using the oligonucleotides up_for/up_rev and down_for/down_rev. The kanamycin
resistance gene (816 bp) was ampli“ed from pVZ3234) using primers kan_for and kan_rev. Upstream
and downstream fragments and the kanamycin resistance cassette were fused and incorporated into the
linear pJET1.2/blunt cloning vector (Thermo Scienti“c) by isothermal single-reaction DNA assembly,
according to Gibson et al. §5). The resulting construct (pJETcphA was introduced into competentE.
coli NEB 10-beta by transformation. The correct length (1,816 bp) of the insert was con“rmed via colony
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TABLE 1Oligonucleotides used in this study

Primer Sequence (57 39

Up_for GATGGCTCGAGTTTTTCAGCAAGATCGCTGGTGGATATGGCGGTG
Up_rev TCCCGTTGAATATGGCTCATGATCTGTGTCAGTCAAGAAC
Down_for TGCTCGATGAGTTTTTCTAAAGGTTTTCTTCCCCCTTGCT
Down_rev ATTGTAGGAGATCTTCTAGAAAGATGGGAAATTGTTCCGTTAACT
Kanr_for GTTCTTGACTGACACAGATCATGAGCCATATTCAACGGGA
Kanr_rev AGCAAGGGGGAAGAAAACCTTTAGAAAAACTCATCGAGCA

pJet_seq_for
pJet_seq_rev

CGACTCACTATAGGGAGAGCGGC
AAGAACATCGATTTTCCATGGCAG

seg_for CCATTGAGTTAATTAAAGCCC

cphA_for GCTTTGCTTCCAGATGTATGCTCTTCTGCTCCTGCAGGTCGACGTGCCGGAAATTGTGGTGGATCAGC
cphA_rev GAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCTTTACTCATACCAATGGGTTTACGGGCTTTAATTAAC
gfp_for GCTTTGCTTCCAGATGTATGCTCTTCTGCTCCTGCAGGTCGACGTGCCGGAAATTGTGGTGGATCAGC
gfp_rev GAATGTTCCGTTGCGCTGCCCGGATTACAGATCCTCTAGAGTCGACTTAACAATATTTTGAAAAATT@CT

pVZ322_seq_for
pVz322_seq_rev

GAGCGCTGCCGCACAGCTCCATAGGC
GCGCTGCGCAGGGCTTTATTGATTC

PCR using the primers provided in the CloneJET PCR cloning kit (pJet_seq_for and pJet_seq_rev) (Thermo
Scienti“c). Synechocystisp. was transformed with pJET cphAvia natural competence §6). Transfor-
mants were selected on BG-11 agar plates supplemented with 5@/ml kanamycin. Complete segre-
gation was con“rmed via PCR using primers seg_for, kan_for, and down_rev (Fig. S6).

For the cphA-egfpfusion, cphAincluding its promoter region was ampli“ed using primerscphA for
and cphA rev. Subsequently, the enhanced green "uorescent protein geregfp derived from plasmid
pCESL1957) was ampli“ed using oligonucleotides gfp_for and gfp_rev. ThephAand egfp amplicons
were fused and incorporated into Xbal-digested pVZ322 via DNA assembly according to Gibson et al.
(55). The resulting plasmid, pVZ322phA-egfp was introduced into competentE. coliXL1-Blue (Strat-
agene) cells by transformation. The sequence integrity of the plasmid was veri“ed by sequencing using
primers pVZ322_seq_for and pVZ322_seq_r&8ynechocystisp. was transformed with p\VZ322phA-egfp
by triparental mating (34), and transformants were selected on BG-11 agar plates supplemented with 50

g/ml kanamycin and 5 g/ml gentamicin.

Microscopy and staining. Cells were observed by "uorescence microscopy using a Leica DM5500B
microscope with a 100/1.3 oil objective. The GFP signal was detected with a BP470 40-nm excitation
“Iter and a BP525 50-nm emission “Iter. Cyanobacterial auto”uorescence was detected with a “Iter cube
with excitation “lter BP535/50 and suppression “lter BP610/75. Images were acquired with a Leica
DFC360FX black-and-white camera. Captured black-and-white pictures were colored using the Leica
Application Suite Software (LAS AF) provided by Leica Microsystems. Bright-“eld images were exposed
for 5 ms, and "uorescence images were exposed for 100 ms. Images, including those for counting
"uorescent foci and measuring the diameter, were evaluated with the Leica Application Suite Software.

Cyanophycin granules were visualized using a staining method based on the arginine-selective
Sakaguchi reaction, according to Watzer et allq). Photographs were taken with a Leica DM2500
microscope using a 100/1.3 oil objective. Images were acquired with a Leica DFC420C color camera and
Leica Application Suite Software.

During all microscopy studies, microscope slides covered with a dried 2% (wt/vol) agarose solution
were used to immobilize the cells.

Protein extract preparation. Potassium-starvedSynechocystisp. cells were harvested by centrifu-
gation and resuspended in a buffer containing 50 mM Tris-HCI (pH 7.4), 4 mM EDTA, 1 mM DTT, and 0.5
mM benzamidine, or optionally in a buffer containing 50 mM Tris-HCI (pH 8.2), 20 mM Mg@D mM KCl,
and 1 mM DTT 21). Cells were lysed using FastPrep-24 (MP Biomedicals) with 0.1-mm glass beads at a
speed of 6.0 m/s for 20 s with “ve repeats and 5 min of resting after every repeat. Soluble and insoluble
fractions were separated by centrifugation at 25,000 g for 25 min at 4°C. The protein concentration was
determined using the Bradford assay5g).

SDS-PAGE and immunoblotting. Proteins were separated by SDS-PAGE on a 12% polyacrylamide
gel according to Sambrook and Russelb9). Total protein (10 g) was loaded on each lane. For
immunoblot detection of CphA-eGFP, proteins were blotted onto a methanol-activated polyvinylidene
di"uoride (PVDF) membranes, as described previousB0f. Membranes were blocked with 10% (wt/vol)
milk powder in TBS buffer (50 mM Tris-HCI [pH 7.4], 75 mM NaCl) overnight. Afterwards, the membranes
were transferred in 1% (wt/vol) milk powder in TBS buffer containing 1:2,500 diluted rabbit anti-GFP
antibody (chromatin immunoprecipitation [ChIP] grade ab290; Abcam) and incubated for 2 h at ambient
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TABLE 2Plasmids used in this study

Plasmid Description Reference or source
pJET1.2 Cloning vector Thermo Scienti“c
pVvz322 Broad-host-range vector 36

pJET cphA cphA(ORFsIr2002 knockout plasmid This study

pVZ322cphA-egfp eGFP fused to the C terminus afphA This study
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TABLE 3Strains used in this study

Strain Description Reference or source
E. coliRP4 Conjugation strain 36
E. coliNEB 10-beta Cloning strain NEB
E. coliXL1-Blue Cloning strain Stratagene
Synechocystisp. strain PCC 6803 Wild type Pasteur Culture Collection
CphA-eGFP Wild type transformed with pVZ322cphA-egfp This study

cphAmutant Chromosomal deletion ofcphA (ORFsIr2002 This study

temperature. Unbound primary antibodies were removed by washing the membranes three times with
TBS buffer. Anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (anti-rabbit poly-
clonal goat antibody; Sigma-Aldrich) diluted 1:1,000 in 1% (wt/vol) milk powder in TBS buffer was applied
to the membranes and incubated for 30 min at ambient temperature. Afterwards, the membranes were
washed three times with TBS buffer to remove unbound secondary antibodies. Bands were visualized
using the Lumi-Light detection system (Roche Diagnostics). Luminograms were taken with the Gel Logic
1500 imaging system (Kodak) with the associated software.

Cyanophycin extraction and quanti“cation. Cyanophycin was extracted according to Watzer et al.
(17) and quanti“ed by determining the amount of arginine in the extracted sample using the modi“ed
Sakaguchi reaction, according to Messine61). The determined amount of cyanophycin was normalized to
the cell dry mass. The cell dry mass was determined by centrifuging 10 ml of culture and washing and drying
the pellet for 4 h at60°C in a rotational vacuum concentrator. The dried pellets were weighed on an analytical
balance.
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Supplemental material for this article may be found alttps://doi.org/10.1128/AEM
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Abstract

Py signal transduction proteins are widely spreadragradl domains of life where they
regulate a multitude of carbon and nitrogen meiabotelated processes. Non-diazotrophic
cyanobacteria can utilize a high variety of orgaand inorganic nitrogen sources. In recent
years, several studies demonstrated an involveafe¢he cyanobacterialRorotein in
regulation of ammonium, nitrate/nitrite and cyanapake. However, information regarding
the involvement of the Pprotein in nitrogen uptake are largely scatterelitérature. In this
study, we concretize the dependence,ofdP nitrogen uptake regulation in the unicellular
and non-diazotrophic cyanobacteri@ynechocystisp. PCC 6803. By using biochemical and
physiological approaches we could demonstrateRhatgulates ammonium uptake by
interacting with the Amtl ammonium permease; sintdahe regulation of the,P
homologue GInk and the ammonium permease AmtB ihestforE. coli. We could further
clarify that R mediates the light and ammonium depending inloibitf nitrate uptake by
interacting with the NrtC and NrtD subunit of théraie/nitrite transporter NrtABCD. Both
interactions, with the Amtl permease and the Nrt€4Bunits, require the large surface
exposed T-loop structure ofiAn course of this study we further identified thBC-type

urea transporter UrtABCDE as novel farget. We could demonstrate the involvement,of P
in regulation of the urea uptake by interactingwtite UrtE subunit in a T-loop independent
manner. The deregulation of urea uptake in déetion mutant causes an ammonium
excretion when urea is provided as nitrogen sourgghermore, we found evidences for a
regulation of the urea hydrolyzing urease hy®verall, this study underlines the great
importance of the Psignal transduction protein in the regulation ibfagen utilization in
cyanobacteria.
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The signal transduction protein Bontrols ammonium, nitrate and urea uptake in
cyanobacteria

