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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 cyanobacterium Synechocystis sp. 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 fluorescent protein. When CphA
was inactive, it localized diffusely in the cytoplasm. When cyanophycin synthesis was
triggered, CphA first 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 Mg2*. 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-deficient 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 fluctuating and limiting nitrogen
supplementation and/or day/night cycles. Under all of these conditions, cyanophycin
provided a fitness 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.

IMPORTANCE We clarified the elusive biological function of cyanophycin in the
nondiazotrophic cyanobacterium Synechocystis sp. PCC 6803. Cyanophycin is a dy-
namic carbon/nitrogen storage polymer (multi-arginyl-L-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 first aggregates into foci and then covers the surface
of mature cyanophycin granules, which in vitro requires Mg?* as a cofactor. Cyano-
phycin accumulation enables Synechocystis sp. to optimize nitrogen assimilation un-
der nitrogen-poor conditions, in particular when the nitrogen supply fluctuates and
during day/night cycles, by allowing continuous nitrogen assimilation and storage.
Therefore, cyanophycin provides the wild-type cyanobacterium with a clear fitness
advantage over non-cyanophycin-producing cells in natural environments with fluc-
tuating nitrogen supply.
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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 “great oxidation event,” was triggered by the emergence of cyanobacteria
capable of oxygenic photosynthesis (1).

Some of the cyanobacteria acquired the ability to fix atmospheric nitrogen, which
allowed them to spread throughout the illuminated biosphere and fertilize it (2).
Nitrogen is a necessary macronutrient for all life and therefore constitutes a growth-
limiting factor in many terrestrial and aquatic ecosystems (3). 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 finally results in a state of dormancy (4). Chlorosis is characterized by
the degradation of photosynthetic pigments, which leads to a color change from
blue-green to yellow (5). 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 cycle (6-8). When nitrogen deprivation is prolonged, cells
further reduce their bulk of cellular proteins until they reach a final 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 growth (9).

The process of resuscitation from nitrogen-starvation-induced chlorosis has been
investigated in detail in the unicellular and nondiazotrophic cyanobacterium Syn-
echocystis sp. strain PCC 6803 (here, Synechocystis sp.) (7, 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 assimilation (10); this is used to first
reinstall the basic anabolic machinery, in particular, the translational apparatus (7, 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 photosynthesis (7).
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 (7, 13). Cyanophycin (also known as cyanophycin
granule polypeptide) is present in most cyanobacterial species and in a few hetero-
trophic bacteria (14). 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 bond (15). 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) (16, 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-fixing
cyanobacteria, in particular in those that differentiate heterocysts to fix 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
trafficking between the nitrogen-fixing heterocyst and the vegetative cells of the
filament (18). Nonheterocystous strains, such as Cyanothece sp. strain ATCC 51142,
synthesize cyanophycin at night during nitrogen fixation, where in the absence of
photosynthetic activity, nitrogenase is protected from harmful oxygen. During the day,
nitrogen fixation is arrested, and cyanophycin is degraded to mobilize the fixed
nitrogen (19, 20).

Cyanophycin synthetase (CphA) builds cyanophycin from arginine and aspartate in
an ATP-consuming elongation reaction that requires KCl, MgCl,, and a sulfhydryl
reagent (dithiothreitol [DTT] or B-mercaptoethanol) (21). 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 site (22, 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 y-phosphoryl group of ATP. Subsequently, one aspartate is
bound at the C terminus by its amino group, forming a peptide bond. The intermediate
(B-Asp-Arg),.-Asp is then transferred to the second active site of CphA and phosphor-
ylated at the B-carboxyl group of aspartate. Finally, the a-amino group of arginine is
linked via an isopeptide bond to the B-carboxyl group of aspartate (22). Cyanophycin
accumulates in the form of opaque and light-scattering granules in the cell (6). CphB,
an intracellular cyanophycinase, catalyzes the degradation of cyanophycin to B-Asp-Arg
dipeptides (24). The last step in cyanophycin catabolism is the cleavage of the B-Asp-
Arg dipeptides to monomeric arginine and aspartate, catalyzed by isoaspartyl dipep-
tidases (25).