1 Introduction

Around 2.3 billion years ago, the biologically irwal accumulation of oxygen in earth’s
atmosphere represents one of the most importamhtupoints in the development of life and
enabled the evolution of our present flora and &adinis change in the redox-state of earth’s
atmosphere were triggered by the emergence ofxygeaic photosynthesis by ancestors of
present cyanobacteria (Soo et al., 2017). Dowhed@tesent day, cyanobacteria occupy a
high variety of illuminated habitats, were theynegent one of the quantitatively most
abundant organisms (Whitton, 2012). As primary pomi, cyanobacteria are essential
contributors to the global carbon cycle. A parthad cyanobacterial strains acquired the
ability to fix atmospheric nitrogen. These diazptiec cyanobacteria are the dominant N
fixers in the oceans, making them key players inglbbal nitrogen turnover (Herrero and
Flores, 2008). Nitrogen represents a necessaryamaicrent for all living organisms and
therefore constitutes an important growth limitfagtor in most ecosystems (Vitousek and
Howarth, 1991). The regulation of the nitrogen rhetsm in cyanobacteria mainly depends
on the fine-tuned network of the signal transducpartein R, the global nitrogen
transcription factor NtcA and the NtcA co-activaRipX (Vegapalas et al., 1992; Espinosa et
al., 2006; Espinosa et al., 2007; Forchhammer, 2B8ginosa et al., 2014).

Py signal-transduction proteins are widely spreadllithree domains of live, where they
represent one of the largest and most ancientitsrof signaling proteins in nature
(Chellamuthu et al., 2013; Forchhammer and Ludde2B8&6). i proteins are involved in the
regulation of various nitrogen and carbon metabobssociated processes (Forchhammer,
2004; 2008). Canonicalproteins are homo-trimeric with three characteristop regions,
designated as B-, C- and T-loops. The B- and Tdawpne subunit form a binding pocket
for adenylnucleotides in the inter-subunit clefjether with the C-loop of the neighboring
subunit (Cheah et al., 1994; Xu et al., 2003; Foachmer, 2004; Llacer et al., 2007;
Forchhammer, 2008; Fokina et al., 2010a; Zhao.e2@10; Zeth et al., 2014). Canonical P
proteins can sense the energy status of the céfidogompetitive binding of ADP or ATP
(Zeth et al., 2014). Binding of ATP and synergistieding of 2-oxoglutarate (2-OG) allows
Py to sense the current carbon/ nitrogen status afghéFokina et al., 2010a). 2-OG is an
intermediate of the TCA-cycle that provides thebcar skeleton for inorganic nitrogen
incorporation by the GS/GOGAT cycle. Due to thi€)@ represents the link between the
carbon and nitrogen metabolism and therefore acésandicator for the intracellular
carbon/nitrogen balance (Muro-Pastor et al., 26@kjna et al., 2010a). Besides effector
molecule binding, post translational modificatiai$?; represent a second level of
regulation. Depending on the nitrogen availabilibg cyanobacterial,Rcan be
phosphorylated at the apex of the T-loop at postierd49 (Forchhammer and Tandeau de
Marsac, 1995; Forchhammer and Hedler, 1997). lis gebwn in presence of ammonium, P
is completely non-phosphorylated. In nitrate grayviells, an intermediate level of
phosphorylation can be observed, while the highlessphorylation level occurs under
nitrogen starvation (Forchhammer and Demarsac, 1995ther prokaryotes, likE.coli, P,

is modified by uridylylation in dependence of ngem availability instead of phosphorylation
(Jiang et al., 1998). Binding of ATP, ADP and 2-C5a&ll as post translational
modifications lead to conformational rearrangemeifithie surface-exposed T-loop.
Depending on the conformational statg,cBn interact with a variety of interaction parter
and thereby regulate the cellular C/N balance (Rewxko and Merrick, 2011; Forchhammer
and Luddecke, 2016). In cyanobacterigy@&gulates the global nitrogen control
transcriptional factor NtcA through binding of tNécA co-activator PipX (Espinosa et al.,
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2007). In common with other bacteria, the cyanady@dtR, protein can control the acetyl-
CoA levels by interacting with the biotin carboxgdrrier protein (BCCP) of acetyl-CoA
carboxylase (ACC) (Hauf et al., 2016). Furtherm&geregulates the arginine biosynthesis by
interacting with the enzyme N-acetylglutamate ken@8AGK), which catalyzes the key rate-
limiting step in the arginine biosynthesis (Caldoand Tuchman, 2003; Heinrich et al., 2004;
Llacer et al., 2007; Watzer et al., 2015). If stifint energy and nitrogen is available,
indicated by a high intracellular ATP and low 2-@8el, non-phosporylated,Ran interact
with NAGK (Heinrich et al., 2004). This complex foation enhances the catalytic efficiency
of NAGK and relieves the feedback inhibitory effettarginine to its reaction (Heinrich et
al., 2004; Maheswaran et al., 2004; Llacer et 8072. The accumulation of the
carbon/nitrogen storage polymer cyanophycin (mdtiginyl-poly-l-aspartate) is mainly
depending on the availability of arginine. Therefds regulates directly the arginine
biosynthesis and indirectly the cyanophycin syntes NAGK regulation (Maheswaran et
al., 2006; Watzer et al., 2015). Ip AMutagenesis experiments, gwriant was identified

with a single amino acid substitution, 1le86 to B6nhereafter referred ag(lB6N), that

binds NAGK constitutivelyn vitro (Fokina et al., 2010b). By replacing the wild-typewith

a 186N variant irSynechocystisp. PCC 6803 (hereaft8ynechocystisp.), it was previously
possible to generate a strain which strongly owetpces arginine and cyanophycin (Watzer
et al., 2015). Since cyanophycin is of high comnatinterest, process optimization was
performed to further increase the total cyanophyaid of the R(I86N) strain. In
experiments to define the best nitrogen sourariprisingly turned out that strain (FBB6N)

is impaired in ammonium utilization (Watzer et 2015).

Non-diazotrophic cyanobacteria can utilize a highiaty of organic and inorganic nitrogen
sources, including ammonium, nitrate, nitrite, uaed several amino acids (Labarre et al.,
1987; Flores and Herrero, 1994; Whitton, 2012; ¥etel-erreira et al., 2018). These nitrogen
sources are utilized in a hierarchical order, incdirammonia is the preferred nitrogen
sources. As a consequence, when ammonia is protodether with other suitable nitrogen
sources, ammonia will be utilized primarily (Murad®or et al., 2005). At high pH, a major
fraction of ammonium is present in form of ammomjch is able to diffuse passively
through biological membranes at high concentrat{&siner, 1981). However, in most
natural habitats, the ammonia availability is lavihat leads to the necessity of high affinity
ammonia permeases (Rees et al., 2006). In theluhéceand non-diazotrophic
cyanobacteriunsynechocystisp., the Amtl permeases are mainly responsiblanfononia
uptake (Montesinos et al., 1998). The ammoniunsparter family (Amt) is widely spread
among all domains of life (Wirén and Merrick, 2004 E.coli, the i homologue GInK
regulates the ammonium permease AmtB by direceprgdrotein interaction. In case of an
ammonia excess, the intracellular 2-OG level deggaapidly and the GInK T-loop becomes
de-uridylyated. In its ADP bond and non-deuridybghstate, GInK blocks the ammonia
influx by inserting the apex of the T-loop into ttyoplasmic exits of the AmtB pores to
prevent uncontrolled influx of ammonia (Conroy ket 2007).

Nitrate and nitrite are the most abundant nitrogurces for cyanobacteria in their natural
habitat (Guerrero et al., 1981; Rees et al., 200&) the assimilation of nitrate, an active
nitrate transporter, a nitrate reductase (NR) aniriie reductase (NiR) are required (Ohashi
et al., 2011). Two types of nitrate transportereMf@und among cyanobacteria, a high-affinity
nitrate/nitrite permease Nriéhd the ABC type transporter NrtABCD (Omata et¥93a;
Luque et al., 1994; Sakamoto et al., 1999; Ohashli,e2011). NrtABCD is a bispecific

nitrate and nitrite transporter showing high atiirfor both substrates (Maeda and Omata,
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1997). Intracellular nitrate is first reduced tdrité by NR and subsequently reduced to
ammonium by NiR. The reduction of nitrate requings electrons whereas six electrons are
required for the reduction of nitrite. Afterwar@snmonium is directly assimilated in the
GS/GOGAT cycle (Flores and Herrero, 1994). Both, & NiR, use photosytem | reduced
ferredoxin as an electron donor, indicating a cmgpdf photosynthesis and nitrate
assimilation (Manzano et al., 1976; Flores and éterr1994). Since ammonium is the
preferred nitrogen source, the addition of ammaomiaitrate adapted cells result in an
immediate inhibition of nitrate uptake and a repi@s of proteins involved in nitrate
assimilation (NR and NiR). The ammonium inducedbitlon of NrtABCD is regulated by
the R, protein and the C-terminal domain of NrtC (Kobdyaet al., 1997; Lee et al., 1998).
The ammonium depended regulation of NrtABCD kQyPBcurs independently of its
phosphorylation since phosphorylation mimicing mitgaof B showed ammonium promoted
inhibition of nitrate uptake like the wild-type (eeet al., 2000). Furthermore, ammonium
induced inhibition of nitrate utilization was ndtexted in a P phosphatase deletion mutant
(PphA), which exhibits a continuous high phosphated R. In contrast, a Pdeletion mutant
shows an impaired regulation in nitrate uptake (Kéwfd Forchhammer, 2005). Both P
signaling deficient mutants, thg Beletion mutant and the PphA deletion mutant, eecr
nitrite in the medium under conditions of limitedopbsytem | reduced ferredoxin (low light).
The excretion of nitrite is due to an excess of céda of nitrate along with an impaired
reduction of nitrite (Forchhammer and Demarsac, 1884t and Forchhammer, 2005). This
effect can be restored by increasing the level otgdytem | reduced ferredoxin (high light).
This behavior indicates that non-phosphorylatgdegulates the utilization of nitrate in
response to light intensity and the coupled redatef the cell (Kloft and Forchhammer,
2005).

The ability to utilize urea as nitrogen source iklly distributed among bacteria, fungi and
algae (Baker et al., 2009; Solomon et al., 201€\Ees-Ferreira et al., 2018). Urea is usually
present at ambient concentrations below 1 uM in geaosystems (Mitamura and Saijo,
1980; Antia et al., 1991). Generally, the urea emtiations in aquatic ecosystems are lower
than those of nitrate or ammonium; however, ureaeotmations may occasionally exceed
the concentrations of these inorganic nitrogen f(8olomon et al., 2010). In common with
other bacteria, the cyanobacteBignechocystisp. andAnabaenasp. PCC 7120 process a
high affinity urea ABC-type transporter, which epable of urea import at concentrations
lower than 1 uM (Valladares et al., 2002). The geosterurtABCDE, encoding all subunits
of this ABC-type urea transporter, are transcriglarontrolled by the global transcription
factor NtcA (Valladares et al., 2002).

The impaired ammonium utilization 8ynechocystisp. which harbors the,@86N) variant,
implied a relation between,;Rignaling and ammonium uptake in cyanobacteriés Th
observation goes in line with several other studiech document a connection betwegn P
signaling and utilization of different suitablenoijen sources. To analyze a possible
regulation of the cyanobacterial Amtl permease hyMe found further evidence for an
involvement of R in the regulation of the nitrate/ nitrite transigoNrtABCD and the urea
transporter UrtABCDE irsynechocystisp.
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2 Materials and Methods

2.1 Cultivation conditions

Standard procedures for cloning were performedgscherichia colNEB 10-beta (NEB).
Strains were grown in LB-medium at 37°C with consthaking at 300 rpm.

Synechocystisp. strains were grown photoautotrophically in BGriedium supplemented
with 5 mM NaHCQ and nitrate, ammonia or urea as nitrogen sourgpka et al., 1979).
BG-11 agar plates were produced by adding 1.5 %) @dcto-agar (Difco), 0.3 % (w/v)
sodium thiosulfate pentahydrate and 10 mM TES-Na@®H §Roth) to liquid BG-11
Medium. Antibiotics were added when required. Gualtion of liquid cultures occurs in 50,
100 or 500 ml Erlenmeyer flasks, at 28°C and wahstant shaking of 120 rpm. Cultures
were continuously illuminated with a photon fluxeaf 40-50 E. Growth rates were
determined by measuring the optical density atria0

For induction of nitrogen starvation conditionsperentially growing cells (Of, 0.4-0.8)
were harvested by centrifugation (3000 x g for 16 at room temperature), washed and
resuspended in BG-11 medium lacking a suitablegén source.

For drop-agar assaySynechocystisp.cultures were adjusted to an @pof 1. A dilution

series to the power of 10 was made using BG-11unethcking nitrogen. 5 pl of every

dilution step (18-10% were dropped on BG-11 agar plates. Plates wetigated at 28°C
with constant illumination of 40-5CE.

2.2 Bacterial two-hybrid assay

Plasmids were constructed by PCR amplificationgibiigh-fidelity Q5 polymerase (NEB)
and oligonucleotides with overlapping regions. GelwdBynechocystisp. DNA or plasmids
served as the templates. PCR fragments were idsertmearized bacterial two hybrid
vectors pUT18 and pKT25 containing the either th8 @r T25 subunit of the adenylate
cyclase CyaA (Karimova et al., 2001) by isothermsadgle-reaction DNA assembly
according to Gibsogt al (Gibson et al., 2009). Since the multiple clonsitg of pKT25 is
located downstream of the T25 subunit, allowingydwterminal localization of the tag, we
constructed plasmid pKT25n to achieve a C-termiusibn of the tag to the gene of interest.
Therefore plasmid pKT25 was linearized using PC&tae gene of interest was fused
upstream of the T25 subunit. Primers, plasmids,saraihs used in this study are listed in
Tables 4, 5, and 6, respectively.

E.coliBTH101 cells were co-transformed with plasmid p8Bhd plasmid pKT25 or
pKT25n (table 5). Plasmid pKT25 or pKT25n encode®ssible i interaction partner fused
N- or C-terminal to the T25 subunit. Plasmid pUTh8ades a fusion of thg,f2ncoding
gInB gene or a genetically modifiefdnB gene containing the I86N mutation [lleAF C) at
codon postion 86 to Asn GAC)] with the T18 subunit. ThgInB gene and the modified
gInB gene containing the I86N mutation were alwaygdulN-terminal with the T18 subunit,
since the C-terminus ofyRs necessary for interactions. Co-transformante\péated on LB-
plates (supplemented with 106 mI* ampicillin and 50 g mI* kanamycin) and cultivated
for 2 days at 30°C.
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To achieve a reasonable level of heterogeneitpied from each plate were picked to
inoculate 5 ml LB- medium (containing 10§ mI* ampicillin and 50 g mI* kanamycin).
Cultures were cultivated overnight at 37°C. Ovenhigulture were diluted 1:100 in 3 ml
fresh LB-medium (containing 10Gy mi* ampicillin and 50 g m* kanamycin) and grown to
an ODyoo of 0.7. 3ul of each culture were plated on X-Gaintaining 100 g mL-1

ampicillin, 50 g mL-1 kanamycin, 1ImM IPTG, 40ug mL-1 X-Gal) and d@ankey
(containing 100 g mL-1 ampicillin, 50 g mL-1 kanamycin, 1ImM IPTG, 1% maltose)
reporter plates. Reporter plates were incubate@ ftays at 25°C.

Table 1 Oligonucleotides used in this study

Primer Sequence

g In B_fW TGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGAAAAAAGTAGAAGCGATTATTC
gln B _rev CTCGCTGGCGGCTGAATTCGAGCTCGGTACCCGGGGATCAATAGCTTCGBTCCTTTTC

pipX_fW TTCACACAGGAAACAGCTATGAGTAACGAAATTTACCTTAAC

P i pX_rev GATGCGATTGCTGCATGGTAAAAGTGTTTTTATGTAACTTTG

pipX_pKT25n_fw AAGTTACATAAAAACACTTTTACCATGCAGCAATCGCATCAG

B:E_T_( 2—5n rev TAAGGTAAATTTCGTTACTCATAGCTGTTTCCTGTGTGAAATTG

amtl pKT25 fw CTGGCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGATGTCTAATTBGATTGTCTAAAC

amtl _pKT25_rev AAAACGACGGCCGAATTCTTAGTTACTTAGGTACCCGGGGATCTTATTCAGGACAGTGG

amtl_fw AACAATTTCACACAGGAAACAGCTATGTCTAATTCGATATTGTCTAAAC
amtl_rev TGATGCGATTGCTGCATGGTTTCAGGGACAGTGGCACCG
amtl pKT25n_fw TCTCCGGTGCCACTGTCCCTGAAACCATGCAGCAATCGCATC

amtl_pKT25n_
rev

ACAATATCGAATTAGACATAGCTGTTTCCTGTGTGAAATTGTTATCCGC
nrtC_pKT25 fw CGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCCCTTCATABATTGATCATGTTG

nrtC_pKT25_rev AGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATTGATTAACTTGATCAATTTGGTCGATGAG

nrtC_fw AATTTCACACAGGAAACAGCTATGCCCTTCATTGAAATTGATCATG

nrtC_rev CTGATGCGATTGCTGCATGGTTTGATTAACTTGATCAATTTGG

nrtC_pKT25n_fw AAATTGATCAAGTTAATCAAACCATGCAGCAATCGCATCAG
nrtC_pKT25n_rev TCAATTTCAATGAAGGGCATAGCTGTTTCCTGTGTGAAATTG
nrtD_pKT25 fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCAAACAATGAAITCAATGACCCTATCC

ntrD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTAAGACCCTTCATGGATTCCACTGAGGGGGTAG

nrtD_fw AATTTCACACAGGAAACAGCTATGCAAACAATGAATGTCAATGACCCTATC

nrtD_rev CTGATGCGATTGCTGCATGGTAGACCCTTCCATGGATTCCACTGAG
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nrtD_pKT25n_fw TGGAATCCATGGAAGGGTCTACCATGCAGCAATCGCATCAG
nrtD_pKT25n rev ATTGACATTCATTGTTTGCATAGCTGTTTCCTGTGTGAAATTG
urtD_pKT25 fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCACCAGCAAAATCAGAAATTCAAG

urtD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGCTAATCTCCATCTCATCAAC

urtD_fw ACACAGGAAACAGCTATGACCAGCAAAATCTTAGAAATTCAAGAC

urtD_rev GATGCGATTGCTGCATGGTATCTCCATCCTCATCAACACTG

urtD_pKT25n_ fw AGTGTTGATGAGGATGGAGATACCATGCAGCAATCGCATCAG

urtD_pKT25n_rev TTCTAAGATTTTGCTGGTCATAGCTGTTTCCTGTGTGAAATTG

urte_fw GCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATGCTATGTTATTTTICCCCCATTCTTG
urte_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATACTGCCAAAATTTTTGGATAAC
urté_fw ACAATTTCACACAGGAAACAGCTATGGCTATGTTATCCTTTCCC