Several previous studies have indicated that arginine availability is the main bottle-
neck of cyanophycin biosynthesis (17, 26-29). The committed step in arginine biosyn-
thesis, the N-acetylglutamate kinase (NAGK) reaction, is regulated by the signal trans-
duction protein P, (30). P, senses the energy status and the C/N ratio by binding
2-oxoglutarate and ATP (31, 32). Binding of P, enhances the catalytic efficiency of NAGK
and decreases its feedback inhibition by arginine (33), 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 Synechocystis sp. cells from nitrogen starvation (7,
13). Here, we aimed at identifying the role of cyanophycin synthesis in the recovery of
Synechocystis sp. cells from nitrogen starvation and, more generally, at clarifying its
function during fluctuating ambient nitrogen supply.

RESULTS

CphA localization changes during resuscitation from nitrogen starvation. To
investigate the intracellular localization of CphA, we fused cphA to the gene encoding
enhanced green fluorescent protein (eGFP) (yielding eGFP fused to the C terminus of
CphA) and inserted cphA-eGFP under the control of the native cphA promoter into the
Synechocystis sp. shuttle vector pVZ322 (34). The resulting pVZ322-cphA-eGFP plasmid
was introduced into Synechocystis sp. by triparental mating (34). The resulting strain,
termed Synechocystis sp. 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 [OD, ], approximately 0.6), the GFP signal
was uniformly distributed in the cytoplasm and did not colocalize with the fluorescence
signal of the thylakoid membranes near the cell periphery (Fig. 1A to 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 absent (6, 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
Synechocystis sp. cells that had been starved for nitrogen for 4 days. These conditions
are known to induce transient cyanophycin accumulation (7, 13, 29). The cphA gene is
constitutively expressed in different nitrogen regimes (7). In agreement, a recent
quantitative proteomics analysis of resuscitating nitrogen-starved Synechocystis sp. 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 cells (11).
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 (OD,, of 0.6) of Synechocystis sp. (A) Bright-field
image of cells. (B) GFP fluorescence; white arrows point to cells with CphA-eGFP foci. (C) Autofluorescence of
thylakoid membranes. (D) Overlay of GFP and thylakoid membrane fluorescence 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. 2 and 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
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FIG 2 Number of CphA-eGFP foci and cyanophycin granules during 27 h of resuscitation of Synechocystis
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 foci (n = 200 cells per time point); open circles, percentage of cells with
cyanophycin granules visualized with the arginine-specific Sakaguchi stain (n = 150 cells per time point);
filled squares, growth curve.
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with the arginine-specific Sakaguchi stain. In bright-field images, the granules are
opaque; the Sakaguchi stain enables a sensitive and clear identification of cyanophycin
granules (17). 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. 2 and S2B). As the cyanophycin granules degraded, the cells
simultaneously started to grow again (Fig. 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 Mg2+. 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, MgCl,, ATP, and a sulfhydryl reagent (-
mercaptoethanol or DTT) (21). 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-starved Synechocystis
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-starved Synechocystis sp. cells, CohA-eGFP appeared to be localized on
the surface of the cyanophycin granule in 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-HCl (pH 8.2), 20 mM MgCl,, and 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 pH (Fig.
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. 3C). In the absence of Mg2™, 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-starved Synechocystis sp. cells were fractionated into soluble and insoluble fractions. (A) Cells
lysed in a buffer containing 50 mM Tris-HCl (pH 7.4) and 4 mM EDTA. (B) Comparison of potassium-
starved Synechocystis cells lysed in the presence of 4 mM EDTA (same buffer mentioned above) (lane 1)
and a buffer without EDTA containing 50 mM Tris-HCl (pH 8.2), 20 mM MgCl,, and 20 mM KCl (21) (lane
2). (Q) Insoluble fraction of cells lysed in Tris-KCl buffer containing different MgCl, concentrations.

amounts of CphA in the insoluble fraction, with an apparent optimal concentration of
10 mM Mg?™ for in vitro association with cyanophycin granules (Fig. 3Q).