urte_rev TGATGCGATTGCTGCATGGTTACTGCCAAAAATTTTTGGATAACC

urtE_pKT25n_fw TATCCAAAAATTTTTGGCAGTAACCATGCAGCAATCGCATCAG

urtE_pKT25n_rev GGGAAAGGATAACATAGCCATAGCTGTTTCCTGTGTGAAATTG

222 Table 2 Plasmids used in this study

Tag

Plasmid localization Discription Refernce
(Chidgey
pPD-CFLAG Encoding the 3xFLAG tag et al.,
2014)
DKT25 Encoding T25 fragment of adenylate cyclas (ézrllmova
CyaA (amino acids 1-224) 2001)
oKT25n f[?:grllr\:]eedn:‘rom pKT25. Upstream of the T25 This study
pUT18 Encoding T18 fragment of adenylate cyclas giz;rllmova
CyaA (amino acids 225-399) 2001)
puUT18gInB N-terminal  Derived from pUT18. EncodimggnB This study
puUT18gInB i . Derived from pUT18. EncodinglinB :
(I86N) NHETIITEL containing the 186N mutation 11 ey
0KT25npipX  C-terminal Derived from pKT25. Sequence encoding This study

pipX. Positive control
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. ) . Derived from pKT25. Sequence encoding :
pKT25 pipX N-terminal pipX. Positive control This study
oKT25namtl  C-terminal ;)ri%ved from pKT25. Sequence encoding This study
pKT25 amil N-terminal ;)rizved from pKT25. Sequence encoding This study

pKT25nnrtC  C-terminal  Derived from pKT25. Sequence encodirnt§@ This study
pKT25nrtC N-terminal  Derived from pKT25. Sequence encodm¢C This study
pKT25nnrtD  C-terminal  Derived from pKT25. Sequence encodint® This study
pKT25nrtD N-terminal  Derived from pKT25. Sequence encodmgD This study
pKT25nurtD  C-terminal  Derived from pKT25. Sequence encodin® This study
pKT25 urtD N-terminal  Derived from pKT25. Sequence encodimgD This study
pKT25nurtE  C-terminal  Derived from pKT25. Sequence encodiritg This study
pKT25 urte N-terminal  Derived from pKT25. Sequence encodimtgE This study

Table 3 Strains used in this study

Strains Discription Refernce
E.coliNEB 10-beta Cloning strain NEB
E.coliBTH101 Bacterial two-hybrid host strain Euromedex
Pasteur
Synechocystisp. PCC 6803 Wild type Culture
Collection
Synechocystisp. R(I86N) Genomic R(I86N) mutant (nglf;er St el
. . (Hisbergues et
Synechocystisp. Py Chromosomal deletion @finB al., 1999)

Synechocystisp. P, transformed
with pVZ322 encoding a,PVenus
fusion

(Hauf et al.,
2016)

Synechocystisp. Py + B-
Venus

2.3 Construction and cultivation of the Synechocystisp. R;-3xFLAG tag strain

The previously described pPOFLAG plasmid was used to construct afésion protein

with a C-terminal 3XxFLAG tag and insert it togetiagth a kanamycin resistance cassette in
the Synechocystisp. PCC 6803 wild-type genome by homologous reaoation, replacing
thepsbAllgene (Chidgey et al., 2014). Transformants weexts and segregated by
kanamycin resistance. For pull down experimentspatch cultures were inoculated to an
optical density at 750 nm (GE) of 0.2 in BG11 medium (Rippka et al., 1979) and
propagated photoautotrophically under constantiifiation with 60 mol photons M s*

and magnetic stirring at 120 rpm at 26 °C. Cultwvese bubbled with ambient air,
supplemented with 2% CGQ/v. For growth on urea (5 mM) as exclusive nigngource,
NaNG; (17.7 mM) was substituted in BG11 medium. CelMeating was performed at an
ODysp 0f 0.6 by mixing the cultures with ice in a 2:liodor rapid metabolic inactivation and
centrifugation at 7,477 g for 10 min. Cell pellets were subsequently wash&l mitrogen-
free BG11 at 4 °C and snap frozen in liquid nitmageor experimental controls, the wild-type

8
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strain was similarly cultivated and subjected td golvn assays followed by MS analyses as
described below. Two independent replicates wegpared per condition.

2.4 Preparation of cell extracts and Anti-FLAG Pull down

Frozen cell pellets were resuspended in 5 mL IRebutontaining 25 mM MES/NaOH; pH
6.5, 5 mM CaCGl, 10 mM MgC}, and 20 % glycerol for washing and subsequent8/mnL IP
buffer, including protease inhibitors (cOmplete Eifee; Roche) for cell lysis. Therefore,
an equal volume of glass beads was added andnesi#sbroken using a FastPrep24
Ribolyser (MP Biomdicals) with five 20 s cycles@ab m s and 4 °C. After centrifugation
for 5 min at 3,314 g and 4 °C, the supernatant was transferred andtadjusth IP buffer to
a final volume of 6 mL. For membrane protein sdiahtion, 1.5% w/v

dodecyl- -D-maltoside (DDM; Carl Roth) was added and incedainder agitation for 1 h at
4 °C, before insoluble cell debris was removed éytigfugation for 20 min at 20,000g<and

4 °C. Obtained supernatants from 2 L culture wetgested to the RFLAG pull down
procedure: for this, 400 pL of resuspended anti-GLM2-agarose (Sigma) was added into
empty SPE-columns and washed twice with each 1Prbuffer, supplemented with 0.04%
w/v DDM, before the supernatants were incubated fanin and removed by gravity flow.
Repeated washing steps with each 5 mL DDM supplesddft buffer were performed
similarly, until the flow through appeared colodeg&lution of coupled proteins from the anti-
FLAG resin was performed by incubation in 600 pLNdBupplemented IP buffer containing
3 mg/mL FLAG peptide (Sigma) for 5 min.

2.5 Proteomics workflow, nanoLC-MS/MS analysis and datgrocessing

Eluates from pull downs were subjected to acetoaiamol precipitation and resulting
protein pellets were resuspended in denaturatifierbior subsequent tryptic digestion as
described elsewhere (Spat et al., 2015). Resytepgide mixtures were subjected to stage tip
purification (Rappsilber et al., 2007). QualitatiM& for protein identification was performed
as described previously (Spat et al., 2015): iafppurified peptides were loaded on an
EASY-LC system (Proxeon Biosystems) onto a 15 crensed-phase fgnanoHPLC column
and separated in a 90 min segmented linear gradiknied peptides were ionized in the on-
line coupled ESI source and injected in a LTQ QapitXL mass spectrometer (Thermo
Scientific). MS spectra were acquired in the pesHon mode with, per scan cycle, one initial
full (MS) scan followed by fragmentation of the d®st intense multiply charged ions
through collision induced dissociation (CID) for M& scans. The scan range was m/z 300—
2000 for precursor ions at resolution 60,000 amgierced precursors were dynamically
excluded for fragmentation for 90 s. The lock masison was enabled for real time mass
recalibration (Olsen et al., 2005). All raw speatiere processed with the MaxQuant software
(version 1.5.2.8) (Cox and Mann, 2008) at defeaettiisgs. Peak lists were searched with the
following database search criteria against a tadgeby database &ynechocystisp. PCC
6803 with 3,671 protein sequences, retrieved frogianGbase (Nakao et al., 2010) (July
2014), and against 245 common contaminants: trypasdefined as a cleaving enzyme and
up to two missed cleavages were allowed; carbammdthylation of cysteines was defined as
a fixed modification and methionine oxidation andtpm N-terminal acetylation as variable
modifications. The experimental design templatgeiscribed in supplementary Information

9
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XY. False discovery rates retrieved from MaxQudrteptides and proteins were limited to
1%, each. Raw data acquired by mass spectrometyle@osited at the ProteomeXchange
Consortium via the Pride partner repository (Vincagt al., 2013) under the identifier XYZ.

2.6 Determination of nitrate, nitrite, ammonium and urea in cell-free culture medium

To determine the nitrate, ammonium or urea uptakponentially growing cells (Ofg, 0.4—
0.8) were harvest by centrifugation (3000 xg fomdi@ at room temperature) and washed
twice with BG-11 medium lacking nitrogen. Subsedlyeithe cultures were adjusted to an
ODysp0f 1 with nitrogen nitrogen-free BG11 medium. Tissays were started by adding
either 200 UM NaNg) 200 uM NH, or 150 uM Urea, respectively. Cells were cultidate
under constant shaking of 120 rpm and illuminabbd0-50 E. 1 ml aliquots of the cell
suspensions were taken and subsequently centrifd§e@00 xg for 5 min at room
temperature) to remove the cells.

For nitrate quantification the absorbance at 210nas measured in the cell-free medium.
Since both nitrate and nitrite absorb at 210 nm abparent nitrate values were corrected for
the presence of nitrite (Kloft and Forchhammer, 20B8rite concentration of the cell-free
medium was determined using the modified Griessti@aaccording to (Fiddler, 1977).

The ammonium concentration of cell-free medium massured by using the Nessler
reaction (Vogel et al., 1989). Urea was quantifigdising the urea nitrogen (BUN)
colorimetric detection kit (Invitrogen).

2.7 Microscopy procedures and Image evaluation

Fluorescence microscopy was performed using a U2M&500B microscope with a

100 x/1.3 oil objective. For the detection of Veflusrescence, an ET500/20x excitation
filter and an ET535/30m emission filter were usefémed as YFP-channel. To detect
cyanobacterial autofluorescence, an excitatioarfl8P 535/50 and a suppression filter BP
610/75 were used. Image acquisition was done witkiega DFC360FX black-and-white
camera. Captured images were colored with the LApgdication Suite Software (LAS AF)
provided by Leica Microsystems. Bright-field imagesre exposed for 6 ms, Venus
fluorescence images for 150 ms and autofluoresdemages for 100 ms. Microscope slides
covered with dried 2 % (w/v) agarose solution wesed to immobilize the cells during all
microscopical examinations.

Image evaluation including fluorescence intensigasurements were performed using the
open-source software ImageJ (Fiji) (Schindelinlet2®12). To compare the fluorescence
intensities in different cell compartments, a linpeofile of the gray values across the plasma
membrane and cytoplasm were determined. The maxigragnlevels of the plasma
membrane were normalized to the average gray levelse cytoplasm. An example of this
profile data quantification is given in supplementigure 1.

10
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3 Results

3.1 P, signaling mutants show ammonia toxicity

In E. coli, it is known that the Phomologue GInK regulates the ammonium influx e
protein-protein interaction with the ammonium pease AmtB. The observation of impaired
ammonium utilization oBynechocystisp. harboring the,PIB6N) mutation indicated a
similar regulation in cyanobacteria. Thg(lB6N) variant exhibits a modified T-loop
structure, while the Pbackbone appears almost identical with thevitdd-type structure
(Fokina et al., 2010b). Therefore, the impaired amiwim utilization of a RI86N) mutant
could be attributable to the altered T-loop struetim order to proof this suggestion, we
tested the ammonium utilization of different $tgnaling mutants, including a Eeletion
mutant ( P,) (Hisbergues et al., 1999) and a complementatrams( P, + B, -Venus)
(Hauf et al., 2016). The complementation strain pr@viously generated by introducing a
Synechocystisp. shuttle vector (pVZ322) encoding @NFenus fusion, in the,Rdeletion
mutant ( P;) (Hauf et al., 2016). To avoid sterical inhibitiohthe T-loop, the Venus
fluorescent protein was fused to the C-terminuB,oHowever, fusion to the C-terminus
could lead to a sterical inhibition of the B- and_@op. The recombinant,PVenus is
transcriptonaly controlled by the natignB promoter ofSynechocystisp.

When grown in presence of 5 mM ammonium in liquieldinm, theSynechocystisp. wild-
type, the P, and the P, + B-Venus complementation strains show similar gromates and
ammonium consumption (figure 1 A, B). However, waih elevated ammonium
concentration of 10 mM, only the wild-type and tH&, + B-Venus complementation could
maintain normal growth, while theP, mutant is unable to grow (figure 1 C). The ammaniu
utilization of the wild-type and theP; + B;-Venus complementation is similar under this
condition (figure 1 D). In contrast, thd?; mutant shows a similar ammonium utilization rate
as the wild-type and theP; + R;-Venus complementation within the first 24 h. Afte h,

the ammonium consumption of th&, mutant decreases over time (figure D). Similar
observations haven been documentedsigrechocystisp. harboring the PI86N) variant.
When grown at 10 mM ammonium, thg(B6N) mutant utilizes ammonium in a similar rate
as the wild-type in the first 48 h. Afterwards, thtéization rate of the {I86N) mutant
reduces and its growth is impaired (Watzer e28l15).

Although ammonium represents the preferred nitragemce, it becomes toxic for many
photosynthetic organisms at higher concentratidmatf et al., 2008). Our observation
implied an intoxication of the P, and R(I86N) mutant by ammonium, while the wild-type
and the Py + B-Venus complementation maintain a higher toleramoeconfirm that the
reduced growth and impaired ammonium utilizatioouss in response to ammonium
intoxication, we performed a drop plate method wittreasing amounts of ammonium
(figure 2). Over a rage from 5 mM to 40 mM ammonjuhe wild-type and P, + B-Venus
complementation show similar growth and ammoniulerémce. However, the,#86N)
mutant shows impaired growth at 25 mM and tig mutant already at 5 mM ammonium
(figure 2). Both mutants show reduced ammoniunraolee while the P, mutant is more
sensitive than the;PI86N) mutant.
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Figure 1 Ammonium supplemented growth and ammonitilaation of Synechocystisp.
wild-type, P, and P, + Bj-Venus. Values are the means of three biologigdiaates. (A)
Growth curve in presence of 5 mM Ammonium. (B) Ammiwon concentration in culture
supernatants dynechocystisp. strain grown in BG-11 medium with 5 mM ammaniyC)
Growth curve in presence of 10 mM Ammonium. (D) Aomium concentration in culture
supernatants @dynechocystisp. strain grown in BG-11 medium with 10 mM amnuwni

Figure 2 Drop plate method 8fnechocystisp. strains with three biological replicates per
strain. Starved cultures were adjusted to an O7300 and diluted tenfold in series. The
dilutions were dropped onto BG-11 agar plates dnimtg increasing concentrations of
ammonia (5 mM to 40 mM).

12



378

379
380
381
382
383
384
385
386
387
388
389
390

391
392
393
394
395
396
397
398
399
400
401
402
403

404

The signal transduction protein Bontrols ammonium, nitrate and urea uptake in
cyanobacteria

3.2 Pull down method identifies novel i interaction partner

The uncontrolled influx of ammonia and followingorication of the P, and R(I86N)
mutants grown in presence of high concentratiorssmhonia suggested an involvement of
Py in the ammonium uptake. The ammonium uptak®yinechocystisp. is mainly depending
on the Amtl permease (Montesinos et al., 1998)rderao verify a possible interaction
between P and Amtl, we performed pull down assays usingtar@inal 3xflag-tagged,P
protein as bait. The,BxFlag fusion protein was under control of a siypsbApromoter,
which was transformed in tt&ynechocystisp.wild-type background. The resulting
Synechocystisp. R 3xFlag was grown in presence of nitrate as nitnagmurce. The fusion
protein and its interacting targets were purifigdramunoprecipitation and subsequently
identified by mass spectrometry (MS). As a negatetrol, we used th8ynechocystisp.
wild-type and processed it in the same way asSgmeechocystisp. R 3xFlag strain to
identify unspecific binding proteins.

As proof of principle, we were able to identify Bnd the known [Pinteracting protein PipX.
Both proteins show a higher sequence coverage (&Cihgensity in the flag-tag pull down
compared to the wild-type control in both repli¢gable 1). A similar enrichment in both
replicas can also be documented for the ammoniumesse Amtl, supporting our
suggestion that Amtl represents;adihding target in cyanobacteria. Surprisingly,ides
Amtl, we could also identify subunits of the NrtABQitrate/nitrite transporter and the
UrtABCDE urea transporter in our pull down expenrell subunits of both transporters
are enriched in the flag-tag pull down comparetheowild-type control, instead of the
periplasmatic substrate binding protein NrtA andAUiTable 1). To further validate the
enrichment of UtABCDE subunits, we performed aikinexperiment with cells grown on
urea as unique nitrogen source. In agreement Wtiptevious pull down experiment, we
were able to document an enrichment of thealPget PipX, the ammonium permease Amtl,
the nitrate/ nitrite transporter NrtABCD and theaitransporter UrtABCDE (Table 2).

13
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405 Tabel 4. Pull down assay of nitrate supplemegaechocystisp. wild-type (control) an&ynechocystisp. R 3xFlag (Flag-tag Pull down). SC,
406 Sequence coverage [%]; R1 and R2, replicas 1 arebgectively.

Control ;:&ﬁg;\?v% Control ;:L:iiot\?vi
Protein IDs Mol. weight| SC R1 SC R2| SCR1 SC R2| Intensity Intensity | Intensity Intensity
[kDa] [%0] [%0] [%0] [%0] R1 R2 R1 R2

ssl0707 YN 15425 | 59,1 825 985 985 1,2E+08 2,6E408 6,2E+M)3E+10
ssl0105 PipX 10,448 0 0 22,7 22,7 0 0 1,2E+08 20BEH
sll0108 Amtl 53,58 0,0 8,1 9,7 9,7 0 7,6E+06  4,4E+02,4E+09
sll0374 UrtE 27,424 0 0 25,7 22,1 0 0 1,2E+08 2(BEY}
sllo764 UrtD 41,194 0 0 30,3 29,0 0 0 2,6E+08 2®E+t
slr1201 urtC 45,084 0 0 18,3 13,2 0 0 6,8E+07 1(IE}
slr1200 UrtB 41,681 0 0 2,8 2,8 0 0 1,9E+07 5,3E406
slr0447 UrtA 48,359 22,2 13,9 8,3 4.( 1,2E+08 7@+ 5,7E+06 6,8E+05
sll1451 NrtB 29,72 0 0 12,0 4,0 0 0 6,2E+07  2,6E+07
sl11453;slr0044 NrtD 36,564 11,1 3,9 57,2 54,2 19E+07 1,5E405 +(@E 1,7E+08
sll1452 NrtC 75,1 0 0 46,1 45,5 0 0 1,2E+09  3,5E408
sll1450;sIlrO040NrtA 48,966 14,8 14,8 18,2 8,7 1,0E+08 7,7E+H06 I®BE 2,4E+06

407

408
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409 Tabel 5. Pull down assay of urea supplemeBigtechocystisp. wild-type (control) an8ynechocystisp. R 3xFlag (Flag-tag Pull down). SC,
410 Sequence coverage [%]; R1 and R2, replicas 1 arebgectively.