Lack of CphA has no influence on the response to nitrogen starvation. To gain
further insights into the physiological role of cyanophycin, we generated a cphA
deletion mutant in which the s/r2002 (cphA) open reading frame was replaced with a
kanamycin resistance cassette. Complete segregation of the mutant was confirmed by
PCR (Fig. S6). The inability of the mutant to accumulate cyanophycin granule peptide
(CGP) was confirmed by microscopy and cyanophycin extraction (data not shown). To
investigate a possible influence of cyanophycin deficiency on the nitrogen starvation
response, Synechocystis sp. wild-type and AcphA mutant cells were grown to an OD, 5,
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 (phycobiliproteins; Fig. 4A) and at 680 nm (chlorophyll a/b; Fig.
4B) decreased in wild-type and AcphA mutant cultures similarly. After induction of
nitrogen starvation, wild-type and AcphA mutant cells divided one more time, as
indicated by the doubling of the OD,, of the culture (Fig. 4C). After prolonged nitrogen
starvation for 13 days, cells of both the wild type and the AcphA mutant completed
chlorosis, and the cultures appeared yellowish (Fig. 4E). However, the pigment composition
of long-term starved cultures of the AcphA mutant and wild type slightly differed; the peak
heights at 440 nm and 680 nm in UV-Vis spectra in the AcphA mutant were higher, which
indicated a higher residual amount of chlorophyll a/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 influ-
ences the resuscitation process, Synechocystis sp. wild-type and AcphA mutant cells
were first nitrogen starved for 2 weeks, and then resuscitation was initiated by the
addition of 5 mM nitrate, adjusting the cultures to an OD,, 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. 5A) and at 680 nm (chlorophyll a/b; Fig. 5B) began to
increase. The wild-type and AcphA mutant cultures regreened similarly (Fig. 5A to C).
However, the AcphA mutant had a growth advantage over the wild type in liquid
medium (as revealed by the optical density of the culture; see Fig. 5D). Thirty-six hours
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FIG 4 Changes in pigmentation and growth during nitrogen starvation of Synechocystis sp. wild type and a AcphA mutant under continuous light. Nitrogen
starvation was induced by resuspending washed exponentially growing cells in BG-11 medium lacking a nitrogen source to an OD,, of 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 chlorophyll a/b at 680 nm. (C)
Growth curve (OD.s,) of Synechocystis sp. during nitrogen starvation. (D) UV-Vis spectrum of Synechocystis sp. wild type and AcphA mutant 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
Synechocystis sp. wild type and AcphA mutant starved of nitrogen for 13 days.

after the addition of nitrogen, the difference in the optical density amounts to 0.07
0D, 5, units. After 46 h, the AcphA mutant reached an OD, 5, of 0.747 = 0.045 compared
to the wild type, with 0.64 = 0.036, which is a significant difference (P = 0.0329). This
growth disadvantage of the wild type turned out even more clearly on solid medium
(as revealed by the drop plate method; see Fig. 5E). In the drop plate method, the area
of the AcphA mutant 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 AcphA mutant 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 fluctuating 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 starved Synechocystis wild-type and AcphA
mutant cells for 9 days and compared their resuscitation with a fluctuating and/or
limiting nitrogen supplementation by a modification 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 AcphA mutant grew slightly faster than the wild type during the first 3 days
(Fig. 6A). After the fourth day, the wild type and AcphA 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 the AcphA mutant.
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FIG 5 Resuscitation from 2-weeks-nitrogen-starved Synechocystis sp. wild-type and AcphA cultures in BG-11
liquid medium and on agar under continuous light. (A and B) Absorbance of phycobiliproteins at 630 nm
(A) and absorbance of chlorophyll a/b at 680 nm (B) during regreening. Values shown are the means of
three biological replicates. (C) Cultures of resuscitating wild type (WT) and the AcphA mutant; 0 h, induction
of resuscitation. (D) Growth curve (OD,,) of wild-type and the AcphA mutant cultures during resuscitation.
Values shown are the means of three biological replicates. (E) Drop plate method of resuscitating wild-type
and AcphA mutant cells on BG-11 agar plates containing 17.3 mM nitrate (standard concentration in BG-11
medium). Cultures were adjusted to an OD,, 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 days (Fig. 6B), but the wild type
showed a clear growth advantage over the AcphA mutant throughout the experiment
(Fig. 6B).