411

412

Control FL:lljﬂgot\?v?\ Control :l:igotjvi

Protein IDs Mol. weight| SC R1 SC R2| SC R1 SC R2]| Intensity Intensity | Intensity Intensity

[kDa] [%0] [%0] [%0] [%0] R1 R2 R1 R2
5510707 YN 15425 | 60,6 314 912 60,6 2,5E+08 1,3E407 3,2E+20HE+08
ssl0105 PipX 10,448 0 0 22,7 0 0 0 1,8E+08 0
sll0108 Amtl 53,58 1,6 2,0 10,1 2,0 1,7E+06 1,2E+Q¥,9E+09 2,4E+07
sll0374 UrtE 27,424 0 11, 70,7 21, 0 2,6E+06 3(BE 4,8E+07
sll0764 urtD 41,194 0 2,9 59,5 23, 0 3,8E+05 8ME+ 4,5E+07
slr1201 urtC 45,084 0 3,4 21,7 12, 0 1,1E+05 1@¥E+1,0E+07
sIr1200 urtB 41,681 0 0 8,5 54 0 0 6,1E+08 1,2E#06
slr0447 UrtA 48,359 10,8 4,0 6,7 6,3 6,4E+06 6,14€101,3E+07 5,0E+0%
sll1451 NrtB 29,72 0 3,6 11,6 3,6 0 1,1E+05 1,8E+072E+06
sll1453;slr0044 NrtD 36,564 3,9 0 61,1 15,4 6,3E+06 0 5,6E+08 7(BHE+
sll1452 NrtC 75,1 0 0 58,8 0 0 0 1,6E+09 0
sll1450;sIrO040 NrtA 48,966 0 0 2,5 0 0 0 1,2E+06 0
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3.3 Bacterial two-hybrid assay

To further confirm the interaction of;Rvith the identified nitrogen transports we perfedn
bacterial two-hybrid assays. Next to wild-typewe also included the; B86N) variant to

test how the altered T-loop conformation influentesinteractions. Due to their localization
on the cytoplasmic site of the plasma membranesgted the ATP-binding proteins of the
ABC-type transporters (Omata et al., 1993b; Valtadat al., 2002). Interactions for Amt1,
NrtC, NrtD, UrtD, UrtE have been tested for possiiniteractions, while the,R PipX and

leucin zipper interaction were used as a positorgrols. In case of a positive interaction
CAMP is formed within a cCAMP deficieri.colihost cells. This can be detected on X-Gal and
MacConkey reporter plates. Table 3 shows the obgenteractions in the bacterial two-
hybrid assays.

Both, wild-type R and R(I86N) show interaction with the known, ihteraction partner

PipX. While the wild-type Pshows interaction with the Amtl permease, th@88N)

variant loses this ability, in agreement with otg\pous observations regarding the impaired
ammonium utilization oBynechocystisp. R(I86N). We could further confirm an interaction
of wild-type R, with the ATP-binding proteins NrtC and NrtD folethitrate/nitrite

transporter as well as UrtE for the urea transpotewever, interaction of wild-type,Rand
the NrtC subunit appear very weak. Therefore theraction of R and NrtC cannot be fully
confirmed but also not negate. ThgIB6N) variant doesn't show interaction with Nrt@da
NrtD, but maintain the ability to interact UrtE. éardingly, the nitrate utilization could be
impaired while the urea utilization could be unafézl inSynechocystisp. R (I86N).

Table 6 Bacterial two-hybrid interactions obserf@dwild-type R, and R(I86N). +,
interaction; - no interaction; (+), weak interaction

Interaction partners Wild-typeP P (1IB6N)
PipX (pos. control) + +
NrtC (+) -
NrtD + -
urtD - -
Urte + +
Amtl + -
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3.4 P, localization changes upon addition of nitrate, ammnium and urea

Our previous pull down experiments and bacteria-twbrid assays clearly show interaction
of By with Amtl, NrtABCD and UrtABCDE irSynechocystisp. Since all these transporters
are plasma membrane associated, we tried to mdhitiocalization on the plasma
membrane. Th&ynechocystisp. P + Bj-Venus complementation was used to investigate
the cellular localization of Punder different nitrogen supplementations.

Nitrate-repleteSynechocystisp. cells in the mid-exponential growth phase {§Bpprox.

0.5) show R-Venus fluorescence heterogeneously distributébdarcell. The majority of cells
harbor a strong fluorescence signal in the cemtémperiphery (figure 3 A). The intense signal
in the center corresponds to the cytoplasm whereraemetabolic reactions are locategl. P
localization in the cytoplasm indicates an intaactvith different soluble proteins, like
NAGK. The R-Venus fluorescence in the periphery correspondseg@lasma membrane,
where Amtl, NrtABCD and UrtABCDE are located. Thieas with low Venus fluorescence
are occupied by thylakoid membranes (figure 3 C).

To monitor the R localization under nitrogen depletion, cells wgrewn to an OB of 0.4
— 0.6, washed, and resuspended in BG-11 lackirgrdinied nitrogen source. After one
week of nitrogen starvation, thg-Renus signal is more evenly distributed throughbet
whole cell and its localization on the plasma meanbris not as distinct as during nitrogen
supplemented exponential growth (figure 4 A). Tt the localization during resuscitation
from nitrogen starvation, one week nitrogen starSgdechocystisp. cultures were
resuscitated by adding 5 mM NG mM NH, or 5 mM Urea, respectively. Immediately after
the addition of a combined nitrogen source a chamgjee R localization becomes visible.
The majority of cells show distinct plasma membrialization, while the remaining
cytosol shows homogenous fluorescence intensitg.nmigration of i to the plasma
membrane turns out more clearly by the additioaroimonia compared to nitrate and urea
(figure 4 A,B,C).

In order to quantify the movement of Bwards the plasma membrane, a linear profil@ef t
fluorescence intensities across the plasma memlaratheytoplasm was determined. The
maximum intensity of the plasma membrane was noretlo the average intensity value of
the cytoplasm. Under nitrogen depletion, the mgjaf the cells show a slightly higher
cytoplasmic R-Venus localization than plasma membrane locabraffigure 5). The
addition of a nitrogen source directly inducesaastocation of Ptowards the plasma
membrane. Thereby the addition of nitrate and sheav similar translocation of;fn the

first two hours (figure 5 A, C, D). Two hours aftee addition of nitrate, Pstarts to
dissociate from the plasma membrane and goes hatkaytoplasmic localization (figure 5
A). In contrast, urea addition induces a slow amistant migration of Ptowards the plasma
membrane during the whole four hours (figure 5Amonium addition induces migration
of P, to plasma membrane in the first hour much strotigan nitrate or urea (figure 5 B).
After the immediate translocation towards the plasnembrane, Pstarts to dissociate and
migrates back into the cytoplasm after two hours.
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Figure 3 Localization of RVenus during exponential growth (@9 of 0.5) of Synechocystis
sp. (A) Phase contrast image of cells. (B) Venusréiscence. (C) Autofluorescence of
thylakoid membranes. (D) Overlay of Venus fluoreseeand phase contrast images.

Figure 4 R-Venus localization under different nitrogen suppémted conditions. (A) P
Venus fluorescence of one week nitrogen staBygtechocystisp. cultures. (B-D) RVenus
fluorescence oBynechocystisp. during resuscitation from nitrogen starvatione week
nitrogen starve®ynechocystisp. cultures were resuscitated by adding 5 mM B), 5 mM
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NH4 (C), or 5 mM Urea (D). Fluorescence images wekertdl hour after addition of the
nitrogen source.

Figure 5 Quantification of the;P/enus migration towards the plasma membrane porese

to the addition of different nitrogen sources twagen starve@ynechocystisp. cultures. A
linear profile of the fluorescence intensities asrthee plasma membrane and cytoplasm were
determined. The maximum intensity of the plasma brame was normalized to the average
intensity value of the cytoplasm. Fluorescencenisity values < 0 indicate a stronger
cytoplasmic localized signal, while values > 0 stegtronger plasma membrane association.
Resuscitation of one week nitrogen star$gaechocystisp. cultures were induced by adding
either 5 mM NQ (A), 5 mM NH; (B), or 5 mM Urea (C). 50-60 cells were measuredtpne
point. Dots indicate single cell measurements; kéns showing the standard-deviations;
thick black lines show the arithmetic me&n) Direct comparison of the mean

fluorescence intensities from NONH, and Urea induced resuscitation.
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3.5 Py deletion mutant and R, (IB6N) mutant secret nitrite

Our previous results showed an involvement,pirPregulation of nitrate utilization by direct
protein-protein interaction with the NrtD and Nr$Gbunit of the NrtABCD nitrate/nitrite
transporter. This regulation has also been sugdjéstseveral previous studies which
documented altered nitrate utilization propertieB,odeletion and signaling mutants
(Kobayashi et al., 1997; Lee et al., 1998; Led.eRA00; Kloft and Forchhammer, 2005).
One characteristic phenotype which has been destfdr a i deletion mutant grown in the
presence of nitrate is the excretion of nitrit¢the medium (Forchhammer and Demarsac,
1995; Kloft and Forchhammer, 2005). The reductibnitvate requires two electrons whereas
six electrons are needed for the reduction oftaito ammonium. Due to the lower costs of
nitrate reduction, the nitrite reduction becomasting in case of an uncontrolled nitrate
influx. As a consequence, nitrite accumulates arekcreted. In agreement, this nitrite
excretion phenotype can be restored by increabmdjght intensity due to the elevated level
of photosytem | reduced ferredoxin (Kloft and Fdraimmer, 2005). We wondered if the
Synechocystisp. R (I86N) strain shows a similar phenotype when gronmitrate and if the
Pi-Venus complementation is able to restore thetaigxcretion phenotype of @ Beletion
mutant.

When grown with nitrate as only nitrogen source amalstant illumination of 40-50E,
Synechocystisp. wild-type, R(I86N), P, and the P, + B;-Venus complementation obtain
the same growth rate (figure 6). Under this conditboth, the {I86N) and P, mutant,
secrete nitrite into the medium. However, th@&6N) mutant excretes much lower amounts
than the P deletion mutant. Th8ynechocystisp. wild-type and RVenus complementation
doesn't secrete nitrite, indicating that the inearof R;-Venus in the P, mutant restores the
wild-type phenotype.