In the next experiment, we combined nitrogen limitation and fluctuating 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 AcphA mutant (Fig. 6C). Furthermore, a difference
in the colors of the cultures of the two strains became apparent. Cultures of the AcphA
mutant were more yellow than those of the wild type, which indicated that the AcphA

cells could not fully recover their photosynthetic pigments and remained in a semi-
chlorotic state.
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FIG 6 Synechocystis sp. wild-type and AcphA mutant cells starved of nitrogen for 9 days and resuscitated under continuous light on BG-11 agar plates supplying
fluctuating or limiting nitrogen levels. Chlorotic cultures were adjusted to an OD,, of 1.0 and diluted in series. To enable fluctuating 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 mM
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,
the transfer membrane was moved daily to a fresh plate containing 1.73 mM nitrate. (C) Both nitrogen limitation and fluctuating nitrogen availability were
combined by exposing the cells to 1.73 mM nitrate for 4 h per day.

To determine whether the growth advantage under fluctuating nitrogen concen-
trations of wild-type cells over the AcphA mutant could also be observed in liquid
culture, we provided nitrogen-starved liquid cultures of Synechocystis sp. wild-type and
the AcphA mutant with 10 mM nitrate for 4 h, followed by 20 h with no nitrogen source;
this cycle was repeated for 4 days (Fig. 7). After 2 days, both strains began to regreen,
but the wild type regreened faster than the AcphA mutant (Fig. 7A and B). After 4 days,
the growth advantage of the wild type was clearly visible, since the optical density of
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FIG 7 Synechocystis sp. wild-type and AcphA mutant cells starved of nitrogen for 9 days and resuscitated under continuous light in liquid medium supplying
fluctuating nitrogen concentrations. Values are the means of three biological replicates. Chlorotic cultures were adjusted to an OD,, of 0.5. Resuscitation was
induced by adding 10 mM nitrate. After 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 chlorophyll a/b at
680 nm (B). (C) Growth curve of the two strains.
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FIG 8 Synechocystis sp. wild-type and AcphA mutant strains starved of nitrogen for 1 week and resuscitated in liquid medium and on agar plates with fluctuating
nitrogen supply and day/night cycles. Starved cultures of wild-type and the AcphA mutant 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 chlorophyll a/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 resuscitating Synechocystis sp. wild-type and the AcphA mutant. (E) Modified drop plate method of Synechocystis sp. strains starved of nitrogen for
1 week, with three biological replicates per strain. Starved cultures were adjusted to an OD, ., of 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 day for 8 h in the absence of light.

the wild-type culture increased 3-fold, whereas that of the AcphA mutant increased
only 2-fold (Fig. 7C).

Cyanophycin accumulated in the night can trigger resuscitation during the
day. Photosynthetic organisms in nature have to deal with day-night changes and a
fluctuating 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 fluctuating nitrogen supplementation with day/night periods.

Nitrogen-starved liquid cultures of Synechocystis sp. wild-type and the AcphA mu-
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
cyanophycin to 3.7% = 0.6% of the cell dry mass, but the pigmentation of the wild type
and AcphA mutant was still at its initial low level (Fig. 8A and B). Shortly after light
exposure in low-nitrate medium, the wild type started to synthesize pigments, but the
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AcphA mutant was not able to regreen (Fig. 8A, B, and D). Forty-seven hours after the
first addition of nitrate, wild-type cultures appeared green and cultures began to grow
(Fig. 8C and D), whereas the AcphA mutant was still chlorotic. We further analyzed the
growth behavior with a modified version of the drop plate method, in which Synechocystis
sp. wild-type and AcphA mutant cells starved of nitrogen for 1 week were grown on plates
with fluctuating 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 AcphA mutant; growth of the wild type and mutant was
detected after 8 and 12 days of cultivation, respectively (Fig. 8E).