Figure 6 (A) Nitrite excretion dbynechocystisp. wild-type, R(I86N), P, and the P, +
Pi-Venus complementation grown in BG11 medium suppleied with Nitrate and
illuminated with illumination of 40-50E. (B) Corresponding growth curve.
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3.6 Py is responsible for nitrate utilization inhibition

Excretion of nitrite by the BI86N) strain indicates an uncontrolled nitratdurfsimilar to
the R deletion mutant. To gain further insights in thed@pending regulation of nitrate
uptake, we measured nitrate consumption ratesedRtsignaling mutants under different
conditions. For this purpose, exponential growialisowvere washed and subsequently
incubated in BG-11 Medium, containing 200 uM N&3 nitrogen source. Nitrate utilization
was quantified by determining the nitrate concdiunain cell free culture supernatant over
time. Under constant illumination of 40-5&, Synechocystisp. wild-type and theP, + -
Venus strain show low nitrate consumption while Bp@86N) and P, mutant show similar
higher nitrate utilization (figure 7 A). In agreentavith our previous results, we observed
excretion of nitrate by theyA86N) and P, mutant (figure 7 B). Interestingly, while the
nitrate utilization rate of theI86N) and P, mutant appear almost identical, both mutants
differ in their nitrite excretion rate. While thewrse of nitrite excretion of theP;, mutant
appears progressive, the course of nitrite excretidhe R (I86N) appears digressive.

Since ammonium is the preferred nitrogen sourceadaétion of ammonia to cells grown on
nitrate leads to an immediate inhibition of theatié uptake (Lee et al., 1998). This
ammonium dependent inhibition of nitrate uptakeegulated by the Pprotein (Lee et al.,
1998). Since theRIB6N) mutant behaves similar as thB, mutant in case of nitrate uptake
and nitrite excretion, we tested if thg{BB6N) mutant maintains the ammonium depending
nitrate uptake inhibition. For this purpose, weedetined the nitrate consumption by
measuring the remaining nitrate concentration irctiiire supernatant in presence of 2 mM
ammonium. BothSynechocystisp. wild-type and theP, + B;-Venus mutant, show a
complete inhibition of nitrate utilization by thedition of ammonium (figure 7 C). In
contrast, the {I86N) and P, mutant maintain the nitrate utilization. Here B¢I86N)
mutant utilizes lower amounts of nitrate compaethe P, mutant (figure 7 C). The
uncontrolled nitrate uptake of thg(lB6N) and P, mutant leads to an elevated excretion
nitrite. Due to the lower consumption of nitratethg R (I86N) mutant, the nitrite excretion
is also lower compared to thé>, mutant (figure 7 D).

Next to the requirement of ammonium absence, adiivate transport also requires
photosynthetic Cefixation (Romero et al., 1985). Nitrogen assimdatis tightly regulated
by light / dark transitions. A transition from ligtd dark causes an immediate inhibition of
nitrate uptake and an inhibition of the ammoniusiragating GS (Romero et al., 1985;
Marques et al., 1992). To test if thg{lBB6N) mutant maintains the light dependent inhalpit
of nitrate utilization, we measured the nitrate eonption without light. In the dark, the
overall nitrate consumption is low in all tested emis (figure 7 E). However, the (FB6N)
and P, mutant show slightly higher nitrate utilizatiortes compared to the wild-type and
the Py + B-Venus mutant, which maintain a constant nitrateceatration in the medium.
Furthermore, {186N) and P, mutant excrete similar small amounts of nitritgyorting
the suggestion that thg 6N) and P, mutant are unable to fulfill light depending niga
uptake inhibition.
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Figure 7 Nitrate utilization and nitrite excretiohSynechocystisp. wild-type, R(I86N), Py
and the P, + B-Venus complementation. Exponentially growing aritchte supplemented
Synechocystisp. cells were washed and resuspended in a maxiataining 200 UM nitrate.
Shown are the means of three biological replicgfsNitrate utilization and (B) nitrite
excretion under constant illumination of 40-30. (C) Nitrate utilization and (D) nitrite
excretion in presence of 2 mM ammonium and undesteon illumination of 40-50E. (E)
Nitrate utilization and (F) nitrite excretion in tdark.
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3.7 Py signaling mutants show impaired urea utilization

Our previous results showed an involvement,pirfregulation of nitrate and ammonium
utilization. Both interactions of Pwvith the Amtl permease and the nitrate transpareiT -
loop depending, since the(6N) mutant, which exhibits an altered T-loop fmmation,
shows a similar behavior than g éeletion mutant. We could also confirm that theamed
ammonium and nitrate utilization can be restoreihbegrting the RVenus variant, which
exhibits not effected T-loop conformation. Nextdmt1l and NrtABCD we could also show
an interaction of fPwith the UrtE subunit of the urea transporter B@DE. In order to
analyze the biological significance of this intd¢iac we monitored the urea utilization
abilities of our R signaling mutants under different conditions. Fos purpose exponential
growing cells were washed and incubated in BG-1liNte containing 150 uM Urea as
nitrogen source.

Under constant illumination of 40-5& theSynechocystisp. wild-type and [{I86N)

mutant utilize similar amounts of urea (figure 8 A contrast, the P, and P, + B-Venus
mutants consume similarly higher amounts of ureapared to the wild-type and, @86N)
mutant. Unlike the utilization of ammonium and ai#, the P, + R;-Venus cannot
complement the Pdeletion while the {I86N) variant behaves like the wild-type (figure 8
A). This could indicate that the interaction withtB is T-loop independent. The®enus
variant which exhibits a native T-loop conformatisrunable to block the UrtABCDE
transporter. The C-terminal Venus fusion couldriiete with the B- and C-loop by sterical
inhibition, leading to the suggestion that-RJrtE interaction is B- and/or C-loop dependent.

In cyanobacteria, urea is hydrolyzed to a0d two molecules of ammonium by the enzyme
urease (Mobley and Hausinger, 1989; Esteves-Fare¢ial., 2018). Since uncontrolled nitrate
influx leads to an excretion of nitrite, we wondfegin uncontrolled influx of urea could lead

to an excretion of ammonium. To test this, we measammonium concentrations in culture
supernatant of cells which are incubated with a®éhe only nitrogen source. Indeed, we
were able to detect ammonium excretion of tRg mutant proportional to its urea utilization
(figure 8 B). In contrast, only minor amounts ofraonium could be detected in the culture
supernatant of th8ynechocystisp. wild-type, R(I86N) mutant and P, + B;-Venus mutant
(figure 8 B).

Synechocystisp. utilizes available nitrogen sources in a mdviaal order. In presence of
ammonium the uptake of outer nitrogen sourcesaekald (Muro-Pastor et al., 2005). To test
the inhibition of urea utilization, we determinectarconsumption in presence of 2 mM
ammonium. Th&ynechocystisp. wild-type, R(I86N) and P, + B;-Venus strain show a
clear inhibition in urea utilization by the additiohammonium. Whilé&Synechocystisp.
wild-type and the [{I86N) mutant behave very similar, th&, + B;-Venus strain showed
slightly higher urea consumption. In contrast, tiits mutant shows the complete
consumption of 150 puM urea in 100 min with and withthe addition of ammonium (figure
8 A, C), indicating the complete inability to blottke urea utilization.
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623

624  Figure 8 Urea utilization and ammonium excretionha&Synechocystisp. wild-type,

625 P,(I86N), P, andthe P, + Bj-Venus strain. Exponentially growing and nitrate

626 supplemente®@ynechocystisp. cells were washed and resuspended in a mexintaining
627 150 puM urea. Shown are the means of three biolbmppdicates. (A) Urea utilization and (B)
628 ammonium excretion under constant illumination cf3@ E. (C) Urea utilization in

629 presence of 2 mM ammonium and under constant iflatron of 40-50 E.

630

631 3.8 Py influences urea supplemented growth

632 Our previous experiment indicates a regulatiorhefurea transporter UrtABCDE by the
633 interaction of R with the UrtE subunit. This interaction is propgefl-loop independent, since
634 the R(I86N) variant show the same behavior in UrtE higdihan the wild-type Pand

635 mediate the same urea utilization properties yamechocystisp. wild-type. The RVenus
636 variant is partially unable to complement the im@diurea utilization phenotype of thg P
637 deletion mutant, since ammonium still inhibits urgdiake. We wanted to test how this

638 impaired regulation of the urea utilization effettte growth ofSynechocystisp. in presence
639 of urea. In order to analyze the growth behavia psrformed a drop agar method with
640 increasing urea concentrations.

641 Under low urea concentrations of 2.5 to 5 n®ynechocystisp. wild-type and P, + R-

642 Venus mutant show similar growth, while thg(lB6N) and P, mutant show impaired

643 growth. Here the KI86N) mutant grew slightly faster than th®, mutant at concentrations
644 of 2.5 to 10 mM Urea. Surprisingly, under highencentrations of urea (> 15 mM) the wild-
645 type shows similar growth rates as th¢l®N) and P, mutant. In contrast, theP, + R-

646 Venus complementation strain maintains a high gnaiwbugh all concentrations. In our

647 previous experiments theP; and P, + R;-Venus complementation strain showed impaired
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regulation in urea uptake, therefore the high toésxrance and growth rate of th@, + R;-
Venus complementation strain was unexpected. How#wese opposing results indicate that
urea tolerance and utilization do not only depemdiiea uptake.

Figure 9 Drop plate method 8f/nechocystisp. strains with three biological replicates per
strain. One week nitrogen starved cultures weresaelfl to an OD750 of 1.0 and diluted
tenfold in series. The dilutions were dropped d@ 11 agar plates containing increasing
concentrations of urea (2.5 mM to 30 mM).

4 Discussion

4.1 Py regulates ammonium uptake by interacting with theAmtl ammonium
permease inSynechocystisp.

In E. coli, the R homolog GInK regulates AmtB by direct protein-@iotinteraction to
control the influx of ammonia. Our results reveadesimilar function of GInB by regulating
the Amtl permesase in the unicellular and non-aitophic cyanobacteriui@ynechocystis

sp.