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
Synechocystis species. 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 (17). The observed ring-like appearance of the fluorescence 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 activity in vitro requires cyanophycin
primers, arginine, aspartate, MgCl,, ATP, and a sulfhydryl reagent (21). Our results
indicate that Mg2™ is strictly required for the association of CphA to the cyanophycin
granules. The primary structure of CphA is composed of two regions (23), 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-Mg2* complex are conserved in CphA (22).
Accordingly, Mg2* 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-depleted Synechocystis sp. cells has
shown that the transcript levels of cphA in 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 cphA transcript level 24 h after the addition of nitrogen
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21-27h

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 first 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 cells (7). 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 the K,,, of CphA for arginine and could
therefore trigger the biosynthesis of cyanophycin (29). Whether CphA is subjected to
additional activity control remains to be elucidated.

Cyanophycin-deficient 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 significance of cyanophycin for nondi-
azotrophic cyanobacteria remained largely unknown. Here, we showed that in the
nondiazotrophic unicellular cyanobacterium Synechocystis sp., the deletion of cphA,
which causes the inability to produce cyanophycin, has no impact on the nitrogen
starvation response. The wild type and the AcphA mutant responded to nitrogen
starvation similarly, namely, with chlorosis. However, the AcphA mutant reproducibly
retained slightly higher residual pigment content in the chlorotic state. Merritt et al. (36)
reported in nitrogen-limited cells of Synechocystis sp. the presence of a cyanophycin-
like polymer that contains glutamic acid instead of arginine (36). 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 starvation (7, 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 NaNO; to nitrogen-starved Synechocystis sp. PCC
6308 cultures (13). Here, we show that under standard laboratory conditions with
continuous light and nitrogen excess, the AcphA 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 acid in vitro (37).
Without using the benefit of cyanophycin as a storage compound, the synthesis of
cyanophycin is only a burden to the cells, and consequently, the cyanophycin-deficient
AcphA mutant has an advantage over the wild type. This is the case under artificial
laboratory cultivation conditions, which provide an excess of nitrogen and light.

Cyanophycin is beneficial under natural conditions. In nature, microorganisms
have to deal with a fluctuating and limiting nitrogen availability (3). We hypothesized
that cyanophycin accumulation is a strategy to overcome temporal limitations in
nitrogen availability. Growth and resuscitation experiments of Synechocystis sp. wild-
type and the AcphA mutant confirmed this hypothesis. The ability to store nitrogen in
the form of cyanophycin was beneficial during resuscitation under a fluctuating or
limiting nitrogen supplementation, and the cells have a growth advantage over the
cyanophycin-deficient mutant. When nitrogen fluctuation and limitation are combined,
the cyanophycin-deficient mutant was not able to fully recover from chlorosis.

To further mimic natural conditions, we tested day/night cycles in addition to a
fluctuating and/or limiting nitrogen supply. In the unicellular diazotrophic cyanobac-
terium Cyanothece sp. ATCC 51142 and the filamentous cyanobacterium Trichodesmium
sp., cyanophycin acts as temporary nitrogen storage to enable the coexistence of
nitrogen fixation and photosynthesis in the same cell (19, 20). These cyanobacteria fix
nitrogen in the night and store the fixed nitrogen in the form of cyanophycin. During
the day, when cells carry out photosynthesis, cyanophycin is degraded to mobilize the
fixed 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 fluctuating nitrogen supplementation and day/
night cycles, the resuscitation of Synechocystis sp. wild-type cells proceeded as fast as
in continuous light, with growth restoration after 48 h. In contrast, the cyanophycin-
deficient mutant was not able to resuscitate in this time period.

The first 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 pathways (10). 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 finally 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 bispecific
nitrate/nitrite transporter encoded by the nrtABCD genes. 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 P, signal transduction protein
appears to be involved in this process, since a P,-deficient 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 CO, fixation, because the inhibition of photo-
synthetic CO, fixation 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 off (43-45). This leads to the inhibition of nitrogen assimilation in
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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 P, signaling protein is directly involved in this behavior. Nonphosphorylated P,
mediates a light-dependent inhibition of nitrate utilization (41, 46). However, during
nitrogen starvation, P, is highly phosphorylated and remains in the highly phosphor-
ylated state during the first period of resuscitation (11, 47). In this state, P, is probably
unable to inhibit nitrate uptake. In agreement, Reyes et al. (48) 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 period (48). 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 PIl-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 abrogated (52, 53).

The occurrence of cyanophycin in cyanobacteria has been known for more than 100
years. However, fundamental questions on its biological function or the benefit 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, artificial laboratory conditions do not provide any fitness advantage for
cyanophycin-producing cells, and in a fluctuating environment, CphA becomes bene-
ficial. As the cphA gene is constitutively expressed in Synechocystis sp., the cells are
programmed to overcome fluctuating nitrogen supply and transient periods of starva-
tion in a constantly changing environment.

MATERIALS AND METHODS

Cultivation conditions. Standard procedures for cloning in Escherichia coli NEB 10-beta (NEB) and E.
coli XL1-Blue (Stratagene) were followed. Strains were grown in LB medium at 37°C with constant shaking
at 300 rpm.

Synechocystis sp. strains were cultivated photoautotrophically in BG-11 medium supplemented with 5
mM NaHCO, (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 mM N-tris(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 (OD,,, 0.4 to 0.6)
were harvested, washed, and resuspended in BG-11 medium lacking a specific 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 OD,, 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 Na,HPO, in an amount equimolar to that of the K,HPO,
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, Synechocystis sp. cultures were adjusted to an OD,, of 1. The cultures
were diluted 10-fold in series in BG-11 medium lacking nitrogen. Drops (5 ul) of five dilutions (10° to
10—4) were placed on BG-11 agar plates containing specific 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 wm; HATF; Merck Millipore). The transfer membranes were placed on different BG-11 agar
plates at the intervals specified in the figure 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 AcphA mutant and a cphA-egfp fusion. PCR fragments were generated using
high-fidelity Q5 polymerase (NEB) and oligonucleotides with overlapping regions. Genomic Synechocystis
sp. DNA or plasmids served as the templates. The primers, plasmids, and strains used in this study are
listed in Tables 1, 2, and 3, respectively.

To generate a AcphA mutant, 500-bp upstream and downstream genomic regions of s/r2002 (cphA)
were amplified using the oligonucleotides up_for/up_rev and down_for/down_rev. The kanamycin
resistance gene (816 bp) was amplified from pVZ322 (34) 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 Scientific) by isothermal single-reaction DNA assembly,
according to Gibson et al. (55). The resulting construct (pJET AcphA) was introduced into competent E.
coli NEB 10-beta by transformation. The correct length (1,816 bp) of the insert was confirmed via colony
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TABLE 1 Oligonucleotides used in this study

Primer Sequence (5'—3’)

Up_for GATGGCTCGAGTTTTTCAGCAAGATCGCTGGTGGATATGGCGGTG

Up_rev TCCCGTTGAATATGGCTCATGATCTGTGTCAGTCAAGAAC

Down_for TGCTCGATGAGTTTTTCTAAAGGTTTTCTTCCCCCTTGCT

Down_rev ATTGTAGGAGATCTTCTAGAAAGATGGGAAATTGTTCCGTTAACT

Kanr_for GTTCTTGACTGACACAGATCATGAGCCATATTCAACGGGA

Kanr_rev AGCAAGGGGGAAGAAAACCTTTAGAAAAACTCATCGAGCA

pJlet_seq_for CGACTCACTATAGGGAGAGCGGC

plet_seq_rev AAGAACATCGATTTTCCATGGCAG

seg_for CCATTGAGTTAATTAAAGCCC

cphA_for GCTTTGCTTCCAGATGTATGCTCTTCTGCTCCTGCAGGTCGACGTGCCGGAAATTGTGGTGGATCAGC
cphA_rev GAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCTTTACTCATACCAATGGGTTTACGGGCTTTAATTAAC
gfp_for GCTTTGCTTCCAGATGTATGCTCTTCTGCTCCTGCAGGTCGACGTGCCGGAAATTGTGGTGGATCAGC
gfp_rev GAATGTTCCGTTGCGCTGCCCGGATTACAGATCCTCTAGAGTCGACTTAACAATATTTTGAAAAATTGCCTACTG
pVZ322_seq_for GAGCGCTGCCGCACAGCTCCATAGGC

pVz322_seq_rev GCGCTGCGCAGGGCTTTATTGATTC

PCR using the primers provided in the CloneJET PCR cloning kit (pJet_seq_for and pJet_seq_rev) (Thermo
Scientific). Synechocystis sp. was transformed with pJET AcphA via natural competence (56). Transfor-
mants were selected on BG-11 agar plates supplemented with 50 ug/ml kanamycin. Complete segre-
gation was confirmed via PCR using primers seg_for, kan_for, and down_rev (Fig. S6).