Pull-down and bacterial two-hybrid assays idendiffentl as an interaction partner of iR
Synechocystisp. Examination of the binding properties gfdignaling mutants by bacterial
two-hybrid assays give strong evidence that thenteraction with the Amtl permease is T-
loop depending, similar to GInK - AmtB interactionE. coli. In E. coli GInK can block the
ammonia influx by inserting the tip of its T-loopgo the cytoplasmic exits of the AmtB-
pores (Conroy et al., 2007). The structure of th@8BN) variant exhibits a tightly bended
conformation of the T-loop, which mimics the T-loopnformation of the P- NAGK
complex (Fokina et al., 2010b). This bended con&irom leads to an impaired interaction
with Amtl. In agreemen§ynechocystisp. harboring thePIB6N) variant show similar
impaired regulation of the ammonium uptake ag ddPetion mutant, which leads to
intoxication at high ambient ammonium concentratidf®wvever,Synechocystisp. R(I86N)
exhibits a higher ammonium tolerance as tRg mutant. In a P deletion mutant, NAGK
remain in a low activity state (Maheswaran et2006). In contrastSynechocystisp.
Pi(1I86N) shows a highly enhanced NAGK activity folled/by a high intra cellular arginine
and cyanophycin content (Watzer et al., 2015). Aigh NAGK activity of theSynechocystis
sp. R(I86N) strain could promote faster ammonium assitiah and therefore protect the cell
from a toxic intracellular ammonium accumulation.
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TheE. coli AmtB-GInk complex responds to the ATP/ADP ratigvhile ADP exhibits a
complex stabilization, ATP and synergistic boun@@-promotes its dissociation (Durand
and Merrick, 2006; Gruswitz et al., 2007; Rodrigeesal., 2011). According to our data we
suggest a different regulation in nitrogen star8gdechocystisp. Under nitrogen starvation,
phosphorylated Pshows a homogenous localization in the cytopldéitnogen starvation
induced dormancy is marked by a low ATP (Doellolgtz®18) and high 2-OG level. Only
one hour after the addition of ammoniumdhows a strong migration to the plasma
membrane. Simultaneously in this first hour of regation the ATP level increases two fold
(Doello et al., 2018). Providing ammonium to niteogstarved cells also triggers a rapid
decrease of the 2-OG levels. Therefore, the imnedise of ATP and drop of the 2-OG level
could trigger the translocation of phosphorylatgd®nce the Amtl-cannels are closed, no
further ammonium will enter the cell. As a consetuge the 2-OG level increases, which lead
in combination with the elevated ATP level to asdisation of the RAmMt1 complex. This
would explain the dissociation ofi Fom the plasma membrane after one hour of nitnoge
availability. Since R remains a highly phosphorylated state during itis¢ 24 h of
resuscitation from nitrogen starvation, this madeinly valid in case of highly
phosphorylated P

4.2 Py regulate nitrate uptake by interacting NrtD and NrtC

Several previous studies documented an involvewfdat in regulation of nitrate/nitrite
uptake. Our data provide new insights regardingeigelation of the NrtABCD transporter
by R,. NrtABCD is directly regulated by the interactiohP, with the NrtC and NrtD
subunit. This interaction is T-loop depending, sitize R(I86N) variant (exhibiting an
altered T-loop conformation) shows impaired regatabf NrtABCD. A R, deletion or
changed T-loop conformation leads to the inabttgontrol the nitrate influx. In
consequence, those mutants excrete nitrite in #aium due to excess reduction of nitrate
along with impaired reduction of nitrite.

Py interaction with the NrtC and NrtD subunit permhié ammonium and light induced
inhibition of nitrate uptake. Under nitrogen staroa B, obtain a highly phosphorylated state.
After the addition of nitrate, phosphorylategrRigrates to the plasma membrane.
Simultaneously in this first hour of resuscitatibe ATP level increases (Doello et al., 2018)
leading to the suggestion that phosphorylatethtracts with NrtC and NrtD in an ATP-
bound state. Two hours after addition of nitraieb®gins to slightly dissociate from the
plasma membrane. This dissociation could occuespanse to a temporary increased 2-OG
level, which appears due to the initially closed™BCD transporters. Kloft and coworkers
observed an uncontrolled influx of nitrate in,aghosphatease (PphA) deletion mutant under
low light conditions (Kloft and Forchhammer, 200Bbhis mutant exhibits a high
phosphorylated P High light conditions, which generate a high AlERel, could restore the
uncontrolled nitrate uptake and nitrite excreti&ioft and Forchhammer, 2005).
Furthermore, nitrogen starved cells are able fzeatnitrate in absence of light (low ATP)
(Watzer and Forchhammer, 2018), while exponentgibwing cells inhibited nitrate
utilization in the dark (Romero et al., 1985). Aatiog to this data we conclude that
phosphorylated Pinteracts with NrtC and NrtD in an ATP bound statbile ADP or
ATP/2-OG leads to a dissociation of the complexdiidnally, non-phosphorylated,;Ran
block nitrate utilization even in an ADP bound statince exponentially growing cells close
the NrtABCD transporter in absence of light.

26



727
728
729
730
731
732

733

734

735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750

751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

767
768
769
770
771
772
773

The signal transduction protein Pontrols ammonium, nitrate and urea uptake in
cyanobacteria

The ammonium induced inhibition of nitrate utiliwat occurs independently from the
phosphorylation status (Lee et al., 2000; Kloft &adchhammer, 2005). We suggest that the
rapid drop in 2-OG level induces the ammonium ddpahnitrate uptake inhibition. In
agreement, the presence of L-methionine-d,l-sutfiix¢ (MSX) or azaserine (both inhibitors
of the GS/IGOGAT pathway) lead to an accumulatio8-6fG followed by an impaired
ammonium induced nitrate uptake inhibition (Floeesl., 1980).

4.3 Py regulate urea uptake by interacting the UrtE suburit

Cyanobacterial Pis verifiable involved in regulation of differeABC-type transporters like
the bispecific nitrate/nitrite NrtABCD transporiand the bispecific cyanate/nitrite CynABC
transporter (Chang et al., 2013). Next to this twown R, targets, our data identified the
ABC-type UrtABCDE transporter as a novel farget. Regulation of the UrtABCDE Urea
transporter is depending on the interaction betviRaeand the UrtE subunit. The interaction
of Py and the UrtE is likely T-loop independent, since bacterial two-hybrid assay showed
interaction between thg @86N) variant and UrtE. In agreemeBlynechocystisp. harboring
the R(I86N) variant behaves like the wild-type regardihg urea utilization properties. The
Pi(1I86N) variant enables a tightly bend T-loop confation; however, the,[I86N)

backbone is almost identical with that of the wiygte R, (Fokina et al., 2010b). In contrast,
Synechocystisp. harboring the,PVenus fusion is impaired in regulation of the urea
utilization. The Py, + B-Venus strain shows elevated urea uptake and latlslighpaired
ammonium induced urea uptake inhibition. The Vefluggon on the C-terminus could lead to
a sterical inhibition of the B- and C-loop whileetfi-loop remains unaffected. According to
this data, we strongly suggest an involvement efBhand C-loop in the interaction of P
with the UrtE subunit.

Surprisingly, the P deletion mutant excretes ammonium in responsegancontrolled urea
uptake. This ammonium excretion could be caushiited ammonium assimilation by the
GS/GOGAT cycle. The ammonium excretion only occarge R deletion mutant.
Interestingly, the P, + Bj-Venus complementation strain, which also obtaimgmaired

urea uptake regulation, shows no ammonium excrefibis inconsistency can be explained
by the Amtl ammonium permesase, which probablyaipsrin both directions. The-P
Venus variant maintains the ability to interactwitmtl, while the P deletion mutant is
unable to block the Amtl permease. Due to this wehahe R-Venus version could block
the Amtl permease and therefore avoid the ammoakaretion, which occurs in response to
uncontrolled urea influx. The absence of ammonixoregion of the -Venus
complementation strain could also indicate a lowease activity. Our pull down
experiments identified the urease as possibledaoten partner of R A high urease activity
in the P, mutant could lead to an accumulation of ammoniachtaerefore causes an
excretion. The RVenus variant could maintain the ability to redalthe urease.
Accordingly, a reduced urease activity in th, + B;-Venus strain could prevent an
ammonium accumulation and no excretion occurs.

Quantification of urea consumption showed impanegllation of urea uptake in thé>, and
the Py, + B-Venus strain. According to this we expected imgrhigrowth of the P, and the
Py + B-Venus strain when urea is provided as only nitnoggurce, whilé&Synechocystisp.
wild-type and the P(186N) strain should grow normally. SurprisingBynechocystisp.
wild-type enables a growth advantage against {h@88N) strain at low urea concentrations
(<10 mM Urea), while both strains behave similahnigher urea concentrations. The P
deletion causes a growth disadvantage againstitdeype and the P (I86N) strain also only
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at low urea concentration. This observation sugoibet importance of,Pregulation of the
UrtABCDE transporter, especially at low concentra$i, while urea tolerance is only minorly
influenced by R. Furthermore, our drop plate method showed anpeetrd high growth rate
and urea tolerance of thd>;, + B;-Venus strain. The high urea tolerance of tig + R;-
Venus strain could be due to the increased copybeuwf the plasmid encodeg-Fenus,
which cases a slight over-expression. The slight-expression of RVenus could somehow
compensate the impaired urea uptake regulatiorirerdfore result in an increased growth.
All together this unexpected result indicates tirea tolerance and utilization do not only
depend on urea uptake regulation. Regulation ofitbase activity and ammonium
assimilation rate of the GS/GOGAT cycle also stigigfluence the urea tolerance and urea
supplemented growth.
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