For the cphA-egfp fusion, cphA including its promoter region was amplified using primers cphA_for
and cphA_rev. Subsequently, the enhanced green fluorescent protein gene egfp derived from plasmid
pCESL19 (57) was amplified using oligonucleotides gfp_for and gfp_rev. The cphA and egfp amplicons
were fused and incorporated into Xbal-digested pVZ322 via DNA assembly according to Gibson et al.
(55). The resulting plasmid, pVZ322 cphA-egfp, was introduced into competent E. coli XL1-Blue (Strat-
agene) cells by transformation. The sequence integrity of the plasmid was verified by sequencing using
primers pVZ322_seq_for and pVZ322_seq_rev. Synechocystis sp. was transformed with pVZ322 cphA-egfp
by triparental mating (34), and transformants were selected on BG-11 agar plates supplemented with 50
ng/ml kanamycin and 5 ug/ml gentamicin.

Microscopy and staining. Cells were observed by fluorescence microscopy using a Leica DM5500B
microscope with a X100/1.3 oil objective. The GFP signal was detected with a BP470 40-nm excitation
filter and a BP525 50-nm emission filter. Cyanobacterial autofluorescence was detected with a filter cube
with excitation filter BP535/50 and suppression filter 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-field images were exposed
for 5 ms, and fluorescence images were exposed for 100 ms. Images, including those for counting
fluorescent 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 al. (17). Photographs were taken with a Leica DM2500
microscope using a X 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-starved Synechocystis sp. cells were harvested by centrifu-
gation and resuspended in a buffer containing 50 mM Tris-HCl (pH 7.4), 4 mM EDTA, 1 mM DTT, and 0.5
mM benzamidine, or optionally in a buffer containing 50 mM Tris-HCl (pH 8.2), 20 mM MgCl,, 20 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 five repeats and 5 min of resting after every repeat. Soluble and insoluble
fractions were separated by centrifugation at 25,000 X g for 25 min at 4°C. The protein concentration was
determined using the Bradford assay (58).

SDS-PAGE and immunoblotting. Proteins were separated by SDS-PAGE on a 12% polyacrylamide
gel according to Sambrook and Russell (59). Total protein (10 ug) was loaded on each lane. For
immunoblot detection of CphA-eGFP, proteins were blotted onto a methanol-activated polyvinylidene
difluoride (PVDF) membranes, as described previously (60). 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

TABLE 2 Plasmids used in this study

Plasmid Description Reference or source
pJET1.2 Cloning vector Thermo Scientific
pVZ322 Broad-host-range vector 36

PJET AcphA cphA (ORF s/r2002) knockout plasmid This study

pVZ322 cphA-egfp eGFP fused to the C terminus of cphA This study
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TABLE 3 Strains used in this study

Applied and Environmental Microbiology

Strain Description Reference or source

E. coli RP4 Conjugation strain 36

E. coli NEB 10-beta Cloning strain NEB

E. coli XL1-Blue Cloning strain Stratagene

Synechocystis sp. strain PCC 6803 Wild type Pasteur Culture Collection
CphA-eGFP Wild type transformed with pVZ322 cphA-egfp This study

AcphA mutant Chromosomal deletion of cphA (ORF sir2002) This study

temperature. Unbound primary antibodies were removed by washing the membranes three times with
TBS buffer. Anti-rabbit 1gG 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 quantification. Cyanophycin was extracted according to Watzer et al.

(17) and quantified by determining the amount of arginine in the extracted sample using the modified
Sakaguchi reaction, according to Messineo (61). 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 at 60°C in a rotational vacuum concentrator. The dried pellets were weighed on an analytical
balance.
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